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Zusammenfassung

Da es sich bei Katalysatoren und anderen Funktionsmaterialien im Allgemeinen um hierarchisch
strukturierte Materialien handelt, ist zum Verstdndnis ihrer Mechanismen und zur Verbesserung ihrer
Funktionsleistung bzw. katalytischen Eigenschaften eine detaillierte Charakterisierung auf verschiedenen
Langenskalen und insbesondere unter Reaktionsbedingungen erforderlich. Da es keine einzige Methode
gibt, die alle Langenskalen Uberbriickt, missen darlber hinaus komplementédre Techniken kombiniert
werden. Lokale Informationen lassen sich am besten unter Zuhilfenahme von 2D- oder besser noch 3D-
mikroskopischen Verfahren erhalten. Zunachst wurden drei verschiedene 3D-Bildgebungstechniken mit
nanoporosem Gold als Modellsystem evaluiert, und zwar ptychographische Réntgen-Tomographie,
Elektronentomographie und der fokussierten lonenstrahltomographie. So wurde die Vielseitigkeit der
tomographischen Bildgebung inklusive aller Vor- und Nachteile beleuchtet, welches die Notwendigkeit
sich erganzender Techniken aufzeigte. Im Anschluss daran wurde quasi in situ ptychographische
Tomographie genutzt, um den Einfluss thermischer Behandlung unter Atmospharendruck zu untersuchen.
Hierdurch sollte die Benutzerfreundlichkeit des durch elektronentomographische Techniken ergdnzten
Verfahrens im Hinblick auf In-situ-Studien hervorgehoben und dessen Leistungsfahigkeit in Bezug auf das
Losen von Problemstellungen bewiesen werden, die mittels ptychographischer Tomographie allein nicht
gelost werden konnen. Zur Ableitung eines weiteren wesentlichen Nutzens aus der 3DMikroskopie
wurden die resultierenden 3D-Volumina auf Gaspermeabilitdts- und Diffusions-, elektrische und
thermische Leitfahigkeitssimulationen angewendet. AnschlieRend wird liber die Entwicklung zweier
Zellen zur Durchfihrung vollstdandiger In-situ-Untersuchungen unter kontrollierten Temperatur- und
Atmospharenbedingungen bereichtet. Eine der Zellen wurde fiir reine 2D-(Rontgen-
)Ptychographieexperimente mit simultaner ortsaufgelésten Rontgenfluoreszenzanalyse konzipiert. Die
zweite Zelle erlaubt eine zusatzliche Option fur winkelbegrenzte ptychographische 3D-
Tomographieexperimente. Die Machbarkeitsprifungen wurden mit mehreren katalytischen und
funktionellen Materialien (Nanopordses Gold, hierarchisch aufgebaut Zeolite, Kobalt-Manganoxid-
Hohlkugeln) wahrend der thermischen Behandlung unter definierten Gasatmosphéaren durchgefiihrt. Die
vorliegende Arbeit hebt die Bedeutung von In-situ-Studien zur genauen Bestimmung der
Behandlungstemperaturen unter definierten Bedingungen, zur Online-Visualisierung der Morphologie in
2D oder 3D und zur gleichzeitigen direkten Abbildung elementarer Verteilungen hervor. Darliber hinaus
wurde an denselben Proben eine komplementare Technik, die Transmissionselektronenmikroskopie,
durchgefiihrt und damit ein weiterer Vorteil der Verwendung der Zellen aufgezeigt. Trotz der vorldufigen
Ergebnisse der winkelbegrenzten ptychographischen In-situ-Tomographieexperimente in Bezug auf die
Beschrankung der Datenrekonstruktion konnte vor Kurzem eine neue tomographische
Rekonstruktionstechnik zur Extraktion von 3D-Bildern bei verkiirzten Erfassungszeiten entwickelt werden.
Zusammenfassend stellt die vorliegende Arbeit einen Ansatz zur ganzheitlichen Beschreibung mittels In-
situ-3D-Bildgebung fiir die quantitative Analyse und Simulation von funktionellen Materialien dar.






