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ABSTRACT OF THE DISSERTATION

Insights into Chemical Processes Garnered Through In Situ Transmission Electron Microscopy

by
Peter Tieu
Doctor of Philosophy in Chemistry
University of California, Irvine, 2023

Professor Xiaoging Pan, Chair

Catalysis remains an important field of research that drives economical approaches for various
energy conversion applications from natural resources. Industrial catalyzed reactions occur at the
surface of heterogeneous catalysts where many different active sites exist. Any atom not at the
surface is not directly used to drive chemical reactions. To improve efficiency, catalytic
nanomaterials have shrunk to the nano and atomic scale, increasing the surface area/volume ratio.
Traditional characterization methods for nanomaterials provide a large scale picture of overall
changes but do not exhibit a high degree of spatial information. To that end, transmission electron
microscopy (TEM) may be used to probe materials down to the scale of individual atoms through
both imaging and spectroscopy. Specialty holders allow for replication of benchtop reactions with
which to investigate changes to nanomaterials in situ. Here, in situ TEM was used to gain insights
into a variety of chemical processes including bond cleavage and surface reduction of different

nanomaterials.

First, we used in situ TEM to observe the contraction of the inter-metal center distances upon
heating of a Zr based metal-organic framework before tracking the chemical bond changes with

vibrational electron energy loss spectroscopy (EELS). The in situ results were corroborate with ex

Xiil



situ samples to validate the results. Then, in situ TEM and EELS was used to spatially map the
Ce®" aggregation on the surface of Pt loaded ceria nanoparticles. The localization of the Ce®* had
remained an unanswered question prior. The surface reduction was seen to proceed in an
irreversible fashion which was attributed to orientated attachment, a precursor step to sintering.
Finally, in situ TEM was performed in a liquid environment analyzing the growth of nanobubbles
and the dissolution of octahedral core-shell nanoparticles. Both nanomaterials exhibited stages of
structural changes that correspond to size stability and atom migration, respectively. As seen with
the variety of nanomaterials observed, in situ TEM gives insight to the various chemical processes

that occur when replicating benchtop reactions.
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Chapter 1

Introduction

1.1 Heterogeneous Catalytic Nanomaterials

Catalysis is an important field of research because it provides economical approaches to drive
various energy conversion processes to produce value-added chemicals and fuels from natural
resources such as oil, coal, solar energy, wind, and natural gas. The largest scale (by mass and
value) catalyzed reactions occur at the surface of heterogeneous catalysts where there are many
active sites. Any atom not at the catalyst surface is not directly used to drive chemical reactions
but may aid in the stability and/or modulation of the surface sites. To increase the conversion yield
per gram of catalyst, the use of smaller and smaller materials approaching the nanoscale with high
surface/volume ratios have been developed. Further advances from nanoparticle sized catalysts to
stabilized single atom catalysts (SACs) have also been achieved, pushing the field of catalysis
further. These nanoparticles and SACs can exhibit characteristics distinct from bulk materials of
the same composition and from each other as well. Due to the size reduction from bulk to
nanoparticles and smaller, a larger fraction of surface atoms is left with dangling bonds. The
reduction in size modifies the exhibited behavior through mechanisms such as quantum size effect,
strong metal-support interactions, surface effects, and strain.[1-10] As a result of these influences,

the behavior of nanomaterials must be examined at the nanoscale.

Characterization of catalytic nanomaterials, both in situ and ex situ, to understand the formation,
intermediate stages, stability, and reactivity is important toward designing better catalysts. The

catalysts surface may shift about during a reaction or the active site may become inactive.



Structural instability may lead to temporary higher turnover numbers but also to long term
degradation. A recent work showed the release of Au single atoms from a nanoporous Au surface
during methane pyrolysis, showing how an irreversible process may occur under reaction
conditions. [11] The nature of these structural changes during synthesis, pre-treatment, and
catalytic activity vary based on the reaction conditions and the starting material. Multiple
characterization techniques to probe the nanomaterials directly and indirectly are commonly used.
Bulk spectroscopic techniques performed on the benchtop are the most readily available. Further
complex X-ray based spectroscopic techniques are performed at large instrumentation facilities.
Further detailed visualization and interrogation at the nanoscale is achieved through electron

microscopy, both ex situ and in situ.

1.2 Transmission Electron Microscopy

1.2.1 Sample Preparation

The acquisition of high quality data during a TEM experiment begins with the preparation of a
high quality sample. For the purpose of transmission electron microscopy, a sample should be less
than 100 nm in thickness, with more ideal cases being less than 50 nm, especially when dealing
with heavier elements starting with the 4d transition metals. While the synthesis of nanomaterials
and catalysts generally result in individual particles on the nanometer scale of appropriate size, the
individual particles are synthesized at the micro or milligram scale, typically resulting in a final

powder form.



The typical method of achieving a dispersion of the nanomaterial from powder form is via
dropcasting. By suspending the powder in a solvent followed by sonication, the powder can be
separated into small clusters and/or individual particles for imaging and analysis. The solvent
choice and sonication duration will have an impact on the final dispersion. The solubility of the
nanomaterial in the solvent is the most prudent factor, with water being the common aqueous
solvent and a light alcohol such as ethanol or methanol being the option for a mildly polar solvent.
For non-polar solvents, toluene or hexane may be used but this solvent choice is less common. To
aid with the dispersion, sonication is subsequently utilized. Fifteen minutes or less is a common
choice for duration. A longer duration may be selected but may damage more fragile
nanomaterials. Once sonication is complete, a micropipette is used to transfer a droplet of the
solution to a TEM grid without direct contact. Various TEM grids exist for different applications.
The most common are a copper ring with a copper mesh. Other metals such as gold or nickel are
also available when copper is a part of the nanomaterial to be examined and spectroscopy is
necessary. Onto the copper mesh, an amorphous support may be deposited. The support may be
continuous or have regular holes or irregular holes or other shaped voids. Often, the support is
carbon but other light materials that can be made into an amorphous film (e.g. silicon nitride, silica)
are3omercially available. Many kinds of specialty grids for applications such as focused ion beam
(FIB) are commercially available. The solvent is allowed to evaporate and the sample preparation

is complete.

On occasion, some nanomaterials may not be of sufficiently small size and cannot be properly
dispersed by the solvent choice alone. This can be seen with materials that have been pyrolyzed

(or nearly), exhibiting a hardened structure. To achieve a thickness that is electron transparent,



mechanical grinding with a mortar and pestle (or ball milling if there is sufficient quantity) can be
used. However, this leaves particles of various sizes. A size selection of the grinded particles is
required. By dispersing the grinded particles in the desired solvent to be used for dropcasting and
using centrifugation, the larger particles are forced into the pellet at the centrifuge tube tip while
smaller particles remain suspended in the supernatant. By using increasing centrifugal force and

retaining the supernatant, smaller and smaller particles may be selected for TEM analysis.

1.2.2 Conventional Transmission Electron Microscopy

A typical electron microscope is composed of an electron gun, condenser system, objective lens,
movable specimen stage, intermediate and projector lenses, image-recording system (CCD camera
and various detectors), and many optional equipment including aberration corrector, EDS detector,
and electron energy-loss spectrometer. In conventional TEM mode, electrons emitted from the
electron gun form a parallel beam after passing through the condenser lens and illuminate the
sample (Figure 1.1). Then, electrons can be diffracted by the interaction with the sample and carry
this information onward. The electrons are focused by the objective lens. The intermediate lens
and projector system can be configured to project either this diffraction pattern or allow the
diffracted beams to interfere further to form a real space image for projection. The objective lens
and projector lens also control the magnification through a wide range. Finally, the real space
image or diffraction pattern formed by the electron beam is recorded by an image-recording device

such as a digital camera.
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Schematic of a conventional TEM in imaging and diffraction mode.

In high resolution TEM (HRTEM), a high spatial resolution (~0.05 nm) image can be acquired
with aberration-corrected microscopes by using a large objective aperture that includes both the
transmitted and diffracted beams. For very thin samples (less than 5 nm), the phase-object
approximation may be applied to understand the phase-contrast of the image. However, under most
circumstances, the phase-object approximation cannot be used. The phase change due to
interaction of the electron beam and the sample cannot be considered linearly proportional to the
electrostatic potential of the sample. The contrast in the recorded image depends on multiple
factors including the exit wave function of electrons passing through the sample, sample thickness,
misalignment to a zone axis, defocus, and various aberrations of the optical lenses and thus the

contrast of the final image should not be interpreted as representative of atomic structures.



Computer simulation is used in conjunction with HRTEM to come to a final conclusion of the

atomic structure.

1.2.3 Scanning Transmission Electron Microscopy

In scanning transmission electron microscopy (STEM), the electron beam is converged to form a
small probe (Figure 1.2a). With the invention of aberration correctors, modern electron
microscopes achieve an electron probe with a sub-Angstrom size to acquire atomic resolution
images. Scanning coils raster-scan the probe across a region of the sample with magnification
controlling the step size. The electrons can be elastically and inelastically scattered by the atoms
in the sample. The scattered electrons are picked up by electron detectors and integrated together
to form an image. The electrons that are scattered to a high angle are collected by a ring-shaped
high angle annular dark field (HAADF) detector to form a HAADF image (Figure 1.2b). Unlike
the above-mentioned HRTEM images, HAADF images are formed by incoherent scattered
electrons.[12—14] The scattering probability is approximately proportional to Z*"2, where Z is the
atomic number and the exponent changes based on the collection angle.[15] Thus, HAADF images
are also called Z-contrast images. Z-contrast images are less sensitive to sample thickness and
alignment to a zone axis, allowing for direct interpretation of the atomic structure from the intensity
of the HAADF image. On the other hand, an annular bright-field (ABF) detector with the ring-
shaped inner circumference of the transmitted electron disk collects low-angle scattered electrons.
Thus, ABF images can be effective to visualize the atomic column of light elements such as H, Li,
and O.[13,15,16] If the electrons in the transmitted central disk is collected by a circular retractable

bright-field (BF) detector, a bright-field (BF) image is generated (Figure 1.2c). BF STEM images
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Figure 1.2. STEM configuration
(a) STEM configuration schematic depicting HAADF, BF, EDS, and EELS detectors. Identical

region of Fe and Mo single atoms dispersed on N-doped graphene as imaged by the (b) HAADF
and (c) BF detectors on GrandARM. The Fe and Mo show up readily in the HAADF image with
light elements showing a faint intensity. The BF image shows the clear presence of the lighter
elements but is harder to distinguish atomic locations.

primarily contain the coherently scattered electrons, and thus do not exhibit Z-contrast
characteristic and are more analogous to HRTEM images which also contain coherently scattered
electrons. In STEM, HAADF and ABF/BF images may be acquired simultaneously when solely

imaging.

For the work mentioned here on the GrandARM microscope at UCI, the following table is

considered the standard STEM imaging condition unless otherwise mentioned.



Table 1.1 Standard STEM imaging conditions on GrandARM

Instrument Component Specification
Acceleration voltage 300 kV
Condenser lens aperture 30 um
STEM probe size 0.06 nm
Convergence semi-angle 32 mrad
EELS energy resolution 0.34eV
EDS energy resolution 121.5eV
HAADF detector Inner angle: 53 mrad
Outer angle: 180 mrad
BF detector Outer angle: 31 mrad
Spot size 7C
Camera length 12 cm

1.3 In situ Transmission Electron Microscopy

In situ TEM imaging under reaction conditions allow for observations to garner an
understanding of key points during the synthesis, activation, and degradation of the nanomaterials,
particularly for catalysts, which may be missed ex situ.[17] For synthesis, in situ imaging gives
information about the mechanism through which the nanomaterial forms as well as at what point
undesirable changes occur. The temporal resolution of equipment used within electron
microscopes has been improving, enabling the capture of fast processes due to the availability of
direct electron detector for TEM mode and faster scanning for STEM mode. Gatan, Inc. has
improved their cameras through the years, going from 25 to 6000 frames per second depending on
the type of camera and the detector binning. The temporal resolution afforded by hardware
improvements have aided analysis of faster processes. In situ TEM experiments can be carried out
either within environmental TEM (ETEM) or using specialty holders. The work discussed here

use micro-electromechanical systems (MEMS) based E-chips with specialty holders to provide
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stimulus such as heat, gas, liquid, light, or strain (or a combination) at the microscale. A general
schematic for a heating E-chip and a gas cell E-chip can be seen in Figure 1.3. For these holders,
the miniaturization of devices must be accomplished. Because the reaction environment can be
kept separate from the microscope’s vacuum environment, large adjustments to the microscope
operating conditions are not needed. To acquire images and spectroscopy, the microscope is set up
in the same conditions as those for ex situ experiments and then the holder is inserted to commence
the experiment. The environment of the E-chip is controlled separately from the microscope
software control as well. In situ TEM using MEMS based holders allow for the replication of
benchtop reactions in the microscope to acquire information about the reaction process with little

to no change from standard microscope operation.
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Figure 1.3 E-chip schematics

(a) Schematic of a Protochips Fusion heating E-chip viewed from the top. The electron
transparent SiNx membrane covers the central region of the SiC heating unit. (b) Schematic of a
Protochips Atmosphere gas cell E-chip viewed from the side. The slanted cut of the Si wafer
allows for higher signal detection of X-rays with the EDS detector.



