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New cryogenic characterization techniques for exploring the nanoscale structure and

chemistry of intact solid-liquid interfaces have recently been developed. These techniques
provide high-resolution information about buried interfaces from large samples or devices
that cannot be obtained by other means. These advancements were enabled by the
development of instrumentation for cryogenic focused ion beam liftout, which allows intact
solid-liquid interfaces to be extracted from large samples and thinned to electron-transparent
thicknesses for characterization by cryogenic scanning transmission electron microscopy
or atom probe tomography. Future implementation of these techniques will complement
current strides in imaging of materials in fluid environments by in situ liquid-phase electron

microscopy, providing a more complete understanding of the morphology, surface chemistry,
and dynamic processes that occur at solid-liquid interfaces.

Introduction

Historically, characterization of the structure and chemistry
of intact solid-liquid interfaces at the nanoscale has been
challenging. However, this is critical for understanding the
dominant nanoscale mechanisms in electrochemistry, energy
storage, corrosion, and material surface functionalization.
Recent progress in instrumentation has allowed solid—liquid
interfaces to be studied at the nanoscale in both the static cryo-
genic state and the dynamic liquid state; the cryogenic state
allows detailed and site-specific chemical and structural map-
ping, while the liquid state yields in situ imaging of dynamic
processes.

Even though cryogenic electron microscopy (cryo-EM)
and liquid-phase electron microscopy (LPEM) have become
well established over the past decade, cryogenic specimen
preparation procedures that were initially designed for immo-
bilizing biological samples in a thin layer of vitreous ice'”’
were not directly applicable to many materials science explo-
rations. To adapt cryo-EM for characterization of intact solid—
liquid interfaces that are often present in the physical sciences,
new advances in cryogenic sample preparation such as cryo-
genic focused ion beam (cryo-FIB) milling were required to

enable buried interfaces to be revealed within large samples
or devices.* 1

The key advancement that enabled characterization of
these buried interfaces by high-resolution techniques such as
atom probe tomography (APT) or transmission electron
microscopy (TEM) was the development of a cryo-FIB lift-
out technique.'"'>*17 These sample preparation tools enable
extraction and thinning of buried solid—liquid interfaces from
devices such as batteries, which were previously inaccessible
to techniques such as TEM and APT in an intact state. These
cryogenic characterization methods complement in situ
imaging with LPEM,'® 2 which requires a more limited sample
geometry, but allows dynamic processes to be observed in
real time. The combination of these two will therefore be
impactful for gaining a better understanding of the fundamen-
tal mechanisms behind processes at solid—liquid interfaces.

Cryo-FIB

High-quality specimen preparation is critical for high-resolution
characterization of a material system. Until recently, lack
of an appropriate technique for creating high-quality, intact
solid-liquid interface samples from large systems was the
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limiting factor in high-resolution characterization of these
structures. Traditional FIB was developed to enable milling
of specimens by a focused ion beam (generally a Ga™ beam)
to engineer nanostructures into specific morphologies and
section bulk materials for cross-sectional imaging of features
below the specimen surface. FIB is typically conducted with
a dual-beam instrument that is also equipped with a scanning
electron microscope column, which allows researchers to
site-specifically identify features of interest and subsequently
extract and thin them into electron-transparent lamellae.
However, because FIB samples must be maintained in a high
vacuum and the process of ion and electron bombardment
during FIB processing is known to physically and chemically
alter sensitive samples, liquids and biological materials were
largely excluded from FIB processing in the past. However,
the addition of a cryogenic specimen stage within the high
vacuum environment of the FIB has enabled a number of
these limitations to be overcome.?’?

To prepare specimens by cryo-FIB, a combination of ex situ
sample freezing and post-freeze processing using a cryogenic
sample preparation station is employed. Freezing of a sample
is typically accomplished by plunging into a liquid cryogen
such as ethane or nitrogen slush, with temperatures near that
of liquid nitrogen (77 K), flash-freezing the sample and pre-
venting crystallization of liquids present if a sufficient cooling
rate is achieved. A suitcase device is then used to enable an
environmentally protected transfer of specimens to the cryo-
FIB, as well as to the atom probe once specimens are prepared
(Figure 1a). A cryogenic sample preparation station attached
to the cryo-FIB allows electrical surface conductivity to be
enhanced before insertion into the FIB chamber by apply-
ing a sputter-coated conductive film (e.g., Pt). For samples
that include frozen water, features such as cellular morphology
at the frozen sample surface can also be enhanced by in situ
freeze fracturing or controlled sublimation of ice using a
temperature-controlled stage heater. The sample is then trans-
ferred from the preparation chamber to the FIB stage via the
shuttle suitcase device transfer rod. During sample processing
and manipulation within the FIB, the sample remains frozen at
near-LN, temperatures, protected from atmospheric exposure,
and frost deposition by high vacuum conditions.