Abstract

Catalysts and other functional materials are generally hierarchically structured materials. Hence, the de-
tailed characterization at different length scales, and especially under reaction conditions, are necessary
to unravel their mechanisms and to improve their performance and catalytic activities. Besides, a combi-
nation of several techniques is required to acquire complementary information owing to the lack of a
single technique able to cover all the length scales. With respect to length, the best way to investigate is
by microscopy either in 2D or more preferably in 3D. The work began with an exploration of three differ-
ent 3D imaging techniques, i.e. ptychographic X-ray computed tomography, electron tomography, and
focused ion beam slice-and view. Using nanoporous gold as the model, this study aimed to exhibit the
versatility of 3D microscopy as a method beyond imaging as well as to confirm the necessity of comple-
mentary nature between them, where electron offers better spatial resolution and X-ray provides larger
field of view. The study then continued by utilizing ptychographic X-ray computed tomography for quasi
in situ thermal treatment of the same materials under atmospheric pressure. This study highlighted its
ease of use of implementing in situ studies, complemented by electron tomography to prove its powerful
ability to resolve what ptychographic tomography cannot. The resulting 3D volumes were then used for
air permeability and CO, diffusion simulations, along with material’s electrical and thermal conductivity
simulations in order to further expose another excellent benefit from 3D microscopy. Ultimately, the work
proceeded into developing two cells in order to perform full in situ investigations under controlled tem-
peratures and atmospheres, where one cell was built for 2D only (X-ray) ptychography experiments with
simultaneous X-ray fluorescence mapping, and the other was constructed with an additional capability
for 3D limited-angle ptychographic tomography experiments. The feasibility tests were conducted using
several functional materials, i.e. nanoporous gold, zeolite, and cobalt-manganese-oxides hollow sphere,
as the models for thermal annealing process under specific atmospheres. This work eventually attests the
importance of in situ studies in precisely determining the onset annealing temperatures under particular
environments, to visualize the morphology online either in 2D or 3D, and to simultaneously map ele-
mental distributions live. Moreover, a complementary technique via transmission electron microscopy
was also demonstrated on the same sample, adding up another advantage in using the cells. Despite the
preliminary results from in situ limited-angle ptychographic tomography experiments for limitation in data
reconstruction, a new tomographic reconstruction technique was recently developed as a solution to ac-
quire 3D images with shortened acquisition times. In conclusions, the work here converges into the ideal
case of performing all-around in situ 3D imaging of functional materials for quantitative analysis and sim-
ulation.
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1 Introduction

One of the most important technology in this world is catalysis as chemicals are mostly derived from cat-
alytic reactions (Chorkendorff and Niemantsverdriet 2003), which require catalysts to optimally work for
economical purposes. The necessary ways to realize such a demand are by understanding how catalysts
function and investigating why they deactivate. In the branch of heterogeneous catalysis, where the phase
of the catalyst (generally solid) is not the same with that of the reactant (liquid/gas), researching the cat-
alyst structure with high surface area and porosity as well as the dynamics are required to optimize the
catalytic activity by analyzing the structure-activity relationships (Chorkendorff and Niemantsverdriet
2003, Somorjai and Li 2010). The techniques for that purpose are usually divided into: scattering methods,
spectroscopy, and microscopy, which are greatly utile if they are performed across multiple timescales —
from the diffusion of reactants to the deactivation of active sites — as well as multiple length scales — from
the active sites in an atomic scale to the reactor in a meter scale (Niemantsverdriet 2007, Grunwaldt and
Schroer 2010, Che and Védrine 2012).
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Figure 1.1: Illustration of multi-scalar feature of catalysts or functional materials from atomic to macro scale. Adapted with

permission from Ref (SCM 2019).