Chapter 2

Comparison of TEM and Macroscopic Spectroscopy Techniques

2.1 Energy Dispersive X-ray Spectroscopy

Energy dispersive x-ray spectroscopy (EDS) is a spectroscopic technique used in electron
microscopes for elemental identification, especially at low magnification to provide conclusive
evidence of the elemental distribution and/or homogeneity of a material. The ease of performing
EDS also allows the operator to quickly acquire the spectrum data to complement the HAADF
images without changing many microscope parameters. The wide energy detection window allows
for broad scanning of multiple elements, especially heavier elements (>4p elements). To generate
an EDS spectrum, the incident electron beam can eject an electron from the inner shell of an atom
in the sample, forming an electron hole. Another electron from an outer shell then fills this hole
and the resultant energy difference may be released in the form of an X-ray, as shown in Figure
2.1. Different elements have distinct characteristic X-ray energies, which, when combined with
the raster-scanning nature of STEM mode in the electron microscope, allow for spatially resolved
elemental mapping which may not be readily determined from HAADF imaging alone (Figure
2.2). In combination with low and high magnification HAADF images, EDS provides a clear
assessment of the distribution of elements across nanomaterials. For well-defined structures with
atomic columns aligned to a low order zone axis such as perovskite thin films, atomic resolution

EDS elemental maps may also be achieved.

However, the energy resolution for EDS (121.5 eV for GrandARM) may not allow for the
10
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Figure 2.1. EDS and EELS sample interaction
Schematic of the interaction of the electron beam with an atom to generate EDS and EELS
signals.

distinction of overlapping characteristic peaks, e.g. the Mo La (2.29 keV) and S Ka (2.31 keV)
peaks of MoS,. In addition, quantitative EDS measurements are only a rough estimate without the
use of standards to calibrate the signal within a specific microscope. The amount of generated X-
rays is also impacted by the extent of electron channeling through a material which is impacted by
the tilt relative to a zone axis.[18] There have been some works which spatially mapped single
atoms through EDS with careful quantitative evaluation of the EDS counts to confirm the signal
came from a single atom and not from a cluster of atoms.[19-21] At the same time, the authors
recognize the lower collection efficiency of EDS compared to electron energy loss spectroscopy
(EELS) which provides such a challenge for high quality quantitative EDS. As mentioned earlier,
the wide energy scan range allows EDS to be a powerful tool for the detection of heavier elements.

This is of particular relevance to single atoms of heavy elements which have characteristic peaks
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Figure 2.2. Example EDS data
(a) EDS spectrum of 2% Pt/CeO2:y-AlOz at a 1:4 mass ratio on a TEM grid. Carbon and copper
signals arise from the TEM grid. (b) Survey image region from the EDS scan and the elemental
maps.
at very high loss that is not as readily picked up with an EELS detector. Additionally, some
elements are more prone to background contributions such as Fe which can be found in EDS

detectors or Ti which standard TEM holders utilize in the construction. Hence, other spectroscopic

techniques in conjunction with EDS should be considered.

2.2 Electron Energy Loss Spectroscopy

HAADF images are mainly formed by integrating incoherent elastically scattered electrons which
only change the propagating direction without losing energy.[12] At the same time, some electrons
can be inelastically scattered due to various interactions with the sample including: inner-shell
ionizations (Fig. 2.1), inter- and intra-band transitions, and plasmon, exciton, and phonon
excitations. Consequently, the transmitted electrons lose energy equivalent to the energy of the

corresponding interaction, which provides local coordination and chemical information as well as
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the electronic and vibrational structure of the materials. The energy loss of these inelastically
scattered electrons can be measured using a magnetic-prism spectrometer. After the projector
lenses and HAADF detector, the electron beam passes through an EELS aperture into the
spectrometer. In the magnetic prism, the electrons are deflected to different trajectories according
to their energy. The outgoing electrons, with different energy loss, are refocused onto an EELS
detector to form an electron energy-loss spectrum. An EEL spectrum can be divided into regimes
with different energy spans. In the low-loss regime (0-50 eV), the spectrum contains the zero-loss
peak (ZLP), plasmon peaks, and signals, such as phonons, reflecting the electronic and vibrational
structure of the material. The ZLP, composed of elastically scattered electrons, is a sharp peak
centered at 0 eV with the full width at half maximum of the ZLP defining the energy resolution of
EELS. A high energy resolution is critical to visualize the fine structure of ionization edges. The
typical energy resolution is about 0.3-0.6 eV for a field emission gun (0.34 eV for GrandARM at
300 kV) and has been improved to sub-8 meV with the help of a monochromator.[22,23] The

plasmon peak is commonly utilized to estimate the sample thickness, information which can be
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Figure 2.3 Example EELS data

(a) Coreloss EELS spectrum of CeO- nanoparticles on a SiNx membrane using 0.50 eV/ch
dispersion. Si K and L edges are not in this energy window. (b) Survey image region from the
EELS scan and the elemental maps.
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used for simulating and interpreting various imaging conditions such as HRTEM. In the core-loss
EELS regime (>50 eV), there are characteristic peaks for different elements (similar to EDS) which
allow for elemental mapping (Figure 2.3). The improved energy resolution allows for distinction
of fine structure and visualization of the lower energy regime near the zero-loss peak. By
combining a small probe size with adjustable energy resolution, EELS elemental mapping may be
performed with more details related to the electronic structure, in comparison to EDS elemental
mapping. While HAADF-STEM imaging is excellent for visualizing nanomaterials, there are
limitations to the interpretation through Z contrast. For instant, the lighter elements on an organic
support, such as C, N and O, are not easily detected, and intensity profiles may not distinguish
between elements of similar atomic weight. As such, EELS mapping is commonly used to identify
elements in conjunction with HAADF images. Because of the better energy resolution compared
to EDS, EELS provides more detailed information in the fine structure of the ionization
edges.[24,25] By analyzing these features, the local coordination and oxidation state of

nanomaterials down to the single atom can be ascertained.

Both spectroscopic TEM techniques are used as complementary tools with the spatial resolution
limited by the size of the probe formed from the electron beam. Acquisition of both EDS and EELS
data must be balanced between sufficient signal-to-noise ratio and minimizing beam-induced
damage as noted by Egerton and Watanabe.[26] The combination of STEM and EELS is capable
of probing atomic resolution compositional and chemical information, making this combination a

powerful technique in the study of nanomaterials.[27]

2.3 Vibrational Electron Energy Loss Spectroscopy
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As the invention and improvement of the monochromator and new-type spectrometers pushed the
energy resolution to the meV range, the field of vibrational EELS was pioneered in 2014 and has
been expanding since.[28] Besides the inelastic scattering due to the excitations of inner-shell and
outer-shell electrons of atoms, the electron can also interact with the nucleus and experience the
lattice vibration of the material, and subsequently lose energy equivalent to the eigenenergy of
excited vibration modes. The correlation of vibrational modes seen in the EEL spectrum usually
have direct analogues to the peaks measured by FTIR and Raman spectroscopy which allow for
probing of bond changes during a chemical reaction.[29] Even the difference between *2C and *3C
can be spatially resolved with vibrational EELS.[30] The applications of vibrational EELS are
constantly being explored.[31-35] While probing the vibrational modes of heavy metals may not
be possible at the moment due to the limited energy resolution and poor signal-to-noise ratio of
the EELS detector, the influence of the metal catalysts on the local support environment or on a
reactant during a chemical reaction can be investigated. Changes to vibrational modes are likely
to accompany adsorption/desorption of a reactant which can be tracked through vibrational EELS
with high spatial resolution. The strength of vibrational EELS lies in probing light elements’

interaction spatially.

2.4 Probe Molecule FTIR

Probe molecule FTIR is a common technique employed with metal nanoparticles and single atom
catalysts to characterize active surface site structures due to the inactivity of metal-metal and metal
oxide bonds to IR.[6,36—38] CO is commonly used as the probe molecule due to the strong binding

of CO to many metal centers and the site-specific vibrational fingerprint typically observed from
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1800-2200 cm* as a function of the metal oxidation state and local coordination. The strength of
the CO backbonding, and thus the stretching frequency, is directly influenced by the electron
density of the bound metal and the orientation of the CO relative to the metal. The different binding
mechanisms (e.g. linear, bridged, geminal) of CO induce changes in the vibrational frequency,
providing structural information about the adsorption site. CO bound to metals have a large IR
extinction coefficient, making the signal-to-noise ratio of even a small amount of bound CO
adaquate.[39] Further development of FTIR as a rapid analytical screening tool was accomplished
by combining HAADF-STEM imaging with CO FTIR to provide complementary information
about single atom catalyst synthesis and structure.[40] The FTIR measurements provide a sample
averaged probe of the synthesized metal catalyst while the HAADF images give atomic
visualization of the corresponding structures. By imaging at different metal loadings, the
nanoparticle to single atom ratio can be confirmed, setting up a calibration curve of sorts to rapidly
screen future synthesis using the same metal, thereby increasing the rate of screening of synthesis

methods.

Along with ex situ samples, FTIR can be useful for examining in situ structural changes of
catalysts, inferred from changes in the nature of bound species. For example, Rh/TiO- catalysts
exposed to elevated temperatures and high CO2 to H: feed ratios showed dynamic product
selectivity in the CO- reduction reaction. In situ FTIR was used to study the strong metal support
interaction (SMSI) between the Rh and TiO> support by Matsubu et al.[41] A redshift of the CO
stretch on Rh by 50 cm™ as well as a weakening of the intensity of the stretch was observed during
reactive treatments. To identify the cause of the redshift, TEM imaging was employed. A buildup
of carbonate and formate like species (HCOx) was observed to cover the support. The buildup of

the HCOx species on the TiO2 induced oxygen vacancies in the TiO2 substrate. The oxide vacancy

16



caused the metal oxide to become more mobile, migrating onto the Rh nanoparticles and reducing
the concentration of CO bound to the surface. The presence of SMSI was hinted at via FTIR but

needed confirmation by in situ microscopy techniques that look directly at the nanomaterial.

2.5 Raman Spectroscopy

Raman spectroscopy is a non-destructive spectroscopic technique that provides information about
chemical structure and bonding. Using a monochromatic laser light, a sample is illuminated and
some light is scattered with a change in the energy due to interactions with the molecular
vibrations. This Raman scattering is specific to the composition and structure of the bond and
molecule, allowing Raman spectroscopy to be used as a chemical fingerprint technique. In a
spectrometer, monochromatic light, typically in the visible or near IR range range, excites the
sample to a virtual energy state (Figure 2.4). The sample relaxes back to a different vibrational
state, releasing a photon with different energy than the incident light. A loss of energy is called a
Stokes shift while a gain of energy is termed anti-Stokes. Samples for Raman spectroscopy do not

require special preparation and can even be performed through transparent or opaque containers.

Raman spectroscopy can be considered as a complimentary spectroscopic technique to IR.
Whereas IR requires a change in the dipole moment in a vibration, Raman spectroscopy requires
a change in the polarization (i.e. the shape of the electron cloud). Materials and bonds that are IR
active have weak Raman signals and vice versa. Polar chemical bonds where electrons are tightly
held toward one atom do not exhibit high polarization and have weak Raman signals. On the other
hand, homonuclear bonds exhibit a high degree of polarizability. Similarly, metal-ligand bonds

have a high tendency to be Raman active due to the large amount of mobile electrons from the
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Figure 2.4. Jablonski diagram of FTIR and Raman transitions

Jablonski diagram depicting the energy transitions for IR absorption. In Raman spectroscopy,
after excitation to a virtual state, the majority of the scattering is elastic (Rayleigh) with some
inelastic scattering (Stokes and anti-Stokes). Due to the high energy wavelength used for
excitation in Raman, fluorescence is another possible result.

metal. Therefore, Raman is used to probe materials that do not show up in IR spectra or to avoid
strong IR peaks. For example, O-H bonds have weak signals in the 200-2000 cm range in Raman,
allowing for investigation of samples dispersed in water. The energy resolution in most
commercial spectrometers is 2-4 cm™ which is sufficient to resolve small changes to the chemical

bond and structure, such as differentiating between ortho-, meta-, and para- positions.[42]

Similar to IR, Raman has limitations when applied to nanomaterials. The Raman active chemical
bonds which are present in organic materials may not be present in ionic salts or purely metallic
compounds. In addition, highly fluorescent materials may wash out the already relatively weak
Raman signal. While there are ways to mitigate the impact of fluorescence with a longer excitation
wavelength (1064 nm) and/or spatially offset Raman spectroscopy, these options may not always
be available. Finally, as a bulk spectroscopic technique, the spectra are averages of the ensemble.

The differentiation of behavior at heterogeneous sites via Raman should be coupled with other

18



methods to provide structural evidence.

2.6 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) utilizes X-rays to probe the electronic state and coordination
of a material. The highly penetrating nature of X-rays allow the sample to be crystalline,
amorphous, in liquid, gaseous, etc. The high energy of X-rays enable the analysis of energy regions
which are not as accessible with other techniques, of particular relevance to heavy metal and metal-
metal energetics. Additionally, development of operando spectroscopy have enabled
investigations into the evolution of materials under catalytic conditions.[43] X-ray absorption
spectroscopy measures the absorption coefficient of a material as a function of energy, with a sharp

rise at the energy corresponding to the binding energy of a core electron. For transmission XAS,

the absorption coefficient may be expressed as p(E) = ln(IO/ 1) where lo is the intensity of the X-

ray before the sample and | is the measured intensity after the sample. The resulting spectrum has
distinct regions corresponding to X-ray absorption near edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) which show features to determine the electronic and
geometric structure (Figure 2.5a). The XANES region arises from excitation of core electrons to
the conduction and valence bands and is used to determine the electronic state. The EXAFS region
arises from scattering interactions of photoelectrons with neighboring atoms and thusly is used to

determine the local geometry and coordination environment.