The specimen stage in the FIB is typically cooled either
passively through a conductive copper rod attached to a
small external LN, dewar or actively by flowing nitrogen gas
through a heat exchanger in an external LN, dewar, and subse-
quently through gas lines to the stage. This maintains the sam-
ple in a solid state and reduces the effects of electron and ion
beam heating during imaging and milling. Currently, the max-
imum specimen size that can be inserted into the instrument is
roughly 1 cm?, which can limit preparation of TEM and APT
specimens from samples larger than this. Additionally, until
recently, cryogenic stage designs have prevented large angle
rotations, which can limit site-specific targeting of specimen
features. With no anticontamination device present, the low
sample temperature would result in unwanted condensation
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of water ice and other contaminants onto the sample surface
from the vacuum. Consequently, a cold trap is positioned
above the sample and held at a lower temperature to mini-
mize condensation of such contaminants on the cryogenic
sample.!21733

To develop cryo-FIB liftout preparation of cryogenically
frozen TEM or APT samples, some key challenges were
overcome, including (1) reliable site-specific targeting and
liftout of an area of interest from the bulk sample using a
cryogenically cooled nanomanipulator probe and subsequent
attachment to a specimen substrate (e.g., TEM grid or APT
Si micropost array); (2) avoidance of condensation of detri-
mental materials such as frost ice on the sample, especially
during the introduction of precursor gases used for cryo-FIB
lamella preparation; and, a challenge that partially remains,
(3) environmentally protected transport of the liftout speci-
men between the cryo-FIB and the transmission electron
microscope or atom probe to protect from contamination
while maintaining cryogenic conditions. The development
of specialized hardware and protocols to address these
challenges has resulted in successful preparation of cryo-
lamellae for high-resolution characterization of intact solid—
liquid interfaces.!1214°17

APT

APT is a characterization technique complementary to electron
microscopy and generally requires FIB to prepare specimens
into the necessary needle-shaped geometry.***> APT provides
both three-dimensional (3D) atom-by-atom structure and
elemental composition maps of materials with near-atomic
resolution.’**” For cryogenic specimens, the environmentally
protected transfer of specimens from the cryo-FIB to the atom
probe requires a custom, environmentally protected, ultrahigh-
vacuum cryo-cooled specimen load lock chamber, which
is attached to the atom probe tool. In the example shown in
Figure 1a, a specimen shuttle suitcase device is used to transfer
specimens between the cryo-FIB and the atom probe under
passive vacuum and cooling conditions. Note that other com-
mercially available specimen suitcase devices with active
cooling or suitcase devices with both active cooling and active
vacuum pumping are available.

To minimize the additional handling of specimens and
risk of contamination, both the cryo-FIB stage and the speci-
men shuttle suitcase were modified to enable handling and
manipulation of specimens on the same specimen pucks
that hold samples in the atom probe. Such versatile specimen
preparation and controlled transfer demonstrate the applica-
tion of APT to hydrated materials. Recently, a group at Pacific
Northwest National Laboratory developed unique cryogenic-
based FIB-liftout procedure to site-target the water—solid
interface of a water-filled nanoporous corroded glass mate-
rial for APT analysis (Figure 1b).!" This result, made possible
through advanced cryogenic specimen preparation and handling
techniques, demonstrates for the first time the 3D nanoscale
compositional and structural mapping of a water—solid interface
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Figure 1. Environmentally protected specimen transfer between cryogenic focused ion beam (cryo-FIB)/scanning electron microscope
(SEM) and atom probe tomography (APT) tool enables tomographic analysis of a water-liquid interface in a corroded glass material.
(a) Photograph of the modified cryo-FIB/SEM specimen preparation system and environmental transfer hub attached to the LEAP atom
probe at Pacific Northwest National Laboratory. (Middle) A shuttle suitcase device enables environmentally protected transfer of specimens
between the cryo-FIB/SEM where specimens are prepared, and (right) a modified LEAP tool for APT analysis. (b) Cryogenic sample
preparation and APT analysis of corroded glass. (Left) Cryo-FIB cross-sectional SEM image of a mounted specimen; note the corroded
glass layer flanked on either side by the corroding solid water (as ice) and pristine glass. (Middle) APT needle specimen showing targeted
water-solid interface (purple dashed boxes). (Right) (i) Three-dimensional (3D) APT atom point-cloud map of targeted water-solid
interface within the needle specimen (blue dashed boxes). A purple-colored isoconcentration surface representing 11.5 at.% Li + Na
delineates the alkali-rich water, alkali-poor water, and the corroded glass, which is indicated by the presence of Ca. Respective one-
dimensional composition profiles across the (i) alkali-rich-alkali-poor interface in water reveals partitioning of dissolved alkali ions in
the water ice and (jii) water-corroded glass region maps, where the composition across the liquid-solid interface is indicated by the Ca
distribution, which has relatively low solubility in water. Note that although the partitioning of the alkali elements in the water ice may be
an artifact of the freezing process, requiring application of alternative freezing methods (e.g., high-pressure freezing), the result is the first
reported atom-by-atom mapping of a liquid-solid interface. The gray 3D cube with side lengths of 10 nm in (i) provides spatial scale to the
3D composition map.'" Note: GIS, gas injection system; BSE, backscattered electron.

