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ABSTRACT: The advancement of battery technology necessitates a profound under- A on e

standing of the physical, chemical, and electrochemical processes at various scales. Focused 28 - Furmtosscondlaser
Ion Beam-Scanning Electron Microscopy (FIB-SEM) has emerged as an indispensable tool \

for battery research, enabling high-resolution imaging and multiscale analysis from
macroscopic structures to nanoscale features at multiple dimensions. This review starts
with introducing the fundamentals of focused beam and matter interaction under the
framework of FIB-SEM instrumentation and then explores the application of FIB-SEM
characterization on rechargeable batteries (lithium-ion batteries and beyond), with a focus !
on cathode and anode materials, as well as solid-state batteries. Analytical techniques such as S

Energy Dispersive X-ray Spectroscopy, Electron Backscatter Diffraction, and Secondary Ion

Mass Spectrometry are discussed in the context of their ability to provide detailed morphological, crystallographic, and chemical
insights. The review also highlights several emerging applications in FIB-SEM including workflow to maintain sample integrity, in-
operando characterization, and correlative microscopy. The integration of Artificial Intelligence for enhanced data analysis and
predictive modeling, which significantly improves the accuracy and efficiency of material characterization, is also discussed. Through
comprehensive multimodal and multiscale analysis, FIB-SEM is poised to significantly advance the understanding and development
of high-performance battery materials, paving the way for future innovations in battery technology.
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1. INTRODUCTION

Since Sony’s first commercialization of them in the early 1990s,"
lithium-ion battery (LIB) technology has become widely used in
consumer electronics, transportation electrification, and sta-
tionary grid storage.” Despite the incredible progress made in
the past decades for battery development, the increasing
demand for applications such as long-distance electric vehicles,
long-duration grid energy storage, and electric aviation requires
further development for more advanced battery technology
directions, such as a high-energy Ni-rich layered cathode,””
high-capacity silicon anodes,™ solid-state batteries (SSBs),”*
and rechargeable lithium metal batteries.”'® This development
must be driven not only by advancements in engineering and cell
design but also by the synergistic enhancement of the battery
through improvements in battery materials (active materials,
conductive carbon and binder, electrolyte), electrode—electro-
lyte interfaces, and electrode architecture. To facilitate these
improvements, a comprehensive understanding of the battery
microstructure across different length scales and dimensions,
utilizing multimodal information, is essential.'!

First commercialized in 1992, the Focused Ion Beam—
Scanning Electron Microscope (FIB-SEM), also call DualBeam,
serves as an in situ, site-specific sample preparation and
microstructural characterization technique to enable structural,
chemical and failure analysis in various scientific fields."> It has
been widely utilized in materials science, life sciences, and the
semiconductor industry to provide visualization and analysis of
micro- and macro-structures at multidimensions with nano-

meter scale resolution. For battery application, FIB-SEM
provides unique capability to access the battery structure from
the nanoscopic solid-electrolyte interface (SEI), micro-
cracks,"* ™' to the full three-dimensional (3D) volume of the
battery electrode structure up to sub-mm® scale,'” linking
multiscale battery structural characteristics and chemical
information to their electrochemical performance and failure
mechanism."® Recently, the integration of cryogenic capabilities
has greatly expanded the functionality of FIB-SEM, enabling
scientists to more effectively study reactive battery materials,
including solid-state electrolytes, solid-electrolyte interfaces, and
reactive alkali metals, which facilitates the development of a
range of next-generation battery systems.lg_29

As FIB-SEM emerges as a crucial characterization technique
for battery development, this review presents an overview of
FIB-SEM technology and its applications in battery research,
with a particular emphasis on rechargeable LIBs and beyond.
The aim is to offer a comprehensive guide for scientists and
engineers interested in this analytical characterization method
for battery applications. It begins by introducing the
fundamentals of focused ion beam and matter interaction, the
instrumentation, and the analytical capabilities of FIB-SEM.
This is followed by application use cases of FIB-SEM on battery
cathodes, anodes, and SSBs, highlighting how the findings
support advancements in battery technology. In conclusion, we
discuss emerging workflows and future directions of the FIB-
SEM technique, emphasizing its expanding capabilities to meet
future needs in battery development.

2. OVERVIEW OF FIB-SEM AND ITS ASSOCIATED
TECHNIQUES

2.1. Specimen Interaction Fundamentals and
Instrumentation

Focused beams are intricate and compact systems designed to
emit, accelerate, deflect, and raster a narrow stream of either (i)
negatively charged particles, specifically electrons, (ii) positively
charged particles, known asions, or (iii) photons as an ultrashort
pulse laser (USPL). In the fields of materials science and battery
research, these beams are commonly utilized for six primary
purposes: imaging (e7, ion), detection (e”, ion, photon),
deposition (e”, ion and/or photon assisted), implantation (ion),
milling/ablation (ion, photon), and polishing (ion, photon).

Depending on various parameters of the beams, different
modes of interactions are dominant. In general, we can
distinguish two dominant modes of operations: signal
detection/imaging at low currents (electrons, ions)/low fluence
(photons), and material removal at high currents (ions)/high
fluence (ions).

When electrons, ions, or photons interact with a volume
matter, they excite a variety of signals (Figure 1a) that can be
detected, quantified, postprocessed, and visualized. The
interaction volume and location of collected signals depends
on the energy of the primary beam of electrons, the elemental
composition and crystallographic orientation, and thickness of
the specimen. For a bulk specimen, the size of the interaction
volume is proportional to the energy of the electrons, and the
signals are emitted back and detected. The electrons can
penetrate deep into the material; for example, for silicon and
normal incidence at 30 keV, electrons can reach depths of 9.3
um.”” Small, nanometer size internation volume can be achieved
by reducing the energy of electrons or by probing thin film, foil,
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Figure 1. Schematics showing a variety of signals excited by interacting electrons (a), ions (b) and ultrashort pulsed photons (c) with matter.

and lamella specimens. In these electron transparent materials,
transmitted signals are also detected and analyzed.

The primary electron beam interacting with superficial surface
layers commonly generates signals such as secondary electrons
(SE), which provide topographical information. Backscattered
electrons (BSE) provide qualitative information about atomic
number, phase differences, lattice channeling contrast, and
elastically scattered electrons in techniques such as Electron
Backscattered Diffraction (EBSD) or transmitted EBSD.
Excited continuum and characteristic X-ray signals are analyzed
and quantified by Energy Dispersive X-ray Spectroscopy (EDS)
or Wavelength Dispersive X-ray Spectroscopy (WDS). These
techniques are used to determine the elemental composition of a
material. Photons are also generated that bring composition,
structure, and optical properties information by a method called
cathodoluminescence (CL). Inelastic scattering of transmitted
electrons gives information about material composition and
bond states by the Electron Energy Loss Spectroscopy (EELS)
method. The less common analytical technique is Auger
Electron Spectroscopy. This method is a surface analysis
technique used to determine the elemental composition of a
material and study its surface chemistry.

For the interaction of the primary ion with matter, a variety of
primary ion focused beams are used, the most common are
Gallium (Ga*), Helium (He"), Neon (Ne*), Argon (Ar"),
Xenon (Xe*), and Oxygen (O*). Small and light ions, e.g. He*,
are mainly used for imaging, while the large and heavy Ga®, Ar”,
Xe" and O allow precise material removal. It is worth noting
that an uncommon ion source, such as the photoionization of
laser-cooled lithium atoms, has also been utilized in developing a
scanning ion microscope to demonstrate nondestructive
imaging of the nanoimprint lithography process.”” When the
primary ion beam irradiates matter, a variety of phenomena
occur (Figure 1b). A range of secondary electron signals are
generated by ions, similar to those generated by the primary
electrons. Some primary ions are back sputtered; others are
implemented in the superficial surface layers after undergoing
collision cascades. The primary ions penetration depth depends
on the type of ion, its energy, the incidence angle, the matter, and
its crystallographic orientation. The small ions can penetrate
deeper into material; for example, for silicon and normal
incidence at 30 kV, He" ions can reach depths of about 400 nm,

while heavy Xe" only can reach depths of about 50 nm.”" The
primary ions also sputter the matter atoms and ions. These
sputtered ions of the substrate can be detected and quantified
using Secondary Ion Mass Spectroscopy (SIMS).

As previously mentioned, a focused beam of photons also
interacts with matter. Here we are mainly discussing an USPL
(duration <1 ps) with the beam intensities 10*—~10" W/cm>"”
The high pulse rate of femtosecond (107" s) laser ablation
results in carrier excitation or material removal on a time-scale
which is much faster than thermalization or phonon transfer
rates of picoseconds (107'%5).”” As a result, this ablation process
offers the potential for removing large volumes of material with
relatively low damage and largely avoiding high temperatures,
melting and other thermal damage mechanisms.” The femto-
second laser (fs-laser) beam vaporizes and ionizes the material,
creating a plasma plume. The plasma emits light as it rapidly
cools down, and this emitted light is collected and analyzed
using a spectroscopic method, called Laser-Induced Breakdown
Spectroscopy (LIBS).>* The emitted light contains character-
istic spectral lines that correspond to the elements present in the
sample.

The distinguishing factor of the various types of focused
beams lies in the source utilized during their assembly. Various
types of electron sources” are used both in Scanning Electron
Microscopes (SEM) and Transmission Electron Microscopes
(TEM). There are several types of focused ion sources,’® where
the most common are liquid metal ion source (LMIS),
Inductively Coupled Plasma Ion Sources (ICP) and Electron
Cyclotron Resonance (ECR) ion source.””** ICP and ECR
sources create a high-temperature plasma from a gas source. The
plasma produces ions that can be extracted and focused for
materials removal and analysis. A fs-laser beam is generated
using a mode-locked laser system®”** equipped with a solid-
state crystal or a fiber doped with rare-earth ions such as
titanium, erbium, or ytterbium. Mode-locking is a technique that
allows the laser to emit ultrashort pulses. The following sections
will discuss the various types of focused beams used in current
FIB-SEM systems.

2.1.1. Electron Sources. In the early stages,” electrons
were generated from a resistively heated tungsten filament
located at the tip of a device known as the electron gun. These
guns can be categorized into two types: thermionic, which
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employ sources such as tungsten, LaBy, and CeBg, and field
emission guns (FEG). The former utilizes a tungsten crystal,
where electrons are extracted from the cold filament through a
strong electrostatic field known as an extraction voltage. Figure 2

Wehnelt
cylinder
. : ﬁj//v i U i y
\ W filament LaBg FEG
‘ Anode

(e}

Figure 2. Schematic of an electron gun with different types of electron
emitters. Reproduced with permission from ref 41. Copyright under
CC BY-SA 4.0, https://creativecommons.org/licenses/by-sa/4.0/.

provides a schematic of an electron gun illustrating different
types of electron emitters. The choice of emitter depends on the
intended application and experimental technique, with key
parameters including the diameter of the electron source, its
brightness, and the energy spread. A comparison of electron
sources is presented in Table 1. For clarity, we have listed only
LaB4 as a representative electron source. While CeBy offers
superior brightness, stability, and lifespan, its higher cost makes
LaBs more popular due to its good performance and
affordability.

2.1.2. Liquid Metal vs Plasma lon Sources. The most
common commercial source of ions for FIB-SEMs is LMIS with
liquid Ga* metal ions source. Gallium, in its liquid metal state, is
compatible with high vacuum conditions and generates a large
mass ion for physical sputtering. While various elements and
alloys have been utilized in LMIS, gallium is the preferred choice
for 99% of FIB systems worldwide due to its extensive liquid
range (from 29.8 to 2175 °C), enabling room temperature
operation. Furthermore, gallium predominantly ionizes to the
+1 state, which minimizes focusing issues, as the impact of
focusing elements correlates with the charge of the particles
traversing them. This characteristic makes gallium ion beams
ideal for imaging and for SIMS chemical analysis,"* as they
prevent the creation of double images caused by multipole
changes. The technology as we know it today dates back to the
1970s.*” It opened new possibilities in ion beam technology and
led to various applications in fields such as materials science,
including batteries, surface analysis, and semiconductor
manufacturing.**

To date, the ion beam enables operating at accelerating
voltage lower than 1 kV to 30 kV, with the fine probe size and nm
precision ion beam that is less than 10 nm (S to 7 nm of full
width at half-maximum current). It excels in producing high-
quality small size cross-section and 3D tomography data for
cathode or anode, typically providing a cut width of around 20 to
50 pm, as well as in preparing a high quality of TEM specimen or
Atomic Probe Tomography (APT) samples for material science
applications including battery materials.'”**~** However, the
use of the Ga* FIB column has two drawbacks:

a) LMIS is a divergent ion source (Figure 3a) emitting a
beam shaped and focused to a spot by a FIB column.”
This limits the optimal beam shape and the maximum
current density that is achieved by a FIB column.
Therefore, usable beam shapes, beam spot sizes, and
beam current densities are limited to beams having
currents <65 nA;>" see Figure 3b. These constrain the
maximum material removal rate (e.g., 17.6 um®/s for Si°h)
and the maximum volume of material (for most of the
materials <50 X 50 X 50 ym?) that is removed within a
reasonable amount of time (~2 h). The maximum
analyzable volume is smaller than the representative
volume of certain battery systems, limiting its ability to
fully capture the correlations between battery structure
and performance.' '

b) Gallium can create low temperature eutectic alloys during
ion matter interaction and i_mplantation, particularly
present along grain boundaries®* (Figure 3d). Therefore,
some aluminum, copper, iron and nickel alloys are prone
to liquid metal embrittlement™ during FIB irradiation.
For battery materials, gallium will react with Lithium
metal to form alloy at room temperature, which limits its
application for analyzing certain battery material.*’

The drawbacks of Ga* FIB, particularly ion implantation and
matter amorphization, result in sample preparation challenges
for LIB morphology and chemical analysis. Maintaining the
representation of the original sample’s volume is crucial to
ensure representative analysis and reliable insights into the
battery’s chemistry and performance. This issue can be
pronounced in TEM lamella preparation and APT tip
preparation. It is also essential to avoid introducing artifacts or
altering the microstructure or solute distribution, which can be
influenced by the type of ion sources used.

In 2012, a different FIB source and column technology,
known as plasma Xe ions, was introduced commercially®® to
address the limitations of small material volume removal and
avoid Ga" contamination. Xe* are nonmetallic and originate
from noble xenon gas. The plasma Xe ion source serves as a
broad-area source with higher angular intensity, providing a
well-defined beam profile at high currents of up 3 pA, and

Table 1. Comparison of Different Electron Sources*'

Emission (kind of gun) Thermionic Emission Field Emission Schottky
W Tungsten hairpin  LaBy Single/multicrystal Tungsten Tungsten/zirconium oxide (single crystal)

Diameter of Electron Source (nm) 30,000 10,000 S 20
Brightness (A/cm®sr) 106 107 109 108
Energy Spread (eV) 1-5 (~2) 0.5-3.0 (~1.5) 0.2-0.3 0.3-1.0
Operating Lifetime (h/months) ~50h ~1000 h >12 months ~9 months
Vacuum (torr) 107 = 107° 107 — 1077 107 — 10710 107% — 107°
Temperature of cathode (°C) ~2330 ~1530 ~2S (room temperature) ~1430—-1530
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Figure 3. (a) Schematics of liquid metal ion source. Reproduced with permission from ref 49. Copyright under CC BY-SA 4.0, https://
creativecommons.org/licenses/by-sa/4.0/. (b) Comparison of the beam diameter versus the ion beam current for LIMS and ICP based FIB columns.
Adapted with permission from ref 50. Copyright 2016 Elsevier under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. (c) Schematics of
inductively coupled plasma source. Adapted with permission from ref 57. Copyright 2020 Springer Nature. Bottom row illustrates TEM specimens
prepared from Al thin film on $i.>* A gallium forming intermetallic compound with aluminum in aluminum/silicon interface: Al thin-film deposited on
Si. HAADF Z-contrast, (d) Gallium FIB, (e) PFIB Xenon prepared specimen.
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Figure 4. Depicts various types of ions simulations of ion implant depth for He*, Ne*, Ar*, Ga*, Xe* ions and electrons at 0-degree incident angle to
single crystal Si at 30 keV. SRIM Monte Carlo simulation® for ions and CASINO Win X-ray Monte Carlo simulations®" for electrons. Graphically, it
clearly illustrates that electrons and low-mass ions penetrate deeply into the sample but produce very low Sputter Yield (SY), such as He".

processes a long lifetime and source stability suitable for large
volume material milling (Figure 3b). In addition, Xe* come from
a noble gas; consequently, any implanted Xe atom is unlikely to
form metallic bonding compounds (Figure 3e). For battery
applications, unlike Ga*, Xe" is not reactive with metallic lithium
at room temperature, providing a wide materials processing
window for characterization.*”*°

Commercial PFIB-columns currently utilize ECR*® or ICP*’
ion sources to ignite noble gases (Xe and Ar) or reactive gases
(O, N) and generate ion beams. Xe*, being a heavy element
relative to lighter element ions like He", Ne™ and Ga*, penetrates
a shallower implant depth and produces an increased sputter
yield (Figure 4). These plasma sources overcome the drawbacks
of LMIS FIB-based instruments by producing broad, parallel
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beams of heavy and inert Xe* and Ar" ions. The PFIB optics at a
wide range of acceleration voltages (30 kV to 500 V) shape and
focus these beams to achieve spot sizes in the tens of nanometers
range with pA beam currents suitable for ion beam polishing and
imaging. Although PFIB’s imaging resolution may be inferior to
that of FIB or scanning helium ion microscopy (SHIM), its
beam profile and spot size can be precisely controlled, even at
very high beam currents™ (e.g,, Xe™: 2500 nA, Ar: 3800 nA)
and current densities. As a result, Xe* PFIB significantly
enhances the maximum material removal rate, such as achieving
arate of 675 um?>/s for Si.>" This rate is 38 times faster than that
of FIB, while maintaining a pristine surface similar to that of Ga*
FIB. It also allows for the removal of larger volumes of material
within a reasonable time frame, typically around ~200 X 200 X
200 um?® for most materials. For example, using the maximum
material removal rate, it takes approximately 25 min to remove a
Si cube measuring (100 um)®. Argon ion sources, either
provided by the PFIB or broad ion beam (BIB) milling
system,”>>” are well suited for battery materials’ large (hundreds
of microns to > mm) cross-section preparation and for the final
polishing TEM specimens.' As a result, the adoption of plasma
FIB (PFIB) in battery applications is beneficial, not only for LIB
materials’ development but also for investigating capacity fading
on a large scale.">'*°

2.1.3. Ultrashort Pulsed Laser Source. An USPL serves as
an important source for battery sample processing. The
evolution of USPL traces back several decades, encompassing
a dynamic journey of technological advancement.’”**** A fs-
laser beam is generated using a mode-locked laser system®”*’
(Figure S) equipped with a solid-state crystal (titanium-phaedite

4 Beam shaping optics Focussing mirrors A

m |1 ZZX

Laser diode
Y H ) Output
Mirror
i /
R& S A

J
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Figure 5. Schematic of a mode-locked laser system based on Cr-doped
colquiriite crystal (Cr: LiSAF, Cr**: LiSrAlFy).

sapphire or Cr-doped colquiriite crystal) or a fiber doped with
rare-earth ions such as erbium, or ytterbium. Mode-locking is a
technique that allows the laser to emit ultrashort pulses.

These lasers possess the remarkable capability to emit pulses
of light with durations much shorter than 1 ps, enabling
interactions with matter that mitigate thermal effects.”® As a
result, USPLs can ablate or remove materials without causing
thermal damage, preserving the original microstructure of the
remaining materials.'” The impact of USPLs extends to various
domains of science and technology,” driving revolutionary
advancements in fundamental research, medicine, telecommu-
nications, industrial manufacturing, and, more recently, battery
research, especially for large volume analysis.”"**~

When combined with laser optics paths and motorized
mirrors, USPLs can generate tightly focused laser beams with
diameters as small as 15 um.” This level of precision allows the
beam to raster cross-sectional side-surfaces, similar to those
applied in FIB instruments, enabling intricate material
processing and manipulation at the microscale. It is important
to note that the laser optics referred to are not designed for

imaging through the focused laser path but rather for ultrafast
removal/ablation of materials. In TriBeam systems, SEM is used
for precise positioning of the laser on the specimen surface.
USPLs can remove significantly larger volumes of material
compared to plasma FIB (500X—1000X), for example, in the
case of silicon, it can remove approximately 40,000 ym?®/s.
Furthermore, the ablated surfaces remain pristine, as the laser
interacts with the specimen surface at a glancing angle, and the
laser parameters are carefully selected for the specific material.'”
Similar to ion optics, laser optics can be configured for either
coarse larger volume removal or finer gentle removal. Laser
processed cross-sectional surfaces often have damage layers
below 20 nm.*’

2.1.4. Focused Beam Configurations. Initially, instru-
ments with focused beam configurations included standalone
analog TEM,**® SEM,”®”" scanning ion microscopes (SIM)
utilizing Ga* LMIS,*”* and low-power, pulsed lasers (<10 W,
<1 ns),”*”* alongside short pulse laser optics systems.”
Presently, these microscopes operate on digital circuits.
Improvements in TEMs and SEMs include enhanced electron
sources, optics, aberration correctors, and detection sys-
tems.”*”” SIM platforms expanded with commercial introduc-
tion of SHIM in 2008,”® and Xe* PFIB systems in 2011.”
Experimental FIB sources include liquid metal alloy ion sources
(LMAIS), gas field ion sources (GFIS), low-temperature ion
sources (LOTIS), and magneto-optical trap ion sources
(MOTIS).*~%

Since the mid-2000s, pulsed lasers and optics for rapid sub-
millimeter-scale micromachining and in situ laser-based
characterization techniques transitioned to USPL (<1 ps pulse
duration, typically ~50—300 fs). These lasers offer a thermal and
nearly damage-free ablation with spot sizes of dozens of
micrometers.” Figure 6 shows the widely used focused beam
systems.

The first dual-column systems emerged commercially in the
early 1990s,%> combining SEM and FIB columns (utilizing Ga*
LMIS) into a single microscope with two beams intersecting at a
coincidence point. This configuration integrates high-resolution
electron imaging and qualitative detection modes of SEM (SE
and BSE detection) with FIB’s implantation and milling/
polishing capabilities. As a result, it enables site-specific
micrometer-scale operations such as cross-sectioning and serial
sectioning tomography (SST).*® Over time, FIB-SEMs have
been enhanced by adding analytical functionalities like EDS,
EBSD, and TOF-SIMS (Figure 7a).

Compared to Ga* LMIS as focused ion column, as discussed
in Section 2.1.2, Xenon plasma FIB-SEM addressed the
limitations of small material volume removal by using utilize
ECR or ICP sources to generate Xenon noble gas Xe" ion
beams.>® These sources overcome drawbacks of LMIS FIB-
based instruments by producing broad, high current (hundreds
to thousands of nA) parallel beams of heavy and inert Xe" ions.
Most recently, the enhancements to Xe* plasma FIB-SEM
systems included correlative microscopy (CM) holder kits/
workflows,”’ negative tilts for the stage, and the incorporation of
three additional primary ion species (Ar, O, and N) into the
PFIB column.®” The CM holder kits enable multiscale,
multimodal studies and accurate tracking of volumes of interest
from X-ray microCT to DualBeams. Such correlative analysis is
critical for battery failure identification and starts with
nondestructive CT on a cell level sample to pinpoint battery
failure and then in-depth analysis via FIB-SEM.*" Negative tilts
facilitate mimicking the BIB polishing action at glancing angles
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while spinning the irradiated surface, introducing a new
technique called PFIB spin milling, enabling sequential removal
of sub-mm surface areas with nanometer precision and
recording with SEM qualitative and quantitative imaging
modes.” Large area two-dimensional (2D) sample preparation
can provide structural characteristics with more statistics. The
inclusion of noble (Xe and Ar) and reactive (O and N) ion

species broadens the range of applications in materials science
and life science for the plasma FIB-SEM microscope,”””"
battery samples specifically, Ar will minimize milling defects
during 2D cross-section analysis and TEM lamella sample
preparation.lé

TriBeam systems, based on FIB-SEM platforms (Figure 7b),
fs-laser and laser optics benches were independently tested to

and for
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enable three columns in the same systems in the early 2010s and
fully commercialized in 2019.°” These systems converged SEM,
FIB, and fs-laser beams onto a coincidence point within the main
vacuum chamber. Another design of FIB-SEM systems that have
three focused beams has separate vacuum chambers (Figure
7¢).”” The addition of the fs-laser expands the application of the
FIB-SEM systems to application scope to mm scale, especially
for 3D large column materials’ characterization.’