XANES analysis looks at the sharp absorption peaks that are dramatically changed by the localized
electronic state. The position of the edge and the shift can be used to determine the valence state,

similarly to coreloss EELS. A linear combination of known spectra can be used to acquire
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compositional ratios of mixed valence materials. In contrast to XANES, the analysis of EXAFS
data is not as straightforward but can be fully interpreted. After pre- and post-edge background
subtraction, the spectrum is converted from energy space to k space. A weighting is applied
(typically k? or k®) to counteract the rapid decay of the spectrum in k space. A Fourier transform
is applied to bring the spectrum from k space to R space. This transformation is usually shown as
the absolute value, [x(R)|, with peaks that correspond to coordination shells. Each coordination
shell is modeled individually and then compared to the raw data to ensure a good fit. This fitting
generates the average coordination around the atom. Together, XANES and EXAFS give the

electronic and geometric information about each type of atom in a sample.

While EXAFS modeling has improved in both quality and accessibility, there remain limitations
due to the process which is used for the analysis.[44] The key assumptions lie during the modeling
process which assumes a uniform structure (or an average structure) around each atom type. This
is due to the fact that the data is a summation from a micrometer sized sample so with no spatial
information. Therefore, simple periodic structures fit well but polydispersity is not effectively
modeled. Additionally, highly disordered compositions exhibit suppression of the second-shell
peak.[45,46] As such, XAS data is useful for understanding well-defined materials but additional
methods such as EELS to provide site-specific information should be considered in conjunction

with XAS.
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Figure 2.5. Example XAS and XPS data

(a) Copper foil XANES data of the Cu K-edge. Inset, k3-weighted EXAFS data. Reproduced
with permission of the International Union of Crystallography. (b) C1s scan of a Zr based metal-
organic framework with deconvolution to separate carbon species.

2.7 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique that provides information
about the oxidation state and local binding of species near the sample surface. Irradiation of a
sample with X-rays of a particular wavelength results in ejection of electrons whose energies are
measured. Only electrons that actually escape the sample are measured in XPS. However, photo-
emitted electrons can undergo further inelastic collisions, recombination, and other trappings
which result in a decrease of photoelectrons which successfully escape. This attenuation has a
higher degree of effect the deeper into the sample the X-rays penetrate, resulting in a surface-
weighted signal. The inelastic mean free path of an electron within a sample may be calculated,
often resulting in single digit nanometer depth penetration.[47] Thus, the information garnered
from XPS comes near exclusively from the upper surface of a sample (with an average depth of 5

nm).
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The detectors within a XPS instrument are able to measure the energy of the emitted electrons.
The difference between known energy of the incident X-rays (Al K, = 1486.7 eV) and the
measured energy of the emitted electrons combined with a small work-function allows for
calculation of the binding energy of the sample (Figure 2.5b). When combined with a
monochromator and Al K. X-rays, laboratory XPS instruments can achieve a working energy
resolution between 0.4 and 0.6 eV. The binding energy of various elements are effected by the
local coordination and oxidation state, resulting in chemical shifts to higher binding energy at
higher oxidation states. Because these binding energies are reproducible, a catalogue of typical
values for the identification of elements in a spectrum is available, similar to coreloss EELS. At
the same time, the ability to scan various energy windows without much recalibration allow for
the analysis of a wider variety of elements compared to EELS. The relative quantification of
elements to yield an empirical formula for solid state samples is one of the common uses of XPS.
Another capability of XPS is through depth profiling whereby destructive removal of the
uppermost layers of a material allow for XPS measurements at various depths. Because the
information in XPS comes primarily from the outermost surface, different depths can have
different spectra to provide compositional information in a manner that the above techniques
cannot. This kind of information is of particular relevance to core-shell nanoparticles and other

materials that exhibit some kind of encasement.

However, the spectra are a summation of the scanned region which is in the micrometer scale. As
such, while there is a vertical distinction in XPS, there is no spatial information in the x,y plane of
the sample. Therefore, XPS is an effective tool for understanding to totality of surface behavior

but lacks stronge capability for determining the horizontal locality of specific atomic behavior.

22



Chapter 3

Combining In Situ and Ex Situ Techniques to Investigate Post-

synthesis Modification of a MOF

3.1 Background

Metal-organic frameworks (MOFs) have a porous and crystalline structure afforded by varying the
composition of the building blocks, leading to applications such as gas storage and separation,
catalysis, and proton-conducting membranes.[48-55] The MOF structure is constructed by joining
metal centers (secondary building units) with organic linkers (typically aromatic chains caped with
polar groups such as a carboxylate) to generate an open crystalline framework with a well-defined
pore size. The many various metal centers and organic linkers have resulted in thousands of

generated compounds whose chemistry are based on the structure.

Further adjustments to the chemistry of a MOF can be achieved through post-synthesis
modification (PSM). For example, by incorporating organic guests, metal-organic complexes,
and/or nanoparticles into the framework, the reactivity of the MOF is adjusted and additional
catalytic sites can be added to the MOF. [56,57] The incorporation of nanoparticles as a catalytic
site in the MOF structure is particularly useful by adding a new component into the framework
which adds a new type of active site.[58-60] Other types of PSM that remove parts of the
framework are done through thermal activation. The thermal activation can remove the occupying

gas and free up acid sites inside the framework. However, the crystallinity is readily affected when
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excess thermal energy is applied. Additionally, this adjustment to the framework through removal

is not as well studied.

Typically, characterization techniques such as powder X-ray diffraction, infrared spectroscopy,
thermogravimetric analysis, and electron microscopy are used to understand the structure and
composition of a MOF. In situ characterization techniques are relevant for providing detailed
information about the transformations that occur during a PSM. In situ FTIR in particular is used
to easily track the formation and/or cleavage of bonds during a chemical process thanks to the
distinct fingerprint region that shows a clear change in the peak intensity and shape as the reaction
proceeds. FTIR focuses on light elements that can exhibit a change in the bond polarity but not
heavier elements when incorporating nanoparticles into the framework. However, regular
spectroscopic technigues only provide information about the chemical bonds and environment that
are present without direct information about the overall structure which is crucial for MOFs. To
that end, in situ TEM was used to examine the structure and chemical composition of a Zr based
MOF during a heating PSM through imaging and spectroscopy. The in situ results were further

validated with ex situ samples.

3.2 Methods

3.2.1. TEM Sample Preparation

Solid MOF powder dispersed in ethanol was dropcast onto a carbon TEM grid and onto a
Protochips Fusion heating E-chip and allowed to air dry. In situ heating was performed on the
Fusion E-chip inside the microscope with temperature ranges between 25 and 800 °C with a ramp

rate of 1 °C/s at 10°° Pa vacuum condition. Ex situ heating was performed in a vacuum oven with
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aramp rate of ~1 °C/s and an oxygen partial pressure <1/1000" atmospheric value. Ex situ samples
were held at various temperatures for 200 minutes and then allowed to cool overnight (~12 hours)

under vacuum.

3.2.2. TEM Characterizations

For TEM imaging, GrandARM at 80 kV for in situ work and on a JEOL 2100F at 200 kV for ex
situ work was used. The in situ TEM imaging was acquired on a Gatan OneView camera. The
MOF was imaged on GrandARM in STEM conditions described in chapter 1.2.3. For in situ
vibrational EELS combined with STEM imaging during the same session, a Nion UltraSTEM 200
with High Energy Resolution Monochromated EELS Spectrometer (HERMES) at 60 kV was used.
For the Nion microscope, a 38 mrad convergence semi-angle was used and the HAADF detector
collected signal between 95 and 210 mrad for imaging conditions. Vibrational EELS was
performed using a 33 mrad convergence semi-angle with a 0.5 meV/channel dispersion. Use of
the monochromator reduces the probe current to 10 pA. The 30x30 pixel map was collected using

Nion’s inbuilt Swift software.

3.2.3 Ex Situ Characterizations

Raman spectra were taken on a Renishaw inVia Raman microscope using an Nd:YAG laser at
1064 nm for excitation. FTIR data was acquired with a Jasco 4700 with 4 cm™ energy resolution
and 100 total scans. XPS was performed on a Kratos AXIS Supra spectrometer with a

monochromatic Al Ka (1486.6 eV) X-ray radiation source. A Shirley background was applied and
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all components were fitted with a VVoigt peak. A pass energy of 20 eV was used for all high resolved

XPS spectra, resulting in a 0.45 eV energy resolution.

3.3 Initial Structure Characterization

The MOF archetype has a range of sensitivity to an electron beam depending on the composition
and structure.[61-65] Therefore, initial imaging was performed with conventional TEM to discern
the sensitivity of this Zr based MOF. The .cif structure file was provided by collaborators at City
University of Hong Kong to compare with initial structure characterization results. The atomic
model showed a hexagonal pattern between the zirconium oxide metal centers with the terphenyl-
4,4-dicarboxylic acid linkers in between (Figure 3.1a). Initial imaging showed unexpected stability
under the electron beam even under 500k magnification. The low magnification imaging indicated
the flake-like nature of the MOF, forming a two dimensional sheet with weak interactions in
between sheets. TEM imaging confirmed the presence of a hexagonal pattern which is attributed
to the metal centers (Figure 3.1c, d). While individual atoms and the exact atomic location may
not be determined solely from the TEM images, the comparison with the atomic model allows for
a high degree of certainty that the dark regions in the TEM images correspond to the zirconium
oxide metal centers. Electron diffraction was performed, indicating a hexagonal nature whose
distance in reciprocal space corresponds to the inter-metal center distance in real space (Figure
3.1b). Therefore, the diffraction pattern for this crystalline material contains information about the

heavier metal centers.

Due to the exhibited stability, the MOF was imaged under standard STEM conditions on

GrandARM. Due to Z contrast, the metal centers show up more clearly here, exhibiting the
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Figure 3.2. Structural characterization of a Zr based MOF
(a) Atomic model from powder XRD refinement. (b) Electron diffraction of the pristine MOF.

(c) Low and (d) high magnification TEM image and (e) low and (f) high magnification HAADF
image of a Zr based MOF. Zr=green, O=red, S=yellow, C=grey, H omitted for clarity. A
hexagonal schematic representing the metal centers overlaid on (d) and (f).

hexagonal pattern that was observed under TEM conditions (Figure 3.le, f). The direct
interpretation of the signal intensity further confirms that the hexagonal pattern in TEM is correctly
attributed to the metal centers. At higher magnification, the distance between metal centers was
measured (2.1 nm) and faint hints of the organic linkers were observed in between the metal
centers. However, prolonged exposure to the electron beam in STEM at higher than four million
magnification resulted in destruction of the organic component and the metal centers visibly

aggregating. Having ascertained the initial structure and the stability under TEM conditions, in

situ experiments were designed to investigate a PSM utilizing thermal stimulus.
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3.4 In Situ Characterization

In situ TEM imaging was performed on GrandARM at 80 kV from 25 to 800 °C with the beam off
for ca. 15 minutes between temperature intervals before imaging. The hexagonal pattern remained
up to 650 °C before the structure undergoes destruction above 700 °C (Figure 3.2a). Fast Fourier
transformations (FFT) of the direct images were analyzed to understand the overall change to the
framework based on the metal centers. The FFT of the observable lattice matched the distances
measured in the electron diffraction, indicating that the FFTs could be used to track changes to the
inter-metal center distances. The MOF showed a marked increase in the reciprocal lattice spacing
between 250 and 300 °C and again between 500 and 600 °C (denoted by vertical dashed lines in
Figure 3.2b). An increase in the spacing in the FFT corresponds to a decrease of the inter-metal
center distance in real space, contrary to expectations of thermal expansion for most materials. A

low magnification image series was also acquired to confirm the contraction of the MOF is not a
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Figure 3.2 In situ heating TEM results

a) FFT and TEM images of the MOF structure at various temperatures. b) Plot of average
measured (001) inter-metal center distances in the FFT, converted to real space, between 25 and
800 °C with the % contraction compared to 25 °C. Major stages of changes indicated with
dashed vertical lines.
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local phenomenon observed due to the electron beam (Figure 3.3). The electron beam was turned
off except during the brief seconds necessary to acquire an image at each temperature. The low
magnification STEM images acquired in situ confirm that the contraction phenomenon observed
is due to the thermal stimulus and not induced by the electron beam. As such, an explanation about
how contraction of a MOF framework led to the conclusion that chemical bond changes were

involved during this PSM.

400 °C 600 °C

Figure 3.3. Low magnification in situ STEM results

Low magnification HAADF-STEM images acquired during in situ heating at various
temperatures. The length of the MOF flake was measured between the yellow arrows and the
percent contraction compared to 25 °C is shown in the bottom right. The beam was turned off
during the experiment except when imaging at these temperatures. Scalebar, 100 nm.