buried within a complex material. Ultimately, the ability to ~ Cryo-scanning TEM

prepare and transfer cryogenic specimens within controlled Scanning TEM (STEM) can provide atomic-scale structural,
environments for APT analysis provides a means to access elemental, and chemical analysis, but has traditionally been
new science across many disciplines in a unique way that will limited to hard materials at room temperature, such as solid—
complement existing cryo-EM capabilities. solid interfaces.*®** Recent advancements in paired cryo-FIB
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liftout sample preparation and analytical cryo-STEM tech-
niques,'? however, have begun to allow high-resolution imag-
ing and spectroscopy of intact buried solid—liquid interfaces
from within devices. For example, Figure 2a shows a schematic
of cryo-FIB liftout preparation and analytical cryo-STEM
results for a lithium (Li) dendrite—organic electrolyte interface
prepared from a cycled Li-metal coin cell battery (electrolyte
composition: 1M LiPF in 1:1 ethylene carbonate:dimethyl
carbonate).” In this study, rapid cooling preserved the native
interface structure and chemistry, avoiding the significant
alterations that traditional sample washing and drying can
induce. Cryo-FIB liftout techniques were then used to gener-
ate electron-transparent cross-sectional lamellae of the intact
interface (Figure 2b). This allowed an extended solid-electrolyte
interphase (SEI), ~400-nm thick, to be observed by high-angle
annular dark-field (HAADF) cryo-STEM (Figure 2c¢). Cryo-
STEM electron energy-loss spectroscopy (EELS) showed that
this extended SEI contained increased oxygen compared to
the electrolyte and encircled a F-rich structure also observed
by HAADF (Figure 2d). Statistical analysis of the carbon
K-edge revealed an increased proportion of C=0 bonds in
the SEI layer compared to the electrolyte, consistent with
ethylene carbonate solvent molecules reacting to form lithium
ethylene dicarbonate (Figure 2e, f). A byproduct of this
reaction is ethylene gas,* which contains C=C bonds and is
thought to bond to LiF,* possibly explaining the SEI bubbles
and the correlated fluorine and C=C bonds observed in the

F-rich structure. These correlated chemical and morphologi-
cal results could not be previously obtained for intact solid—
liquid interfaces with this resolution and site-specific detail.
Results such as these are anticipated to contribute to our
understanding of the primary mechanisms involved in the
safety and performance of energy-storage devices such as in
Li-metal batteries.

In the future, dose-efficient phase-retrieval imaging tech-
niques such as electron ptychography may allow increased
resolution of soft interphase materials to be achieved
with a low dose.*** In addition, direct electron detectors
for spectroscopy will increase the signal-to-noise ratio of
acquired spectra, reducing the necessary dose and enabling
higher spatial-resolution spectroscopic mapping of these
materials. 6