Since solid catalysts are commonly used in heterogenous catalysis, the catalyst design to incorporate cer-
tain microstructures are necessary for the sake of optimization in their activities (Ng, Gani et al. 2006)
although the original source of the activities is on the active sites in the atomic scales (Figure 1.1). The
catalysts are usually the active materials filled on the support materials or carriers and produced with
particular geometries (e.g. pellet) in a large amount as the industrial plants are in the meter ranges. In the
macro scale (from mm to cm), the evaluation of different carrier shapes and reactor modelling are im-
portant in optimizing the heat and mass transfer as well as the catalytic activity (Deutschmann 2012). In
the micro- (< mm) and meso (20-500 nm) scales, the catalyst porosity also takes into account in affecting
the heat and mass transport phenomena (Vantomme, Léonard et al. 2007) and the modelling approach is
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a key step to comprehend and correlate it to the catalytic activity (Matera and Reuter 2012), where tuning
catalysts with different pore sizes (Klumpp, Zeng et al. 2016) or hierarchical structures (Guttel 2015) would
optimize the catalyst performance. In the nanoscale (sub-nm to 20 nm), the interaction of catalyst with
fluid reactants is the focus here, along with the fact that catalyst morphology and size play roles in tuning
the catalytic activity (Ketchie, Fang et al. 2007, Hansen, DelaRiva et al. 2013). Last the most important
process in catalysis happens in the atomic scale (< sub nm) (Chorkendorff and Niemantsverdriet 2003,
Grunwaldt, Wagner et al. 2013), where the catalytic reactions occur on the catalyst active sites starting
from the adsorption of the reactants to the desorption of the products.

Furthermore, the investigation of catalysts during operation, which is a particular condition to trigger the
desired catalytic reaction, is also important in order to eventually evaluate their catalytic activities (Haw
2002, Weckhuysen 2004, Grunwaldt, Wagner et al. 2013). As many catalytic reactions often involve harsh
working conditions, e.g. high pressures and temperatures, the singular implementation of the above tech-
niques (scattering methods, spectroscopy, and microscopy) is therefore limited, bringing on the fact that
there is not any single method able to fulfil the needs to characterize the catalysts, so the interchangeable
uses between the techniques and the application of hierarchical approaches (Basile, Benito et al. 2010,
Grunwaldt and Schroer 2010, Grunwaldt, Wagner et al. 2013, Kalirai, Boesenberg et al. 2015) are thus
realized.

Electron- and X-ray-based methods, among other techniques, are notable and versatile in characteriza-
tions of catalysts, especially for the solid ones. Although electron is a preferred light source for probing
catalysts in higher spatial resolutions due to its lower wavelength and easiness to focus by lenses, X-ray
on the other hand is able to probe larger sizes of catalysts for more representation of the bulk materials
due to its higher penetration depth. This makes both techniques actually complementary to each other
and such combination is fruitful in probing the same sample to produce hierarchical length scale results
(Fam, Sheppard et al. 2018, Li, Ihli et al. 2019). Furthermore, despite the lower spatial resolutions of X-
ray, it has the flexibility to cover a wide range of working pressure, whereas electron generally works
under vacuum condition. Further discussion in this matter can be found in Section 1.4. This reason indi-
cates that X-ray offers more suitability and ease of use for studies under working condition, also known
as in situ or operando studies.