2.2. Analytical Tools, Detectors and Accessories in FIB-SEM

2.2.1. SEM and FIB Imaging and Detection. In SEM,
SHIM, and FIB-SEM microscopes, a focused beam of electrons
or ions is used to scan or raster the surface of a specimen. The
movement of the beam is paused for a short period of time
known as the dwell time, which typically ranges from 50 ns to a
few microseconds per point. The scanning is performed in a
rectangular area referred to as the field of view (FOV), usually
line by line starting from the top of the FOV and progressing
downward (Figure 8). Concurrently, for each point, the excited
signal due to the interaction of the volume matter (as described
in section 2.1) is collected and postprocessed, and an image is
generated on the monitor screen. Throughout the scanning
process, various detectors can simultaneously collect the excited
electrons and X-rays. The standard and basic detector, side
mounted in a microscope vacuum chamber, is an Everhart-
Thornley Detector (ETD) that captures SE emitted from the
sample when it is bombarded with a primary electron beam. The
ETD can detect low-energy secondary electrons, making it very
sensitive to the topography and surface details of the sample.
The ETD detector also can operate in a BSE collection mode but
is not optimized for this purpose. Electron detectors can also be
positioned inside the SEM column, such as the Through Lens
Detector (TLD) that detects SE and BSE, or placed beneath the
pole piece, like retractable detectors such as the Concentric
Backscattered (CBS) detectors. BSE units detect elastically
scattered electrons, providing valuable compositional and
topographical information. They excel in compositional
contrast, with heavier elements appearing brighter, allowing
differentiation between materials of different atomic masses.
BSE images also offer some topographical insights and can
penetrate deeper into samples than SEs, making them useful for
imaging bulk materials and subsurface features. BSE imaging is
less affected by charging issues, which is beneficial for
nonconductive samples. However, BSE images have lower
resolution than SE images due to a larger interaction volume,
resulting in less detailed surface information. Their higher
energy and deeper penetration make them less sensitive to
surface details and fine features. Interpreting BSE images can be
complex, influenced by factors like surface topography, sample
orientation, and detector settings. Additionally, BSE detectors
are less sensitive to low atomic number materials, leading to
reduced contrast in samples composed of lighter elements. It is
worth pointing out that CBS is designed to detect BSE more
efficiently and to provide compositional contrast across the
sample. It typically consists of concentric rings or segmented
annular regions that surround the area of electron beam impact.
These segments are designed to detect BSE at various angles.
Application of segmented and pixelated electron detectors is on
the rise in SEM microscopes.

2.2.2. EDS Analytics. Energy Dispersive Spectroscopy,
commonly used in SEM or FIB/SEM, is the most accessible
technique for elemental composition analysis in battery
applications within an electron microscope. It works by using

a beam of electrons to hit the material, knocking out other
electrons from the material’s atoms. The atoms then relax by
emitting characteristic X-rays with specific energies, allowing the
identification of the elements and the composition present in the
material.”® The advancement of EDS systems has been closely
linked with the development of silicon drift detectors and
significant progress in computer technology over the past 20
years. This has resulted in high output count rates, exceeding
several thousand counts per second, and the ability to acquire a
complete spectrum at every pixel within an image. For battery
application, this method is particularly suitable for detecting
transition metal elements in the cathode” ™" and for detecting
carbon (C), silicon (Si), nitrogen (N), fluorine (F), and oxygen
(O) elements in the anode.”®™'** In addition, the F distribution
in the electrode can be the indicator of the binder distribution,
and Zirconium (Zr) or Copper (Cu) in cathode raw materials’
quality assurance analysis indicates impurity.'®® The technique
offers high spatial resolution, enabling the characterization of
features on a submicron length scale, with minimum detection
limits around 0.1 wt % in the best cases.

However, while EDS is commonly used for elemental analysis
of battery materials, detecting lithium in cathode oxide materials
poses challenges, especially given the increasing demand for
accurate lithium detection due to its critical role in battery
performance. A standard EDS detector with a window
completely absorbs ultrasoft X-rays around 54 eV, including
the Li Ko emission at 54.3 eV, before they can reach the
detector. As a result, detecting lithium via EDS is only feasible
using a windowless EDS detector. Recently, a study demon-
strated the success of detection of Li Ka X-ray emission via a
windowless silicon drift detector in various compounds.'”* One
of the major challenges of windowless EDS for lithium detection
in battery materials analysis is the lack of sufficient energy
resolution (~50 eV) when detecting lithium. For example,
achieving a zero-peak width of <30 eV and distinguishing a 54
eV energy event involve analysis complexity when the L-lines of
Al (70 eV), Mn (64 eV), Co (78 eV), Ni (85 eV), and Mg (40
V) contribute to a bump centered around 50 eV (the Li Ko line
is located at 54.3 V).

Soft X-ray Emission Spectroscopy (SXES), on the other hand,
overcomes these energy resolution limitations by using a
gratings-based spectrometer and charge-coupled device camera
or X-ray detector. The higher energy resolution (up to 0.1 eV)
enhances its lithium detection capability more than a window-
less EDS detector. In addition, it provides an energy shift
measurement that reflects chemical bonding.105 However, low
photon energy in SXES necessitates high electron currents and
extended times for data acquisition, which present several
challenges. Prolonged data collection at high currents hinders
efficient acquisition, rendering SXES impractical for mapping
applications. High electron currents in spot mode can
potentially either damage sensitive battery materials or induce
chemical changes during the analysis. Overall, although both
windowless EDS and SXES can detect lithium in the battery
materials, there are still challenges. Li Ka X-rays emission is
much weaker compared to that of heavier elements, and the
exact processes involved in Li X-ray emission are not fully
understood, making quantification difficult. Furthermore, the
ultrasoft nature of Li Ko X-rays makes them highly susceptible to
absorption by the sample itself, especially in the top surface
layer.

When analyzing battery materials via EDS, EDS mapping is a
widely used technique to investigate the elemental distribution
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Figure 9. (a) and (b) Quant mapping analysis NMC cathode particles identifies atomic composition of Nickel-Manganese—Cobalt (NMC) ratios as
Nickel: 0.81, Manganese: 0.07, and Cobalt: 0.12. Phase mapping analysis of the same area (c) and (d), that distinguishes Nickel variation within NMC
single crystal particles and detects impurities (such as Aluminum (Al), Tungsten (W) and Phosphor (P)).

within a sample, offering an intuitive way to interpret its
elemental composition and arrangement. There are three
different approaches for EDS mapping, namely gross count
mapping, quantitative mapping, and phase mapping. The gross
count mapping is the most basic approach, which involves
mapping the total X-ray counts with corresponding elements
present within the sample above the minimum detection limit. It
provides a qualitative analysis, a general idea of the element
density distribution within the materials, while there is a lack of
quantitative information on each element in the materials.
Quantitative mapping, also known as live chemical imaging,
represents a more advanced technique. This method involves a
step known as background removal and deconvolution to
accurately identify and quantify the elements present,
associating characteristic X-rays emitted by the sample with
corresponding elements present. Figure 9a and 9b show
quantitative mapping analysis of nickel manganese cobalt
oxide (NMC) cathode particles to collect maps of Nickel
(Ni), Manganese (Mn) and Cobalt (Co) with quantification.
This method offers immediate visual feedback on the elemental
composition, allowing for quick assessments and adjustments
during analysis. It also provides precise elemental concen-
trations, expressed either as Wt.% or atomic percent (At.%).

If additional information, such as identifying phases due to
variations in element concentration, is required, phase mapping
is necessary. The phase mapping involves grouping pixels with
similar compositions to identify unique chemical phases,
contrasting with the other two mapping methods targeting

pure elements. It uses Principal Component Analysis, a
statistical method used for analyzing spectral data, and examines
each pixel and the spectra it belongs to, aiding in understanding
the complex sample because each pixel is assigned to a single
phase. In the same area that analyzed NMC particles with
quantitative mapping, phase mapping is performed for
comparison, as shown in Figure 9c and 9d. Besides most
materials showing as NMC with a ratio of Nigg;Mng,Coy 5,
materials with low Ni concentration Niyg, Mng;,Coq;, and
other impurities are also observed. This method allows for a
more comprehensive understanding of sample composition and
can be routinely applied in the materials quality control process
for impurity identification.

2.2.3. EBSD Analytics. Electron Backscatter Diffraction is
widely used to characterize metals and alloys, measuring grain
size, orientation, misorientation, and crystallographic texture.
The technique relies on backscattered electron diffraction
signals from shallow surface layers, typically a few tens of
nanometers deep, requiring perfect sample surface finishing. In
recent years, EBSD has also been applied for battery materials
characterization to understand the performance and degrada-
tion of different battery systems.'°°~'*® For the development of
cathodes, materials like NMC are typically synthesized into
polycrystalline particles with varying sizes and crystal
orientations. The grain orientation is connected with its lithium
transport property and accounts for the intergrain lithiation
barrier; therefore, it is critical to understand and quantify the
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Figure 10. (a) Modeled backscattered electron yield and depth of lithium, NMC811, and nickel, with angles of incidence set to 70 and 0 degrees at 10
keV. (b) Electron backscattered diffraction (EBSD) of lithium metal. (c) Example Kikuchi pattern imaged by EBSD detector. (d) Inverse pole figure
for shown map showing orientation of crystal lattice for points in the map. Reproduced with permission from ref 109, Copyright 2022 Elsevier.

grain property via the EBSD method for materials” diagnosis and
development.'®”

For anode development, certain materials, such as lithium
metal, pose practical challenges for EBSD characterization for
two main reasons. The highly chemical reactivity of these
materials results in challenges in sample handling that require
careful protection, where the chemical reactions and passivation
layer thickness are pivotal factors that influence the EBSD
results. In addition, an intrinsically low backscattered electron
coefficient and spatial resolution limitation due to the BSE
surface radius with the depth of the BSE signals suggest that low
index rate of lithium metal EBSD results are expected with
challenges for grain boundary analysis."

Figure 10a shows the results of using the Monte Carlo method
to model the backscattered electron yield and depth across
various battery related materials including lithium, NMC811,
and nickel, via the software CASINO 2.5.''° The results
demonstrate that the backscattered electron signal of lithium
metal has the deepest penetration depth, nearly 40 times deeper
than that of nickel metal. This difference highlights significant
variations in material properties and how electrons interact. It is
noteworthy that while the backscattered electron coefficient
between Nickel and NMC is similar in value, the coeflicient for
lithium is less than 50% of that for NMC or Nickel (Table 2).

Table 2. BSE Coefficient of Lithium Metal, NMC 811, and
Nickel Metal at 0 Degree and 70 Degree with 10 kV
Acceleration Voltage

Lithium metal NMCS811 Nickel metal
BSE Coefficient 0.016 0.16 0.24
0 degree, 10 kV
BSE Coefficient 0.21 0.50 0.56

70 degrees, 10 kV

This discrepancy suggests that lithium metal requires a higher
beam current for effective EBSD analysis, highlighting the
unique challenges associated with characterizing this material at
the nanoscale. Figure 10b—10d shows the EBSD results of the
lithium metal prepared by the microtome method.'”” 78% of
29400 total points were indexed successfully, where the points
around the cross-section rarely resolved, which is aligned with
the simulation results where lithium has a low BSE coefficient
and low-contrast diffraction poses challenges to gaining high
quality EBSD data.

The intrinsic reactivity of alkali metals such as lithium or
sodium poses challenges to performing EBSD analysis on them.

Strategies from sample handling to site preparation to data
collection in FIB-SEM need to be employed that lead to a
successful experiment.'°>'*® First of all, all stages from sample
handling to data acquisition must be conducted in a rigorously
controlled environment, such as a high vacuum or an inert
atmosphere (e.g., argon backfilled) to prevent surface
contamination and degradation of the highly reactive alkali
metals. During the FIB milling process, milling parameters such
as temperature, accelerating voltage, and protective coating
layers selection are the parameters that can be tuned for
experiment optimization. Operating the milling process at
cryogenic temperature can reduce thermal damage to the highly
reactive alkali metals. In addition, reducing the ion beam energy
(e.g., lower acceleration voltages from 30 kV to 16 kV or 8 kV)
during FIB milling helps reduce the ion range into the materials,
minimizing the extent of ion-beam-induced damage within the
alkali metal. To further mitigate potential damage, leveraging the
current collector as the capping layer in battery samples (e.g.,
copper current collector in studying Li-metal battery) instead of
using a Gas Injection System (GIS) process to generate a
capping layer is recommended. In the EBSD data acquisition
process, conducting the analysis at cryogenic temperatures is
also beneficial together with a lower acceleration voltage (e.g., 10
kV is generally preferable to 20 kV) to minimize electron beam-
induced damage.

In summary, the above protocols are designed to minimize
sample alteration during preparation and analysis by preventing
heating and surface damage, reducing ion range and electron
penetration depth, which ensures the accurate measurement of
the true grain size and crystallographic orientation of the alkali
metals. It is worth noting that some protocols have trade-offs.
For example, cryogenic FIB-SEM adds experimental complexity
(details discussed in Section 2.3); lower ion or electron beam
energy will extend the experimental time and reduce the signal-
to-noise ratio. Carefully selecting which strategy to adopt is
critical in experimental design and can optimize the specific
experimental condition for each sample.

2.2.4. FIB-SIMS Analytics. Secondary Ion Mass Spectros-
copy is a major experimental technique used for materials
chemical analysis. It operates by collecting and separating ions
based on their mass-to-charge ratio (m/z) from secondary ions
detected. These secondary ions are emitted from solid material
surfaces as a small fraction of charged particles among sputtering
particles by bombardment with a primary ion beam. SIMS
instruments are typically dedicated instruments housed in
ultrahigh vacuum (UHV) environments, featuring various
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Figure 11. A schematic diagram illustrating the fundamental principles of ToF-SIMS. Reproduced with permission from ref 111. Copyright 2021

American Chemical Society.

configurations with multi-ion sources that separate the function
of sputtering and SIMS analysis. The classification of these
instruments is primarilz determined by the type of mass analyzer
integrated into them.”

Integrating a compact time-of-flight (TOF) SIMS, into a
DualBeam FIB/SEM microscope not only enhances its
capacities for imaging and sample preparation but also
transforms focused ion beam (FIB) into an analytical tool.
The combined system is often referred to as “FIB-SIMS” to
distinguish it from dedicated SIMS instruments, as shown in
Figure 11.11'""" The compact TOF-SIMS analyzer utilizes
orthogonal extraction design to pulse the secondary ion beam,
allowing for continuous sputtering of the sample surface by the
primary FIB beam, and collect and separate all detected
secondary ions in parallel.'"

As an important materials chemical analysis technique, TOF-
SIMS is critical for battery research, as it can efficiently detect
lithium because lithium has a low ionization energy compared to
other elements in the periodic table. This energy generally
increases throughout a period, reaching its peak for noble gases,
which have closed electron shells.

Li® + 5.39 eV/atom — Lit + e~

The low ionization energy of lithium means that FIB-TOF-
SIMS can easily detect lithium as ["Li*] and [°Li*], making it
well-suited for efficiently analyzing lithium in various lithium ion
battery materials."'*''* Figure 12a-12b present the lithium
distribution within the cross-section of cathode materials in both
discharged and charged states, with ['Li*] ion SIMS maps
obtained using a PFIB-SEM Xe" TOF-SIMS. During SIMS data
acquisition, the ion beam is directed perpendicular to the cut
face of the cross-section. The obtained FIB TOF-SIMS results
offer several insights: In the charged cathode (when external
voltage is applied), most cathode particles exhibit minimal
lithium signal, while some lithium ions are trapped at specific
locations within the cathode materials. Upon discharge, lithium
ions uniformly return to the cathode oxide material as a general
pattern. The difference in SIMS lithium signal between charged
and discharged states is approximately 5-fold (Figure 12¢).'"> In

CATHODE
B" DELITHIATION

aw

Figure 12. (a) and (b) TOF-SIMS [’Li*] maps of discharged and
charged cathode cross sections, displaying the lithium distribution. (c)
Normalized signal comparison of (a) and (b). (d) 3D distribution of
’Li* in the cathode. (e) and (f) A cross-section of the lithium battery
cathode and corresponding '°F~ distribution; scale bar: § um; (a)-(c)
data collected via PFIB TOF-SIMS, (d)-(f) data collected via Ga* FIB
TOEF-SIMS.

addition to 2D analysis of lithium, 3D TOF-SIMS can enable
analysis of the lithium distribution within the electrode as shown
in Figure 12d. In addition to lithium detection, FIB-SIMS can
also detect other elements that are critical to the battery, such as
fluorine (F), which is an important element for binder indication
as well as the SEI component. SIMS simplifies the detection of
fluorine in negative ions. For instance, when a fluorine atom
gains an electron to become F~ ion, it releases energy (—1.4 eV).
In Figure 12f, the presence of a ['”F~] SIMS image around active
material particles indicates a high concentration, suggesting a
binder layer approximately 250 nm thick by measurement of the
location of fluorine. Traditional techniques like SEM-EDS lack
the required lateral resolution for accurate measurement of the
binding layer thickness from SEM-EDS fluorine elemental
mapping, while TEM-EDS is limited to very small field widths.

Overall, the integration of TOF-SIMS into the DualBeam
SEM/FIB system enables the ion beam to serve not only for
sample preparation but also as an analytical tool. The technique
boasts a high capability for detecting lithium, making it suitable
for 2D/3D TOEF-SIMS work in LIB research. However,
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Table 3. Advantages, Disadvantages and Mitigation Strategies in FIB-TOF-SIMS Analysis of Battery Materials

Advantages

Detection of Li and other light elements, C,
O, F.

High signal from some battery materials
elements, Li, Na, K, F, O.

Lateral resolution better than SEM-EDS and
XPS.

High depth resolution similar to XPS depth
profiling.

data analysis.

Relative low signal from transitional metals: Co, Mn, Ni.

Challenges Mitigation the weakness

Transition metal is better to
use SEM-EDS.

In the same area-of-interest (AOI), positive and negative ions are collected separately Run SEM-EDS before FIB-
and subsequently undergo destructive analysis.

SIMS.

Preliminary knowledge of the composition of battery samples is essential for effective

Parallel collection all type of ions better than ~ Even at low mass, the presence of mass interference introduces uncertainty when

magnetic sector SIMS.

Analysis area better than APT and TEM:
Area: 10” - 10* um’.

assigning mass peaks to small molecular ions.

Sensitive to topography and FIB milling curtains.

Table 4. Comparison of Chemical Analytical Techniques®

SEM/EDS TEM/EDS
Probe Beam (In) Electrons Electrons
Analysis Beam (Out) Photons Photons
Lateral Resolution 1 pm 0.5—1 nm
Depth Resolution 1 ym 2—10 nm
Detection Limit 1000 ppm 1000 ppm
Lightest Element Li (%) B
Depth Profiling n/a (d) n/a
Quantification Good Good
Vacuum 107* Pa 1075 Pa
Information Elemental Elemental

Atom Probe Tomography XPS SEM/FIB-SIMS

Photons Photons ITons

Ton Electrons Tons

0.3—0.5 nm S to S00 ym <50 nm

0.1-0.3 nm 1-10 nm 10—20 nm

5—10 ppm 1000 ppm 100s ppm

H Li H

Yes Yes Yes

Good Excellent Very Poor

1077-107"" Pa 1077-107"% Pa 107™* Pa

Elemental Elemental, Bonding Elemental®
Chemical State Isotopes

“Note: The listed values are achievable using commonly available instruments and materials. “Requires windowless EDX detector and operating at
well-defined beam and sample conditions without quantification. “Small molecule ions are possible. Available in FIB-SEM, where FIB is used to

remove material layers.

challenges such as the reliance on ionization of sputtering atoms
resulting in removing materials, ionization chemical matrix
effects, and the presence of mass interference can lead to
uncertainties in the interpretation of molecular ions. These
challenges can be mitigated through careful sample preparation
techniques, optimization of FIB parameters, and the use of
advanced data analysis algorithms aimed at reducing noise and
improving peak assignment accuracy. Table 3 summarizes the
guidance of using TOF-SIMS for battery research.

Given the wide range of chemical analytical techniques used
for battery analysis, Table 4 summarizes these techniques to
assist in selecting the appropriate method for analyzing battery
materials. Notably, SEM/FIB-SIMS and SEM-EDS are two
techniques that can be integrated into FIB-SEM. Comparing
SIMS to EDS, SIMS stands out for superior spatial resolution,
lower detection limits, especially on light elements (e.g.,
lithium), and capability for depth profiling and isotopic analysis.
However, quantification is challenging with SIMS, and the
measurements are destructive to the sample.

X-ray Photoelectron Spectroscopy (XPS) serves as a reliable
average chemical analytical method for batteries, capable of
detecting Li, chemical states, and bonding, and of providing
quantification results. However, one of the main drawbacks of
XPS is its spatial resolution as each ‘pixel’ or X-ray spot size
representing the size of the smallest analysis area, which is
typically around 400—500 pm in standard operation, with recent
advancement to resolution as low as 10 ym. APT enables high-
resolution and high-sensitivity imaging with isotope selectivity,
providing quantified information. However, its applicability is
limited due to limited sample size, labor intensive sample
preparation process, and chance of introducing artifacts.