To investigate the chemical bonding changes, in situ vibrational EELS was performed on a Nion
UltraSTEM. The energy resolution achieved for the vibrational EELS measurements was 8 meV
as measured by the full width half maximum of the zero-loss peak. The ability of vibrational EELS
in electron microscopy to resolve different bonds is a powerful tool that was first reported in 2014
with the aid of the monochromator.[28] Following the same heating profile as the in situ imaging
work, vibrational EELS spectra were acquired at various temperatures, normalized to the ZLP, as
shown in Figure 3.4. Two major peaks located between 60-110 meV and 115-225 meV were
observed. Correlative measurements from Raman and FTIR of the pristine MOF structure were
used to assist the interpretation of the vibrational EELS results (3.5a). In the vibrational EELS

spectrum, the large peak between 115-225 meV is attributed to the aromatic C-C bond and the
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Figure 3.4. In situ vibrational EELS results

In situ vibrational EELS spectra at different temperatures observing chemical bond changes. The
peak from 60-110 meV is attributed to the C-S and S-S bonds. The peak from 115-225 meV is
attributed to C-C and carboxy! groups.

resonance stabilized carboxyl group. Chemical bonds with heavier elements exhibit a peak at a

lower energy and thus the smaller peak at 60-110 meV is a mixture of the C-S and S-S bonds.

By looking at the large peak centered at 170 meV before and after heating, the MOF structure
indicates the presence and relative quantity of C-C and carboxyl bonds are mostly unchanged
(Figure 3.6a). However, the peak associated with C-S and S-S bonds shows a drastic reduction.
The better stability of the aromatic bonds (124 kJ/mol) was expected compared to sulfide bonds.
A small decrease in the peak centered at 170 meV in Figure 3.6a was attributed to a

decarboxylation process. Due to the relative abundance of the C-C bonds compared to the
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Figure 3.5. Comparative spectroscopic energies
Comparison of peak energies in FTIR, Raman, and vibrational EELS of the pristine MOF
structure with important bonds indicated.

carboxylic group, the measured decrease in peak area is small and can be considered nearly
constant. With the peak at 170 meV being nearly constant, the ratio of the two peaks in the
vibrational EELS spectra reflects upon the amount of C-S and S-S bonds present in the framework
at each temperature as seen in Figure 3.6b. Due to the relatively weaker bonds C-S and S-S bonds,
high temperatures can result in a loss of the sulfur species from the framework. To check on
whether sulfur remained even at higher temperatures, in situ coreloss EELS was performed on
GrandARM with the same temperature range. Figure 3.7 shows that there is a decrease in the
presence of the S Lo 3 edge, matching the loss indicated in the vibrational EELS spectra, sulfur
remains in the MOF framework to the end. Thus, this indicates that there is a loss in the number
of C-S and S-S bonds in the framework but the contraction to the structure must include sulfur in
the final result. By combining the in situ results, we conclude that there is a two stage lattice
contraction caused first by the formation of disulfide bonds at ~300 °C and a decarboxylation at

~500 °C which decreases the inter-metal center distance. The formation and cleavage of bonds,

31



(a)

=0.00012

=9
| 0.00010 ~

e

Normalized Intensi
[—]
-
[—]
-
-
1]

0.00006 1

0.00004 4

0.00000 -

i before PSM
after PSM

60 80 100 120 140 160 180 200 220 240

Energy Loss (meV)

Figure 3.6 Vibrational EELS peak analysis
(a) A comparison of the two peaks detected in the vibrational EELS spectra before and after heat
treatment, normalized to the ZLP. The peak associated with the C-S and S-S bonds is noticeable

decreased. (b) Ratio of the two peak areas throughout the heating process with sudden increases

(emphasized with the circles) that match with the temperatures where lattice contractions were

observed.
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observed directly with in situ microscopy during the PSM, changes the spacing of this MOF as

seen by the TEM images.
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Figure 3.7 In situ coreloss EELS of the MOF

Coreloss EELS spectra throughout the heating process. The S L2 3 edge (165 eV), Zr M4 s edge
(180 eV, delayed maximum at 211.5 eV), C K edge (284 eV), and O K edge (532 eV) are visible
throughout the heating process. Normalized to the ZLP. Vertical offset for clarity.

3.5 Complementary Ex Situ Characterization

To confirm the in situ measurements, ex situ samples were heated to various temperatures in a
vacuum oven for comparison with the in situ results through imaging, IR, and XPS. The physical
appearance of the MOFs were clearly changed after heating, converting from a pale yellow shade
to a more golden hue before transitioning to brown and grey (Figure 3.8). The grey powder after
600 °C is typical of pyrolysis which yields a greyish white product. An examination of the ex situ
samples with HAADF-STEM imaging showed the maintenance of the hexagonal pattern up to 500

°C before undergoing a loss of distinct structure (Figure 3.9) in a similar manner to the in situ
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Pristine 250 °C 400 °C 500 °C 600 °C
Figure 3.8. Appearance of ex situ samples

The physical appearance of the MOF sample after ex situ thermal treatment compared to the
pristine MOF.

observations. The structural degradation at a lower temperature compared to the in situ results is
attributed to the heating duration, which was for a longer period of time compared to the in situ

work, due to the configuration of the vacuum oven.

400 °C

20 'nm

1600 °C

Figure 3.9 HAADF images of ex situ MOF samples
HAADF images of ex situ samples heated to various temperatures showing the maintenance of

the hexagonal pattern from the metal centers up to 500 °C before undergoing pyrolysis as
observed in the bulk sample. Inset, the corresponding FFT of the images. Inset scalebar, 2 nm™.
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IR analysis of the different ex situ samples provide additional information about organic functional
groups within the framework, namely the aromatic and carboxyl groups (Figure 3.10). The
aromatic C-C peak slowly decreases in intensity as a loss of some weakly bound carbon occurs
before a loss of aromaticity upon pyrolysis. Meanwhile, a small blueshift is observed on the peak
initially observed at 1365 cm™* while also broadening. The blueshift is indicative of a strengthening
of the average C-O bond strength in the framework. The decarboxylation would reduce the
resonance stabilization of the carboxyl group, leading the average C-O bond to trend closer to a
double bond of a carbonyl group. The IR results show the bulk changes to the bonds within the

MOF structure of the ex situ samples.
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Figure 3.10 FTIR of ex situ MOF samples

FTIR of ex situ samples at different temperatures to track the prevalence of the aromatic stretch
(1555 cm™®) and the resonance stabilized carboxyl group (~1365 cm™). The destabilization of the
carboxyl group during the decarboxylation process leads toward more double bond character in
the C-O bond, resulting in a small blueshift. Slight vertical offset of clarity.

35



In addition to IR to inspect the bond vibrations, XPS was used to identify the nature of the chemical
bonding present within the MOF. Considering the thickness of a single layer of this MOF is 7.3
nm as determined from the structure model, XPS is a suitable tool for probing the change in the
overall electronic state of the various elements of the MOF. The penetration depth is estimated to
be 6 nm for the C1s core level. [47] Using the same ex situ samples and the pristine MOF dispersed
on a Cu foil, XPS spectra of C1s and S2p core levels were collected (Figure 3.11). In the pristine
MOF, the C1s spectrum was deconvoluted into four components located at 284.4 eV, 284.8 eV,
286.2 eV, and 288.5 eV, attributed to sp2 C-C, sp3 C-C, C-O and C-S bonds, and O-C=0 bonds,
respectively (Figure 3.11a).[66-69] The C1s core level of the sample heated to 250 °C shows a
decrease in the relative intensity of the C-C components compared to the pristine sample which is
associated with the removal of carbon contamination. Annealing to 400 °C shows a decrease in
functional groups involving oxygen. Further annealing to 500 °C completes the decarboxylation

process, leaving the sp2 and sp3 carbons to be the dominant carbon species.

The S2p core level from the pristine MOF (Figure 3.11b) indicate a single spin-orbit pair (S2ps.2
and S2p12) with the expected splitting of 1.18 eV and area ratio of 2:1, located at 163.4 for the
peak associated with S2pzp, a typical thiophenol binding energy. The following discussion of
binding energy of the S2p peaks refer to S2ps2. The homogeneity of the sulfur bonds in the pristine
structure is evident in the XPS result. In contrast, the S2p spectra of the thermally treated MOF
samples show additional spin-orbit pairs with a higher binding energy. The presence of the peaks
at a higher binding energy is indicative of a new chemical environment where sulfur has less
electron density, be it through a change of oxidation state or through bonds with more
electronegative elements. Here, fitted spin-orbit pairs at 164.2 eV and 167.6 eV for the sample

heated to 250 °C are attributed to diphenyl disulfide and/or dibenzothiophene and diphenyl
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Figure 3.11 XPS of the ex situ MOF samples

(a) Carbon 1s and (b) sulfur 2p XPS components of ex situ MOF samples at various temperatures
indicating the changing carbon and sulfur species. Samples were taken on copper foil. Binding
energy was calibrated to adventitious carbon (284.4 eV).

sulfone, respectively. The unambiguous identification of diphenyl sulfide formation at higher
temperatures cannot be made here due to overlap with thiophenol components (binding energy of
163.4 eV). The formation of the sulfone is likely a result of the oxidation of diphenyl sulfide,
hinting at the presence of such a species. At 400 °C, the S2p spectrum was resolved into multiple
spin-orbit pairs with the peak at 166.2 eV fitting with values for sulfoxide groups.[70] Further
heating to 500 °C show that over 80% of the chemical environment of observed sulfur comes from
one (or two highly overlapping) components centered at 163.4 eV with an additional sulfate peak

at 169.9 eV comprising the remainder of the sulfur. Through this series of ex situ samples, the
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sulfur chemical environment was observed to undergo an evolution, yet the overall hexagonal

pattern was retained prior to pyrolysis.

3.6 Discussion and Conclusion

Combining the in situ and ex situ results, the transformation of the organic linker in the MOF
becomes evident. Starting with from a pristine structure (Figure 3.12, structure 1) as observed
through TEM and STEM imaging, the FFTs of the in situ TEM images indicate a contraction of
the lattice spacing in real space, contrary to expected thermal expansion. The contraction can be
attributed to a change in the bonding of the organic linker while maintaining the hexagonal lattice
pattern of the pristine MOF. During the initial heating, the S-H bond, the most reactive bond in the
framework, breaks and reforms as a disulfide. In the case of alkane thiols, H2S loss can occur,
forming an alkene which further reacts to form a thioether.[71] In the case of this MOF, the
formation of an alkene is suppressed by the aromatic rings. Instead, the proximity of the sulfur

atoms favors the formation of a disulfide bond (Figure 3.12, structure 2) as evidenced by

25°C 250 °C 450 °C
Thiophenol Diphenyl Dibenzothiophene
disulfide analogue

Figure 3.12 Schematic of the MOF transformation

The pristine structure, 1, forms a cross linker through disulfide bonds, 2, at an elevated
temperature. Further heating causes cleavage of the disulfide bond and decarboxylation, leading
to formation of a strained dibenzothiophene analogue, 3.
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vibrational EELS and XPS. Additional side products that can form include diphenyl sulfide

analogues. Further thermal treatment at higher temperatures leads to the cleavage of the disulfide

bond and a decarboxylation process as evidenced by IR and XPS. As a result, the organic linkers
come together to cyclize into a dibenzothiophene analogue, an aromatic product (Figure 3.12,
structure 3). The thiophene formation has a high degree of stability due to aromaticity and retains
sulfur in the framework to the end of the in situ heating process, matching the in situ coreloss
EELS results. The covalent merging of the adjacent organic linkers also serves to further contract
the lattice spacing while maintaining the hexagonal lattice pattern as seen in the in situ and ex situ
images. The linear shape of the terphenyl-4,4-dicarboxylic acid structure of the linker, as compared
to more rigid linkers such as a tetrapod, enable a degree of flexibility in the plane of the MOF sheet
whilst undergoing bond break and formation. Extensive thermal treatment does lead to a gradual
degradation of the framework, indicating that proper control of the PSM is a necessity. The
cleavage and formation of bonds during the in situ thermal treatment, as revealed through direct

imaging and vibrational EELS, matches with the structural changes observed at the bulk.

Tracking the cleavage and formation of a chemical bond during in situ heating that results in
structural changes provides insight into the transformation. Unlike traditional spectroscopic
techniques such as IR and Raman, the strength of in situ imaging and vibrational EELS lies in the
ability to track structural changes along with the corresponding bond changes rather than taking
snapshots of a quenched reaction which may miss important intermediate stages. Additionally,
some reactions may not be possible to quench, only allowing for snapshots of the beginning and
end when performed ex situ. This is of particular relevance to MOFs where the crystalline structure
has a strong determining factor to the characteristics, be they desirable or undesirable. Here, we

observe a sequential lattice contraction which was explained by a combination of in situ imaging
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and vibrational EELS. The initial observations allow for a continuous view of the entire
transformation to further examine in detail. By understanding the stages in a PSM, finer control of
the resulting structure can be achieved. The periodicity of a MOF means that small changes with
the organic linker can repeat throughout the framework which are observed directly with in situ

electron microscopy.