The term “in situ”, a Latin word for “on site”, and “operando”, a Latin word for “working/operating”, have
been unanimously established, particularly in the field of catalysis, with a specific meaning referring to a
study of the catalyst under realistic reaction conditions, but “operando” possesses an additional signifi-
cance, which includes a simultaneous online measurement of catalytic performance via mass spectrome-
try or gas chromatography (Topsge 2003, Thomas and Hernandez-Garrido 2009, Grunwaldt, Wagner et
al. 2013, Whiting, Meirer et al. 2017). The necessity to carry out in situ/operando studies stems from the
facts that most catalysts typically operate under specific environmental conditions, where chemistry and
structure of materials alter or become unstable so that intermediate states/agents exist and some have
profound effects on the catalytic activities (Ertl, Kndzinger et al. 2008, Somorjai and Li 2010). In situ/oper-
ando studies are hence able to help in revealing such information only present under those specific reac-
tion conditions, which are useful to unravel the relationship between surface structure, materials compo-
sition, and catalytic activity (Grunwaldt, Kimmerle et al. 2009, Schroer and Grunwaldt 2009, Thomas and
Hernandez-Garrido 2009, Weckhuysen 2009, Beale, Jacques et al. 2010, de Groot, de Smit et al. 2010,
Grunwaldt and Schroer 2010, Stavitski and Weckhuysen 2010, Tao and Salmeron 2011, Andrews and
Weckhuysen 2013, Grunwaldt, Wagner et al. 2013, Tao and Crozier 2016, Kalz, Kraehnert et al. 2017,
Newton 2017).
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Among the aforesaid three techniques, in situ/operando microscopy offers more advantages because of
the capability to visualize the morphology of catalysts in the form of real images together with comple-
mentary spectroscopic and scattering results (Schroer and Grunwaldt 2009, de Groot, de Smit et al. 2010,
Grunwaldt and Schroer 2010, Nelson Weker and Toney 2015, Tao and Crozier 2016, Weker, Huang et al.
2016). Therefore, a comprehensive set of results can be generated from microscopy, whereas the other
two methods are not able to deliver what only microscopy can, which are real images both in two dimen-
sions (2D) and/or even three dimensions (3D). In comparison between 2D and 3D microscopy, the 3D
imaging techniques provide more information and derivable results than the 2D counterpart. Not only
structural parameters can be obtained, but also the quantitative results useful in catalysis, e.g. surface
area, porosity, and mass density, can also be extracted (da Silva, Mader et al. 2015, Cuesta, De la Torre et
al. 2017, Ihli, Jacob et al. 2017, Zabihzadeh, Van Petegem et al. 2017, Fam, Sheppard et al. 2018) and even
further utilized for simulation/modelling (Zabihzadeh, Cugnoni et al. 2017, Cuesta, De la Torre et al. 2019).
Aside from that, the accurate depiction of the probed objects is also a big concern for the results of 2D
imaging techniques since the only one perspective may give a wrong impression on the real objects as
shown in Figure 1.2, but it does not happen to 3D imaging methods because many projections at different
perspectives are collected to generate 3D volumes, of which the resemblance to the real objects only
depends on the spatial resolution of the corresponding techniques. Further discussion in this matter can
be found in Section 1.5.
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Figure 1.2: Principles and results between 2D and 3D imaging methods.

1.1 Electron imaging techniques

Electron imaging has been the most widespreadly used methods to characterize functional materials and
catalysts in nano- and even atomic scales. There are various techniques under this category, i.e. scanning
electron microscopy, transmission electron microscopy, reflection electron microscopy, scanning tunnel-
ling microscopy. The following techniques were the focused subjects since they were used oftentimes
either to prepare the samples for imaging experiments or to be the main imaging studies themselves. All
electron imaging studies described in this dissertation were performed ex situ because of the comple-
mentary purpose to the highlighted X-ray imaging method.
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1.1.1 Dual-beam focused ion beam and scanning electron microscopy (FIB-
SEM)

Dual-beam focused ion beam and scanning electron microscopy (FIB-SEM) instrument includes an ion
column, an electron column in a conventional SEM chamber, a gas injection system (GIS), a micromanip-
ulator, a sample stage, and detectors. Both columns primarily consist of beam guns, apertures, detectors,
and lenses with schematic details in Figure 1.3a-b. The beam guns comprise beam sources to emit the
beams, suppressors and extractors to adjust the brightness, whereas the apertures and lenses play the
role to focus the beams. The differences between both columns are the beam sources (liquid Ga for FIB
and W crystal for SEM) and the type of lens (electrostatic for FIB and electromagnetic for SEM) (Hirsch,
Howie et al. 1977, Goldstein, Newbury et al. 2003, Scientific 2019). For what it is worth, the dual beam
configuration makes a typical geometry between FIB and SEM column as well as the sample holder within
the chamber as shown in Figure 1.3c. While the SEM column stands vertically, the FIB column is positioned
52° relative to the SEM column, and the sample stage can be moved in the x, y, z directions with rotation
up to 360° and tilting up to 60°. Moreover, the sample stage has an eucentric point, where both ion and
electron beam intersect on the same area of the sample. This allows a cross-section imaging by tilting the
sample to 52° from electron beam, with simultaneously perpendicular cutting of the sample using ion
beam (Alton and Read 1989, Giannuzi and Stevie 2005). For the results, 2D images can be obtained from
both columns, where the resulting secondary electrons are used for SEM images and secondary ions for
FIB images. However, it should be noted that FIB image acquisition is quite damaging to the sample.
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Figure 1.3: Illustration of beam paths and optical configuration in (a) FIB column and (b) SEM column; (c) geometric posi-