2.2.,5. FIB-SEM In Situ Accessory. In addition to the
detectors and analytical techniques mentioned in the above
sections that are commonly equipped in FIB-SEM as
accessories, in situ accessories such as GIS and nano
manipulators are critical components for FIB-SEM. These
accessories, along with other tools like nanogrippers, nano-
indenters, and scanning atom probes, greatly extend the
functionalities of FIB-SEM systems.'” By using these in situ
accessories, battery researchers can conduct dynamic experi-
ments, make real-time sample modifications, and achieve precise
manipulation of nanoscale objects.'' ™"’

GIS enables the introduction of gases or gaseous metal
precursors into the specimen chamber during FIB-SEM
operations. This capability is particularly valuable for conducting
in situ experiments and modifying the surface properties of the
sample. The injected gases can serve various purposes, including
enhancing imaging contrast, facilitating material deposition or
etching processes, and improving FIB milling surface quality.''®

Another valuable accessory is the tungsten needle nano
manipulator. This device provides precise control over the
positioning and manipulation of nanoscale objects within the
FIB-SEM system. With the nano manipulator, researchers can
easily move, rotate, and lift nanoscale structures, battery particles
for in situ experiments, TEM lamellas for nanoscale character-
ization, or material chunks for FIB serial sectioning tomog-
raphy.''”~""? The precise and repeatable control offered by the
nano manipulator enables delicate operations with high
accuracy, making it an essential tool for nanoscale research
and manipulation within the FIB-SEM environment.
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2.3. Cryogenic FIB-SEM

Over the past 20 years, cryogenic FIB (Cryo-FIB) has emerged
as a powerful technique for preparing and characterizing samples
that are beam-/temperature-sensitive or contain liquid phases in
both the biological and materials science communities. In the
biological science field, the key benefit of adopting a cryogenic
technique is the preservation of the natural structure of
biological samples in their hydrated state, which is crucial for
accurate imaging with electron microscopy. Cryo-FIB started
serving as a sample preparation tool to apply Cryo lift-out on
frozen-hydrated specimens for cryogenic electron tomogra-
phy,lzo_122 on-the-grid lamella preparation for TEM analysis of
vitrified cell,"**~"** or Cryo-FIB lift-out sample preparation for
thicker samples that went through high pressure freezing sample
preparation.]26

On the other hand, materials scientists started adopting Cryo-
FIB by leveraging its advantage in reducing beam damage and
reaction rate between ion and matter. The early success of Cryo-
FIB has been widely demonstrated in characterizing various
beam or temperature sensitive materials, including compound
semiconductors,'”” soft and porous membrane electrode
assemblies,"*® thin-film solar cells,"*’ metal—organic frame-
works crystals,130 and low melting point metals such as
indium."”" Furthermore, this technique’s capabilities extended
to conducting reaction limited experiments, successfully
preventing hydrogen pickup during TEM sample preparation
of Ti alloys,132 and suppressing surface nanodroplets formation
on group III-V semiconductors."””"** Most recently, the
application of Cryo-FIB has been further advanced to character-
ize samples with a liquid phase, includin§ enabling character-
ization of the solid—liquid interface,"**~"*” and for analysis of
devices containing patterned functional liquids, maintaining the
integrity of both phases throughout the characterization
process.'*®

In terms of starting to adopt Cryo-FIB for battery research,
this is mainly due to increasing demand in studying temperature
sensitive, beam reactive, and liquid phase-containing systems for
next generation battery development, such as lithium metal,
sodium metal, solid-state electrolytes (SSE), and the
SEL**"*?'*% The past success and knowledge gained from
other fields make Cryo-FIB a well-suited and powerful technique
in battery or energy material research. To date, numerous

studies have highlighted the use of Cryo-FIB, which allows for
the preservation of materials in their native state, with
integration of various analytical techniques such as EDS,
EBSD, TEM, and APT for advancing battery development
(refs 20, 23, 24, 45, 47, 136, 137, and 141—146).

Figure 13 shows a typical Cryo-FIB setup with key
components including Cryo-stage, sample transfer device,
sample preparation station, and micromanipulator. The
schematic diagram (Figure 13a) illustrates that the Cryo-stage
and anticontaminator are cooled by nitrogen gas, which is sent
through a heat exchanger in an offline dewar containing cold
liquid nitrogen. This process maintains the stage down to liquid
nitrogen temperature. The gas flow is adjustable to minimize
vibrations and nitrogen consumption. Cooling can also be
achieved via copper conduction bands, which are less prone to
vibrations compared with the gas-cooling method, but the
cooling rate is slower, as it relies on passive conduction rather
than active cooling. Recent innovation in stage designs enables
the fully rotatable Cryo-stage as shown in Figure 13b, which
provides greater flexibility to access samples in different
geometries. It is also equipped with a temperature control
system by heating elements so that temperatures between 30 °C
and —180 °C can be achieved. The wider temperature range
allows dynamic experiments or phase transformation study.

Another important consideration for cryogenic setup is the
sample transfer. Depending on the battery materials type, either
inert gas transfer at room temperature or full Cryo-transfer at
liquid nitrogen condition will be selected. Nevertheless, if
samples are neither air/environmentally sensitive nor contains
liquid component, and are only beam sensitive, they can be
directly loaded onto the Cryo-stage before cooling down the
stage to start the experiments. Figure 13c shows the sample
transfer unit that enables inert gas sample transfer capability
attached to the microscope chamber and can exchange sample
between the glovebox and microscope. For samples that contain
liquid, then the sample transfer needs more careful consid-
eration, as samples need to be cooled down under liquid
nitrogen before loading into the microscope, where a sample
preparation station (Figure 13d) is needed to combine with the
corresponding sample transfer unit to enable a full Cryo-transfer
process.

There are other critical accessories that could be added onto
the Cryo-FIB workflow. For TEM sample preparation, to
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minimize any heat transfer between the sample and nano-
manipulator, a Cryo-compatible nanomanipulator is required.
As shown in Figure 13e, the probe shaft has been assembled with
a thermally isolated probe tip that is passively cooled via a direct
connection via using a clamp to the cryogenic system’s
anticontaminator. In addition, considering that the electrical
conductivity typically goes down at lower temperature, proper
coating capability such as a microsputter coater or magnetron
sputter coater is needed to minimize charging that is a challenge
during both milling and imaging within FIB-SEM.
2.4.FIB-SEM Techniques: 2D Imaging, 3D Tomography, and
TEM Lamella Preparation

As a versatile and powerful tool in materials research, FIB-SEM
enables detailed microstructural analysis in multidimensions at
multilength scale. For battery development, there are three
major techniques that are widely used, namely 2D sample
preparation and analysis, 3D tomography, and TEM lamella
preparation (Figure 14). 2D sample preparation enables access

Electron
beam

lon

Femtosecond
laser

=

3D tomography

2D sample preparation

Figure 14. Schematic of different techniques in FIB-SEM for battery
characterization.

to the internal microstructure of battery samples, to gain
knowledge beyond the surface. 3D tomography provides more
quantitative understanding of the battery structure and perform-
ance correlation. For high-resolution nanoscale characterization,
TEM lamella preparation is an essential technique to enable a
high quality sample for TEM analysis. The following sections
will provide detailed insights into each technique and their
contributions to battery development.

2.4.1. 2D Sample Preparation. The FIB technique
provides exceptional flexibility in terms of specimen geometry
and substrate materials for material sputtering for 2D sample
preparation. This localized and direct approach allows for
precise realization of desired geometries. Moreover, FIB
processing can be conveniently monitored in real-time using
SEM, enabling direct alignment and quality control during the
operation.

In FIB-SEM characterization, implementing effective imaging
and milling strategies and adhering to standard sample handling
procedures are crucial for obtaining high-quality data. When
preparing samples for FIB-SEM characterizations, several
common defects and artifacts can occur, such as curtaining,
charging effect, surface contamination, and beam damage
effects, causing potentially misleading images. Curtaining
appears as vertical streaks in the image at the FIB-milled area,
caused by uneven milling due to variations in material hardness

or improper FIB settings. To mitigate this, one can apply a thick
protective layer or use the rocking-polish method (see Section
2.4.1.2). Sample charging leads to distorted or bright regions in
SEM images due to charge accumulation on nonconductive
samples. This issue can be addressed by coating the sample with
a conductive layer or using a low-vacuum mode. Contamination
presents as unwanted deposits or particles on the sample surface,
often resulting from contaminants in the vacuum chamber or
improper sample handling. This can be mitigated by thorough
cleaning and adhering to cleanroom protocols. Beam damage,
resulting from prolonged exposure to photon, ion, or electron
beams, alters the sample’s microstructure or composition. A
common beam damage effect in FIB-SEM characterization is
amorphization, which occurs when ion beam interactions cause
the crystalline structure of the sample to become amorphous. To
mitigate this, it is necessary to minimize exposure time and use
lower beam currents, energies, and doses. Overall, by under-
standing and addressing these common defects and artifacts,
researchers can improve the accuracy and quality of their FIB-
SEM characterizations.

Besides reducing image defects via appropriate imaging and
FIB polishing strategies, users also need to follow standard
procedures for sample handling in electron microscopy to
ensure high-quality data. FIB-SEM manufacturers impose
sample size and weight restrictions: specimens are typically
fixed to 12 mm diameter stubs and should be a few millimeters in
size. Use of a diamond saw or precision cutting tools to trim the
sample to the desired size and shape followed by polishing it for a
smooth finish can minimize topographical artifacts. In addition,
sample cleaning is mandatory to remove contaminants or debris
that could interfere with imaging. Solvents like isopropanol or
acetone, followed by drying with nitrogen gas, should be used to
obtain pristine samples. To reduce sample charging artifacts
during handling, it is essential to fix specimens rigidly on a
suitable holder or stub using conductive adhesive or double-
sided metal tape to ensure they are well-grounded and prevent
charging during imaging. Nonconductive samples should be
coated with a thin layer (dozens of nanometers) of conductive
material (e.g., gold, platinum, or carbon) to prevent charging
and improve image quality. A sputter coater or evaporator is
critical for a uniform coating. Finally, it is critical to always
handle samples using protective gloves and dedicated tweezers.

2.4.1.1. Sputtering Mechanism. Ion sputtering occurs when
a sample atom is ejected by the bombarding ion from the sample
surface (see Figure 1b). A single ion can sputter several sample
atoms; thus, sputtering yield is parameter that quantifies the
number of sputtered atoms per number of incident atoms. Only
atoms near the sample surface are potential candidates for
sputtering. The more collisions that occur on the sample surface,
the more likely that sputtering occurs. Atoms that are located
deeper within the sample are less likely to be sputtered because
the ion beam loses energy as it penetrates the specimen.

Sputtering yield is predominantly influenced by the ion
element (Figure 4) and the initial ion energy (acceleration
voltage), the incidence angle, the surface binding energy (atoms
of the specimen), and the crystallographic orientation of the
sample (ions channeling vs collision cascade). Figure 15 shows
the influence of various factors on the sputter yield.

2.4.1.2. 2D Cross-Section Preparation. Focused ion beam
cross-sectioning is a site-specific technique used in material
science, life sciences and the semiconductor sector to prepare
samples for further ex-situ and in situ imaging'*’ and/or other
analysis such as EDS and EBSD."** This technique combines the
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advantages of precision milling using a focused ion beam and
imaging with SEM to collect high-resolution images of cross
sections of materials. Figure 16a shows typical cross-section
preparation and analysis process steps.

The process begins by selecting the area of interest in the
sample, which could be a specific feature, defect, or interface.
The FIB-SEM then uses a beam of charged ions and GIS to
gradually deposit a protective layer (typically Platinum (Pt) or
Tungsten (W) several microns thick) over the region of interest.
Later the focused ion beam (Ga®, Xe', Ar" or O%) or
femtosecond pulsed laser focused beam (for TriBeam systems)

is used to gradually mill away material to create a cross-section.
The ion beam or focused laser beam can be precisely controlled
to remove material with high accuracy, allowing for cross
sections with nanoscale resolution. Ga* FIB typically makes
pristine cross sections (Figure 16c) by top-down milling (as
depicted in Figure 16e), while plasma FIB in a similar milling
manner creates surface topographic periodic vertical hills and
valleys, known as curtains (Figure 16g). These curtains can be
mitigated by applying a thicker protective layer (~10 ym thick)
and/or the so-called rocking-polish method.”® Here the cross-
section is created by periodic milling and advancing the beam at
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two stationary angular positions (typically + <6 deg), as shown
in Figure 16f. The type of focused beam used depends mainly on
the size of the region of interest and the desired size of the cross-
section that needs to be created. Due to its milling rate limits, Ga
+ FIB is used to make small cross sections with a width of less
than 50 ym and a depth of less than 20 ym>® (for example in
Figure 16b and 16c¢). Plasma FIB allows creating much bigger
cross sections having a width of hundreds of microns and a depth
in a similar range as the width, while a femtosecond pulsed laser
focused beam opens over a mm wide and deep cross-section.
Figure 17 compares the sizes of cross sections of a NMC cathode
prepared by Ga* FIB, Xe" PFIB and a fs-laser beam.

During the milling process, the SEM column also provides fast
imaging using SE or BSE. This allows for monitoring the
progress and making adjustments as necessary. The imaging
capability of the FIB-SEM instrument provides valuable
information about the sample’s structure and helps in selecting
the correct area for cross-sectioning. Once the desired depth is
achieved, the cross-sectioned sample can be further analyzed
using various characterization techniques (see Sections 2.2.2 to
2.2.4 for details on EDS, EBSD, FIB-SIMS techniques). Later
the collected images and data are postprocessed, for example to

remove noise from SEM images, segment microstructural
features, create elemental EDS maps or crystallographic
orientation maps, etc. Often machine learning (ML) algorithms
are employed at the postprocessing step, e.g. image denoising
and image segmentation. *’ Data quantification and reporting
concludes the data collection and analysis procedure.

2.4.1.3. Spin Milling. Plasma focused ion beam spin milling
(PFIB-SM)*"*! is a relatively new FIB application. This
technique, as shown in the schematic diagram in Figure 18a,
replicates the milling geometry used in BIB polishing systems. In
PFIB-SM, low glancing angles, typically less than S degrees, are
employed against a flat surface. The focused ion beam is rapidly
milling within a defined area, which can be either rectangular or
oval in shape. To achieve spin milling, several stationary stage
rotation positions are set instead of continuously spinning the
stage. The typically accessed area in FIB-SM ranges from 300
p#m in diameter, but it is also possible to increase the area to ~1
mm. This method allows access to both on-axis and off-axis
locations of the stage (Figure 18b).

During the spin milling process, the SEM is utilized to capture
fast imaging at oblique angles using secondary electrons or
backscattered electrons. This enables near real-time monitoring
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Figure 19. (a) Serial cross-section preparation and analysis process steps, where darker green marks step that are authorized by the serial sectioning
software. (b) FIB image with description of characteristic features of the serial cross-section site; (c) SEM secondary electron image; (d) side-view
schematic of serial cross-sectioning geometry, where « is typically 52 degrees.

Ga* FIB

Figure 20. Comparison of typical serial cross-section accessed volumes as prepared by FIB, plasma FIB and fs-laser beam.

of the polishing progress and allows for adjustments as needed.
Once the spin milling is completed, the polished area can be
further analyzed using in situ and ex situ characterization
techniques. Figure 18b illustrates the in-chamber setups for
acquiring SEM, EDS, and EBSD data. The subsequent data
handling steps for spin milling are similar to FIB cross-
sectioning. Figure 18c—18e show the results of the SEM images
of the PFIB-SM polished NMC cathode surface. Compared to
the 2D cross-sectional analysis method, spin milling offers a
high-throughput, large area (sub mm) surface polishing
capability for electrode surface analysis to gain statistics for
sample representativeness. The extensive high-quality polished
area allows for detailed analysis of structural characteristics,
including statistical evaluation, facilitating an in-depth exami-
nation of structural—performance correlations in battery studies,
such as crack analysis and defect distribution.

2.4.2. 3D Serial Sectioning Tomography. Focused ion
beam 3D serial cross-sectioning tomography is an in situ site-
specific technique. This technique extends the capability of 2D
cross-sectioning by adding the third dimension of the imaged
and analyzed region of interest through continuous slicing in the
third dimension. It combines the benefits of precision milling
using both Ga* FIB and plasma FIB, femtosecond focused laser
beam, and imaging with SEM along with analytical methods like
EDS and/or EBSD to collect high-resolution data from serial
cross sections of materials. The serial cross-sectioning and data

collection process is automatized by dedicated software, that
ensures repeatability, precision, and unattended data acquis-
ition.”® Figure 19 shows the typical cross-section preparation
and analysis process steps, where darker green marks steps that
are authorized by the serial sectioning software for FIB and
PFIB. In the case of serial cross-sectioning with the focused fs-
laser beam, the site needs to be prepared manually with the laser
beam, whereas the automation is realized with the user interface
of the laser unit."”

A specimen of typical size, a few millimeters, will first be fixed
on a SEM stub. The in situ process starts by selecting the area of
interest in the sample. Site preparation can be done manually or
with automated serial cross-sectioning software. During this
step, the FIB column deposits a protective layer (typically Pt or
W) over the region of interest (ROI) and a smaller pad behind it.
A tracking fiducial is milled on the pad for precise positioning of
the serial cross-sectioning beam (Figure 19b). Side and front
trenches are then milled, setting the conditions for serial cross-
sectioning, such as beam energy and current, slice thickness and
depth, number of slices, and rocking-polish conditions for the
plasma FIB instrument. Additionally, SEM imaging and/or
EDS/EBSD mapping parameters are being defined. Once all the
parameters for the FIB and SEM columns are set, the automated
procedure is activated for 3D data collection. The focused fs-
laser beam, SEM column, sample stage, and peripherals of the
TriBeam system are controlled by an automated routine defined
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in the laser user interface or by custom Python scripts. The type
of focused beam used depends mainly on the depth location and
size of the ROL Ga* FIB, due to its milling rate limits,"*® is used
to access near-surface volumes of about 20 X 20 X 20 um?>.
Plasma FIBs allow for accessing much deeper into the surface
and 3D mapping volumes of about 200 X 200 X 200 ym?>>’
Meanwhile, the focused fs-laser beam can access deeply buried
ROIs in the millimeter range, even under cryogenic con-
ditions®*~*® and perform serial sectioning of material volumes
close to 1 mm?>."” Figure 20 compares the sizes of volumes
prepared by Ga* FIB, Xe* PFIB, and fs-laser TriBeam beam for
an NMC cathode and an electrode stack (fs-laser). The results
indicate that, depending on the length scale of the feature of
interest, the FIB-SEM technique must be carefully chosen to
obtain representative information from the sample.

Once the 3D data set is collected, appropriate post processing
is required to enable accurate microstructural characteristic
extraction and modeling can be achieved during the data analysis
stage.'**”'%% First, aligning the slice is necessary using 3D
rendering software to align the coordinates of each image. This
process is necessary to correct errors caused by image drift, beam
shift, and stage offset that may occur during data acquisition.
The alignment can be done using various methods like
translation, rigid transformation, anisotropic scaling, and affine
transformation. The next process requires a shear trans-
formation process. FIB cuts the specimen vertically, and the
cross section is imaged at an angle of 52 degrees through SEM.
As a result, the ROI area in SEM moves to the y-axis, changing
the data structure when creating a 3D volume. Shear
transformation is applied to restore this deformed structure.
Once the 3D volume is corrected via slice alignment and shear
transformation, image analysis and segmentation need to be
performed before further quantification and modeling. Figure 21
shows the workflow from data collection to the final
segmentation process.>” After the slice and view process

Cross section image

Surface image Input image

Denociseimage Thresholding & Top hat

Figure 21. Workflow of SEM-FIB serial section and digital processing
on a single NMC particle. (a) SEM surface image of a ROI position. (b)
Cross section image of serial section structure. (c) Backscatter electron
(BSE) image obtained from the FIB cross-sectioning workflow. (d)
Vertical stripe contrast artifacts in all the acquired BSE images were
removed using FFT filters before constructing the image stack. (e)
Statistical noise background in all the acquired BSE images were
removed using Gaussian filters before constructing the image stack. (f)
Experimental BSE image stack with a cropped size of 256 X 256 pixels.
Pore image prepared as segmentation data sets after applying
Thresholding and Top hat. Adapted with permission from ref 153.
Copyright 2023 Springer Nature.

(Figure 21a and 21b), the uneven and rough surface of the
specimen normally creates vertical stripe pattern artifacts,
namely the curtaining effect, in the SEM image (Figure 21c).
To remove such artifacts, fast Fourier transform (FFT) will
normally be applied on the entire SEM image stack. In the
frequency domain, the stripes manifest as a strong directional
component, which can be effectively removed with a wedge-
shaped filter as shown in Figure 21d.*° Following the FFT
filtering, Gaussian filters were employed on the BSE images to
remove the high freguency noise with minimal impact on the
data (Figure 21e).">* Finally, thresholding methods to well
segment the phases with different gray scale values with Top Hat
that enable Crisper object boundaries are essential to enable
high segmentation accuracy (Figure 21f). It can be noted that
the high raw images quality, namely good image contrast among
phases and minimum artifacts due to milling or imaging, is
always the most important factor to determine the final
segmentation accuracy, as each image process operation will
always introduce errors while removing the artifacts.

After the data set is processed with different phases well
segmented, structural quantification will be performed on the
3D data set to develop an in-depth understanding of the
analyzed structure. Using the battery electrode as an example,
structural parameters such as the volume fraction of each phase
(pore, active materials, carbon and binder domain), particle size
distribution, surface area, curvature, connectivity and tortuosity
can all be extracted to link to the battery performance and
degradation mechanism explanation.'**”">> Tt is noted that
microstructures, such as connectivity and tortuosity that
strongly correlate with the battery transport property, can only
be achieved via a 3D data set. Furthermore, the as acquired 3D
data set can be used as the template with the real battery 3D
structure to enable computational modeling on calculating the
mechanical and electrochemical performance of the battery
electrode.'®">°

2.4.3. TEM Lamella Preparation. While TEM is an
indispensable tool for investigating nanoscale microstructures,
achieving accurate TEM analysis hinges on the high-quality
TEM lamella sample."”” Conventional sample preparation
techniques such as polishing and ion milling suffer from
inherent drawbacks, including a high propensity for specimen
damage and limited fabrication precision.">® Furthermore,
challenges arise in efficiently locating and extracting the desired
ROI in the specimen. FIB technology offers a compelling
solution, effectively addressing these limitations. FIB utilizes a
precisely controlled ion beam to achieve high-resolution sample
preparation, minimizing specimen damage and significantly
expediting the process compared to traditional methods. This
enhanced capability allows for the effective analysis of even
intricate structures. Owing to its superior efficiency, FIB has
become a widely adopted sample preparation technique across
diverse fields, encompassing materials science, biology, and the
semiconductor industry.">

As shown in Figure 22 using an NMC cathode as an example,
the general TEM sample preparation process via FIB-SEM
consists of major steps including ROI position allocation,
protective layer deposition, bulk milling, under cutting, lift-out,
welding to the grid, and thinning. To ensure high quality
samples, there are certain steps that need special attention. The
protective deposition layer (Figure 22b) is essential if surface
information on the specimen is critical, as directly performing
milling without a protection layer will result in 25—40 nm
damage on the surface. For the final thinning step, which
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Protective deposition

Bulk Milling

Figure 22. Workflow of TEM sample preparation on a NMC cathode sample. (a) SEM image of a ROI position. (b) Protective layer deposition with
carbon precursor gas. (c) Bulk milling excluding target area for lift-out process. (d) Under cut of the specimen for the lift-out process. (e) Lift-out
process with the specimen attached to the needle. (f) The process of welding a specimen to a grid for thinning. (g) Thinning to electron transparency.

(h) SEM-STEM imaging and analysis of structure after thinning process.