Dynamic imaging of solid-liquid interfaces

The static characterization techniques discussed up to this
point can be paired with LPEM to additionally obtain infor-
mation about kinetics, dynamics, and reaction mechanisms
of specimens directly in a liquid environment.?>*”* Two
basic types of experimental LPEM systems exist—open
and closed. In open-LPEM systems (Figure 3a), a liquid
specimen is placed in the vacuum chamber of the electron
microscope, whereby one or more pump-limiting apertures
are integrated in the microscope to accomplish a separation
of the high vacuum of the microscope column and the low
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Figure 2. Cryo-focused ion beam (cryo-FIB) liftout preparation and subsequent analytical cryo-scanning transmission electron microscopy
(cryo-STEM) characterization of an intact solid-liquid interface from a Li-metal coin cell battery. (a) Schematic depicting cryo-FIB liftout
preparation of intact buried solid-liquid interface for analytical cryo-STEM. (Top) An interface is exposed by cryo-FIB milling, and a cross-
sectional lamella is extracted on a cold nanomanipulator. (Bottom) The intact interface is then attached to a TEM grid and thinned to
electron transparency. (b) Electron transparent lamellae containing intact Li electrode-organic electrolyte-Li dendrite interfaces (electrolyte
composition: 1M LiPF; in 1:1 ethylene carbonate:dimethyl carbonate). Dashed box indicates region where (c-f) were acquired. Scale
bar =1 pm. (c) Annular dark-field cryo-STEM image of the interface between the Li dendrite and electrolyte. (d) Simultaneously acquired
cryo-STEM electron energy-loss spectroscopy (EELS) map. (e) Statistical analysis of the carbon K-edge EELS fine structure reveals carbon
bonding environment, with colors corresponding to the spectral components in (f). (f) Carbon K-edge spectral components corresponding
to the bonding environments mapped in (e). (c—e) Scale bars = 300 nm."® Note: SEl, solid-electrolyte interface; MCR, multivariate curve
resolution.
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Figure 3. Two basic types of liquid-phase electron microscopy. (a) An open system

in which the specimen is maintained in a vapor environment at low pressure separated
from the electron optics in high vacuum by means of a pump-limiting aperture. In

the case of scanning electron microscopy (SEM), a cascade of electrons and ions is
generated upon electron-beam impact, thus enhancing detection. (b) The liquid is fully
separated from the vacuum in the electron microscope in a closed system. In TEM, the
electron beam passes through two membrane windows. (c) Gold nanoparticles imaged
in liquid in a closed system revealing both stationary particles assembled in clusters
and chains as well as moving nanoparticles (visible as streaks). (d) Cancer cells imaged
in an environmental SEM. (e) Quantum dot nanoparticles (marked as yellow dots)
attached to HER2 growth factor receptors in the plasma membrane of cells are used to
examine drug effects. The image was acquired at the position of the * in panel (d).47:6265

LPEM has been used to study processes such
as nanoparticle growth?*% and movement
in liquid®"? (Figure 3c), biomineralization,
electrochemistry at nanoscale interfaces,!*"*2¢
drug-receptor interaction mechanisms in
cancer cells®*® (Figure 3d—e), and more.
Cryo-EM and LPEM are expected to be
paired in the future to reveal a more complete
picture of solid—liquid morphology, chemis-
try, and processes than could be obtained by
either technique individually. Cryo-EM will
provide high-resolution morphological and
chemical information from interfaces within
large samples, while LPEM will provide
dynamic structural information,® each tech-
nique contributing a piece to the scientific
puzzle.

Outlook

High-resolution structural and chemical analy-
ses of intact solid—liquid interfaces are now
possible using cryo-FIB to prepare materials
for characterization by cryo-STEM and APT,
which can complement the dynamic imaging
of LPEM to provide a more complete picture
of the interface. Adoption of these new tech-
niques has the potential to greatly enhance our
understanding of a wide variety of processes
at solid-liquid interfaces, such as chemical
absorption, the electrical double layer, cor-
rosion products, particulate transfer through

Note: t, thickness of liquid.

membranes, exfoliation of two-dimensional
materials in liquids, and biochemical reactions

vacuum around the specimen.**° Alternatively, ionic liquids
that are stable in vacuum can be directly used without the
need for a pump-limiting aperture.’! In closed-LPEM systems
(Figure 3b), a liquid specimen is separated from the vacuum
of the electron microscope by means of a thin, electron-
transparent membrane, typically made of silicon nitride?64%52
or graphene.>**

The advantage of LPEM is that it facilitates the study of
dynamic processes by providing access to the structure at
solid—liquid interfaces without the need to convert the sample
to a fully solid, frozen state. Additionally, recent evidence has
shown that under certain circumstances, radiation damage can
be reduced compared to cryo-EM.5% However, a major point
of concern is the reactive electrochemical environment cre-
ated by the electron beam in the liquid.’” Experiments have
to be carefully designed, executed, and interpreted to separate
effects of the beam from the phenomena that one aims to
examine.®® LPEM in a closed system is also typically limited
to a maximal sample thickness of several micrometers, which
is smaller compared to cryo-FIB/APT/STEM, since the sample
must fit between the windows of the cell.

https://doi.org/10.1557/mrs.2019.289 Published online by Cambridge University Press

with material surfaces, including implants.
These tools will therefore contribute to a deeper understand-
ing of processes occurring at solid—liquid interfaces across
many disciplines in the physical sciences.
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