tions of FIB column, SEM column, and sample stage at 52° and eucentric point in FIB-SEM instrument. Adapted
with permission from Ref (Meng-Burany 2010).
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Aside from imaging, FIB-SEM can also be used to transfer and fix the sample into a particular sample
holder for further characterizations, e.g. TEM for higher spatial resolution imaging. This step usually re-
quires the micromanipulator as the “hand” and the GIS as the “glue” in the form of injecting needle (Figure
1.3a) using either Pt, W, or C as a deposition material. In case of Pt (used for the entire works in this
dissertation), the deposition is produced via ion-assisted CVD of trimethyl-methylcyclopentadienyl-plati-
num (CoH16Pt) (Telari, Rogers et al. 2002, Winter and Mulders 2007) and is done at the eucentric point and
usually tilted at 52°. After fixing the sample via GIS on the tip of micromanipulator and placing the sample
into the desired holder, the micromanipulator can be separated from the sample by simply cutting a small
part of the tip with the ion beam.

1.1.2 Focused ion beam slice and view (FIB-SV)

An extension to FIB-SEM technique is focused ion beam slice and view (FIB-SV), also known as FIB tomog-
raphy or FIB serial section or 3D-FIB, to generate 3D images eventually. Basically, FIB-SV is an alternating
process of imaging and sectioning, where the sample is placed at the eucentric height and tilted at 52°,
electron beam is used for cross-section imaging on the x-y plane, and ion beam is used for a sequential
cross-section cutting of thin (around 10 nm) layers of the sample. After each layer cutting and subsequent
image acquisition, the imaging plane gradually moves in z-direction. Prior to this, a cubic sample with wide
trenches (Figure 1.4) appropriate sizes to the field of view of SEM detector, has to be prepared using FIB
milling under the same instrument. To protect the cube surface during FIB-SV, a Pt layer with thickness
around 1 um is then deposited on the top of the sample (y-direction) via GIS. FIB-SV usually takes a whole
day or even longer depending on the number of acquired 2D images, but the modern instruments have
already adopted an automated serial sectioning with integrated drift and dynamic focus correction (Holzer
and Cantoni 2012, Cantoni and Holzer 2014), so ones can therefore leave it running in autopilot mode.
Afterwards, the resulting 2D image stacks undergo data processing steps, including stack alignment and
registration, correction of image defects, segmentation of individual objects, visualization of segmented
objects, and quantitative analysis (particle/pore size distribution, surface area, triple phase boundary
length, feature counting, etc) depending on the users.

 Eléskor beam

Figure 1.4: Illustration of the optimized sample geometry for FIB-SV using dual beam microscope. Adapted with permission
from Ref (Holzer and Cantoni 2012).