Bulk milling
vy

Figure 23. Automated TEM sample preparation. (a) Bulk milling excluding target area using fiducial. (b) Lift-out process with the specimen attached
to the needle. (c) The process of welding a specimen to a grid. (d) Thinning with thinning fiducial. (e) Automated TEM lamella preparation on an

NMC cathode.

determines the quality of the lamella, the low-kV cleaning
process is essential. During the initial, high-kV FIB process (e.g.,
30 kV Ga* Ion), an amorphous layer, roughly 20 nm thick,
inevitably forms on the exposed surface due to Ga' ion
bombardment. This unwanted layer becomes even more
substantial (around 40 nm total) for 100 nm thick specimens
prepared with 30 kV Ga* FIB, significantly hindering high-
resolution TEM analysis. The low-kV FIB cleaning process
effectively mitigates this issue. Using a lower acceleration
voltage, such as 5 kV or 2 kV, reduces the thickness of the

induced amorphous layer to about 6 and 3 nm, respectively. This
reduction is crucial for achieving high-quality TEM analysis.
Although FIB techniques are well-established in producing
TEM specimens, some obstacles still require special strategies to
address. Damage caused by Ga ion beam bombardment and
implantation complicates the structural analysis; therefore, inert
ion-based specimen preparation methods should be em-
ployed.160 In addition, fabricating specimens with a focused
ion beam may result in heat damage on the sample where Cryo-
FIB sample preparation needs to be implemented."*>'°" One
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Figure 24. A schematic demonstrating some of the most useful FIB based characterization techniques and methods for cathode characterization as well
as the most common forms of morphology found among cathode active materials. Working clockwise from the top: TEM-lift out, EDS, FIB-SIMS,
Cryo-FIB, EBSD, Kintsugi, Tomography, with the coral morphology being seen in the EDS and FIB-SIMS sections, flower petal morphologies being
seen in Cryo-FIB and Tomography, the agglc;grzlerated crystallite morphology being seen in the EBSD section, and the agglomerated sphere

morphology being seen in the Kintsugi section.

unique challenge in preparing TEM lamella from battery
samples is working with battery electrodes, which are
composites consisting of particles weakly bound by a binder,
with voids present in between. During the TEM specimen
thinning process, the binder, which has a higher milling rate, is
removed first, or the voids hinder uniform thinning, making the
specimen prone to breaking. A recently developed all-around
deposition method, utilizing a deposition-based frame,
effectively prevents the sample from breaking apart during the
lamella thinning process.' "’

For the preparation of beam-sensitive materials, such as
lithium metal, it presents unique challenges due to its high
chemical reactivity with air and moisture, rapid oxidation
potential, and susceptibility to electron beam damage;'**'**
therefore, specialized approaches are required to preserve the
natural structure and chemical properties of the specimen. In
this context, Cryo-FIB lift-out technology is needed to maintain
Li-metal sample integrity throughout the preparation proc-
ess.””"” Using Li-metal lamella preparation as an example, the
representative Cryo-FIB process begins with initial trenching at

higher beam currents (10—20 nA) while maintaining temper-
atures below —180 °C, followed by intermediate thinning using
reduced beam currents (1—5 nA) to minimize damage. The final
thinning stage is conducted at low beam currents (10—500 pA)
with reduced acceleration voltages."®> Throughout this entire
process, reduced dwell times and overlap percentages are
employed to minimize local heating and beam damage, along
with protective measures including metallic coating layers and
sacrificial protection layers.'®*

In addition, driven by the demand for reducing human labor
and error while increasing the throughput, automated TEM
sample preparation is becomin§ increasingly essential for
efficient and consistent results.'®> Traditionally, TEM sample
preparation involves a multistep process that exceeds 50
individual steps.'°® Automation software revolutionizes this
workflow by streamlining it into a three-step process: template
selection, region of interest designation, and grid position
specification. The creation of fiducial markers is the key enabling
complete process automation.'®” As illustrated in Figure
23a—23d, these fiducial markers facilitate automated bulk
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milling, followed by the sequential execution of lift-out and
welding processes. To date, even the thinning process can be
automated using fiducial markers, ensuring specimens with the
desired, consistent thickness. Consequently, automation soft-
ware significantly enhances the ease and consistency of TEM
sample production, minimizing variations in the final product
and streamlining research workflows. Figure 23e shows a process
of preparing 9 TEM lamella samples on a NMC cathode via the
automated TEM sample preparation workflow.

3. APPLICATION OF FIB-SEM ON
CHARACTERIZATIONS OF BATTERY MATERIALS

The design of the battery materials requires both the
development of new chemistries and the fundamental under-
standing of the physical, chemical and electrochemical processes
that occur in these complex systems. Although some significant
advances have been made to prepare and utilize new materials,
efforts toward the understanding of the mechanisms have
waned. Batteries are inherently complex and dynamic systems,
and their electrochemistry, phase transformations, and transport
processes often vary throughout their lifetime. Their lifetime and
characteristics are not only impacted by the chemistry occurring
but also by the mechanical stresses caused by the volume
changes in the individual crystallites and in the overall electrode
structure.

Long-term battery stability requires control of chemistry
across various temporal and structural length scales. FIB-SEM
enables multiscale analysis, from the macroscopic electrode
structure down to individual nanoparticles. FIB-SEM allows for
high-resolution imaging of battery materials, enabling research-
ers to observe how individual crystallites and the overall
electrode structure change during charge and discharge cycles.
FIB-SEM combined with techniques like EDS can provide
detailed elemental maps, showing how chemical composition
changes in response to structure changes and transport
processes. By examining the surfaces and cross sections of
electrodes, FIB-SEM helps identify regions where interphase
formation and chemical degradation occurs. This section
provides an overview of how FIB-SEM is applied to the study
of cathode, solid electrolyte, and anode materials for next-
generation battery development.

3.1. FIB-SEM Characterizations for Cathode Materials

Cathode materials are the primary drivers of cost and increased
energy density in contemporary batteries."**'® They are the
result of decades of work from the initial discovery of
intercalation type cathodes such as LiCoO, (LCO) that led to
the successor materials of high energy (NMC), with the formula
of Li[Ni,Mn,Co,]O, where x + y + z = 1, and the materials are
referred to as NMC-xyz, and eventually phase change materials
such as lithium ferrophosphate (LFP), with the formula of
LiFePO,."”""”" These electrochemically active particles are the
primary source of lithium-ions within contemporary LIBs, and
because of this their performance is a direct reflection of the
wider battery’s performance.

However, these cathode particles do not exist in isolation, as
the larger cathode electrode not only consists of these
electrochemically active particles but also includes the critical
components of conductive media, usually porous carbons, a
polymeric binder to provide mechanical strength and hold the
components of the overall cathode electrode together, and
counterintuitively empty space/porosity that allows the electro-
lyte to diffuse throughout the electrode. Therefore, when

evaluating the performance of the cathode, one must consider
the morphological, crystallographic, and chemical changes in
both the electrochemically active cathode material and the
overall electrode system. As seen in Figure 24, FIB has
maintained its essential role in the preparation of samples for
high resolution TEM, while simultaneously gaining numerous
other capabilities. For elemental analysis, FIB techniques have
been able to leverage both EDS for heavier elements such as Ni
and FIB-SIMS for the analysis of lighter elements such as Li. The
trove of crystallographic and morphological techniques has also
been greatly expanded to include methods such as EBSD, for
analysis of crystal orientation, Kintsugi, for increasing phase and
pore contrast,''® and tomography, enabling 3D reconstructions
of full cathode particles and electrodes.'® Advances in FIB stage
and transfer configurations have also been significant, with
techniques such as Cryo-FIB expanding the base of FIB-
compatible samples to include even the most reactive and
delicate samples.'”*

3.1.1. Morphological Analysis Techniques. The mor-
phology of a cathode is vitally important to its electrochemical
performance, and to achieve high performance, cathode
materials optimization of the cathode morphology is required
at length scales ranging from the submicron primary particle(s)
to the hundreds of micron thick electrode composite. The
primary considerations for morphological evaluation are the
electrochemically active particles and the composition and
structures present within the overall electrode system.

The morphology of the electrochemically active cathode
particles is dominated by the relationship between primary and
secondary particles, e.g. their size, shape(s), and homogeneity. A
useful example is the commonly used coprecipitation method
where particles of cathode precursors nucleate in the solution
before agglomerating to form the secondary particles. Cathodes
made in this way can display several morphologies, for example
all morphologies seen in Figure 24 could be seen from
coprecipitation methods. Cathode electrochemically active
particles made this way have gaps between primary particles
which are referred to as pores. High performance material must
find the optimal ratio of pore to primary particles as an increase
porosity means reduced secondary particle density and more
surface area for cathode/electrolyte reactions, which both
reduces diffusion lengths and increases the number of sites for
parasitic reactions. The connectivity and uniformity of these
pores is also essential as the more uniform the pore distribution,
the more homogeneous the lithiation is across secondary
particles. These relationships are essential, as through the
process of electrochemical cycling, cathode particles, such as
NMC, undergo changes in volume as a function of lithiation and
heterogeneities can result in mechanical stress and cracking in
and or around primary particles that drive collapse of secondary
particles and overall particle degradation.'”*~""°

These effects directly scale to the level of the entire cathode
electrode. Here the morphologies are dominated by the
relationships between the components instead of primary and
secondary particles. Electrodes resemble composite gels with the
dense and large active particles serving as the dispersant phase
and a mixture of the polymeric binder and conductive phase
coating the active particles and serving as the matrix, with pores
ultimately forming as a result of gaps in the dispersion. Since
each component of an electrode serves a specific purpose
whether it be electrochemical, electrical, or mechanical, the
homogeneity of the electrode is the single most important
feature for determining quality. Agglomeration of each
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Figure 25. Examples of how a combination of FIB and new software can allow for the reconstruction and classification of cathode materials at an
electrode level. Adapted with permission from ref 18. Copyright 2023 Elsevier. (a) Demonstration of how FIB slices are reconstructed into a 3D image.
(b) Demonstration of how Avizo software can be used to classify and segment the previous 3D reconstruction. (c) Chart demonstrating the makeup of

the segmented 3D reconstruction using the Avizo software.

component can negatively impact the performance of the overall
battery with increased mechanical stress, charge heterogeneity,
material loss, and delamination as a nonexhaustive list of
possible failure mechanisms from a heterogeneous electrode.
Another critical metric for assessing the performance of an
electrode is the tortuosity, which is a measure of how far an ion
must travel through the pores of the electrode vs the overall
electrode thickness.'””'”® This factor is critical for under-
standing how the electrolyte diffuses through the electrode, and
therefore, it is directly related to the porosity and pore structure
of the electrode.

Morphological evaluation of cathodes at all levels requires an
accurate method to evaluate the size, shape, and distribution of
multiple components across multiple length scales. FIB-
tomography when paired with segmentation analysis software,
such as Avizo, is naturally suited to this, as it allows the
reconstruction of particle or entire electrode areas by knitting
together FIB ima§es to build accurate 3D reconstructions of
their materials.'®*° As shown in Figure 25, these reconstructions
can then be segmented and used to build accurate models for the
study of electrolyte diffusion across whole electrodes, or even
individual particles."®

However, in many cases the contrast between different
components of these systems is low, particularly in cases where
pores are shallow, which can make classification difficult because
of the pore back effects. The Kintsugi method has been
developed to help resolve these contrast issues by filling these
pores with depositions of conductive metal, thereby greatly
increasing the contrast among active cathode materials, carbon
and binder domain, and the now filled-in pores (Figure 26).' o
By filling these porous structures with a known amount of metal,
the pore depth and connectivity between FIB sections can be

Figure 26. An example of the Kintsugi method being applied on an
electrode scale to better highlight the differences between pores and
carbon-rich areas. Adapted with permission of ref 116. Copyright 2022
IOP Science. (a) FIB cross section of cathode that has undergone the
Kintsugi method, where the deposited Pt fills the pores increasing the
contrast of the images. (b) The EDS of the micrograph from (a)
demonstrating how the Kintsugi method also aids in EDS analysis.

better understood, while also allowing the delicate porous
samples to stay more cohesive when conducting TEM
sectioning or lift-outs. Finally, by choosing the metal for
deposition in the Kintsugi method to have minimal character-
istic X-ray overlap with the elements of interest in the sample,
elemental analysis can also be conducted more accurately across
each 2D slice.

3.1.2. Crystallographic Analysis Techniques. Crystal-
lography of cathodes is also a critical concern for the evaluation
of performance, with the crystallographic orientation and
crystallographic phases present being the highest concern. Of
these factors, the relative orientation of the primary particles
within the secondary particles has been demonstrated to provide
critical information about the efficacy of lithium diffusion
through the active cathode material, the interparticle diffusion
barriers, as well as the lattice strain and defect distribution within
cathode materials."”’” As seen in Figure 27, a combination of FIB

Figure 27. An example of how a cathode particle is sectioned in FIB
before EBSD mapping is employed for the identification of the
individual grains before mapping their individual orientations. (a) an
SEM image of a FIB cross sectioned NMCS532 cathode particle. (b) The
corresponding IQ map of the same crystal. (c) An EBSD map of the
NMC cathode particle grains with a pole map in the upper right to
demonstrate the orientation of each grain. Adapted with permission
from ref 107. Copyright 2020 Elsevier.

techniques to mill the particle to a flat surface allows for the
employment of EBSD methods on the sectioned particle to
elucidate the relationships between the particle orientation and
the transport of lithium within the cathode materials. The
particle in Figure 27 is an example of a mosaic style secondary
cathode particle; as seen in Figure 27¢, the use of EBSD greatly
increases the visibility of the primary particles and further
provides information that not all of these primary particles are
single-grain, information which might have otherwise been lost
from pure SEM based imaging.'”” The use of IQ mapping, a
technique that measures Kikuchi diffraction with brighter grains
having sharper Kikuchi patterns, seen in Figure 27b when paired
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with the EBSD results, also provides clear boundaries between
each grain, as well as a relative amount of strain or other lattice
defects which would reduce the intensity of Kikuchi patterns
behind the IQ mapping.'”” When cross referencing the SEM,
IQ, and EBSD data from Figure 27 the boundaries between the
primary particle and the grains within some of the primary
particles become more clear, allowing for more accurate
determination of primary particle size and morphology than
with either method done independently. In this case the EBSD
data reveals that the grain orientations within this cathode are
not correlated or preferentially aligned, while the use of the IQ
mapping reveals the abundance of grain boundaries in the
system.

Crystallographic analysis of phases is particularly important at
the delicate interfaces of cycled cathodes where the reactions
between the electrolyte and the cathode components cause the
formation of the cathode electrolyte interphase, or CEL In order
for these delicate phases to be accurately captured, one must
account for their beam sensitivity using Cryo-FIB to reduce the
kinetics of the beam/sample interactions, facilitating the
preservation of CEI and other sensitive structures during
TEM lift out procedures, which enables further crystallographic
analysis."® Additionally, as shown in Figure 28, cycled cathode

Figure 28. Images of TEM lift preparations in a FIB and corresponding
TEM of the sample surfaces demonstrating how many samples’ relevant
surface information could be lost without cryogenic techniques.
Adapted with the permission from ref 18. Copyright 2023 Elsevier.
(a) FIB used for the TEM lift-out of pristine cathode samples. (b) TEM
of the pristine cathode sample surface, demonstrating how the pristine
structure’s surface can still have slight variations. (c) The lift-out
preparation for TEM of a cycled cathode material. (d) The TEM of the
cycled material, with the thin delicate antisite layer highlighted; note
that this layer being 2 nm makes it highly beam sensitive.

materials have delicate surface layers which could be lost without
careful preparation or imaging methods. Therefore, FIB
techniques that minimize interactions between the sample and
the beam, such as PFIB and Cryo-FIB, are essential in these
cases. Cryo-preparation of samples with these delicate surface
crystalline phases is essential to preserve them be preserved for
later Cryo-TEM or conduct any other number of FIB based
analysis techniques.

3.1.3. Chemical Analysis Techniques. Few elements and
their compounds are suitable as battery cathode materials, and
even fewer are viable when cost is considered.'””™"*' The subset
of elements that make up contemporary cathode materials are
lithium, oxygen, nickel, iron, manganese, cobalt, aluminum, and
phosphorus. Currently the dominant cathode chemistries form
crystalline solids that will follow one of two stoichiometries: the
oxides of the formula Li{ TM]O,, where TM is typically Ni, Mn,

and Co but can also include Al; and the phosphates with
LiFePO,, where Mn can also be substituted in for the Fe. For
both sets of cathode material, the electrochemical performance
is reliant on the composition and chemical homogeneity.'®*~"**
For this reason, elemental analysis techniques such as EDS and
FIB-SIMs are essential tools for the characterization of cathode
materials.

In EDS the acceleration voltage of the electron beam is the
primary determinate of the elements which can be detected. The
resultant emission of characteristic X-rays from the cathode is
also important to consider, particularly when emission spectra of
many of the key elements in cathode materials are similar, which
requires careful calibration and longer exposure time for
increased accuracy, particularly for quantification. Despite this,
as previously mentioned, EDS’s primary disadvantage is the
extreme difficulty in quantifying lighter elements, particularly
lithium; however, some newer techniques such as windowless
EDS or Soft X-ray emission spectroscopy are currently in
development to facilitate the quantification of Li, which would
greatly increase the relevance of the technique for all lithium-ion
cathode materials. Currently, the detection of lighter elements
requires another technique, FIB-SIMS.

As mentioned earlier, FIB-SIMS methods are unique to the
FIB environment due to how they rely on a primary-ion to ablate
the sample surface to generate the relevant analytically relevant
ions. As illustrated in Figure 12 these FIB-SIMS methods can
provide invaluable information about the lithiation and
delithiation behaviors of cathode materials, as well information
about the possible sources of irreversible lithium loss within the
cathode materials themselves or about the formation of the CEL

When conducting elemental analysis of cathode materials in
the FIB environment, it is important to remember how both the
EDS and FIB-SIMS methodologies rely on the interactions
between the relevant source beam and the sample, which are
inherently damaging. Therefore, it is critical to understand the
beam tolerances of specific electrode components such as the
conductive carbon, polymeric binder or specific samples, such as
cycled cathode materials. The CEI formed on already cycled
cathodes is notoriously fragile, as it is likely comprised of a
delicate mixture of organic and inorganic components which are
generally less beam tolerant than base active cathode materials.

3.1.4. Outlook on FIB-SEM Applications for Cathode
Materials. FIB-SEM has proven to be a research multiplier
when analyzing cathode materials and electrodes. The unique
ability of FIB-SEM to explore multiple length scales and probe
multiple types of information within a single sample provides
invaluable information in the evolution of structural and
chemical degradation of the complex cathode systems. The
ability to analyze a sample across the primary particle and full
electrode length scales can provide information about the
impact of particle morphologies on the distribution and
dispersion of carbon in the electrode, which is crucial for
understanding the limiting factors in a system’s conductivity and
cathode utilization. Similarly, understanding the dissolution of
transition metals from cathode particles requires a combination
of crystallographic information from EBSD and chemical
information provided by EDS and FIB-SIMS. Additionally, the
use of Cryo-stages enables these investigations for sensitive
samples. The multimodal capabilities of FIB-SEM have made
the technique essential for understanding cathode systems, and
while these techniques see more widespread adoption, the only
limit to FIB-SEM’s ability to accelerate new discoveries will be
the number of ports.
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3.2. FIB-SEM Characterizations for Anode Materials

The anode materials, as another essential electrode material,
affect the electrochemical performance of batteries as much as
the cathode materials. They store active metal (e.g. Lithium or
Sodium) during the charged state of the battery either in its
cation or metal form. Hence, understanding their redox
mechanisms, degradation behavior, and the SEI formed at the
anode material surface is critical to improve the cycling
performance in battery applications. FIB-SEM, with its
characterization and sample preparation capability, is an
indispensable method for anode research. Figure 29 summarizes
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Figure 29. Summary of FIB-SEM characterization techniques for anode
materials. From top-left and going counterclockwise, several
representative FIB-SEM techniques are shown in the schematic for
anode material characterization. Chemically sensitive, alkali metal
anodes are well-known for high reactivity and moisture/air sensitivity,
as are most lithiated/sodiated anode materials. Thus, airtight sample
transfer and/or a cryogenic environment during measurement are
essential for characterizing the aforementioned anode materials. The
morphology of the anodes can be monitored by the cross-sectional
images obtained by FIB-SEM, visualizing the internal morphology
buried under the surface. EDS and EBSD can unravel the crystal
orientations and lattice distribution for anode materials. TEM lamella
lift out, requiring FIB-SEM milling, is a sample preparation process for
interfacial study using TEM. Lastly, 3D tomography employing the
slicing capability of FIB-SEM provides in-depth information on 3D
microstructure and enables quantitative structural analysis of anode
materials.

the five main perspectives for FIB-SEM application for battery
anode material study. Due to the chemical sensitivity of the alkali
metal anodes and most of the cycled anode materials, airtight
transfer or Cryo-environment is essential to mitigate any
contamination, decomposition, or beam damage. For micro-
structure and morphology, FIB-SEM cross-section images
provide in-depth information. Meanwhile, 3D tomography
sheds insights into quantitative analysis of the internal structure.
FIB-SEM is also critical for the preparation of TEM lamella for
interfacial studies. Lastly, utilizing EDS and EBSD, the chemical
distribution and crystalline orientation of the anode materials
can be further deciphered. In this section, we explore the main

challenges for characterizing anode materials that can be
resolved and probed by FIB-SEM. Finally, we provide some
perspectives on the future direction of FIB-SEM applications on
battery anode materials.

3.2.1. FIB-SEM for Alkali Metal Anode. Alkali metal
anodes such as Li and Na, commonly recognized as the holy grail
for metal-based batteries, can maximize the cell operating
voltage and energy density due to their low reduction potential.
However, realizing high Coulombic efficiency (CE) is always
challenging. This is due to the inhomogeneous deposition and
stripping of the metal anode that leads to dendrite/inactive
metal formation during cycling, posing safety hazards and
causing poor cyclability. To mitigate side reactions and dendrite
formations, researchers have been eagerly developing various
approaches. Given that, characterizing the metallic anodes
becomes crucial as we move beyond 99.9% CE."** For the FIB-
SEM-related characterization techniques for anode material
study, we discuss the challenges of characterizing alkali metal
and cycled anodes due to their chemical sensitivity and the
suggested standard protocols. Using FIB-SEM, the morphology
and microstructure of the deposited/stripped metallic anode can
be visualized and studied. With 3D tomography and
reconstruction, quantitative structural analysis can be realized,
such as porosity, particle size distribution, and volume fraction
of different components. Moreover, the (electro)chemo-
mechanical properties of SEI play critical roles in the
performance of anode materials, either suppressing dendrite
formation, facilitating Li" ion transport, or mitigating electrolyte
decomposition. With TEM lamella lift-out leveraging the milling
and deposition functions of FIB-SEM, the interfacial properties
of the as-formed SEI can also be investigated through TEM.

3.2.1.1. Chemical and Beam Sensitivity of Alkali Metal
Anode. Due to its intrinsic chemical reactivity and beam
sensitivity, examining reactive alkali metal morphology in a
wider length scale imposed huge challenges to the field along
with the elucidation of progressive change in the interface study.
Li, as the second lightest element, is very active to air and
moisture and cannot be easily detected through X-rays. As
discussed in the previous paragraph, SEI formation and its
characteristics are critical to anode materials’ electrochemical
performance. In general, SEI is composed of both organic- and
inorganic-based compounds. However, the organic compound-
containing SEIs are mostly considered more susceptible to
beam-induced heating and local melting. To address these
issues, techniques to preserve the sample properties are
required, such as transferring samples using an airtight transfer
arm from the glovebox to the FIB chamber, reducing the beam
current during milling. Cooling the stage and sample to
cryogenic temperature during the entire session is an effective
approach to mitigate FIB-induced damage and contamination to
the sample surface,”?>#*7/ 141144146

Previous research has shown that under room temperature,
lithium metal can be easily damaged chemically and
morphologically due to Ga® implantation and local Joule
heating, while these reactions can be well-prevented at cryogenic
conditions (Figure 30). Moreover, recent research proves that
Xe" probe can reduce the morphology damage at room
temperature, even though the contamination on the sample
surface is inevitable, featuring the minimum oxygen level under
vacuum of the FIB chamber. It should be noted that lithium
metal could experience phase change to the rhombohedral
structure (hR9) when the temperature goes below 77 K near
ambient pressure,186 which is close to the liquid nitrogen

https://doi.org/10.1021/acs.chemrev.4c00831
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00831?fig=fig29&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00831?fig=fig29&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00831?fig=fig29&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00831?fig=fig29&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

Figure 30. SEM and EDS mapping of cross sections of commercial
lithium metal foil. (a—c) Cross-sectioned and cleaned at room
temperature, (d—f) cross-sectioned at room temperature and cleaned
at cryogenic temperature, and (g—i) cross-sectioned and cleaned at
cryogenic temperature. Reproduced with the permission from ref 47.
Copyright 2019 American Chemical Society.

condition. But considering that the temperature maintenance
during the cryogenic session is always higher than 77 K due to
thermal exchange, this phase change is unlikely to occur.