Dr. Muging Li and Prof. Zhengtao Xu provided the synthesized MOF, .cif file, FTIR data, and
Raman data. Dr. Chaitanya Gadre performed the vibrational EELS acquisition and vibrational
EELS processing and jointly acquired FTIR and Raman data of the ex situ samples. Dr. Wenpei
Gao helped design and supervised the in situ TEM imaging. Dr. Xingxu Yan helped with
discussion about the vibrational EELS results. Dr. Djawhar Ferrah acquired the XPS data and

assisted with the deconvolution in CasaXPS.
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Chapter 4

Monitoring How Pt Influences H. Surface Reactions on Pt/CeO:

Powder Catalysts

4.1 Background

Ceria (CeO) has been extensively studied and utilized as a heterogeneous catalyst and as a support
for noble metals.[72] Dissociated hydrogen on the ceria surface can participate in selective
hydrogenation or dehydrogenation reactions.[73—75] Additionally, dissociated hydrogen induces
the reduction of Ce** to Ce®* and the formation of oxygen vacancies (V) at the surface which then
facilitate the adsorption and activation of other reactants.[76—79] The pretreatment of doped ceria
has been known to improve catalytic activity.[80-83] Therefore, a fundamental understanding of
the H> activation mechanism on ceria and the resulting surface chemistry lends to further

improvements to surface activation without undesired aggregation.

Surface science studies into ceria have shown that platinum-group metals (PGMs) promote the
interactions between H; and the ceria surface by dissociating H2 and spilling over H to the ceria
surface.[84-88] However, the mechanistic picture of powders with a high surface area may not be
exactly the same as the surface science studies due to various features such as variations in the
surface and the existence of ceria-ceria particle boundaries. Most reports assert that V, (and the
associated Ce**) localize around the PGM doped on the ceria surface.[77,89-93] However, the

influence of Pt on the elementary steps involved in V, formation on the ceria surface remains
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lacking. Furthermore, direct measurements of Ce®" spatial distribution in a non-ideal PGM/ceria
case have not been shown. While it is appreciated that PGM induced hydrogen spillover has been
used to influence the ceria surface, there remains more to be discovered about the process for
powder catalysts. Information about the PGM/ceria surface reduction mechanism and the

distribution of the Ce®** would go toward filling this void.

4.2 Methods

4.2.1 Synthesis of Pt(x)/CeO:2

High surface area ceria and y-alumina (Al203) was purchased from US Research Nanomaterials
and used as the support in this work. A series of high surface area powdered Pt(x)/CeQO. samples
were prepared, where x denotes the mass percent of Pt to CeO.. Pt weight loadings between
0.0005-2 wt% were used to form single atoms or nanoparticles on the ceria surface (Figure 4.1).
Strong electrostatic absorption was used following previously reported synthesis methods to
deposit Pt on the ceria surface. The dried Pt/CeO> was then calcined at 450 °C in dry flowing air
for 4 hr. The Pt-free ceria was also oxidized at 500 °C in dry flowing air for 2 hr. Pt/CeO, was also
physically mixed with ceria after calcination (1:19, 1:49, 1:99 ratio) using a vibratory mixer to

achieve a low Pt weight loading with Pt nanoparticle species.

4.2.2 Gas Cell Preparation and Parameters

Samples were dropcast onto a Protochips Atmosphere E-chip configured for STEM. Pre- and post-

in situ imaging were preformed using a Protochips Inspection holder. In situ experiments were
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Figure 4.1. Pt weight loadings on CeOz
Average number of Pt atoms per CeO2 nanoparticle based on initial weight percent, loaded via
strong electrostatic adsorption
performed using a Protochips Atmosphere 210 gas cell system with 0.1 cm®/s flow rate at 200
Torr. Pure Ar, 5 vol% Ho/Ar, and 20 vol% O/Ar from Airgas (research grade) were used for the
in situ work. After assembly, prior to imaging, the environment within the gas cell was pump
purged five times at 200 °C to remove residual atmospheric oxygen and carbon. For the sequential
reduction-oxidation-reduction experiment, the gas cell was exposed to H, for 1 hr before pump
purging the gas cell five times with Ar and swapping the gas flow to Oz for 1 hr and finally

swapping back to H» with a pump purge process. While pump purging, the electron beam was

turned off.
4.2.3 In Situ EELS Acquisition and Post-acquisition Processing

EEL spectra were collected using a Gatan K2 direct electron detector with an energy dispersion of
0.250 eV/channel on GrandARM. Spectra were calibrated to the N K edge of the SiNx membrane
on the E-chip. 50x50 pixel maps with 0.1 s dwell time were used to generate the EELS mapping
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images. 10x10 pixel maps with 0.05 s dwell time were used to measure the Ce oxidation state at
the particle boundary in the sequential reduction-oxidation-reduction experiment. Principal
component analysis (PCA) was used to improve the signal-to-noise ratio and then a power law
background subtraction was applied to the spectra. A double arctan background was then applied
and the Ce Ms and M4 peaks were fitted using a VVoigt peak. From there, the Ce Ms and M4 peak
heights were measured and the Ms/Mj ratio at each pixel was calculated. To generate the EELS
maps, the Ms/M4was plotted, and a Gaussian blur was applied with sigma = [5,5]. Due to inclusion
of vacuum regions in the scanned region, a cutoff threshold for total counts was applied to each
pixel to match with the corresponding HAADF image whereupon a pixel below the threshold had
the Ms/My set to zero. Custom Python code was used for the PCA, double arctan background
subtraction, VVoigt peak fitting, Ms/Ma ratio measurements, threshold application, and Ce oxidation

state mapping.

To quantify the Ce®* concentration of a Ce oxidation state map, a background value was acquired
on CeO; at 200 °C under Ar or Ha. At 200 °C, pure CeO: is not observed to consume Hz according
to Ho-temperature programmed reduction (TPR). The average Ms/Mg ratio from these maps at 200
°C were consistently higher than the expected Ce** value of 0.91. This phenomenon of increased
Ms/Ma ratio was seen repeatedly in multiple samples for both gaseous environments. As such, the
difference between the measured values (0.925+0.023 for Hz, 0.915+0.004 for Ar) and the
expected value of 0.91, due to instrumentation, was used as a correction factor for all EEL spectra

and maps as applied to the relevant gaseous environment.

4.3 Ex Situ TEM Investigation
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Low and high magnification HAADF images were acquired of the commercial ceria,
Pt(0.01)/CeO2, and Pt(2)/CeO., representing samples with no Pt, Pt single atoms, and Pt
nanoparticles (Figure 4.2). The low magnification images show regions of a uniform intensity,
hinting at a single layer of ceria nanoparticles. EELS thickness maps confirm the uniformity of
these regions (Figure 4.3). Given that commercial ceria as purchased from US Research
Nanomaterials is 10-15 nm in diameter, these regions consist of a single layer of the ceria
nanoparticles. These single layer regions were selected for in situ observations due to the

uniformity as well as being the minimum thickness possible.

Pt(2)/Ce0;

Figure 4.2. HAADF images of CeO2 and Pt(x)/CeO2

Low and high magnification HAADF images of CeO», Pt(0.5)/CeO., and Pt(2)/CeO. after
calcination in dry flowing air. These samples represent Pt-free, Pt single atoms, and Pt
nanoparticles on the ceria surface.
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Figure 4.3 EELS thickness map of CeOz2

HAADF image (left) and corresponding EELS 100x100 pixel contour plot (right) of material
thickness in nm. The silicon nitride membrane thickness is also included (blue region in contour
plot) in the measurement.

4.4 In Situ Imaging and EELS

To acquire spatial information about the changes to the cerium oxidation state and the locality of
the cerium surface reduction, coreloss EELS was utilized. Due to the nature of raster-scans in
STEM, each pixel contains an individual EEL spectrum, providing information about the
electronic state of materials at each pixel. Oftentimes, the spatial resolution in EELS is limited by
the probe size. With in situ experiments using MEMS based E-chips, the electrons must also pass
through two SiNx membranes, adding ca. 80 nm of thickness, albeit with a light material. To
preserve the spatial resolution, a direct electron detector was used which has 10 to 100 times higher
sensitivity compared to a charge-coupled device (CCD) system for EELS measurements. Because
the Ms/Ms is highly sensitive to small variations that can show up at the peak center, sufficient
signal-to-noise is a necessity. To that end, PCA was used to improve the signal-to-noise before
peak fitting was applied. While an additional potential method to improve EELS data quality is by
increasing electron dose, such a method may result in beam damage and was not elected to be used

in this work. Figure 4.4 shows a comparison of the signal-to-noise of EEL spectra for an individual
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Figure 4.4. EELS pixel map and data quality comparison

(a) 50x50 pixel EEL spectrum image of Pt(2)/CeO.. (b) Normalized EEL spectra from 1x1, 3x3,
and 5x5 pixel boxes in (a) showing the signal-to-noise quality of the EELS data. Vertical offset
for clarity. The variation of the peak height in the 1x1 box is evident. One pixel length is 0.44
nm.

pixel versus summation of a few pixels. The single pixel has a very noisy Ms peak center. Thus, a

denoise and peak fitting was a necessity for calculation of the Ce oxidation state and corresponding

Ce** percentage maps.

In situ HAADF images and EELS spectra were acquired and post-acquisition process was applied.
Ce** has an Ms/M ratio of 1.31 while Ce** was a ratio of 0.91.[90,94-96] Because TEM shows a
projection of materials, the summation of cerium atoms at each pixel results in a linear relationship

of the oxidation state as expressed by the following equation:
091*%(1—x)+131l*xx=y (4.2)

where x is the percentage of Ce®* at a pixel and y is the measured Ms/M ratio at the pixel. A
representation of the difference in measured ratio can be seen in Figure 4.5a where both a
difference in peak height and a shift to a lower energy was observed for the pixels with more

reduced cerium.
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Figure 4.5. Difference in Ce3* concentration observed in situ

(a) Representative EEL spectra with different Ce®** concentrations after PCA, power law and
double arctan background subtraction, normalized to the Ce M4 peak height. Processed data are
represented by the shaded area and fitted VVoigt peaks are represented by the solid lines. HAADF
images and corresponding EELS maps of (b) pure CeO: after in situ reduction at 450 °C for 1 hr
and (c) Pt(2)/CeO2 with Pt nanoparticles after in situ reduction at 400 °C for 1 hr. 10 Torr of H>
partial pressure was used. In the EELS maps, a gradual change from light blue to red indicates an
increase in Ce®* concentration. Darker blue represents vacuum regions with only silicon nitride
membrane.

A high magnification HAADF image and the corresponding Ce®* percentage map can be seen in
Figure 4.5b and ¢ for comparison between ceria with and without Pt. As seen with the Pt-free ceria,
the ceria surface became somewhat evenly reduced with no distinction of Ce3* accumulation. In
contrast, ceria with Pt loaded on the surface exhibited distinct differences. As seen with the Ce®*
percentage map, there was an accumulation of Ce®" at the CeO,-CeO; boundary but no
accumulation adjacent to the Pt nanoparticle. Another region of Pt(2)/CeO. was observed during
the same experimental session at low magnification and the change in the surface Ce oxidation
state can be seen, with heavy concentrations at the boundaries between ceria nanoparticles but not

at every projection of a thin curvature (Figure 4.6).
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Figure 4.6. Pt(2)/CeO:2 before and after in situ reduction

(a) HAADF image of Pt(2)/CeO2 with visible Pt nanoparticles. The EELS maps (b) before and
(c) after in situ reduction with Hz at 400 °C for 1 hr. 10 Torr of Hz was used for the reduction.
The region selected for the EELS acquisition is marked with a yellow box in (a).

As observed with Pt nanoparticles on a ceria surface, the Ce®" accumulated at the boundaries
between particles. A similar result was also observed when Pt single atoms dispersed on the ceria
was used to study the surface reduction mechanism. Namely, single atoms of Pt on Pt(0.01)/CeO>
were located prior to in situ reduction (Figure 4.7a). EELS oxidation state mapping were generated
before and after 5% H. reduction whereupon the aggregation of Ce** was found to be at locations
where there was overlap between ceria nanoparticles (Figure 4.7b, c), as seen by the brighter

intensity in the HAADF image.
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Figure 4.7. Pt(0.01)/CeO: before and after in situ reduction

(a) HAADF image of Pt(0.01)/CeO> with Pt single atoms (yellow circles). Bottom, high
magnification false color image to emphasize the presence of the Pt single atoms. The EELS
maps (b) before and (c) after in situ reduction with H, at 400 °C for 1 hr. 10 Torr of H> was used
for the reduction.

4.5 Discussion and Conclusion

The Ce oxidation state maps clearly indicated a spatial separation between where Ce®* aggregated
and where the Pt species were located. Further analysis was done using the EELS mapping. The
spatially averaged Ce®" concentrations were quantified for pure CeOz, Pt(0.01)/CeO2, and
Pt(2)/CeO. samples and agree with estimates from H.-TPR and H2-FTIR (Table 4.1). The bulk
Ce** concentration of 8.1% and 16.3% for pure CeO; and Pt(0.01)/CeQ: in Table 4.1 represent a
Ce®" surface coverage of 0.53 and 1.07 monolayers, respectively. The amount of Ce** surface
coverage suggests that surface Ce** remote from the Pt species (recall that Pt surface coverage is

low) was reduced due to the hydrogen spillover. However, the high mobility of Ce®* at 400 and
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450 °C means formation of Ce3* at the interface between Pt and CeO; followed by diffusion to the
Ce0»-CeO> nanoparticle interface cannot be fully ruled out as a contributing factor. In addition,

the EELS data cannot distinguish whether the Ce®* that is visualized is associated with oxygen

Table 4.1 Comparison of Ce®* concentrations from EELS vs. H2-TPR and FTIR

Sample Ce** concentration

from EELS (%) from TPR and FTIR (%)
CeO; Before reduction 0.3 0@
After reduction 5.9 8.1
Pt(0.01)/CeO,  Before reduction 23+05 0@
After reduction 11.4+£3.0 16.3
Pt(2)/Ce0, Before reduction 24+0.2 0®
After reduction 108+2.9 18.7

@ The Ce®* concentration was determined to be 0 because the single beam intensity from Ce%*
in the FTIR spectra was 0 before reduction with Ha.

vacancies (Vo) or adsorbed hydroxide (OHads). However, because the catalyst was reduced in Ho,
the OH s is likely to react and form H2O and Vo, as indicated by FTIR. Together, the EELS maps
with FTIR results suggest a large fraction of the Ce®" aggregate at and around the boundaries
between CeO> nanoparticles when Pt is present on the ceria surface, a conclusion quite distinct
from the previous assumptions of Ce®* localization around the Pt species as well as the behavior

seen on pure CeOx.