1 Introduction

1.1.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is different than FIB-SEM because it captures transmitted elec-
trons passing through the sample, which makes this technique able to attain higher spatial resolutions
more than any other imaging methods. For that reason, the instrument consists of more lenses than FIB-
SEM, e.g. condenser, objective, intermediate, and projector lenses, to help in focusing the beam onto the
sample as shown in Figure 1.5. Similar to an optical microscope, a direct image can be projected on the
viewing screen or captured by a camera sensor. Such an image actually originates from either unscattered
for bright-field images or scattered electrons for dark-field images depending on the interaction between
electron and sample (Egerton 2005). A special diffraction mode can be made using a selected area aper-
ture by changing the location of intermediate lens (Fultz and Howe 2012), so that a diffraction pattern can
be observed on the viewing screen as shown in Figure 1.5-right. Due to the transmission nature and lim-
ited penetration depth of electron, TEM has a limitation on the sample thickness with a maximum of 100
nm. In addition, the beam can also be made highly focused to scan over the sample, which is usually called
scanning TEM (STEM) mode. In this mode, the image is produced by raster-scanning the sample and cap-
turing the transmitted electrons at each point, where the contrast greatly depends on the atomic number
(2) and the higher the Z, the brighter the appearance. This mode is therefore more utile for characterizing
supported catalytic or functional materials (Fultz and Howe 2012). Energy Dispersive X-ray Spectroscopy
(EDX) is another integrated technique to measure elemental/chemical composition and usually exists in
the form of a detector. When an incoming beam interact with a sample, an inelastic scattering occurs on
the atomic scale of the sample, where an inner shell electron is excited creating an electron hole. An outer
shell electron with higher energy then fills the hole and then release X-ray as a compensation. Such X-ray
energy, characteristic of the energy difference between two shells and of the atomic structure of the
emitting element, is then measured by the detector.

f,,_IIh.mi'lEltiun SOUFCE
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Light microscope image Diffraction pattern
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Figure 1.5: Illustration of beam paths and optical configurations between (left) optical microscope and TEM under (middle)
imaging mode and (right) diffraction mode. Adapted with permission from Ref (JEOL 2019).
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1.1.4 Electron tomography (ET)

An extended TEM method to generate 3D images is electron tomography (ET), also known as TEM tomog-
raphy or 3D-TEM. The basic principle traces back to the work of Johann Radon (Radon 1986), where a
suitable signal in the form of electron scattering from the variations of mass thickness in the sample is
used to acquire 2D projections at different tilting angles (from one extreme of tilt to the other) around a
particular tilt axis. The tilting process (Figure 1.6) should be made as large a range as possible and the
amount of 2D projections should be maximized in order to attain the best spatial resolution (Radermacher
1988), but the resulting electron dose on the sample requires concern, especially for biological samples,
so the dose-efficient and automated process has been developed (Ziese, Janssen et al. 2002). After ob-
taining a series of 2D projections, an alignment procedure is imperative, where each projection needs to
be shifted onto a common tilt axis with a spatial and rotational shift as well as some corrections from scan
and/or lens distortions. This step, usually carried out by the combined uses of fiducial markers, feature
tracking, and sequential cross correlation, should be applied as accurate as possible since it affects the 3D
reconstruction quality even with only small misalignments.

The next step is the reconstruction process, where a series of pre-aligned 2D projections are turned into
a 3D volume. There are many available methods and already discussed in details in this report (Hayashida
and Malac 2016) with each has its own pluses and minuses. However, the simultaneous iterative recon-
struction technique (SIRT) was used in this work, where an iterative process (around 10-20 times) com-
pares projections to the original projections and the resulting differences are compensated
(Venkatakrishnan, Drummy et al. 2013). Although this method is useful to reconstruct even noisy images,
it has a drawback to over-smooth features and introduce artefacts for the tomograms. Then, segmenta-
tion, visualization, and quantitative analysis are similar to FIB-SV, which depends on the probed sample
and users.

Beam / Pro@:tion direction

Figure 1.6: Image acquisition process in ET, where images are obtained by a tilt series at a single tilt axis to generate 2D im-
age projections. Adapted with permission from Ref (Weyland and Midgley 2004).