3.2.1.2. Morphology and Microstructure of the Alkali Metal
Anode. While top-view SEM images display surface morphol-
ogies, cross-sectional images are crucial for directly observing
the internal microstructure and morphology of samples. In the
past, cross sections were primarily observed by cutting or slicing
samples using tools such as scissors and blades. However, cross-
sectional morphology can be easily damaged and altered during
traditional cutting, leading to unrealistic and misleading results.
Conversely, with FIB-SEM, precise milling and polishing down
to the nanometer scale ensure that cross-sectional morphology
and structural details are well-preserved. This subsection
discusses the application of FIB-SEM for visualizing the
morphology and microstructure of representative alkali anode
materials in batteries.

As the holy grail of anode material, metallic lithium anode
suffers from unregulated growth, leading to dendrite and
inactive lithium formation that cause low CE and safety hazards.
Ideally, large granular lithium deposits with column structure
aligning densely side-by-side are preferred. Hence, deciphering
the morphology and microstructure of lithium upon both
deposition and dissolution is crucial to validate and guide the
strategies for improving the reversibility of lithium deposition/
stripping. However, due to the aforementioned ion-beam
damage and Ga®* implantation at room temperature, a cryogenic
environment is required for FIB-SEM images of the lithium
metal anode to preserve its structural and morphological details.
In 2019, the surface morphology of lithium metal was
systematically compared under room temperature and cryogenic
conditions during the sample milling and cleaning process. This
provided visible evidence reinforcing the importance of
operating Ga" FIB at cryogenic temperature for characterizing
lithium metal anodes.*” With the implementation of Cryo-FIB,
studying the dependency of deposited lithium morphologies
with different parameters became feasible for metallic lithium
anode.

Electrolytes hold an important role in altering lithium
morphology upon metallic lithium anode cycling, thus leading
to different microstructure of lithium dendrite and inactive
lithium. In 2019, lithium deposit morphology and inactive
lithium microstructure were investigated in different organic
electrolytes using Cryo-FIB, with inactive lithium quantified by
the titration gas chromatography (TGC) method. The results
provided insightful information on the formation mechanism of
inactive lithium and identified inactive lithium as the dominant
source of capacity loss in the metallic lithium anode."®’ Later,
the same group realized uniform and dense lithium deposition
by fluoromethane-based liquified gas electrolytes, maintaining
the large particle size and compacted morphology of lithium
even after 100 cycles, as evidenced by Cryo-FIB-SEM.'®
Follow-on work demonstrated that the dense lithium deposition
and ideal Li-substrate contact could be achieved even at —60 °C
with the addition of acetonitrile cosolvent.'*”

Besides electrolyte formulation, other critical factors could
also affect the morphology of lithium deposition and stripping
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Figure 31. Cross-sectional images of alkali metal anodes taken using FIB-SEM. Cryo-FIB cross-sectional images of lithium deposited under (a) 70 kPa,
(b) 140 kPa, (c) 210 kPa, and (d) 350 kPa at 2 mA cm ™2 for 1 h (2 mAh cm™2). Scale bars, 2 ym. Note that the actual cross-sectional thickness should
be divided by sin 52° due to the FIB-SEM stage rotation. Adapted with permission from ref 190. Copyright 2021 Springer Nature. Cross-sectional
Cryo-FIB images of the plated sodium at optimal pressures in (e) 1 M NaPF, in DME (180 kPa) and in (f) 1 M NaPFin EC:DMC (1:1) (250 kPa).
The scale bars are S mm. Adapted with permission from ref 192. Copyright 2024 Royal Society of Chemistry. Cross-sectional images showing Li/Li cell
failure within two stacked Celgard 2325 separators: (g) after 1st lithium stripping and (h) after the 101st plating step. Red regions indicate lithium, blue
regions indicate separator and gray regions indicate SEI/electrolyte. Adapted with permission from ref 65. Copyright 2021 American Chemical
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(b)

1M LiPFg in EC:DEC 1:1

1M LiTFSI, 2wt% LiNO; in DME:DOL 1:1

0.3M LiTFSI, 0.3 M TFH in FM:CO, 19:1

Figure 32. 3D reconstructed models of lithium deposited in different electrolytes. The 3D reconstruction models showing the electrochemical
deposited lithium in (a) 1 M LiPFqin EC:DEC 1:1, (b) 1 M LiTFSI, 2 wt % LiNO, in DOL:DME 1:1, and (c) 0.3 M LiTFSI, 0.3 M THF in FM:CO,
19:1, at a current density of 0.5 mA cm™ with a capacity of 1 mAh cm™ for one cycle on a SS316L working electrode. The 3D models contrast voids
(blue) and bulk lithium metal (purple) of the electrochemically deposited lithium with a scale bar of S mm. Adapted with permission from ref 188.

Copyright 2019 Elsevier.

upon cycling, such as depth of stripping and stack pressure. It
was reported that large pressures promoted short circuits and
cell failure instead of suppressing them, as evidence that with the
increasing pressure to 1 MPa, a large quantity of lithium metal
grew into the separators and accumulated between separator
sheets upon cycling.”*®® In another report, a dense lithium
deposition with column structures could be achieved under 350
kPa stack pressure. Using Cryo-FIB to examine the deposited
lithium cross-sectional morphology from 0 to 350 kPa stack
pressure at 2 mA cm ™ for 1 h (2 mAh cm™2), the morphological
evolution made it clear that lithium deposits changed from the
whisker-like porous structure into a close-packed columnar
structure (Figure 31a—31d). Moreover, the strategy of not fully
stripping the lithium and partially maintaining it as a lithium
reservoir was proposed; this could lead to the preservation of the
columnar morphology of lithium deposits during the extended
cycles. This work highlighted the importance of stack pressure
and depth of stripping on lithium deposition morphology and
provided insights into the design rules for practical lithium metal
batteries."”® Later, another work studied the quantitative
relationship between chemical corrosion rate and lithium
deposition morphology by combining the TGC method and
Cryo-FIB. Through the visualization of Cryo-FIB, the authors
elucidated that the critical parameter determining the corrosion
rate of lithium is the contact area with electrolyte, namely the
porosity of the deposited Li. The integration of advanced
electrolyte (Localized High Concentration Electrolyte, LHCE)
and optimized stack pressure (350 kPa) enabled the ultralow
porosity lithium deposition, which stabilized the dense lithium
in liquid electrolyte with only 0.8% active mass loss after 10
days.'”!

Similar to lithium metal anode, Na metal anode’s practical
application is also limited by high electrochemical and chemical
reactivity, posing significant challenges to safety concerns and
long-term cyclability. The impact of uniaxial pressure on the Na
metal growth in carbonate- and ether-based electrolytes was
quantitatively studied. With the cross-sectional visualization of
Na morphology using Cryo-FIB and quantification of Na
inventory by the TGC method, the optimal pressure for each
system was identified, whereas the carbonate-based system
requires a higher pressure of 250 kPa compared to 180 kPa for
the ether-based system (Figure 31e and 31f). It was found that,
in contrast to metallic lithium anode, the major sodium loss
(irreversible CE) originated from the SEI Na*. This work
highlighted two essential parameters: 1) uniaxial pressure and 2
the nature of the solvent and salt, to the uniformity and thickness

of Na deposition and the chemical composition of the SEI
layer.'”?

Despite the extensive use of Cryo-FIB for studying alkali metal
anode morphology, the Ga" ion milling is relatively slow, and the
milling depth/area is limited, making it difficult to image the
entire electrode stacks or wider region of interest. With higher
maximum volume and current, laser ablation is 15000 times
faster than that for Ga* FIB or 500 times faster than that for Xe*
PFIB if using Si standard sample, which makes it more suitable
for the samples with thick layers of packaging to maintain their
chemical integrity.”"*”?* Recently, Cryo-laser PFIB shortened
the milling rate and enabled cross-sectioning of the entire coin
cellincluding the steel casing with width up to mm scale. A series
of works using Cryo-laser PFIB to characterize the lithium
morphology were reported, exhibiting lithium metal volume
expansion and penetration into and through separators to cause
short circuits in the extended cycles (Figure 31g and 31h).547%¢
With the utilization of (laser) PFIB, the milling time can be
significantly reduced, which will benefit the auto slice and view
function when conducting serial sectioning for 3D reconstruc-
tion while covering more than 40 times the larger volume of
interest.'® In addition, the surface quality for various battery
materials can be greatly improved with less artifacts when fs-laser
ablation is applied during milling and cleaning.'”

Furthermore, integrating FIB-SEM with EDS mapping
enables detailed spatial elemental analysis along the anode
cross-section, including element composition, spatial distribu-
tion, layer thickness, and phase heterogeneity. However, two-
dimensional images alone may not accurately represent the true
structure of materials, as they only offer morphological
information on a specific plane, lacking spatial context in the
perpendicular direction.

3D FIB-SEM image reconstruction, achieved through serial
FIB sectioning with depth visualization, provides a more realistic
and detailed view of the microstructure. As discussed in section
2.4.2, with proper image segmentation, 3D FIB-SEM tomog-
raphy allows for quantitative analysis of the reconstructed
model, including volume fraction, particle size distribution,
effective surface area, porosity, and tortuosity. For alkali metal
anodes, 3D tomography provides a quantitative analysis to
decipher the porosity and visualization of the detailed
microstructure of metal deposits, dendrites, and inactive
metal. In 2018, Cryo-FIB was first employed to reconstruct
the 3D structure of two types of lithium dendrite, one showing
larger size and low curvature and another showing tortuous and
branch-like morphology.'** Later, another work used Cryo-FIB
3D reconstruction to individually visualize the deposited lithium
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metal and voids through segmentation, enabling the quantitative
analysis of lithium deposit porosity in different electrolytes'®®
(Figure 32a—32¢) and under different stack pressures.'”’ The
3D porosity and volume analysis provided a precise and
quantitative comparison between the deposited lithium
morphology under different experimental parameters.

3.2.1.3. Interphase Characteristics of Alkali Metal Anode.
The interaction between the alkali metal anode and liquid
electrolyte interface has always been critical to elucidate the
reaction mechanism upon cycling and provide guidance for
performance improvement. In particular, the SEI formation and
its properties significantly impact the electrochemical perform-
ance of alkali metal anodes. Electrolyte formulation and
additives intimately dominate the composition and properties
of SEL Generally, the SEI consists of organic and inorganic
phases, with common phases including LiF, Li,O, Li,COj3, Li;N,
lithium semicarbonates, and other polymeric compo-
nents.'®”'?>"* It is widely rationalized that LiF is the desirable
SEI phase that is beneficial to lithium deposition/ strippin§ due
to its chemical inertness and high mechanical strength.19 Yet,
recent studies have shown that Li,O has better SEI transport
properties and the strongest positive correlation with lithium
plating/stripping CE over other SEI phases, even LiF.'”>'*° The
findings open up a new perspective on SEI oxygenation as an
alternative approach to fluorination for future electrolyte
development.

Many qualitative techniques have been applied to study and
characterize the bulk properties of SEI. XPS, for instance, has
been widely used to study the interphase compositions for
battery research and served as the major tool to identify the SEI
phases on alkali metal anodes.'”” Yet, XPS provides limited
information on the 3D distribution of the SEI phases.
Meanwhile, TOF-SIMS can characterize the spatially resolved
3D chemical properties of SEI under micron-meter scales.'”
The distribution of the bilayer SEI with LiN, O, in the top layer
and LiF in the bottom layer was observed using TOF-SIMS,
which is found to improve the uniformity of the deposited
lithium in the LHCE.""” Similar work also adopted TOF-SIMS
to probe each SEI phase on the lithium metal anode. It was
found that the organic phase layer can accommodate electrolytes
that enhance ionic conductivity, and most inorganic phases are
buried beneath the organic phases.””

Quantifying the fraction of SEI and the amount of each phase
in SEI is always difficult; titration gas chromatography (TGC)
was developed to quantify the fraction of inactive Li® and SEI-Li*
in the lithium inventory loss of lithium metal anode. Different
electrolyte formulations were studied using the TGC method
and compared with the CE of lithium plating/stripping. The
work identified the unreacted metallic Li’, not the (electro)
chemically formed SEI-Li*, as the dominant source of inactive
lithium and capacity loss.'®” More recently, researchers at MIT
reported a chemical titration suite followed by Karl Fischer
analysis to selectively quantify a variety of SEI phases, including
Li,O; LiF; Li3N; S-, P-, B-containing phases; Li,CO;/semi-
carbonates (collectively, ROCO,Li); Li,C,; RLi, and inactive
Li%. The work demonstrates the still-growing methodology of
probing/quantifying SEI phases and discloses the counter-
intuitive findings on Li,O being the abundant phase at high CE
and the strongest CE descriptor across 10 diverse electrolytes.'”

It should be noted that each technique possesses its own
strengths and weaknesses; thus, characterizing the SEI of the
alkali metal anode requires different complementary techniques
to better understand both the chemical composition and
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interfacial properties at the alkali metal anode interface.””" In
this subsection, we focus on the discussion of characterizing the
interface/interphase of alkali metal anodes at atomic scale using
FIB-SEM application and TEM techniques.

Cryogenic transmission electron microscopes (Cryo-TEM)
are often adopted to study the interfacial reactions and
characterize the complex interphases on the alkali metal
anode.'® Due to the sample size constraints and electron
penetration limitations of Cryo-TEM, lift-out has come to rise as
an effective sample preparation method, which can selectively
extract the sample from the region of interest and thin the
sample to the ideal electron-transparent thickness of less than
200 nm. This provides the possibility of revealing the
nanostructure at the interface from bulk materials and probing
the chemical bonding environment at atomic resolution for low
7 materials, especially for H, Li, and B.*”*7*°* Coupled with
cryogenic transmission electron microscopy, researchers iden-
tified the two types of dendrites in lithium—metal batteries.
Type I dendrite exhibits lower curvature with a size of around 5
pum, while type II dendrite shows several hundred nanometers
and is tortuous. This work observed the existence of LiH in the
type II dendrite upon lithium metal batteries cycling, and the
authors suggested the formation of LiH could be a possible
reason for the capacity loss (Figure 33)."** It is noteworthy to

Dendrite
(type I)

Li electrode

Figure 33. Lamella and mapping of solid—electrolyte interphases and
dendrites in lithium—metal batteries. Electron-transparent Cryo-FIB
lift-out lamellae of type I (low curvature) (a) and type II (tortuous) (b)
dendrites. HAADF Cryo-STEM imaging reveals an extended SEI layer
on the type I dendrite (c) but not on the type II dendrite (d). EELS
elemental mapping shows that both SEIs are oxygen-rich but that the
type II SEI contains no carbon. The type I dendrite has an appreciable
oxygen content (e), whereas the type II dendrite does not (f). Fluorine-
rich structures were often observed near both dendrite types. Scale bars,
1 ym (a, b), 300 nm (c—f). Reproduced with permission from ref 144.
Copyright 2018 Springer Nature.

mention that in this workflow, the sample was plunged into the
slush nitrogen and transferred into the Cryo-FIB chamber for
the best protection of electrolyte. Unlike other Cryo-TEM work
with liquid removed, this provides the possibilities of examining
the morphology of the interface at the intact state.

In addition, dissimilar to the conventional lift-out method in
the semiconductor industry where samples are welded using Pt
deposition, in Cryo-FIB lift-out, redeposition of materials is
processed to fill the gaps. Meanwhile, as a consequence of
unavoidable thermal exchange with the environment and
reduced electronic conductivity of materials at cryogenic
temperature, sample drifting and charging are well expected,
while the image resolution is compromised, which requires a
higher standard for sample handling in the milling and cleaning
process.
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Figure 34. FIB-SEM characterization on carbon-based anode materials. Cross-sectional FIB-SEM images of (a) HOPG, (b) MCMB graphite, and (c)
HC samples with SEI. Adapted with permission from ref 215. Copyright 2020 Springer Nature. (d) FIB tomograms of natural graphite obtained from
spheroidization with 15,000 rpm for 480 s. Open pores are shown in green and closed pores in red. Adapted with permission from ref 214. Copyright
2017 Elsevier. The cross-sectional FIB-SEM image of (e) the naturally folded graphite anode and (f) the magnification of the graphite seen in (e). The
thicknesses of the current collector and the electrode are indicated. Adapted with permission from ref 217. Copyright 2017 IOP Science. The FIB
cross-sectional images of Si—C composites: (g) surface-coated; (h) inner-particle embedded. Adapted with permission from ref 48. Copyright 2010

Elsevier.

It is noteworthy that other methods have also been used to
investigate SEI on alkali metal anodes by either electrochemi-
cally depositing alkali metal on a grid”>*~*"” or droppin% metal
dendrites from the disassembled cells on the TEM grid,”*~*"°
and then characterizing them using Cryo-TEM without
integrating with FIB-SEM lift-out. For instance, using a
fluorinated electrolyte with tris(2,2,2-trifluoroethyl)-
orthoformate (TFEO), the SEI layer was characterized using
Cryo-TEM on lithium metal in the TFEO-based electrolyte (1
M LiFSI in DME-TFEO). The SEI was found to be a uniform,
single-layered, 10 nm thick amorphous phase mainly consisting
of inorganic species. The homogeneous, amorphous, and
inorganic-rich SEI led to a hi%h CE of lithium metal anode
without dendrite formation.”"" Coupling Cryo-FIB, TGC
method, and Cryo-TEM, researchers studied the two types of
inactive lithium formation mechanisms, namely sheet-like and
whisker-like inactive lithium in the high-concentration electro-
lyte (HCE) and commercial carbonate electrolyte (CCE),
respectively.'”” Similar work, by integrating the chemical
titration method and Cryo-HRTEM, selectively quantified the
amount of Li,O in the SEI and studied the distribution and
function of Li,O in improving the CE of lithium plating/
stripping. It is also observed that the amorphous SEI matrix
dominated in the high-CE electrolyte while primarily mosaic-
like SEI nanostructure dominated in the low-CE electrolyte. The
initial SEI formation and lithium deposit morphologz are mainly
governed by the formed Li,O and organofluorine. ™

To conclude, contemporary methods for studying anode
interfaces, such as in situ deposition onto TEM grids within
custom coin cells”’? and the scraping of materials onto
traditional TEM grids, are limited in their ability to control
the orientation and thickness of the interfaces available for study.
In contrast, coupling FIB-SEM lift-out lamella preparation with
Cryo-STEM provides precise control over both orientation and
thickness, as well as site selectivity. These capabilities are crucial
for accurate spectroscopic quantification in EDS and EELS
experiments, where proper background subtraction is essential.
Despite these advantages, the application of FIB-SEM lift-out
combined with Cryo-STEM characterization for alkali metal
anodes remains underexplored.

3.2.2. FIB-SEM for Other Types of Anodes. 3.2.2.1. FIB-
SEM for Carbon-Based Anodes. Carbon-based anode materials
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have been and still are the dominating anode materials in state-
of-the-art LIBs ever since the commercialization of LIBs. This is
due to their intrinsic earth abundance, low cost, and long cycle
life compared to other anode materials. Yet, their theoretical
capacity of 372 mAh g™ limits the practical energy density of
current LIBs. Moreover, the repeated volume expansion/
shrinkage upon long-term charge/discharge cycles leads to
structural degradation. SEI formation on caron-based materials,
just like alkali metal anodes, also plays a critical role in the
electrochemical performance in the long term. Lastly, the slow
Li* intercalation and deintercalation kinetics hinder the fast-
charging capability, which could lead to localized dendrite
formation and safety concerns.”’’ To further improve the
electrochemical performance of carbon-based anode materials,
researchers have put effort into studying the SEI properties and
morphological and structural evolution during cycling. Below,
we discuss the use of the FIB-SEM technique to characterize and
gain more in-depth understanding of carbon-based anode
materials.

Integrating in situ Atomic Force Microscopy (AFM) and
PFIB-SEM, the SEI formation on cross-sectioned carbon-based
anode materials was studied. The cross-section PFIB-SEM
images of the cycled carbon-based anode electrodes, including
highly oriented pyrolytic graphite (HOPG), Meso Carbon
Micro Bead (MCMB) graphite, and hard carbon (HC),
disclosed the thickness and microstructure of SEI formed in
different anodes (Figure 34a—c). As mentioned earlier, the
internal microstructure of the anode materials buried under the
surface is hard to probe. However, 3D FIB-SEM tomography
enabled detailed and quantitative analysis of the internal
morphology and texture of spheroidized natural graphite milled
under different experimental conditions. The internal porosity
was especially quantified to gain insights into the spheroidiza-
tion process and its correlation with electrochemical perform-
ance (Figure 34d).”'* The findings from PFIB-SEM images
suggested that the adhesion of SEI correlates with the surface
roughness of the carbonaceous materials.”'* FIB-SEM was used
to visualize the difference in microstructures of graphite anode
and SEI morphologies at high and low scan rates of linear sweep
voltammetry. The authors were able to observe the internal
pores of graphite and cracks at the SEI/graphite interface and
quantified the thickness of SEI deposits. The results suggested
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Figure 3S. FIB-SEM characterization on Si-based anodes. Cryo-FIB for cross-sectional and top-view surfaces of the Si thin-film electrode. (a) Pristine.
(b) After 1 cycle. (c) After 10 cycles. (d) After 30 cycles. Adapted with permission from ref 219. Copyright 2021 Elsevier. (e) 3D image representation
of Si anodes in the 10% FEC-containing electrolyte after different cycles. (f) 3D image representation of Si anodes in the FEC-free electrolyte after
different cycles. Adapted with permission from ref 221. Copyright 2023 Elsevier.

that the low scan rate facilitated the uniform and tubular SEI
formation covering the surface of graphite that mitigated the
further electrolyte decomposition and degradation.”'® The
internal structure and thickness of graphite anodes in the aged
Tesla’s 18650 cells were imaged using FIB-SEM (Figure 34e and
34f). The FIB-SEM results showed a 10% thickness increase,
and the fluorine EDS mapping indicated an increase in fluorine
concentration orlglnatlng from LiF SEI at the graphite surface/
interface after 500 cycles.”'” Similarly, using FIB-SEM and EDS
mapping, the synthesis of two types of Si-graphite (Si—C)
composite anodes was evaluated by visualizing the ~1 ym Si
coating layer on graphite in the surface-coated Si—C composites
(Figure 34g) and Si agglomerate particles embedded between
the empty volume of graphite in the inner-particle embedded
Si—C composites (Figure 34h), respectively.®

3.2.2.2. FIB-SEM for Si-Based Anodes. Silicon has been
recognized as one of the most promising anode materials for the
next-generation LIBs due to its ultrahigh theoretical specific
capacity (4200 mAh g™' at LiSis alloy state), Iow working
potential (<0.4 V vs Li/Li*), and earth abundance.” However,
the practical application of Si anodes has been hindered by
several obstacles. The main challenge arises from the severe
volume change (300—400%) during the lithiation/delithiation
processes. This leads to the pulverization of Si particles, resulting
in uncontrollable SEI formation, loss of contact between Si and
the current collector, and low initial Coulombic efliciency
(ICE). Different approaches have been developed to tackle this
intrinsic scientific issue, including novel electrolyte/binder
design, Si-graphite composite anode, and electrode/interface
engineering. This subsection provides an overview of the FIB-
SEM application to characterize Si-based anodes in LIBs.

The failure mechanism of the single crystal Si (100) anode
was studied by visualizing the evolution of Si fracture over
extended lithiation/delithiation cycles using cross-sectional FIB-
SEM images and demonstrated the fracture mitigating effect of
the electrolyte additive.”'® Later, the SEI formation and
evolution of trapped Li—Si alloy as the source of lithium
inventory loss in the amorphous Si thin-film anode were
characterized. They utilized cross-sectional Cryo-FIB images to
visualize the microstructure and morphology of the Si thin-film
anode after different cycles and characterized the nanostructure
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of trapped Li—Si alloy using Cryo-TEM (Figure 35a—d). The
work identified the dominant factor of lithium inventory loss in
the Si thin-film anode originated from the trapped Li—Si alloy,
providing quantitative insights and pointing out the bottleneck
of Si anodes.”"”