As seen with the EELS maps, the interaction between neighboring ceria nanoparticles was able to
produce high concentrations of Ce3* at the CeO, surface following H2 reduction. As such, further
investigation into this interplay was performed. A sequential reduction-oxidation-reduction

experiment was done in situ and ex situ to acquire bulk measurements and spatially targeted
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measurements. As seen in Figure 4.8a, there was no change between the first reduction and second

reduction measured by Ho-TPR for CeO: (black and blue curves, respectively). In contrast, the
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Figure 4.8. H2-TPR of CeO2 and Pt/CeO:

H2-TPR curves of (a) pure CeO2 and (b) Pt/CeOz, diluted with CeO2 at a 1:99 mass ratio. Curves
represent the measured reduction process after samples were oxidized at 300 °C (black), reduced
(red), and sequentially reduced and oxidized (blue).

first reduction peak of Pt(1)/CeO2, diluted with CeO> at a 1:99 ratio, for the first and second
reduction exhibited a temperature decrease (Figure 4.8b, black and blue curves, respectively). Red
curves in Figure 4.8a and b show that the surface reduction was complete after 450 and 350 °C,
respectively. Similar temperature reductions for the peak associated with ceria surface reduction
following sequential TPR cycles was observed with samples incorporating larger nanoparticles or
single atoms, indicating that this change to the surface reduction process is not caused by an

increased reducibility of the Pt species on the surface.

EELS and FTIR measurements were also taken of sequentially reduced-oxidized-reduced samples,
showing an agreement with TPR results. EELS data, taken from the boundary between two
nanoparticles, showed a faster rate of formation during the second H. exposure (Figure 4.9a). The

FTIR results indicated that the entirety of the Pt(1)/CeO2 powder exhibited faster formation rates
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of OHags and Ce3* during the second H; reduction (Figure 4.9b). Together, these results indicate
that the hydrogen spillover from Pt species and the resulting Ce®* localization near the boundaries
between ceria nanoparticles are correlated and cause an irreversible change to the H> consumption

kinetics of the material.
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Figure 4.9. EELS and FTIR measurements of sequential reduction-oxidation-reduction
(a) HAADF image of the region where the rate of Ce3* formation was measured during the first
and second reduction by using EELS. Sample was reduced at 400 °C with H> and then re-
oxidized at 400 °C with 20% O and then reduced again. (b) FTIR measurements of the
absorbance peaks associated with surface hydroxyls (OHags) and Ce* during a sequential
reduction, oxidation, and reduction process. As seen with both methods, the formation of Ce3*
occurs much more rapidly during the second reduction step.
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To interrogate any potential structural changes, XRD, surface area measurements, and STEM
imaging were utilized. XRD results showed no evidence of ceria aggregation, nor did surface area
measurements indicate any change to the amount of exposed surface area before and after
reduction. In contrast, analysis of the HAADF images via FFT indicated changes to the orientation
of the nanoparticles. Using a medium magnification setting that includes many nanoparticles at
random orientations, the resulting diffraction pattern will have ring-like features which are families
of lattice planes through various rotations in space. This is analogous to amorphous material which
have no directionality in real space and thus should exhibit circularity in reciprocal space. The

FFTs of pure CeO nanoparticles exhibit a large degree of circularity before and after in situ

reduction with Hy at 450 °C (Figure 4.10). Prior to exposure to Hz, Pt/CeO; exhibited the same

circularity as pure CeO,. However, after Hz reduction, the circularity has been clearly diminished.

Together, these results suggest a reorientation of the nanoparticles to produce aligned grains which

can reduce the overall energy of a system. Of note is that lattice alignment between ceria

Before
reduction
10 nm
mm Pt/CeO,
After
reduction

Figure 4.10. HAADF images and FFTs before and after in situ reduction
HAADF images and corresponding FFT of (a) pure CeO2 and (b) Pt/CeO. before and after in situ
reduction. The ring representing CeO (111) at 0.31 nm™* marked.
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nanoparticles (often termed oriented attachment and having a relatively small activation barrier)
and the removal of some surface oxygen are prerequisites for ceria sintering.[97-101] The
activation barrier for the orientated attachment of ceria nanoparticles is reported to be 54 kJ/mol
for ca. 2 nm CeO; and 95 kJ/mol for ca. 60 nm CeOg, indicating that 8 nm CeO. have accessible
barriers at the temperatures used in this study.[98-100] The underlying thermodynamic principle
of nanoparticle sintering is to lower surface energy. Thus, it is likely that the nanoparticle
orientation in Pt/CeO, samples undergo this phenomenon during Hz reduction to lower the surface
energy for these high surface area powders and the high hydrogen spillover facilitate the process.
The interaction between ceria nanoparticles with aligned interfaces facilitate faster kinetics of H:

consumption and lead to the increased total H2 consumption seen with Pt(x)/CeO. samples.

It should be noted that while the EELS maps suggest that Ce3* and V, accumulate at the CeO,-
CeO; boundaries after H, reduction, a question remains as to where the H.O formation occurs on
the ceria surface. H20 formation and Vo formation could occur directly at the boundaries, but they
could also occur at the Pt-CeO; interface followed by migration of V, to the CeO,-CeO>
boundaries. More research would be required to elucidate which mechanism is predominant,
perhaps as the technology of EELS detectors improve to capture faster events. Another possible
route to probe this question could be through the use of reducing agents that are less mobile than
hydrogen (e.g., CO or hydrocarbons) to better understand how CeO2-CeO, and Pt-CeO;

boundaries participate in the V, formation step.

Dr. Jaeha Lee synthesized the Pt(x)/CeO, performed the H>-TPR and H2-FTIR, performed XRD
and surface area measurements, and provided discussions on the mechanism of ceria surface

reduction. Dr. Chaitanya Gadre provided the Python code for PCA, EELS analysis, and ceria
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Ms/M4 ratio mapping. Dr. Wenjie Zang, Dr. Xingxu Yan, Dr. George Graham, Dr. Phillip

Christopher, and Dr. Xiaoging Pan provided guidance to the experiments and data analysis.
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Chapter 5

Nanoscale Investigations in Solution with TEM

5.1 Liquid Cell Inside the Microscope

Similar to the gas cell seen in Figure 1.3, the liquid cell can be used inside the microscope to
investigate liquid phase processes. Dissolution, electrochemical reactions, and catalyst synthesis
are major processes that can be replicated from the benchtop to give insight into the nano- and
possibly atomic scale.[102,103] However, there are additional considerations beyond what is
encountered with a gas cell. The density of the fluid is higher in the liquid phase, causing a higher
degree of interaction between the electron beam and the contents of the cell, resulting in some
beam broadening and loss of spatial resolution. The size of some materials of interest also force
the gap between the top and bottom chip to be larger than what is used in the gas cell, i.e. 200 or
500 nm spacers, to enable liquid flow. To combat the loss of spatial resolution, the membrane can
be made thinner and made of a material that is more electron transparent compared to silicon
nitride. To that end, graphene liquid cells are also employed but still have issues with broad

robustness compared to silicon nitride.[104—-108]

Besides the decrease in spatial resolution due to interaction with the intervening liquid, further
limitations are present in the liquid cell that must be considered. The use of liquid places an

inherent upper limit on temperature as evaporation of the chosen liquid leads to expansion and
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likely rupture of the cell. Even approaching the upper limit can be dangerous. Highly viscous long
carbon chain liquids such as octylamine may not effectively flow through the small tubing system

of the liquid cell or into the viewing window, inhibiting replication of benchtop conditions.

Finally, the high degree of interaction between the liquid and the electron beam can result in
radiolysis products that change the environment of the liquid, especially when there is an
insufficient flow rate. Water in particular is susceptible to breakdown by the electron beam,
yielding nanobubbles, hydrated electrons and protons, hydroxyl radicals, hydrogen radicals, and
hydrogen peroxide.[109-112] These then interact with the sample in undesirable ways to yield
side products in the viewing window (or in the case of sewage treatment, desirable ways).[113]
Because electron microscopy tends to have a small field of view, especially when attempting atom
resolution work, the observed phenomenon in the liquid cell may be a local result. Thus, a
comparison with regions that were not irradiated by the electron beam, possibly post-reaction,

should be recommended.

5.2 Cu Nanostructure Synthesis Controlled by Solution Viscosity

5.2.1 Background

Nanoparticle synthesis and growth is of interest due to the properties that arise at the nanoscale to
be used as catalysts and coatings. [114—-117] In particular, controlled size and shape wet synthesis
provide economic benefits such as lower temperature processing, scalability, and a lower cost
barrier toward manufacturing compared to high vacuum synthesis methods.[118,119] There are
many studies into the solution chemistry reporting on the effect of reducing agent and surfactant

choice on the size, morphology, and uniformity of the resulting nanoparticles. [120-123] Further
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control of the nanoparticle formation can be achieved through real-time monitoring of the reaction
at the solid-liquid interface of in situ techniques. The role of reducing agent on conventional
synthesis and dissolution was investigated by in situ TEM where the electron beam formed
hydrated electrons and hydrogen atoms to act as strong reducing agents in solution. [124]
However, the impact of solution viscosity on the growth mechanism was not yet established. To

that end, electron microscopy can assist with such an investigation.

5.2.2 Characterization of Nanoparticle Growth

In this work, the impact of solution viscosity onto photocatalytic reduction and deposition of
copper onto TiO2 nanoparticles was investigated. 10-15 nm TiO2 nanoparticles were synthesized
on graphite via physical vapor deposition. [125,126] CuCl, (3 mM) was dissolved in water,
methanol, or a 50/50 mixture of water and methanol. The pH of the solutions was adjusted to either
7 or 3 by hydrochloric acid. The TiO2/graphite was immersed in the aqueous CuCl. solution for 6
hours while illuminated with a mercury lamp (2.1 mW/cm? or 2.8 mW/cm?) in the 400 nm
wavelength region. The viscosities of water, methanol, and the 50/50 mixture are 0.89 mPa*s, 0.59
mPa*s, and 1.33 mPa*s, respectively.[127] TEM imaging was acquired at 200 kV on JEOL 2100F
and STEM imaging was acquired at 300 kV on GrandARM. XPS (Kratos Axis Supra, Al K, 1486.6
eV photon energy) with 0.5 eV energy resolution was used to quantify the relative amount of

copper deposited on the TiO».

Various sizes of copper species were deposited onto the TiO; at the two illumination intensities
for the different solutions, summarized in Table 5.1. After illumination with 2.1 mW/cm? in water,

XPS was used to measure the amount of copper deposited, normalized to Ti 2p. The ratio of copper
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to TiO2 was compared for the four different synthesis conditions. As expected, an increase in
illumination resulted in an increase of 1.5 orders of magnitude in total copper deposition, N1 vs.
N2. Similarly, an increase of 2 orders of magnitude was observed when using a solution with lower
viscosity, NM; vs. N1. Methanol is known to act as a sacrificial agent for hole scavenging which
allows an increase in photocatalyzed reactions and thus an increase in copper deposition.[128]
Unexpectedly, a comparison of NM; and NM, showed a decrease of total copper deposition despite
an increased illumination. These values indicate a more complex growth mechanism beyond

classical growth theory.