Using 3D FIB-SEM, the microstructural evolution of the Si-
based anode upon cycling was investigated. The 3D model of the
Si-based anode was reconstructed with phases of Si particles and
pores identified. The morphological characteristics (volume
fraction, spatial distribution, size, specific surface area,
connectivity, and tortuosity) were dissected in the three spatial
directions and their evolution upon cycling was also
evaluated.””* Applying the multiscale 3D FIB-SEM technique,
the effect of fluoroethylene carbonate (FEC) additive on the
structural evolution of Si anode was visualized and systematically
compared. At the macroscale, they quantitatively analyzed the
volume fraction of Si particles, inactive components, and voids
after the first, 30th, and 100th cycles (Figure 3Se). At the
microscale, single Si particles were reconstructed to gain
statistical average particle sizes and their evolution at extended
cycling. It was revealed that the stable SEI formed in the early
cycling stage with FEC additive effectively suppressed the
pulverization of Si and thus improved the cycle life.”*' In 2022,
another work also leveraged 3D FIB-SEM tomography to reveal
the morphological evolution of SEI on the SiO, anode. The
dynamic aging of SiO, and propagation of the SEI layer into the
SiO,, particle was deciphered from the 3D reconstructed SiO,
covered by different thicknesses of the SEI layer.”*

3.2.3. Outlook on FIB-SEM Application for Anode
Materials. Given the sensitivity of most metallic and lithiated
anodes to air and moisture, the redesign of sample preparation,
transfer, and measurement workflows is crucial. Even brief
exposure to air, lasting mere seconds, can lead to contamination
and structural degradation of alkali metal anodes. Therefore, air-
free transfer methods must be developed to maintain the
integrity of these samples. Recent advancements in (laser)
plasma FIB technology have significantly increased milling
speed and expanded the scope of imaging areas. This progress
allows for 3D reconstructions at scales up to hundreds of cubic
micrometers, with voxel sizes around ~15 nm®. Analyzing these
large data sets, often consisting of tens to hundreds of billions of
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voxels, demands advancements in software and algorithms,
particularly in Al-assisted or deep-learning-based segmentation
and denoising techniques. The emergence of TOF-FIB-SEM
offers enhanced surface sensitivity, facilitating the detection of
lighter elements such as Li, C, O, and F. This opens up new
possibilities for probing the surface elemental composition of
anode materials, including their SEI layers. Additionally, it
provides improved depth and spatial resolution, which is crucial
for analyzing various interfacial properties. EBSD further
enhances our ability to study grain boundaries and crystal
orientations, which can provide valuable insights into metallic
anodes like Li and Na, as well as crystalline materials such as Si.
However, precise sample handling and surface preparation are
essential to prevent the formation of decomposition layers,
ensuring accurate EBSD measurements and analyses.

As the energy storage field shifts toward post-Li-ion
technologies, alkali metal anodes will play a pivotal role in
realizing next-generation lithium/sodium metal batteries. While
ongoing research is developing strategies to improve cycling
performance and plating/stripping efficiency, key aspects of
SEl/inactive metal formation and growth mechanisms remain
poorly understood. The application of dual-beam FIB-SEM in
anode research will be instrumental in overcoming these
challenges and advancing the implementation of alkali metal
anodes in rechargeable batteries.

3.3. FIB-SEM Characterizations for Solid State Battery

As some of the most promising next-generation energy storage
technologies, all solid-state batteries (ASSBs) hold promise to
combine large energy density with intrinsic safety and stability.
Critically, replacing liquid electrolytes with superionic solid-
state electrolytes (SSEs) helps to overcome central challenges
associated with conventional LIBs, such as flammability,
electrochemical compatibility, and active-material crossover.”*
Realizing ASSBs with large energy density in practical
configurations relies on efficient use of both anodes with large
capacity (e.g, alkali metals, alloys) and state-of-the-art cathodes
(e.g., oxide insertion hosts, conversion chemistry) in composite
microstructures with large areal capacity.””* This full cell
chemistry must be integrated together with thin and dense
SSE separators (<50 pm, <10% relative porosity) with efficient
manufacturing methods.”** With this approach, ASSBs based on
lithium chemistries approach gravimetric energy densities of 400
Wh kg_l, a milestone for battery technology. Further, advance-
ments of sustainable Na ASSBs are projected to enable
volumetric energy density competitive for stationary stora%e
applications (~700 Wh L) with low cost (<$50 kWh™!).>*¢
However, various challenges, such as electro-chemo-mechanical
degradation at SSE/cathode/anode interfaces, have restricted
implementation of ASSBs to date.” Despite these challenges,
innovations in fundamental materials chemistry, full-cell
fabrication approaches, and scalable manufacturing routes
continue to advance the achievable performance of ASSBs.
The successful application of ASSBs relies on intimate
coupling between (electro)chemical compatibility of material
components and mechanical phenomena upon battery
cycling.”””*** Electrochemical stability between SSEs and
battery active materials must be ensured to avoid production
of parasitic interphases that irreversibly consume active material
inventory and decrease cycling efficiency. In addition, unlike
traditional LIBs with liquid electrolytes, mismatch in the volume
change of ASSB components upon (dis)charge can result in
generation of internal stress within the battery stack.”” Further,
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the application of external pressure is crucial to enable active
material contact for successful operation of ASSBs. However,
generation of excessive and nonuniform stress fields can lead to
mechanical degradation, such as fracture and irreversible
deformation, which can lead to cell failure of ASSBs. For this
reason, buried solid—solid interfaces play a dominant role in the
achievable performance and stability of all-solid-state batteries
(ASSBs).”® As such, FIB-SEM represents an invaluable
diagnostic tool for investigating and understanding ASSBs. As
previously discussed, both slice-and-view imaging and tomo-
graphic 3D reconstruction give critical insight into morphology
and interfacial contact at the nanometer scale. In addition,
coupling FIB with other techniques with combined chemical or
structural sensitivity, such as EDS, EBSD, and TOEF-SIMS,
enables spatially resolved observations of chemical (in)-
compatibility to yield mechanistic information, especially at
solid—solid interfaces. As a result, application of Cryo-FIB (and
coupled techniques) can yield rich insight into the performance
and operating mechanisms of each component of ASSBs,
including SSE separators, composite cathodes, and anode
interfaces, as summarized in Figure 36. In addition, FIB-SEM

Solid Electrolyte Separator
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Figure 36. Summary schematic of various key areas where FIB-SEM
can yield important insights for ASSBs, including anode, separator,
cathode, and sample preparation.

techniques are routinely employed for preparation of ASSB
samples for other high-resolution analyses, such as lamella for
study by transmission electronic microscopy and other
advanced techniques, such as electron diffraction and spectros-
copy. 230

3.3.1. FIB-SEM for Solid Electrolyte Separators. The
effective ionic conductivity of solid-state electrolyte (SSE)
separators strongly influences the performance of ASSBs. Ideal
SSE separators allow facile ion transfer via superionic
conduction without electronic leakage between the electrodes
of an ASSB. Even outside of the fundamental mechanisms of
solid-state ion conduction at the angstrom-scale, the impact of
processing and/or operating conditions on the resulting
morphology and microstructure of SSE separators can play
dominating roles in active material utilization, rate capability,
and cycling fatigue. For example, as shown in Figure 37a,>*' 3D
reconstructions of SSE separators enabled accurate quantifica-
tion of the voids and porosity as a function of fabrication
pressure. For this solid electrolyte (i.e., the argyrodite LisPS;Cl,
LPSCI), increasing the fabrication pressure from S0 to 370 MPa
resulted in an increase in the relative density of the SSE separator
from 68 to 77%.”*" This increase in relative density more than

https://doi.org/10.1021/acs.chemrev.4c00831
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00831?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00831?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00831?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00831?fig=fig36&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

0.99 mS cm-!

- 2pum

2.28 mS cm-!

68% rel. densF
A E " "‘5?

77% rel. density

Li metal

— «

300 MPa; 95.3%

> 4

Lit

— -«

{
\ Li
Li metal
Li metal

Li metal

Figure 37. Analysis of the microstructure of SSE separators by FIB-SEM. (a) Impact of pressure on relative density and effective ionic conductivity of
LPSCI separators. Adapted with permission from ref 231. Copyright 2020 Royal Society of Chemistry, and (b) reconstruction and labeling of
connected pore networks and resulting impact on lithium intrusion for LPS separators. Adapted with permission from ref 232. Copyright 2024

Springer Nature.
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Figure 38. Application of FIB-SEM techniques to cathode/electrolyte composites in ASSBs. (a) Segmentation of PFIB-SEM cross sections with
porosity quantification; Adapted with permission from ref 239, Copyright 2024 Wiley-VCH GmbH, and (b) 3D reconstruction with quantification of
two-phase boundaries; Adapted with permission from ref 240, Copyright 2018 American Chemical Society, and by SIMS imaging of (c) oxidative
degradation after cycling a cathode composite; Adapted with permission from ref 247, Copyright 2020 American Chemical Society, and (d) chemical
compatibility of sulfide/halide bilayers; Adapted with permission from ref 246, Copyright 2023 Wiley-VCH GmbH.

doubled the effective ionic conductivity of the SSE separators
from 0.99 mS cm ™" t0 2.28 mS cm ™! at room temperature, which
translated to increased rate capability due to a decreased ohmic
polarization during cycling. The results of this study, enabled by
3D reconstruction via FIB-SEM, reconciled discrepancies in the
reported conductivity of this LPSCI SSE by identifying the
critical importance of controlling the porosity of SSE separators
via application of uniaxial pressure during fabrication. In another
study, the relative density of thiophosphate SSE separators was
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also shown to impact the performance of lithium metal
anodes.”” Increasing the fabrication pressure enabled the
production of SSE separators with relative densities more than
95%. Surpassing this threshold relative density mitigated the
growth and penetration of parasitic lithium filaments that cause
cell failure. Here, tomographic reconstruction via FIB-SEM
revealed that separators fabricated with lower pressures
exhibited smaller relative density, which both increased the
bulk resistance to ion transfer and encouraged propagation of
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lithium filaments within a percolating network of porosity
(Figure 37b). In addition to increased fabrication pressure, FIB-
SEM has also revealed that employing SSEs with favorable
mechanical properties, such as halides””*** or borohydrides***
with enhanced deformability, enables densification to more than
95% relative density by cold pressing at moderate pressure.

Alongside relative density, the bulk grain structure of SSE
separators impacts the resulting performance for ASSBs,
especially when employing soft alkali metal anodes prone to
growth of protrusions and filaments that can fracture the
separator and cause short-circuits. For instance, the grain size of
LPSCl SSE impacts the mechanism of filament growth and
protrusion through SSE separators and influences rate
capability.”*® The application of FIB-SEM enabled imaging of
the separators after cycling to reveal that SSE separators with
larger grains exhibited less porosity but enhanced surface
roughness, resulting in cell failure at lower current densities as
compared to SSE separators with smaller grain size. Further
work found that mechanical milling of LPSCl SSEs before
fabrication of separators led to a reduction in the grain size and a
more uniform pellet with reduced surface roughness and smaller
standard deviation in hardness.”*” In line with the previous
results, smaller grain sizes were associated with increased rate
capability. Further, FIB-SEM imaging revealed the origin of cell
failure at increased current density to be the growth and
penetration of lithium filaments across the SSE separator
intergranularly, causing excessive SSE decomposition upon
continuous SEI formation and short-circuiting. In addition to
bulk properties, the presence of surface defects in SSE separators
can lead to failure of ASSBs. For example, an in-operando study
of lithium intrusion into an oxide SSE (Li,La;Zr,0,, LLZO)
employed a cantilever and a microprobe inside a dual-beam FIB-
SEM to study the impact of surface defects on intrusion of
lithium filaments.”>® After application of plating currents, FIB-
SEM was employed to investigate how the cracks visible on the
surface of the LLZO pellet related to the morphology of
subsurface growth and propagation of lithium filaments. The
results of the analysis suggested that current focusing and
nanoscale cracks from mechanical stress, rather than electronic
leakage or electrochemical reduction, initiate the intrusion of
lithium filaments. These FIB-SEM results demonstrate some of
the key challenges to scaling up the production of dense
separators, especially for brittle SSEs, as even the presence of a
small number of nanoscale microstructural defects can lead to
eventual cell failure.

3.3.2. FIB-SEM for Cathode/Electrolyte Composites. In
addition to the central importance of SSE separators for enabling
ASSBs, the microstructure of composite cathodes also greatly
impacts the performance of ASSBs. Composite cathodes, which
are comprised of cathode active materials (CAMs), SSEs, and
conductive additives, are effectively mixed conductors wherein
electrons and ions must both be transported to cathode active
materials for reversible energy storage upon (dis)charge. Both
intimate contact between the CAMs and SSE materials as well as
percolating networks for ion and electron transport are required
for efficient utilization of active materials. As a result, and in
contrast to batteries with traditional liquid electrolytes, contact
loss between the CAMs and the electron- or ion-conducting
phase upon the volume change of cycling can lead to significant
capacity decay, particularly at low fabrication or cycling
pressures. For example, segmented PFIB-SEM images of
cathode composites of LPSCl and NMC811 revealed a decrease
in porosity from 16.3% to 8.95% when the fabrication pressure
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was increased from 150 to 500 MPa (Figure 38a).”*” Increasing
the fabrication pressure enhanced the contact between cathode
active materials and the SSE, resulting in reduced impedance
and increased active material utilization and capacity retention.
Further, beneficial microstructures that achieve low ionic
tortuosity and well-dispersed triple-phase boundaries are crucial
for the cycling kinetics of thick cathodes with large areal
capacity. Here, quantitative analysis by 3D reconstruction via
(P) FIB-SEM can reveal the bottlenecks to charge transport in
composite cathodes of ASSBs. Proof-of-concept of this approach
was reported in 2018 for a cathode composite comprised of a
sulfide SSE (i.e., (Li,S)s(P,Ss),(NisS,)) and LiNbO;-coated
NMC 811, as adapted in Figure 38b.”*" After tomographic
reconstruction and segmentation of voxels by phase (i.e., CAM,
SSE, conductive additive, and pores), two-phase boundaries
representing the electrochemically active surface area could be
identified. In this study, the effective reaction area was suggested
to be limited to only 23% of the total available volume due to
agglomeration of conductive additives and the presence of pores
from contact loss. Here, FIB-SEM revealed that the heteroge-
neous microstructure of the cathode composite severely limited
the (dis)charging kinetics and CAM utilization. Similar work in
2024 employed PFIB-SEM tomography on composites of
LiNij §3Mng6C0, 1,0, (NMC) and a thiophosphate SSE (i.e.,
Li;PS,-0.5Lil).”*' By varying processing conditions, the impact
of the particle size of SSEs on the tortuosity and active material
utilization were studied by microstructural modeling and
electrochemical measurements. Here, imaging in both SE and
BSE modes facilitated quantitative segmentation and recon-
struction of the various composite components. The results
suggested that smaller particle sizes facilitated enhanced active
material utilization due to increased contact area within a more
homogeneous composite microstructure. However, slight
disagreement between quantities predicted from image analysis
and those measured with electrochemistry suggested some
limitations for the PFIB reconstruction method. For example,
ionic tortuosity was underpredicted, perhaps due to the lack of
resolution of fine porosity (i.e., smaller than 100 nm voxel size).

In addition to microstructure, the chemical (in)compatibility
of SSEs with other cell components regulates achievable ASSB
performance. The applied (electro)chemical potential at a
solid—solid interface can cause oxidative or reductive
composition of SSEs to form CEI or SEI, respectively.”*
Decomposition products of SSEs can exhibit undesired
properties, such as hindered ion transport or electronic leakage
that encourages sustained decomposition due to a lack of kinetic
passivation. As a result, when employed in cathode composites,
the oxidative stability of SSEs has a strong impact on the cycling
performance. For example, one study focused on cathode
composites employing carbon-coated LFP found that substitut-
ing a sulfide SSE (LPSCI) with more mechanically compliant
and oxidatively stable lithium zirconium halide (LZC) SSE
resulted in reduced porosity and enhanced contact with the
nanosized LFP.”*> Whereas a cathode-electrolyte interphase
that caused voiding and contact loss for the LPSCI/LFP
composite was observed via FIB-SEM, the more oxidatively
stable LZC enabled sustained interfacial contact without
degradation against the carbon-coated LFP for prolonged
cycle life. Another study revealed that employing another halide
SSE (lithium yttrium chloride, LYC), in addition to an oxide
coating layer on the spinel CAM (lithium nickel manganese
oxide, LNMO), enabled the reversible energy storage even when
cycling at potentials as high as 4.8 V vs Li/Li*.”*’ In this work,
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FIB-SEM revealed that LNMO chemically degraded the sulfide
SSE LPSCI, even before cycling, and resulted in contact loss at
the CAM/SSE interface. In contrast, cross-sectional images of
cathode composites with the more oxidatively stable LYC
revealed good interfacial contact by avoiding SSE degradation.

Further insight into degradation at solid—solid interfaces in
ASSBs is provided by coupling FIB to other methods with
chemical specificity. For example, one of the earliest applications
of FIB-coupled TOF-SIMS to visualize the degradation of
sulfide SSE against NMC active materials in ASSBs was reported
in 2019.”** Tracking the spatial occurrence of PO,~ secondary
ion fragments — corresponding to oxidation of LPSCI from
oxygen release at the NMC/SSE interface — revealed the
mechanism of degradation with prolonged cycling, unequiv-
ocally demonstrating the formation of a CEI on the surface of
NMC CAMs. Follow-up work examined how the mechanism of
SSE oxidation was impacted by the presence of a carbon
conductive additive (vapor-grown carbon fibers, VGCF)
(Figure 38c). Although the initial CAM utilization and rate
capability were increased in the presence of VGCF, capacity
retention and cycling stability were significantly decreased due
to electrochemical oxidation of LPSCI at the carbon/SSE
interface. These studies demonstrated the ability for ToF-SIMS
coupled with FIB-SEM to investigate oxidative degradation of
SSEs in ASSB cathode composites. Analogous work on sodium
ASSBs™* found similar results, wherein oxidation of a sulfide
solid electrolyte (i.e., Na;SbS,) was observed via the presence of
sulfoxide fragments near interfaces with oxide CAM. Further
work demonstrated degradation of SSEs, even in the absence of
applied potential.”*® As shown in Figure 38d, a clear
decomposition layer comprised of InS™ secondary ion fragments
is observed at the interface of the sulfide LPSCI and halide
LilnClg. While this decomposition layer points toward chemical
incompatibility of the two electrolytes, the prevalence of the
InS™ fragments tended to increase near the triple phase
boundary of the CAM composite. Together, these results
suggest (electro)chemical crosstalk between the CAM and the
chemical incompatibility of the interface of bilayer solid
electrolyte separators. Such insight was only possible through
the combined spatial and chemical resolution achieved when
employing FIB-SEM and TOF-SIMS.

3.3.3. FIB-SEM for Interfaces and Interphases of ASSBs
with Metal Anodes. Alongside SSE separators and CAM
composites, the microstructure, compatibility, and chemo-
mechanical stability of negative electrodes are critical for the
performance and cycle life of ASSBs. Since energy density is
maximized when anodes are operated at extremely reducing
conditions (i.e., low working potentials), the reduction of SSE
separators at the anode—SSE interface commonly results in the
formation of a SEIL As in traditional LIBs, the properties of the
SEI strongly impact the operation of ASSBs by irreversibly
consuming an inventory of active materials (e.g., Li*, Na*, etc.)
and impacting the kinetics of ion transport and charge transfer.
For example, FIB-SEM coupled with EDS revealed the stability
of the SSE—anode interface for various Na SSEs.”** As shown in
Figure 39a, a thick decomposition layer (i.e., SEI) was observed
for a sulfide SSE (i.e., Na3PS,) after cycling a Sn anode in a half-
cell configuration. While even more severe degradation was
observed for a Na halide SSE (i.e., Na, ,sY,5Z10-5sCls, NYZC),
an appreciable SEI was not detected for the more reductively
stable Na hydroborate SSE (i.e., Na,(B;oH;0)o.s(B12Hi2)0s
NBH). These results demonstrate how FIB-SEM can explain
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Figure 39. Application of FIB-SEM for understanding the compatibility
of electrolytes at anodes of SSB. (a) EDS of FIB cross sections to
visualize the SEI between an Na;PS, solid electrolyte a Sn anode.
Adapted with permission from ref 248. Copyright 2022 American
Chemical Society. (b) FIB-SEM to investigate protrusion of lithium
metal in intergranular cracks of oxide SSEs. Adapted with permission
from ref 250. Copyright 2017. (c) Cryo-FIB imaging of the contact area
between lithium and sulfide SSE. Adapted with permission from ref
252. Copyright 2023 Elsevier. (d) Cryo-FIB of Na metal plated onto a
bare Al powder current collector (i.e., anode-free configuration) from
NBH electrolyte. Adapted with permission from ref 235. Copyright
2024 Springer Nature.

electrochemical performance in the context of visualizing
degradation at buried interfaces of ASSBs.

For negative electrodes of ASSBs, Cryo-FIB has further
provided a useful approach to study the impact of chemo-
mechanics and microstructure on the performance of alloy
active materials, alkali metal anodes, and so-called “anode-” or
“reservoir-free” current collectors.”*’ In 2017 FIB-SEM showed
the propagation of lithium filaments along the grain boundaries
of an oxide SSE (LLZO) (Figure 39b).”>° Cross sectional
imaging via FIB-SEM concretely demonstrated the formation of
subsurface cracks from the filament propagation in contrast with
other previous speculations of transgranular (rather than
intergranular) filament growth and helped to establish the
critical importance of grain boundary resistance. In another
study, the mechanism of intrusion of lithium filaments into an
oxide SSE (LLZO) was investigated in further detail.”>' FIB-
SEM of buried interfaces was combined with operando optical
microscopy to visualize the dynamics and evolution of lithium
filaments while controlling the cell electrochemistry. The
resulting FIB cross sections revealed the growth of lithium
both along grain boundaries and through a crack-opening
mechanism, and 3D reconstruction showed the morphology of a
lithium filament that shorted the cell after traversing a crack
through the SSE separator. In addition, after deep discharge tests
at variable current density, FIB-SEM cross sections unveiled
contact loss at the Li—SSE interface. The contact area decreased
due to void formation upon pitting of the lithium electrode
during electrodissolution at accelerated rates. Further FIB-SEM
tomographic reconstruction and segmentation of the Li/SSE
interface enabled quantification of voids and resulting contact
loss after fast stripping. This work, made possible by the
combination of optical microscopy with FIB-SEM, demon-
strated crucial mechanistic insight into the complexity of lithium
intrusion, propagation, and voiding in ASSBs.