Table 5.1. Summary of Cu photodeposition

Water Methanol
Iumination (mW/cm?) 2.1 2.8 2.1 2.8
Label N1 N2 NM; NM,
Cu quantification 1 50 100 1
(normalized to Ni)
Copper morphology Nanoparticle Nanoparticle  Nanoparticle Flake
Copper size (nm) 1-2 2-3 1-2 20-25

TEM and STEM imaging revealed the morphology of the copper that was deposited on the TiO».
Small nanoparticles were observed for the aqueous solution as well as low illumination intensity
(N1, N2, and NM;). In contrast, photoreduction at a high rate in a low viscosity solution (NM,)
resulted in flakes of copper oxide 20-25 nm in length separated by tens of nanometers from

adjacent flakes (Figure 5.1) Low magnification EDS confirm the presence of the TiO2 and Cu
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Figure 5.1. Cu photoreduced in water and methanol

Copper nanostructures synthesized at a high photoreduction rate. Low magnification TEM
images of the nanostructures synthesized in (a) water (N2)and (b) methanol (NM,). The bottom
image in (b) corresponds to a higher magnification of the red box. Bright field STEM and
HAADF images of the nanostructures prepared in (c) water and (d) methanol. Insets,
magnification of the visible copper species. (e) EDS elemental map of (d). Reproduced with
permission. Copyright American Chemical Society 2020.
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nanoparticles (Figure 5.2) Attempts to image the flakes in STEM resulted in visible beam induced
reduction of the flakes to nanoparticles over the course of a minute (Figure 5.3). The TEM images

and EDS results confirm the presence of copper and the difference between copper species

observed via XPS.
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Figure 5.2 Low magnification STEM images and EDS of photoreduced Cu on TiO2
HAADF and corresponding EDS spectra of the (a) pristine TiO2/graphite before photoreduction
of Cu and after photoreduction in (b) methanol and (c) water at a high photoreduction rate.
Additional Cu and Au signal from the holder. Reproduced with permission. Copyright American
Chemical Society 2020.
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Figure 5.3 Time series of beam induced copper flake reduction

(a-e) Sequential high magnification HAADF (left) and BF (right) images of a copper oxide flake
recorded ca. 20 s apart showing the reduction of the flake under prolonged exposure to the
electron beam and the instability of the copper oxide species found in the flake. Inset, high
magnification of the reduced copper species matching Cu20 (111) lattice spacing. (f) EDS
elemental mapping of the inset in (e). Reproduced with permission. Copyright American
Chemical Society 2020.

5.2.3 Discussion and Conclusion

From the gathered XPS and TEM data, we conclude that photoreduction rate and viscosity play a
role in the growth mechanism of the copper nanoparticles on TiO2/graphite as summarized in
Figure 5.4. At a low photoreduction rate (N1 and NM;), the growth mechanism follows the classical
growth theory irrespective of solution viscosity. The lesser amount of copper deposited on the
surface travel as adatoms along the surface, limited by diffusion control. Conversely, at a high
photoreduction rate (N2 and NM,), classical growth theory does not explain the observed difference

between the two solutions. Nonclassical growth theory that included particle-mediated and
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diffusion-limited growth can be used to explain unusual morphologies at solid-liquid interfaces.
The theory states that the growth of nanostructures proceeds by attachment of particles. An
example would be the oriented attachment emphasized by Alivisatos and supported more recently.
[129-131] The influence of viscosity toward nanoparticle growth has been discussed in terms of
Brownian motion.[132] In the case of high photoreduction, the initial stage is similar to that of low
photoreduction wherein clusters form. As further copper was deposited, the rate of cluster
attachment must compete with desorption of copper species from the surface. In a high viscosity
solution such as water, the attachment of individual atoms dominates while in a low viscosity
solution such as methanol, in-plane diffusion of clusters leading to in-plane attachment dominates.
Similar results have been seen with in situ TEM where the electron beam acts as the reduction

source. [124,133]
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Figure 5.4. Schematic of Cu growth at solid-liquid interface

A schematic of the mechanism for the growth of the Cu nanostructures after photoreduction. (a)
When the photoreduction rate, N, is below a threshold, No, the nanostructures follow classical
growth. (b) When N>N,, non-classical growth theory comes into play and viscosity influences
the final structure. Reproduced with permission. Copyright American Chemical Society 2020.

Understanding the dynamics of nanostructure formation at the solid-liquid interface remains

important for the growth of unique nanomaterials. The investigation into the impact of solution
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viscosity may be applicable to other photoreduction synthesis of copper onto a solid support
surface. As observed, nanomaterial growth may not follow expected classical pathways and further
investigations into the cause will enable control of growth conditions. While this work did not
observe the growth in situ due to time constraints, the benchtop conditions may be replicated inside

the microscope by substituting the photo-illumination with the electron beam.

5.3 Bulk and Interfacial Nanobubble Formation

5.3.1 Background

The formation of nanobubbles are related to various physical and chemical phenomena such as
decompression  sickness, electrochemical generation of bubbles, and solar steam
nanobubbles.[134-136] The adherence of nanobubbles on an electrode surface may hinder the
diffusion, convection, and migration of interfacial ions, reducing electrocatalytic efficiency.[137]
Due to properties such as long-time stability and high surface-to-volume ratio, nanobubbles have
been applied to technologies in the biological, medical, and nanotechnological fields.[138-145]
Generally, nanobubbles can be divided into two types, interfacial nanobubbles (INBs) and bulk
nanobubbles (BNBs). INBs are adsorbed on a solid-liquid interface while BNBs are located within
the bulk of the solution. Due to their location, INBs are immobile and exhibit a high curvature
while BNBs are mobile.[146] Due to their different characteristics, these nanobubbles are used in
different applications.[147-151] Engineering stable nanobubbles is a requirement for the various
applications; the conversion between INBs and BNBs are also a topic of consideration. An
improved understanding of the nucleation and growth kinetics for nanobubbles lend to finer

engineering control. While some studies have been done on nanobubble kinetics, the small size of
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nanobubbles has been a challenge to the kinetic studies.[152-154] As noted, a byproduct of the
radiolysis of water is the generation of nanobubbles from Hz molecules.[155] Therefore, in situ
liquid cell TEM has garnered interest as a means to study nanobubbles in solution. So far, there
has been research on the critical size stability, collapse, and interactions between
nanobubbles.[154,156,157] However, these studies lack research into the growth kinetics which is

critical to design nanobubbles of appropriate sizes for different applications.

5.3.2 In Situ TEM Nanobubble Formation

The Protochips Poseidon liquid cell was assembled with 500 nm spacers to facilitate liquid flow
(Figure 5.5a). The images were acquired on a JEOL 2800 at 200 kV with the observation focused
on the bottom chip with a constant dose of ca. 400 e/A?. Throughout, the brightness of the TEM
images dropped over time which has been mentioned in other works.[158] Initially, the space
between the silicon nitride windows was filled with deionized water, but as nanobubbles formed,
the silicon nitride windows bulged outward, increasing the thickness of the viewing region and
decreasing the spatial resolution over the course of the observation. For regions where there was
water, the contrast decreased over time. For regions with bubbles, the contrast increased over time
as the liquid in the path of the electron beam was replaced by gas. The Fresnel fringe method can
be used to distinguish the relative vertical position of nanobubbles away from the focus (Figure

5.50).[159]

To aid discussion of results, the observations were separated into two timeframes, stage one and
two. In the initial stage, only nanobubbles on the solid-liquid interface of the bottom E-chip

formed. Nanobubble A nucleated on the E-chip surface and grew up to 300 s without the
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Figure 5.5. TEM setup and observations of nanobubble formation

(a) Schematic of the Poseidon liquid cell with the two types of nanobubbles. (b) Schematic of the
relative locations of the nanobubbles by use of Fresnel fringes. (c) Select frames of the in situ
TEM observations with specific nanobubbles labelled for analysis. Reproduced with permission.
Copyright Elsevier 2023.

appearance of Fresnel fringes (Figure 5.5c). Heterogeneous nucleation occurred more frequently
than homogeneous nucleation at the solid-liquid interface. Between 400-490 s, nanobubble B grew
and exhibited a dark fringe, indicating a weak overfocus. Other nanobubbles, including
nanobubble C grew with a dark fringe and a larger line width, indicating a difference in vertical

positioning away from the E-chip surface.

5.3.3 Discussion and Conclusion

An analysis of the growth kinetics was performed on the nanobubbles. Figure 5.6 shows a time

series of the growth trajectory of several nanobubbles. While the nanobubbles nucleated during

67



both periods with different stable sizes, the growth trajectories were similar. Initially, nanobubbles
grow at an increasing growth rate before reaching a maximum and reversing course. The change
of the slope of the growth rate from a positive to negative value indicated a change in the driving
force behind the growth. The driving force of nanobubble growth comes from two attributes: the
pressure difference from inside and outside the nanobubble, resulting in a fast growth rate; the
diffusion of solvated gas molecules from water into the nanobubble, resulting in a slow growth
rate. In the first stage, the pressure difference dominates as the main driving force. Once a specific

size was reached, the diffusion of gas molecules dominated and the growth rate fell.
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Figure 5.6 Analysis of nanobubble growth trajectories
(a) Time series of showing the growth of both types of nanobubbles. Plot of measured projected

area of (b) interfacial and (d) bulk nanobubbles over time with the stages indicated.
Corresponding growth rates of (c) interfacial and (e) bulk nanobubble areas. Reproduced with
permission. Copyright Elsevier 2023.
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In addition to observations of the growth kinetics of INBs and BNBs, the conversion of a BNB to
a INB was observed in situ. Nanobubble P grew with a dark fringe, indicating that the nanobubble
was located above the bottom E-chip and did not form at the solid-liquid interface (Figure 5.7).
Nanobubble P grew constantly before 457 s. At 458 s, the brightness of nanobubble P changed
suddenly and then stabilized. A plot of the area versus time showed a sudden change in growth
rate at the same timeframe. The corresponding plot of growth rate versus time matches the
observation where there was a sudden shift. Nanobubbles A and B did not have a similar change
to the brightness upon changing from stage one to two, indicating that the change in growth rate
was caused by a different behavior. Similarly, nanobubble C did not show a change in brightness
either. Instead, nanobubble P showed a high growth rate as the time approached 458 s that was not
seen with BNBs. We conclude that this was due to the compression of the bubble shape caused by
interactions with the upper E-chip surface, leading to the nanobubble spreading in the horizontal
direction in the moments before touching the solid surface. Then the nanobubble proceeded as an

INB in stage two growth.

Nanobubble formation and growth, induced by an electron beam, were imaged in situ using a
liquid cell. The quasi-equilibrium growth trajectories of the nanobubbles showed two stages with
different driving forces. INBs and BNBs were distinguished using the Fresnel fringe method aided
with analysis of the growth kinetics. Observations of the nanobubbles captured the conversion
from BNB to INB, confirmed by a sudden change to the image contrast along with unexpected
non-equilibrium growth rates. The insights of growth kinetics of nanobubbles shown here at the
nanoscale improve tailored engineering of nanobubbles for suitable growth toward different

applications.
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Figure 5.7 Analysis of conversion from bulk to interfacial nanobubble

(a) TEM images of nanobubble P at two different times and the corresponding brightness profile.
Scalebar, 50 nm. (b) Time series of nanobubble P showing the change in brightness of the central
region (black arrow). Scalebar, 20 nm. (c) Projected area versus time of nanobubble P. (d)
Corresponding growth rate of nanobubble P. The green rectangle is the point when the
nanobubble touches the surface of the top E-chip. Reproduced with permission. Copyright
Elsevier 2023.

5.4 Pt@Pd Octahedral Nanoparticle Dissolution upon Biasing

5.4.1 Background
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Corrosion of electrocatalysts during electrocatalytic processes results in degradation of activity
and loss of stability. Nowadays, nanoparticles are widely used as electrocatalysts, either by
themselves or embedded onto an electrode surface. Recently, M-Pt (M=Pd, Au, Co, etc.) core-
shell nanoparticles have proven a promising system that yields high activity, improved stability,
and efficient utilization of platinum compared to pure platinum nanoparticles.[160-169] Still, the
degradation of these nanoparticles arising from loss of shape and elemental distribution remains
an obstacle for widespread commercialization, especially for platinum-based nanoparticles. The
structure changes during operation lead to deterioration of performance due to acidic corrosion.
Density functional theory calculations have suggested that dissolution potentials decrease with
increasing strain as well, another factor leading to loss of electrocatalytic activity.[10,170] To that
end, in situ liquid cell experiments are well positioned to provide mechanistic insights into the
dissolution and degradation processes that nanoparticles encounter. Application of a potential
within the microscope with a three electrode setup mimics the benchtop setup well, allowing

researchers to observe processes unfold.

5.4.2 Characterization of the Pt@Pd Octahedron

Pristine Pt@Pd octahedral nanoparticles (20 nm) were imaged on GrandARM, showing the core-
shell nature of the nanoparticle along with the elemental distribution (Figure 5.8) Pt@Pd
octahedral nanoparticles were imaged after various cycles of accelerated durability testing (ADT,
0.6-1.0 V vs. a rotating disk electrode, 100 mV/s) which showed an eventual loss of the Pd core,
leaving a Pt cage (Figure 5.9). The (111) facet of the pristine nanoparticle was formed from two

layers of Pt while after 30,000 cycles, a change in the thickness of the Pt was seen. By 50,000
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Figure 5.8. STEM images and EDS of pristine Pt@Pd octahedral nanoparticles

Low magpnification (a) BF and (b) HAADF images of the pristine Pt@Pd octahedral
nanoparticles showing the homogeneity of the starting material. High magnification HAADF
images along the (c) (110) and (d) (100) direction. Octahedron model in bottom left. (d and f)
EDS elemental maps of Pd and Pt of the nanoparticle in (c) and (e).

cycles, the loss of the faces of the octahedron and increased thickness of the edges to 8 layers

indicated Pt had migrated from the face to the edges.