Other studies have also employed FIB-SEM to study the
impacts of contact area and cycling kinetics. For example,
altering the protocols during fabrication of ASSBs with lithium
metal anodes impacts the critical current density by modifying
the morphology of the Li/SSE interface.”>> Here, the critical
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Figure 40. Application of FIB-SEM and coupled techniques for cross-sectional imaging of interfacial layers and alloy anodes for ASSBs. (a) FIB-SEM
of the impact of Ag/C interlayer on dense lithium deposition. Adapted with permission from ref 254. Copyright 2020 Springer Nature. (b) PFIB-SEM
of Ag and Au layers that facilitated plating and stripping of lithium. Adapted with permission from ref 56. Copyright 2023 Elsevier. (c) FIB-SEM and
EDS imaging of pure micron Si anodes in ASSB. Adapted with permission from ref 256. Copyright 2021 The American Association for the
Advancement of Science. (d) FIB-SEM and ToF-SIMS imaging of chemomechanical degradation of Si/LPSCI composite anodes, including SEI
growth. Adapted with permission from ref 258. Copyright 2021 Springer Nature.

current density reflects the maximum current that can
reproducibly be applied in a symmetric solid-state cell while
avoiding the growth and penetration of lithium filaments across
the SSE separator. As shown in Figure 39¢, Cryo-FIB revealed
that insufficient hold time during cell fabrication at 25 MPa
resulted in voids at the Li/SSE interface. Increasing the contact
time to 30 min prompted much more uniform contact of lithium
metal with the SSE surface via lithium creep deformation. As a
result, the critical current density was increased and the growth
of lithium filaments was avoided due to the more uniform
current distribution over the larger effective contact area. In
another study, focused on anode-free lithium ASSBs with sulfide
SSE (LPSCl), Cryo-FIB and synchrotron tomography were used
to understand the morphology of lithium deposits onto a Cu
current collector.”®® The authors found that the morphology
and thickness of lithium deposits was dependent on the applied
current density, with larger current densities resulting in more
nonuniformity in electrodeposition and accelerated short-
circuiting. The results suggested that anode-free ASSBs could
be fundamentally limited by the current constrictions that form
when the local current density exceeds the critical current
density for void formation. Compared to ASSBs with lithium
metal anodes, the anode-free configuration induced more
extreme loss of active surface area and accelerated cell failure
due to pitting and void formation. Another study of anode-free
ASSBs demonstrated the importance of intimate contact
between the negative current collector and the SSE separator
to maintain stable and efficient cycling of Na ASSBs.**
Employing an Al powder as current collector to replace a
traditional aluminum foil enhanced the surface roughness at the
interface with NBH SSE, as visualized in the Cryo-FIB cross
section shown in Figure 39d. The pelletized current collector
enabled plating of 7 mAh cm™ of Na in an anode-free half-cell
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for more than 30 cycles with average Coulombic efficiency
surpassing 99.5%. In addition, an anode-free full-cell with an Al
pellet current collector achieved a capacity retention of 70%
after 400 cycles, as compared to an analogous ASSB with an Al
foil current collector which failed after only 25 cycles. Here, the
application of Cryo-FIB emphasized the importance of
interfacial contact for anode-free ASSBs.

3.3.4. FIB-SEM for Interfaces and Interphases of ASSBs
with Alloy Anodes. Some of the challenges associated with
alkali metal anodes such as chemical incompatibility, filament
intrusion, pitting, and low Coulombic efficiency motivate the
use of alloy anodes and interfacial layers to host and regulate
alkali insertion/plating, respectively. Despite reducing the
specific and volumetric energy density, alloy anodes or
interfacial layers could incur practical benefits with respect to
safety and power density. For example, in a seminal 2019 report,
the application of silver—carbon (Ag/C) nanocomposites as
interfacial layers facilitated reversible and eflicient lithium
plating/stripping from a sulfide SSE (LPSCI).”** In this study,
FIB-SEM investigations revealed an unfavorable dendritic
morphology when plating lithium directly in an anode-free
configuration on a stainless steel current collector, resulting in
loss of lithium inventory from the formation of dead lithium and
eventual cell failure. In contrast, cross-sectional FIB-SEM
images revealed dense lithium deposition when employing the
pseudoanode free configuration enabled by the Ag/C interfacial
layer (Figure 40a). This important work demonstrated the
capability for ASSBs to achieve performance that competes with
industrial LIBs, achieving uniform and filament-free plating of
lithium metal in a pouch cell with energy density >900 Wh L™!
and cycle life surpassing 1000. Another study focused on
interfacial alloy layers was reported in 2023.%° In this work, the
combination of FIB-SEM and synchrotron tomography
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demonstrated that alloy interfacial layers of Ag or Au with
thickness of only 100 nm facilitated uniform, dense, and
reversible plating of lithium in an anode-free configuration.
PFIB-SEM imaging coupled with EDS demonstrated the dense
and uniform lithium deposition over a large field of view (>S50
pum) and enabled tracking of the Ag and Au particles at various
stages of cycling (Figure 40b). Further Cryo-FIB enabled
accurate investigation of lithium morphology with enhanced
resolution by avoiding implantation artifacts. Pairing the FIB-
SEM results with synchrotron tomography, which achieved a
much larger field of view but at lower resolution, demonstrated
that the interfacial Ag and Au layers increased the nucleation
density and, importantly, avoided the contact loss upon
stripping typically seen in anode-free ASSBs by preventing
isolated lithium islands. Other work employed Cryo-FIB and
EDS to demonstrate similar results with Te interfacial layers.**®
The Li,Te alloy enabled more stable cycling of ASSBs with
NMC CAMs as compared to a pure lithium metal anode. The
Cryo-FIB/EDS results demonstrated that the alloy layer both
mitigated the voiding at the Li/SSE interface and lessened the
degradation of the LPSCI SSE, resulting in a more passivated
and uniform SEI that enabled continuous plating of lithium of
more than 12 mAh cm™ in a (pseudo-) anode-free half-cell
configuration and stable full-cell cycling up to 400 cycles.
Besides the use of interfacial layers, alloys as anode active
materials have also enabled excellent ASSB performance. In
particular, Si anodes have achieved some of the most stable
cycling for Li-ion ASSBs to date. For example, in 2021 carbon-
free alloy anodes comprised of micron-sized Si particles with
sulfide (LPSCI) SSE achieved groundbreaking performance of
80% capacity retention after 500 cycles for an ASSB with NMC
CAM at room temperature.”*® Effective passivation of a thin SEI
at the Si/SSE interface enabled outstanding average Coulombic
efficiency of 99.95%. The use of FIB-SEM coupled with EDS
revealed a chemomechanical phenomenon by which the micron-
sized Si particles transformed to a more densified morphology
upon lithiation and a porous columnar structure upon
delithiation (Figure 40c). The chemical compatibility of the
LPSCI SSE with the micron-Si anode, coupled with the unique
chemomechanical morphology response, enabled the out-
standing performance by facilitating effective ion and electron
transport throughout the carbon-free anode. Further work in
2024 demonstrated a facile prelithiation strategy to enhance the
initial Coulombic efficiency of the micron-Si anodes and
increase the accessible cell-level energy density and cycling
performance.”*” In this study, the application of FIB-SEM cross-
sectional imaging and EDS analysis revealed how the uniaxial
pressurization of a mixture of stabilized lithium metal powder
and micron-Si enabled prelithiation in a single step to enhance
both the electronic and ionic conductivity of the Si anode.
Compared to the pure Si anode, the prelithiated Si achieved
enhanced initial Coulombic efficiency (95.7 vs 78.3%),
discharge capacity (~2 vs ~ 1.3 mAh cm™?), and capacity
retention (73.8 vs 58.7%) after 1000 cycles in full ASSB cells
with LCO CAMs. The FIB-SEM and EDS line scans further
revealed that the Si anode was only partially utilized due to the
large N/P ratio, wherein only the Si active materials closest to
the SSE were lithiated. Other work employed FIB-SEM and
ToF-SIMS to visualize chemical maps of the SEI produced at Si/
LPSClinterfaces, demonstrating evidence for an SEI rich in Li,S
after extensive cycling (Figure 40d).”>® Additionally, a
composite anode approach was employed in an attempt to
reduce the contact loss upon cycling at lower stack pressures, but
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extensive SEI formation and volume expansion of Si particles
resulted in degradation and cracking of the LPSCI SSE and poor
capacity retention.

Besides Si, other alloys hold promise to enable ASSBs with
large energy density. For example, Al foils with unique
microstructure were reported as negative electrodes for Li-ion
ASSBs.”*” In contrast to LIBs with traditional liquid electrolytes,
the parasitic porosity formation, electrolyte degradation, and
lithium trapping that occurs for Al anodes was avoided in the
SSBs due to the application of uniaxial pressure and confinement
in a fixed-gap stack configuration. In this study, cross-sectional
Cryo-FIB and EDS revealed a layered multiphase microstructure
of the rolled Aly,Ing electrodes. Further Cryo-FIB measure-
ments of the foil electrodes at different stages of cycling revealed
that, although the volume expanded during lithiation,
delithiation proceeded with reversible extraction of lithium
and contraction toward the pristine morphology. This multi-
phase alloy foil strategy enabled a reversible areal capacity of
more than 6 mAh cm™” at a moderate current density of 0.8 mA
cm™? and 2 mAh cm™? at a large current density of 6.5 mA cm ™2,
respectively. The use of Cryo-FIB revealed the reversible
morphology change of the multiphase foil electrode that enabled
the ASSB performance without any artifacts from Ga*
implantation. In 2024, the electrochemical behavior of a wide
range of alloy foil anodes for Li-ion ASSBs was studied in
depth.”®® Cross-sectional Cryo-FIB imaging revealed that the
primary mode of capacity decay and ASSB degradation stemmed
from lithium trapping within the foil microstructures. After
lithiation, the alloy delithiated inhomogeneously, wherein
lithium was preferentially removed from the alloy/SSE interface
when the stripping rate exceeded the rate of solid-state diffusion.
These results motivate further investigation of alloy foils as
negative electrodes for ASSBs and emphasize how the use of
FIB-SEM can unveil mechanistic understanding for improve-
ment in ASSB performance.

3.3.5. Outlook on FIB-SEM for Solid State Batteries.
The application of FIB-SEM is an invaluable diagnostic tool to
understand the performance limits and mechanisms of ASSBs
which rely on efficient transfer of ions at buried solid—solid
interfaces. Tomographic 3D reconstruction is a worthwhile
approach to understanding microstructure with a good
combination of spatial resolution and statistically relevant
field-of-view. After segmentation, quantitative phase maps can
enable the production of structure—property relationships for
important problems, such as the impact of porosity on the
conductivity of SSE separators; the role of triple-phase
boundaries on the cycling kinetics of CAM composites; and
the mechanisms of filament intrusion and propagation before
eventual cell failure via internal short. Employing Cryo-FIB
helps to minimize artifacts related to reaction or implantation of
Ga", especially for Li or Na anodes. Further, coupling FIB-SEM
with other techniques with chemical sensitivity (e.g, EDS,
SIMS) can unveil how chemical (in)compatibility relates to
resistance to charge transfer or ion conduction. State-of-the-art
ASSBs benefit from this enhanced understanding, and further
improvements in performance can be achieved from more
widespread application and improvement of FIB-SEM method-
ologies. For example, the application of EBSD with tomographic
reconstruction could reveal how the grain structure of SSE
separators or active materials impacts ASSB performance.
Further, increasing the field of view through application of
laser cross sections will be important when considering the
relationship between manufacturing scale-up, defect formation,
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Table S. Sample Handling and Characterization Approaches for Multiscale and Multimodal Characterization

Sample Handling

Characterization

Sample preparation  Transfer to FIB-SEM Transfer to TEM
Goal Preserve sample integrity from environmental probe
Methods Ambient/RT Ambient/RT Ambient/RT
Air Free/Inert Gas Air Free/Inert Gas Air Free/Inert Gas
Cryogenic Cryogenic Cryogenic
Air Free and
Cryogenic

Within FIB-SEM

Preserve sample integrity from focused beam probes

RT and Cryogenic temperature: imaging, 2D milling, 3D ASV, lift out, EDS,
EBSD, SIMS

and cell-level performance of pouch cell ASSBs. In addition,
automated data acquisition and workflows and the application of
machine learning methods for image processing could enable
much higher throughput for quality inspection or more accurate
segmentation for quantitative analysis. Finally, with only a few
exceptions, the use of FIB-SEM for in situ or in-operando
analysis has been extremely limited to date, so advancements in
instrumentation, sample holders, and air-free transfer protocols
will enable a deeper and richer understanding of the interplay of
chemomechanics and electrochemistry for ASSBs. Although
ASSBs hold great promise to enable stable, low-cost, and energy-
dense energy storage solutions, the manufacturing and scale-up
of ASSBs is in its infancy. There is much room for scientific and
engineering breakthroughs enabled by dual-beam FIB-SEM
technology to contribute to this important technical challenge.

4. EMERGING FIB-SEM TECHNIQUES AND
WORKFLOWS FOR FUTURE PERSPECTIVE

As a powerful technique that allows for detailed imaging,
chemical and crystallographic analysis, as well as sample
modification and preparation, FIB-SEM has demonstrated itself
as an invaluable diagnostic tool to enable in-depth under-
standing of battery structure-performance correlations for
advancing a variety of battery materials systems, including
cathode, anode, and ASSBs. Looking forward, as the
continuously increasing demand for further improvement in
battery performance required more in-depth understanding of
the battery structure from research and development to
manufacturing scale-up, more advanced techniques and work-
flows related to FIB-SEM methodologies are essential. In the
following section, perspectives including properly enabled
sample handling to minimize beam damage to enable
observation of sample at a material’s native state, in situ and
in-operando workflows to capture real time chemomechanics
and electrochemistry phenomena, correlative imaging to analyze
a sample across a statistically relevant field, and leveraging
artificial intelligence (AI) and machine learning (ML) to enable
efficient data collection and analysis are discussed.

4.1. Strategy to Preserve Battery Sample Integrity:
Challenges and Opportunities

In previous sections, it has been discussed that various battery
materials systems, including SEI/CEI, alkali metal anodes, SSEs
are all facing challenges to preserve their sample integrity due to
their sensitivity to multiple external probes, from environmental
probes such as air contamination or temperature to focused ion
or electron probes. To enable preservation of the sample
integrity of different materials systems for accurate imaging
characterization at multiple length scales, different strategies are
needed.

To characterize a battery sample at multiple length scales with
multimodal information involves multiple steps that can be

classified either as sample handling steps or characterization
steps within FIB-SEM. Table S summarizes various approaches
for each sample handling step and the available characterization
methods within FIB-SEM. Depending on the sensitivity of the
battery sample type to external probes, a strategy that combines
different approaches at each step is needed to preserve sample
integrity to enable accurate characterization. For example, for
cathode materials, such as pristine NMC, the sample is neither
beam nor air sensitive, and sample handling at room
temperature with air exposure is commonly used, coupled
with room temperature FIB-SEM characterization.'® For alkali
metals, such as Li or Na, due to air sensitivity and beam
sensitivity, air free transfer or inert gas sample transfer is essential
to protect sample from contamination while, within the FIB-
SEM, Cryo-FIB is needed to protect sample from beam damage
from both the ion beam Joule heat effect and Ga* reactivity.*”*>°
If SEL is of interest in a liquid electrolyte system, then the sample
handling process from preparation to transfer requires a full
Cryo-transfer process to maintain the sample integrity.'**

Among all the strategies, the full Cryo-transfer process is the
most challenging due to the complexity of handling samples
across different stages, from preparation to instrumentation,
while simultaneously preventing contamination, such as ice
formation or the risk of melting. These challenges are
particularly pronounced during the transfer and storage of
cryogenic samples, where contamination can severely impact
experimental results.

Three major types of contamination in the Cryo-workflow can
negatively affect outcomes:

L. Large ice particles, which form nonhomogeneously on the
sample surface when prepared in liquid nitrogen, typically
caused by improperly dried tools, dewars, or LN2 filling
hoses, as well as room humidity or human breath. These
crystals can obstruct regions of interest during imaging.

II. Speckle-like particles, uniformly distributed small ice
particles, are particularly noticeable in high-magnification
SEM images and result from sample exposure to humidity
during transfer. It is important to note that both (i) and
(ii) occur before the sample enters the microscope
chamber, where the crystals become embedded in the GIS
layer, potentially evaporating during ion milling and
creating empty holes in the GIS layer, forming curtains on
the sample’s milling surface.

III. Homogeneous ice layer growth occurs inside the FIB-
SEM microscope chamber when gaseous water molecules
condense on the cold sample surface, forming a uniform
ice layer. Although this ice layer can affect TEM data,
especially on polished lamellae, its growth is relatively
slow in modern FIB-SEM systems, usually less than a few
nanometers per hour.

Given these contamination risks, maintaining low moisture

levels and employing rapid, Cryo-transfer methods are essential
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for minimizing contamination and preserving sample integrity
throughout the Cryo-workflow.

Within the FIB-SEM characterization, the challenges are
mainly related to the complexity added when switching from
room temperature FIB to Cryo-FIB for reducing sample
damage. One of the major challenges relates to the different
deposition process at cryogenic temperature within the FIB-
SEM compared to the room temperature operation. The
deposition process enables depositing of a protective layer
such as platinum, tungsten, or carbon to safeguard the
underlying materials from ion beam damage as well as reduce
milling artifacts. A high quality protective cap layer is therefore
the foundation for assuring a high quality 2D cross-section,
TEM sample preparation, and 3D tomography.

At room temperature, the GIS system consists of a reservoir of
precursor material attached to a needle, which can be precisely
positioned approximately 100—150 um above the sample
surface, as shown in Figure 41a. As the precursor gases are

Room Temperature

f/

Cryo Temperature

Figure 41. A comparison of protective layer deposition at room
temperature versus cryogenic temperature. (a) Deposition position at
room temperature. (b) A 20 ym X 2 ym X 2 um Pt protective layer
deposited on a Si substrate. (c) Cross-sectional view showing the Pt
protective layer and Si substrate. (d) Deposition position at cryogenic
temperature. (e) The Pt organic precursor condensed over a surface
area spanning several mm® (f) Cross-sectional view showing the Pt
protective layer after curing (indicated by the white arrows) and the Si
substrate. The scale bar is 250 ym for a and d, 20 ym for b and e, and 10
pum for ¢ and f.

released, they adsorb onto the sample surface. When a charged
beam (ion or electron) is applied, it breaks down the adsorbed
molecules, leaving behind a conductive (metallic/carbon) layer,
while the remaining volatile components are pumped away. By
using specialized FIB or SEM scanning patterns (adjusting size,
position, shape, and predefined application files), users can fine-

tune the deposition characteristics of specific beam chemistry,
enabling the creation of a highly localized protective layer, as
illustrated in Figure 41b and 41c.

At cryogenic temperatures, the process is different. The cold
sample causes the organic precursor to condense when the GIS
valve is opened. The rate of condensation is largely determined
by the vapor pressure inside the precursor crucible and the
distance between the GIS needle and the sample surface. The
vapor pressure depends on the type of precursor and its
temperature. Since rapid condensation can lead to the formation
of a low-quality, porous layer, the crucible is typically kept at
room temperature, and the GIS needle is positioned several
millimeters away from the sample for the cryogenic applications
shown in Figure 41d to better control the deposition process.
Compared to room-temperature deposition, the gas condensa-
tion mechanism makes it easier to coat a large area uniformly as
shown in Figure 41e.

However, several challenges arise: (i) Coating a large area may
obscure sample features, particularly if the sample is not
homogeneous or requires site-specific preparation; (ii) Once the
precursor and GIS needle are set, users have limited control over
the deposition outcome; (iii) The organic precursor does not
decompose under the charged beam during deposition, leading
to a nonconductive layer, which is suboptimal for imaging and
milling. To address these challenges, an in situ sputter coater can
be used to apply a thin metallic layer to enhance conductivity.
Additionally, electron or ion beam assistance can improve the
deposition process, similar to room-temperature deposition, but
it requires careful parameter optimization to avoid excessive
accumulation in areas not exposed to the beam. An ion beam
curing process is applied after the condensation to enhance its
conductivity and resistance to the beam, which is shown in
Figure 41f.

Just as there is complexity added during the deposition
process at cryogenic temperature, many traditional room
temperature techniques become more time-consuming or
challenging as well, for example in the TEM sample preparation
process. At room temperature, the GIS deposition method is
well established for the TEM sample attached first to the
nanomanipulator and subsequently onto the TEM grid (Section
2.4.3). While at cryogenic conditions, because of limited control
of the condensation process, the GIS deposition method could
lead to uncontrolled uniformity and thickness, for example, a
thicker Pt layer requiring extra cleaning steps after attach-
ment.'”*°" Alternatively, several studies have highlighted the

Figure 42. GIS-free Cryo-lift-out using redeposition from a copper block. (a) The micromanipulator with the copper block is brought close to the
sample surface. (b) The micromanipulator is attached to the extraction volume by redeposition from the copper block. (c) The sample is lifted out
from the trench. (d) A zoomed-in image showing the tungsten needle with the copper block attached to the specimen via the redeposition method.
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Figure 43. A workflow for double-sided attachment serial lift-out. Adapted with permission from ref 267. Copyright 2023 Springer Nature. (a) FIB
image of the prepared extraction site with overlaid correlated fluorescence data (green), highlighting the targeted larva. The micromanipulator is
attached to the extraction volume using redeposition from the copper block. (b) The extracted volume (outlined by the orange dashed line) is lowered
into position between two grid bars in a lamella-milling orientation. The lower front edge of the volume (indicated by yellow arrows) is aligned with the
premilled line mark (indicated by black arrows). (c) Double-sided attachment is achieved through redeposition from the grid bars (yellow arrows
indicate the direction of milling), followed by line pattern milling to release the section of the desired thickness (marked by the dashed yellow line).
The orange dashed line shows the outline of the extracted volume. (d) SEM image of a typical section after being released from the extracted volume,
with the black dashed line indicating the outline of the worm cross-section. SEM (e) and TEM (f) overview images of the 40 double-sided attached
sections and the resulting lamellae.
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Figure 44. Battery preparation within FIB: (a) scheme of the setup with isolated manipulator (EasyLift) needle and lithium electrode & EMIMBF
electrolyte placed on an SEM stage. Both the needle and the SEM stage were connected to a potentiostat. (b) Lithium titanate electrode was prepared
by FIB and glued to the needle by FIB induced carbon deposition. (c) The needle was moved away from the Li, Ti;O,, bulk and connected with the rest
of the battery on the SEM stage. (d) SEM imaging can reveal changes in the electrode during cycling of the battery. (e) The formation of dendrites can
be controlled during the SEM experiment in a disconnected state when the electrode placed on the needle is pulled out from the electrolyte. (f) FIB cut
can be prepared to reveal changes inside the electrode. FIB can optionally be used for TEM lamella preparation from the electrode on the needle.
Adapted with permission from ref 270. Copyright LYRASIS, Usttedni knihovna VUT.

advantages of using water-based GIS."””'****> Owing to the the regions surrounding the sample, a GIS-free method'***%>*%*
lower atomic numbers of its constituent elements, water GIS can be employed, which relies on the redeposition of sputtering
minimizes residual material effects in Cryo-STEM, prevents materials at the interface to facilitate attachment. As Cu is
artificial carbon contamination in carbon-sensitive samples, and proved to effectively enable sample attachment, recently,
provides precise, real-time control of deposition while reducing researchers have developed a method that lifts out a chunk of
thermal drift during attachment. For systems where water or Pt Cu metal;>®® attaching it to the nanomanipulator makes the
GIS is unavailable or when minimal GIS coverage is preferred in attachment and transfer process significantly easier and more
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ionic liquid

Figure 45. FIB preparation of model battery on SEM biasing holder: (a) CleanConnect capsule used for the airless transfer between the glovebox and
SEM.?’® (b) Lithium sample and biasing holder were placed in the transfer shuttle moved into the SEM stage (b). (c—e) Lithium chunk was extracted
by FIB, fastened to the manipulator needle, and moved onto the biasing holder. (f) FIB-induced carbon deposition was used to glue the lithium chunk
on the biasing contact. (g) The biasing holder already contained a FIB-prepared Li,TisOy, electrode and ionic liquid (EMIMBF with 0.5 M LiBF; salt)
electrolyte. (h) FIB scanning was used to move the jonic liquid between the electrodes and complete the battery.

reliable. Figure 42 shows the GIS-free Cryo-lift-out process
using a copper block. Compared to traditional redeposition
methods, the Cu chunk method conserves more needle material,
allowing multiple attachments before the Cu chunk is depleted,
and enables the lifting out of larger sample volumes due to the
strong redeposition facilitated by the ion beam. Excessive Cu
deposition on the lamella is significantly reduced when the
lamella is further thinned to electron transparency after the
welding. In addition to Cu, other metals, such as Cr, have also
been utilized for Cryo-APT sample preparation.”®® Cr was
selected due to its excellent adhesion to both flat and curved
surfaces, making it a reliable material for securing lamella during
lift-out processes. Comprehensive reviews by various
groups”>*®" provide in-depth discussion on the challenges and
practical tips for individual steps involved in Cryo lift-out
procedures.