EDS mapping confirm the loss of Pd from the nanoparticle rather than intermixing to form an alloy
with the Pt (Figure 5.9). Careful observation of the nanoparticles show a slight intensity drop on a
projection of one of the (111) facets. A line profile of the EDS signal along the projection gives a
hint at the sequential process for the dissolution of the Pd (Figure 5.10). Initially, the thickness of
the Pt is uniform across the facet. After 10,000 cycles, a faint intensity loss was seen at high
magnification which corresponded with a decrease in Pt signal. Such a defect formation may be
due to Pt migration or leaching into solution, but confirmation of the mechanism is not possible

from imaging the ADT samples. Bromide causes preferential deposition of Pt from facets onto
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corners during formation of a shell.[171] Upon exposure of the interior, galvanic and halogen-
induced etching of Pd is known to occur.[172] After 30,000 cycles, the movement of Pd to the Pt
defect was evident in the EDS where there was equivalent Pd signal to Pt signal at the location of
the defect. This indicates that the Pd was leaching out into solution. The sample after 50,000 cycles
showed the complete loss of Pd and eventual thickening of the Pt octahedral cage. Low
magnification EDS elemental maps show the presence of the leached Pd spread about on the
carbon membrane of the TEM grid. To investigate the initial defect formation and movement of
Pt, in situ electron microscopy inside a liquid cell was performed to replicate the benchtop

electrochemical cycling.

10,000

(b)

(c)

4 50,000

5 nm

—
Figure 5.9. HAADF image and EDS of Pt@Pd after various ADT cycles

HAADF images and EDS elemental map for Pt@Pd octahedral nanoparticle after (a) 10k, (b)
30k, and (c) 50k cycles of accelerated durability testing.
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Figure 5.10. Comparison of Pt@Pd elemental distribution after various ADT cycles
HAADF images, EDS elemental maps, line scan, and high magnification HAADF images of the
facet projection for Pt@Pd core-shell octahedrons (a-d) before and after (e-h) 10k, (i-1) 30k, and
(m-p) 50k cycles ADT, respectively. Red arrow in (g, h) points to an intensity loss corresponding

to a defect in the Pt shell. Green arrow in (k, I) points to region where Pd is leaching out from the
interior.

5.4.3 In Situ Imaging of the Pt@Pd Octahedron
To match the ADT conditions, 0.1 M HCIO4 was used with both cycling between 0.6-1.0 V and

0.6 V constantly applied. In situ TEM imaging was acquired on a JEOL 2800 and recorded on a
Gatan OneView camera at 10 frames per second. We observed that a constant potential induced a
more stable viewing condition and more rapid change to the nanoparticle morphology so constant
potential was selected as the investigation method. A time series of a region of nanoparticles was
observed for 10 minutes with 0.6V applied (Figure 5.11). Further examination of the captured
frames showed the process through which the dissolution initially proceeded. A surface
roughening was observed by 100 s with a little concavity seen (Figure 5.12). The concavity became
obvious by 200 s and did not appear to increase further. Plotting the side-to-side and corner-to-

corner distances versus time showed that there was a rapid change up to 250 s before stabilizing.
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Figure 5.11. Time series of a Pt@Pd octahedron in situ under constant potential
A time series from 0-520 s of the same Pt@Pd octahedron under constant 0.6 V bias. Frames

from every 5 s shown.

The TEM imaging seem to show that the initial defect forms rapidly, resulting in an imperfect Pt
shell. The reduction potential of Pd is less than Pt (0.92 V and 1.19 V vs. standard hydrogen
electrode, respectively) so Pd will dissolve first when exposed to the aqueous environment.[173]
The Pd dissolution proceeds and then Pt migration to the edges and corners dominate once the

majority of the Pd is gone from the core. Due to time constraints, the in situ electrochemical biasing
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Figure 5.12. Analysis of in situ Pt@Pd octahedron structural changes

(a) Select frames from the in situ time series showing the shape and size. (b) Outlines of the
nanoparticle from frames in (a). (c) Measured side-to-side distance over time. (d) measured
corner-to-corner distance over time.

was not able to replicate the 50,000 ADT cycle which requires 4.6 days of continuous cycling.
Thus, the final state where Pt nanocages were seen with the ADT samples were not observed in

the in situ experiments.

After the in situ experiments were performed with the liquid cell, the E-chips were examined to
determine the fate of the Pd that was observed to dissolve out of the core. Low magnification
HAADF imaging showed the presence of a lighter intensity material outside of the nanoparticles
(Figure 5.13a). Low magnification EDS indicate that there was a loss of Pd and Pt from the Pt@Pd
octahedral nanoparticles into solution which was not seen with the ADT samples (Figure 5.13b,
c). High magnification HAADF images show the clear presence of amorphous blobs adjacent to
the nanoparticles (5.13d). EDS elemental mapping indicate the amorphous blobs are Pt which

matches the expectation that the initial step for nanocage formation is the Pt defect formation on
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Figure 5.13. Analysis of Pt@Pd octahedron post-in situ

HAADF images of Pt@Pd octahedrons observed post-in situ at (a) low and (b) high
magnification. (c) EDS elemental mapping of (b) showing the migration of Pt. (d) High
magnification HAADF image of the lighter intensity nanostructures seen at low magnification.
(e) Low magnification HAADF image of the non-octahedron particles. (f) EDS elemental
mapping of (e) showing the mixture of Pd and Pt loss from the octahedrons.

the shell and migration of the Pt to expose the underlying Pd (Figure 5.13e). In another region,
high magnification HAADF imaging of nanoparticles formed from the lighter Z contrast material
show lattice spacings of 2.24 A and 1.96 A (Figure 5.13f). Due to the similar size of Pt and Pd,
2.24 A may be attributed to the (111) lattice of either Pt or Pd nanoparticles. Similarly, 1.96 A may
be associated with the (200) lattice of either transition metal nanoparticles.[174—-177] Together,
the post-in situ analysis show the extent of defect formation and leaching which was seen in stages

with the ADT samples.
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5.5 Conclusion

Liquid cell inside the electron microscope is a powerful tool to observe processes in situ. This is
of particular relevance as many benchtop reactions occur in a liquid environment so replication
within the microscope allows researchers to probe processes in new ways to gain insight for
applications such as nanoparticle synthesis and degradation. Even what may be undesirable
byproducts of radiolysis may be turned into a desirable outcome as new applications are
uncovered. One of the main limitations, the loss of spatial resolution, is an ongoing direction for
research as graphene membranes are being explored as an alternative to silicon nitride. As more
nanomaterials are probed through in situ liquid cell electron microscopy, the view into the

nanoscale world broadens further.

In Chapter 5.2, Dr. Djawhar Ferrah provided the samples and acquired the XPS data.

In Chapter 5.3, Dr. Fenglei Shi and Dr. Hao Hu performed the nanobubble size tracking.

In Chapter 5.4, Dr. Fenglei Shi provided the samples. Dr. Fenglei Shi and Dr. Jianbo Wu performed

the in situ structural change analysis on the time series.
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Chapter 6

Summary and Outlook

In summary, | have presented studies of the structural, chemical, and electronic evolution of
different nanomaterials by leveraging aberration corrected S/TEM imaging and spectroscopy in
situ and ex situ at atomic resolution and at low magnification. First, the preparation method to
ensure acquisition of good quality TEM data for powder samples was discussed. The most
common method, dropcasting, was detailed along with ways to handle powders that do not disperse
easily. After introducing the basics of TEM and STEM imaging and some of their corresponding
advantages, disadvantages, and limitations, the use of imaging in situ was discussed. Through the
use of MEMS based in situ holders which can isolate the environmental conditions from the
microscope vacuum, similar microscope parameters may be used for both in situ and ex situ
samples. Next, the basis of EDS and EELS within the microscope was discussed with example
results shown. Typical use cases for these complementary spectroscopic techniques was provided.
A brief discussion of vibrational EELS, a relatively recent technique, was provided. In comparison
to spectroscopic techniques inside the microscope, the basis of some macroscopic spectroscopic
techniques commonly applied to nanomaterials was provided. The advantages and limitations of
probe molecule FTIR, Raman, X-ray absorption spectroscopy, and X-ray photoelectron
spectroscopy were provided. The key limitation of macroscopic spectroscopy is the lack of spatial
information to the acquired spectra, instead providing sample-averaged data. The primary

limitation of electron microscopy is the limited field of view due to the high magnification to reach
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atomic scale. Using both microscopy and macroscopic techniques to investigate nanomaterials

allows researchers to mitigate the disadvantage of each.

The first nanomaterial investigated using in situ and ex situ microscopy, corroborated with
macroscopic techniques, was a Zr based MOF. Post-synthesis modifications of MOFs are a
common method to adjust the characteristics and capabilities of a MOF. Changes to the pore size,
addition of active sites and functional groups, and linker exchange all involve a structural or
chemical change. The initial structure was characterized with TEM, STEM, and electron
diffraction. The structural changes during in situ heating was monitored with TEM and analyzed
through the FFT of the direct images, showing a contraction of the inter-metal center distances.
Vibrational EELS was then used to understand the changes to the chemical bonds. Matching results
from ex situ samples corroborated the in situ data. Combining all the information, the step-wise
transformation was elucidated. The in situ TEM showed how the MOF structure changed as the

chemical bonds changed, an important characteristic of MOFs that directly impact their activity.

The second nanomaterial investigated was Pt(x)/CeO2 nanoparticles as the catalyst underwent H.
reduction with CeO> nanoparticles used as a comparison. Many works have been done on the
surface reduction process of CeO», but questions still remain about various steps such as the
localization of the Ce®*. By using coreloss EELS, the surface reduction of Ce was measured before
and after H» reduction without exposure to air which could re-oxidize the material. Due to the
thickness of the silicon nitride membranes and the desire to retain a high degree of spatial
resolution, signal-to-noise for the EELS data was improved post-acquisition through principal
component analysis. After data processing, the Ce Ms/M4 peak height ratio was mapped and
showed the location of Ce3* aggregation. By combining the HAADF images with the Ce®*" maps,

it was seen that the Ce®" aggregated at the CeO,-CeO; boundaries, regardless of the identity of the
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Pt species. In comparison, Pt-free CeO, showed a more even distribution of Ce3* across the surface.
The EELS maps indicated a clear relevance of CeO>-CeO, boundaries which was investigated
through sequential reduction-oxidation-reduction with FTIR and EELS. The sequential experiment
showed that the first reduction resulted in an irreversible change yet HAADF imaging, XRD, and
surface area measurements indicated no changes to the structure of individual nanoparticles. No
sintering was observed to occur but analysis of the FFTs of the CeO2 and Pt/CeO> showed clear
differences. Before reduction, the FFTs showed a circularity, indicating a random orientation of
the various Pt/CeO. and CeO: nanoparticles. After reduction, CeO, retained the random
orientation while Pt/CeO> showed a reduction in the randomness, indicating an alignment between
nanoparticles. This alignment, termed oriented attachment, is the preceding step toward sintering,
with a low activation energy barrier. Thus, we can see that the in situ Pt/CeO; surface reduction
by H> is accompanied by oriented attachment which allows a stabilization of large quantities of

Pt-enabled hydrogen dissociation and the resulting oxygen vacancies.

Finally, observations in the liquid cell were varied, monitoring nanobubbles and nanoparticles
both. The growth trajectory of nanobubbles were directly observed in situ and plotted, showing
two stages of growth for both interfacial and bulk nanobubbles. It was seen that the nanobubbles
followed non-equilibrium growth trajectories, first increasing rapidly before suddenly dropping. It
was also observed that interfacial nanobubbles have a higher growth rate when comparing the
projected area of the nanobubble. The conversion from bulk to interfacial nanobubble was also
observed, showing a sudden change of the growth rate different from the two stages previously
observed for non-conversion. For nanoparticles, rather than growth, dissolution was monitored for
Pt@Pd octahedrons. Accelerated durability testing was applied to Pt@Pd nanoparticles which

showed that the Pt shell migrated from facets to corners and edges. Eventually, the Pd interior
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leached out, presumably into solution. Careful analysis of the ADT samples showed that a defect
on the Pt shell was the location for initial Pt migration and subsequent Pd leaching. In situ TEM
imaging was performed to observe the initial defect location and Pt migration. While the in situ
results only observe the early stages due to time constraints, the direct images allowed for us to
see how the structure was elongating in the corner-to-corner direction while compressing from the
side-to-side direction. We can see the shell shape adjust before stabilizing. An analysis of the E-
chip afterwards found the presence of small nodules of Pt, showing that one of the early steps

toward nanocages is the migration of Pt away from the facet of the octahedron.

As shown, in situ TEM gives insights into processes at the nanoscale, providing spatial information
that is not present with macroscopic spectroscopic techniques. This gives a view into reactions that
previously were seen indirectly. However, the types of reactions that can be replicated are still
limited. Advancements to MEMS technology will help with replication. For example, the
incorporation of a fiber optic cable into the liquid cell holder would enable in situ observations of
a photocatalytic nanomaterials. Other potentials are to convert liquid into a gaseous form for the
gas/liquid cell, to allow for the monitoring of oxidizing reactions in a wet environment without
much loss of spatial resolution.[178,179] Other microscopy techniques that can be applied in situ,
not mentioned here, include STEM diffraction imaging to explore lattice strain and local
electromagnetic fields.[180-183] However, as a microscopic technique, the TEM should be used
alongside other spectroscopic techniques to get both an overview and details at the nanoscale. In
situ electron microscopy has expanded the ways researchers can probe materials with higher and
higher spatial and energy resolution; with future technological development on the holders in
particular, in situ TEM imaging and spectroscopy will continue to be a powerful tool for

investigating nanomaterial transformations.
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Figure Al. Thermogravimetric analysis of the MOF.
A final weight of 33.2% for the ZrO> gives a final Zr weight of 24.6%.
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