Given the complexity of Cryo-FIB as outlined above, a high
level of expertise as well as significant operator and microscope
time is still required to accomplish the work. Therefore, there is
demand and opportunity for workflow development with higher
throughput and automation. The workflow may leverage
learning from the field of life science, where automation, e.g.
on-the-grid lamella preparation, and the high throughput
method have already been developed in life science
samples.'**”*’ Figure 43 shows an example of a new technique
that enables high efficiency and throughput in Cryo-FIB called
‘serial lift-out’. Instead of extracting a volume approximately the
size of the final lamella, this technique extracts a much larger
volume (around 110 gm X 30 ym X 25 pm), combined with the
copper chunk method to enable multiple lamellae prepared at
the same time on a customized grid. This method, for example,
could be particularly beneficial for studying the inhomogeneous
electrochemical mechanism across a thick electrode sample at
nanoscale.

4.2, In-Operando Characterization of Battery in FIB-SEM

As instrumentation techniques advance, there is a growing
demand for enabling in-operando measurements for battery
research. Compared to ex-situ measurement, in-operando
measurements provide direct correlations between electro-
chemical and physicochemical properties in battery systems,
enhancing the fundamental understanding of these systems.

AM

Implementing in-operando characterization in FIB-SEM is
valuable, as it provides a combination of high-resolution
micro-/nanostructural data with chemical and crystallographic
information at both the surface and interfaces, potentially in
both 2D and 3D, to probe how microstructures evolve during
battery operation.”****

To study microstructural evolution during electrochemical
charge and discharge processes in FIB-SEM, there are three
major approaches in cell design. The first design concept is
directly attaching the target sample, either electrode or active
particles, to the nanomanipulator to build a battery with
electrolyte and counter electrode sitting on the stage, as shown
in Figure 44.”’%*"" The testing circuit is connected to a
potentiostat placed outside of the FIB-SEM chamber through
the isolated needle of the EasyLift manipulator and the SEM
stage.””” In general, the sample electrode can be prepared by FIB
to the size of microns to tens of microns. FIB milling can further
be used to inspect changes inside the electrode placed on the
manipulator needle. In terms of electrolyte selection, ionic liquid
or low vapor pressure electrolyte can be used in this approach
that enables observation of various shapes of samples including
nanowires or single particles attached to the manipulator.””**”*
This approach is advantageous, as it provides an easy way of
disconnecting the battery and imaging the interfaces in SEM. It
also allows for multiple nanomanipulator needles set up as well
as air-free or inert gas sample transfer to study air sensitive
battery systems.””

The second approach is using FIB to directly prepare a battery
on a biasing holder inside of the FIB-SEM system. Air sensitive
bulk materials of the electrodes can be loaded to FIB-SEM, for
example, via an air free transfer device.”’® The entire biasing
holder can be transferred into an SEM stage in an argon-filled
capsule (Figure 45a) and loaded into the SEM stage adapter
(Figure 45b). A (microelectro-mechanical systems) MEMS
heating and biasing chip””” is used for battery biasing in this case
(Figure 45e). Figure 45f shows the chip that has a FIB-prepared
Li, TisO;, (LTO) electrode connected to a biasing contact by
FIB-assisted carbon deposition from a gas injection system of
the FIB-SEM. A droplet of vacuum-compatible ionic liquid can
be placed on the chip manually by a pipet close to the biasing
contacts.
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A Plasma FIB with Xe* or Ar" is recommended during all the
sample preparation steps. Commonly used Ga" FIB can
introduce gallium contamination into the model battery,
especially when a lithium electrode is used. In the last
preparation step, the ionic liquid can be moved in between the
electrodes using FIB scanning, which changes the viscosity of the
ionic liquid (Figure 45¢ and 45h) and makes it flow on the
surface of the testing holder. This advantageous step allows for
the omission of a dedicated liquid injection system on the FIB-
SEM. The model battery approach has advantages and flexibility
to build and customize the battery within the FIB-SEM, allowing
for the study of the mechanism of the new battery materials
system.

The third approach is cycling the full bulk battery within the
FIB-SEM. In this approach, the entire battery can be moved into
the FIB-SEM in an airless transfer device shuttle and loaded into
the stage of a FIB-SEM system””*~**" as shown in Figure 46a

Figure 46. (a) Examples of bulk battery testing holders transferable
under argon by the CleanConnect. (b) Cross-sectional battery holder
with contact plates (yellow arrows) compressing the battery during
cycling and imaging in SEM. (c) SEM holder for coin cell batteries. Grid
in the coin cell cover enables SEM imaging of the electrode—electrolyte
interface.

and 46b. The electrical contacts between the battery and a
testing device are established once the transfer shuttle with the
battery is attached to the stage counterpart,”®>**’ and
manipulator needles or movable probes can also be used to
build additional contact to the battery inside the SEM.**"***
With different sample holders, different battery cells, such as a
pouch cell or coin cell (Figure 46¢c), can be transferred and
coupled with different dedicated SEM adaptors. The full bulk
battery approach provides more flexibility in electrolyte system
selection, which supports both nonevaporating electrolyte (e.g.,
ionic liquid, solid state electrolyte) or evaporating electrolyte in
an in-operando cell”® It can be noted that the SEM image
resolution will be influenced when conducting an experiment
with an in-operando cell due to electron scattering in a
membrane to encapsulate the liquid electrolyte. In addition, it
also provides ce}/pability for multiple testing environments, such
as heatingzgﬁ’28 and compression.”

The bulk battery sample approach allows for imaging two
types of sample geometry in SEM, namely the cross-sectional

view and surface view. The cross-sectional view allows interfaces
between battery parts to be imaged when a cross-section is made
and oriented toward the electron beam.”***° In this setup,
proper sample preparation to generate a smooth cross-section is
recommended to ensure high-quality SEM imaging re-
sults.”*”*’" For the surface view geometry, the electron beam
is perpendicular to the surface of the electrodes, where only one
electrode—electrolyte interface can be imaged. This geometry
allows for observing the phenomena that happen on the to
surface of the electrode, such as dendrite formation.*$%*%*2%3
Although the focus of this set up is to image the electrode top
surface, it is still possible to image within the bulk by leveraging
the FIB milling process in FIB-SEM. The summary of the above
solutions for the in-operando electrochemical testing battery in
FIB-SEM is shown in Table 6; the specific in-operando testing
approach varies depending on the battery system under study, as
different methods are needed to meet research goals.

In addition to in-operando electrochemical testing, in-
operando high-temperature synthesis of battery materials can
also be studied in SEM and FIB-SEM, particularly with the
uReactor attachment.””* It facilitates the airless transfer of a
sample on a MEMS heating chip (Figure 45e) into the SEM,
enabling controlled heating within a preselected gas environ-
ment. Compared to the more commonly used environmental
scanning electron microscopy,”” this method offers a cleaner
and controllable environment,Z% along with a broader range of
usable gases. These advantages make it a powerful approach for
investigating the fundamental processes involved in cathode
formation and recycling.”””

In-operando electrochemical testing within FIB-SEM offers
more opportunities for a fundamental understanding of the
battery reaction process. Future opportunities in this field
including workflow development for ease of sample handling
and transfer, accurate electrochemical measurement, combina-
tion of different testing environments includin§ mechanical
force, heating, cooling, and gas environment,””® and setup
accommodation of multimodal information (e.g,, EDS, EBSD,
SIMS, AFM) within the FIB-SEM.

4.3. Correlative Microscopy for Battery Application

Although FIB-SEM can already cover multiple length scales
from mm to sub-nanometer, to bridge the knowledge from cell
level performance to atomic scale structures, imaging character-
ization techniques that cover multiple length scales while
pinpointing the same region of interest is essential to enable that
knowledge. CM integrates multiple imaging modalities, often
having different resolutions, to study the same ROI in a
specimen that can fit these needs in battery research.””” This
methodology combines the strengths of different imaging
methods, such as light microscopy, X-ray imaging, electron

Table 6. Comparison of In-Operando Testing Set up for Battery Research in FIB-SEM

EasyLift needle & SEM stage

Approaches (Figure 44) SEM biasing stage (Figure 45)
Electrolyte Tonic liquid electrolyte, polymer Tonic liquid electrolyte
Type electrolyte, ASSBs

Few tens of microns for the electrode Tens of microns
on the needle

Sample size

Cross-sectional battery SEM

Coin cell SEM testing tool
testing tool (Figure 46a and 46b)

(Figure 46¢)

Tonic liquid electrolyte, polymer
electrolyte, solid-state electrolyte

Coin cells: Ionic liquid
electrolyte, polymer electrolyte,
ASSBs

Typically 10 mm X 10mm X Imm  Coin cells up to 30 mm in
diameter

Sample Electrode on needle prepared by FIB  Both electrodes prepared by FIB. ~ Cross-section prepared Modified coin cell allowing SEM
preparation FIB used to move the electrolyte. ~ mechanically and polished by acces. Optional FIB polishing
BIB or FIB.
Airless Possibly on the way to FIB-SEM. One  Possibly from glovebox to SEM and ~ Possibly from glovebox to SEM Possible from glovebox to SEM
transfer electrode remains on the needle. back. and back. and back.

https://doi.org/10.1021/acs.chemrev.4c00831
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00831?fig=fig46&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00831?fig=fig46&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00831?fig=fig46&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00831?fig=fig46&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

microscopy, and various spectroscopy techniques, to provide a
more comprehensive understanding of the sample. Figure 47
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Figure 47. Graphics illustrating the various experimental techniques,
and the corresponding length scales they can explore.

illustrates the various experimental techniques and the
corresponding length scales they can explore.”” 2D correlative
analysis is relatively simple to apply since it requires
coregistration of only planar data. It is most often used in
materials science to study nanoparticles, surfaces and near-
surface ROIs,***°" and life science to study cells mainly by
correlative light and electron microscopy.’”>”"* 3D correlative
analysis requires coregistration of volumetric data, e.g. X-ray
computed tomography (CT), FIB serial SST, electron
tomography, APT, etc., making the task much more complex
to archive.

For battery imaging characterization, X-ray computed
tomography (CT) is the most employed nondestructive
technique to screen the entire battery cell for internal
component defects and failure mechanism understanding,’**
This screening typically provides insights at the macro- to
mesoscale levels, enabling the detection of significant defects
and imperfections in battery components. If more detailed
examination using higher resolution and other imaging modal-
ities at the micro- to nanoscale levels is needed to further
understand the defects and failure, correlative analysis can be

subsequently performed on selected regions of interest (ROIs)
identified from the CT data.® Figure 48 illustrates the potential
steps involved in a correlative multiscale and multimodal
analysis of an 18650-battery cell. In most use-cases, a
comprehensive correlative study is achieved by utilizing three
types of microscopes: X-ray CT, PFIB-SEM or FIB-SEM, and
TEM, all equipped with analytical detectors. Defects detected by
X-ray CT are further investigated using Plasma FIB-SEM to
capture cross-sectional images of the ROIs, collect serial sections
for 3D reconstruction, or prepare TEM lamella for detailed
nanoscale analysis (Figure 48d—48f). A similar concept can also
be used for next-generation battery development, such as SSE to
enhance the understanding of the local nanoscopic interfacial
chemistry and structure’s relationship with overall solid state
battery cell performance.’*® CM is anticipated to play a crucial
role in advancing battery research and development, as well as
accelerating the failure analysis process in battery manufactur-
ing.

4.4. The Role of Artificial Intelligence for FIB-SEM Data
Analysis and Modeling

FIB-SEM data analysis is computationally demanding and
typically requires significant expertise in image processing to
achieve accurate image segmentation and quantification. In the
realm of Al, machine learning (ML) and deep learning (DL)
utilize neural network layers that replicate human decision-
making processes, improving the analysis of the extensive data
sets produced by FIB-SEM and other analytical and imaging
methods used in battery research. Al methods, including
Convolutional Neural Networks (CNNs), Generative Adversa-
rial Networks (GANs), and Random Forests (RFs), are
particularly adept at object detection, classification, and
predictive modeling—critical processes for detailed material
characterization and data analysis at the nanoscale.’*®

One could split Al for FIB-SEM into two categories, namely
enhanced data analysis and predictive modeling. For data
analysis, Al methods improve the accuracy and efficiency of data
segmentation and consecutive data analysis. Figure 49a shows an
example of applying RF classifiers for data classification in three-
dimensional image data from FIB-SEM tomography using two
different image signals.’®” This method improves the accuracy in
multiphase material classification and effectively manages
common image artifacts, significantly enhancing the analysis
accuracy of NMC battery electrode materials. The Al method

Meso-scale

D Nanosscale

(2D & 3D information) Laser Plasma FIB-SEM, Plasma FIB-SEM or FIB-SEM

(2D & 3D information) Scanning/Transmission Electron Microscopy

Figure 48. Typical correlative multiscale and multimodal analysis steps of an 18650-battery cell. (a) X-ray CT of the whole battery cell; (b) Large cross-
section of the cathode prepared and imaged by plasma FIB-SEM; inspection at particle level by SEM (c) and (d); (e) Particle cross-section; detailed
TEM study of doping, (f) interfaces and lattices. Adapted with the permission from ref.**” Copyright 2023 American Chemical Society.
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Figure 49. Application of Al methods for FIB-SEM data analysis and modeling. (a) Segmentation of cathode particles using a random forest algorithm
that utilizes tailored features from multiple detectors for accurate analysis. Adapted with the permission from ref 309. Copyright 2023 Elsevier. (b)
Grain segmentation achieved by cleaning up image quality (IQ) maps using deep learning, followed by classical watershed segmentation to identify
individual grains. Adapted with the permission from ref 310. Copyright 2021 Elsevier. (c) Deep learning-based segmentation applied to
multicomponent negative electrodes, enhancing microstructural analysis. Adapted with the permission from ref 311. Copyright 2022 Elsevier. (d)
Prediction of composition and state of lithium-ion cathodes using a convolutional neural network (CNN) trained on SEM images, with the associated
gradient class activation map highlighting influential regions in the prediction. Adapted with the permission from ref 315. Copyright 2024 Springer

Nature.

can also facilitate the grain boundary visualization Figure 49b. By
using CNN methods to analyze EBSD IQ_ images, the
intraparticle grains can be distinctly labeled for further
correlative analysis between grain features and electrode
properties.”' Furthermore, at electrode level data analysis, a
U-Net was employed to segment and analyze the microstructure
of lithium-ion battery electrodes across different states of charge
to gain insights of the electrode microstructure evolution during
cycling status (Figure 49¢).>"" For predictive modeling and
classification, Al methods provide essential capabilities for
anticipating material behaviors and improving battery manu-
facturing based on electron microscopic data. As shown in
Figure 49d, a model that classifies major composition and
different electrochemical cycling states of various NMC
cathodes was developed based on SEM images, which can
accelerate the process of NMC cathode screening in identifying
battery material states for performance optimization. Further-
more, the Al method can also be used for predicting electrode
properties based on building machine learning models at
mesoscale image data sets. In this approach, electrode
microstructure data consists of various shapes, sizes, orienta-
tions, and chemical compositions that can be generated for
electrode property estimation with high accuracy and that
improves the efficiency in the electrode structure optimization
process.

By integrating experimental data, such as that from FIB-SEM,
along with physics-based models and machine learning, digital
twins can be built as virtual replicas of the LIB manufacturing
process. This enables real-time simulation and optimization of
electrode design, fabrication, and failure prediction.312_314 For
instance, high-fidelity 3D FIB-SEM data of electrode structures
capture essential microstructural characteristics, such as pore
network structure, interfacial areas, tortuosity and connectivity,
and phase and size distribution. These data facilitate the creation
of a digital twin integrated with multiphysics simulations that
can accurately simulate battery behavior under various operating
and manufacturing conditions. Insights from these simulations
can guide manufacturing steps like calendaring, pressing, and
coating, allowing for in-silico process optimization to reduce
costs and improve efficiency. Additionally, parameters captured
from FIB-SEM, such as cracks, delamination, or porosity
nonuniformity, enable the development of digital twins for
failure analysis diagnostics. For example, a digital twin using
electro-chemomechanical models can predict stress-induced
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failure processes, aiding in material selection and structural
design optimization. It is expected that these digital twins will
provide recommendations for process improvements, thereby
enhancing both efficiency and reliability in battery manufactur-
ing.

Integrating Al with FIB-SEM workflows is transforming
battery research by accelerating material discovery and
providing deeper insights into battery behaviors. Al techni-
ques—such as image segmentation, data analysis, and predictive
modeling—enhance battery characterization by automating
feature identification and quantification, reducing manual effort
and speeding up data processing. By correlating microstructural
features with battery performance, Al helps optimize materials
for improved efliciency and longer lifespan. We anticipate that
Al will continue to revolutionize battery research, particularly
through advanced predictive modeling and automated image
analysis. The adoption of generative AI models and open-source
data-sharing initiatives will promote data standardization, foster
interdisciplinary collaboration, and accelerate material screen-
ing. By refining these Al-enhanced methods, the research
community can optimize performance predictions and drive
innovation toward more sustainable and eflicient battery
technologies.

5. CONCLUSION

As a powerful characterization technique that combines a
focused ion beam with a scanning electron microscope to
provide high-resolution imaging and precise material manipu-
lation, FIB-SEM has provided great influence in not only
accelerating material discovery and optimization but also
providing deeper insights into the intricate behaviors of battery
systems, paving the way for the development of more efficient,
durable, and high-performing batteries. Its characterization
capability including 2D cross-sectioning and imaging, 3D
tomography analysis, and sample modification for sample
preparation (e.g, TEM lamella) enables it to analyze the battery
structure across multiple length scales in multidimensions to
probe the battery structure from cell level to nanoscale.
Combining multiscale information with various analytical
capabilities within the FIB-SEM including EDS, EBSD, and
SIMS further enhanced its capability to gain more compre-
hensive understanding between macroscopic performance and
microscopic phenomena.
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Looking forward, the next frontier in FIB-SEM character-
ization of batteries shall center on developing workflows that
enable real time, multiscale, and multimodal analysis with AI-
driven automation, while preserving sample integrity, to address
the increasing complexity of battery materials and structure
design required to meet the growing performance demands.
Developing in-operando workflows, such as biasing and heating,
are critical, as they provide in-depth understanding of the
interplay between electrochemistry and structure evolution tied
to the framework of battery materials synthesis and battery
operation. For example, in ASSBs studies, in-operando analysis
is effective for understanding the electro-chemomechanical
behavior and degradation process. The CM workflow provides a
holistic insight across different length scales, from cell level to
nanoscale, using various imaging modalities. It is important to
note that the enhancement of spatially resolved chemical
mapping with light element detection capability (e.g., lithium) is
crucial for the development of next-gen batteries. Al-driven
automation and analysis for FIB-SEM are becoming increasingly
important, potentially revolutionizing high-throughput data
collection and enabling efficient and accurate analysis. Digital
twins built on high-fidelity 3D FIB-SEM data can then
contribute to optimizing electrode design and manufacturing
processes. Finally, due to the intrinsic reactivity of many battery
materials, such as lithium metal and SEI, preserving sample
integrity is always necessary. Strategies such as cryogenic
temperature operation, low-dose imaging, inert gas sample
transfer, or cryo-transfer are needed to enable characterization of
battery samples in their native state. Overall, with ongoing
efforts to improve these methodologies in FIB-SEM, it is
expected to remain an indispensable technique for supporting
battery innovation in both battery R&D and manufacturing.
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GLOSSARY

APT = Atomic Probe Tomography

At.% = Atomic Percent

AFM = Atomic Force Microscopy

ASSBs = All-Solid-State Batteries

BIB = Broad ion Beam

BSE = Backscattered Electrons

CL = Cathodoluminescence

CM = Correlative Microscopy

CBS = Concentric Backscattered

Cryo-EM = Cryogenic Electron Microscopy
Cryo-TEM = Cryogenic Transmission Electron Microscopes
Cryo-FIB = Cryogenic-FIB

CEI = Cathode Electrolyte Interphase

CE = Coulombic Efficiency

CAMs = Cathode Active Materials

CNNs = Convolutional Neural Networks

DL = Deep Learning

EELS = Electron Energy Loss Spectroscopy
ECR = Electron Cyclotron Resonance

EBSD = Electron Backscattered Diffraction
EDS = Energy Dispersive X-ray Spectroscopy
ETD = Everhart-Thornley Detector

ICE = Initial Coulombic efficiency

FEG = Field Emission Guns

FOV = Field of View

FEC = Fluoroethylene Carbonate

FIB-SEM = Focused Ion Beam—Scanning Electron Micro-
scope

FIB-SEM = Focused Ion Beam—Scanning Electron Micros-
copy

GFIS = Gas Field Ion Sources

GIS = Gas Injection Systems

GANs = Generative Adversarial Networks
HOPG = Highly oriented pyrolytic graphite
HC = Hard Carbon

ICP = Inductively Coupled Plasma

LMAIS = Liquid Metal Alloy Ion Sources
LOTIS = Low-Temperature Ion Sources

LFP = Lithium Ferrophosphate

LHCE = Localized High Concentration Electrolyte
LPSCI = LizPS;Cl

LLZO = Li,La,Zr,0,,

LZC = Lithium Zirconium Halide

LNMO = Lithium Nickel Manganese Oxide
LYC = Lithium Yttrium Chloride

LIBS = Laser-Induced Breakdown Spectroscopy
LMIS = Liquid Metal Ion Source

NMCS811 = Li Nijs Mny,Cop,0,

LIB = Lithium-ion battery

MCMB = Meso Carbon Micro Beads

ML = Machine Learning

MOTIS = Magneto-Optical Trap Ion Sources
ML = Machine Learning

MEMS = Micro-Electro-Mechanical Systems
NBH = Nay(B;oH 0)o5(B12H12)os

PFIB = Plasma FIB

PFIB-SM = Plasma focused ion beam spin milling
ROI = Region of interest

RFs = Random Forests

AS

SE = Secondary Electrons

SEM = Scanning Electron Microscopes

SEI = Solid-electrolyte interfaces

SIMS = Secondary Ion Mass Spectroscopy
SIM = Scanning Ion Microscopes

SHIM = Scanning Helium Ion Microscopes
SST = Serial Sectioning Tomography

SSE = Solid-State Electrolyte

2D = Two-Dimensional

3D = Three-Dimensional

TEM = Transmission Electron Microscopes
TLD = Through Lens Detector

TOEF-SIMS = Time-Of-Flight Secondary Ion Mass Spectros-
copy

TGC = Titration Gas Chromatography
UHYV = Ultra-High Vacuum

USPL = Ultra-Short Pulsed Lasers

VGCEF = Vapor-Grown Carbon Fibers
Wt.% = Weight Percent

WDS = Wavelength Dispersive X-ray Spectroscopy
SXES = X-ray Emission Spectrometry

XPS = X-ray Photoelectron Spectroscopy
CT = X-ray Computed Tomography
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