1.2 X-ray imaging techniques

Although X-ray imaging is not as famous as X-ray spectroscopy in catalysis, X-ray imaging studies have
been progressively growing in the past two decades (Schroer, Cloetens et al. 2004, Midgley, Ward et al.
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2007, Grunwaldt and Schroer 2010, Grunwaldt, Wagner et al. 2013, Weker, Huang et al. 2016, Meirer and
Weckhuysen 2018). Despite the lower spatial resolutions of X-ray imaging compared to electron imaging,
X-ray imaging has the superiority in more flexible working condition and larger field of view. Although
there are actually various types of X-ray imaging (Grunwaldt and Schroer 2010, Grunwaldt, Wagner et al.
2013, Weker, Huang et al. 2016), i.e. radiography, phase-contrast imaging, coherent diffraction imaging,
tomography, the following techniques done at the synchrotron radiation facilities are the focused subjects
in this dissertation.

1.2.1 X-ray ptychography (XRP)

X-ray ptychography (XRP) was first implemented successfully in the late of 2000s (Rodenburg, Hurst et al.
2007, Thibault, Dierolf et al. 2008), where it is a solution for scanning transmission X-ray microscopy con-
cerning the limited spatial resolution from the fabrication issue of hard X-ray optics, and coherent diffrac-
tion imaging, having limitation to isolate objects. The word “ptychography” actually originates from a
translated Greek word “to fold”, where the basic principle is to convolute a finite illumination function
and a coherent diffraction pattern of an object in a Fourier space. If transformed into a real space, XRP
employs a focused coherent X-ray beam to scan over a sample (Figure 1.7) in such a way that there is
always an overlapped illumination between successive scans, providing an over-determination of infor-
mation for the accumulatively scanned area. Since the scattering signal from the sample matters, the
direct result captured by a detector is in the form of far-field diffraction pattern. An iterative reconstruc-
tion algorithm is then used to solve and retrieve the amplitude and phase of the object; as well as the
complex illumination function. Either amplitude or phase information can then be used to calculate an
electron density, useful to develop a real image, but the one derived from the phase is usually preferred
for its better contrast and higher sensitivity to low atomic number materials. With regard to the specific
reconstruction algorithm, there have been plenty already established (Pfeiffer 2018), but the elaborated
maximum-likelihood optimization scheme (Thibault and Guizar-Sicairos 2012) was the one used in this
work. This method mitigates the limitation of requiring the exact information of the illumination function
(probe) by simultaneous solving of both probe and object transmission function. In terms of spatial reso-
lution, XRP has been making a breakthrough that no other X-ray imaging techniques could, which is down
to 10 nm for hard X-ray (Vila-Comamala, Diaz et al. 2011, Schropp, Hoppe et al. 2012). This is due to fact
that XRP uses a highly coherent flux and it does not require objective lenses, allowing its spatial resolution
independent on the X-ray beam spot size.
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Figure 1.7: Illustration of the path of X-ray beam and experimental configuration of XRP. Adapted with permission from Ref

(Thibault, Dierolf et al. 2008).
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1.2.2 Ptychographic X-ray computed tomography (PXCT)

As the penetration depth of X-ray is its huge advantage, tomography is then an inherent necessity to
integrate the capability of non-destructive 3D imaging into XRP, so ptychographic X-ray computed tomog-
raphy (PXCT, also known as ptychographic CT or tomographic XRP) was later developed and successfully
implemented for the first time in 2010 (Dierolf, Menzel et al. 2010). Therefore, PXCT is actually an exten-
sion of XRP, mixed with computed tomography, along with an advantageous capability in quantitative 3D
mapping of refractive index at a similar resolution as in XRP. The working principle is basically the same
with XRP, but it additionally involves a rotation such that 2D projections at different perspectives can be
obtained as shown in Figure 1.8. The general data analysis procedures includes ptychographic reconstruc-
tion of phase and amplitude for each 2D projection at various angles, phase-unwrapping and/or phase-
ramp removal, alignment and registration of projections at different angles from mechanical drifts, tomo-
graphic reconstruction of phase and amplitude (via filtered back projection or maximum likelihood expec-
tation maximization in this work depending on the beamlines), and the similar steps as in FIB-SV or ET, i.e.
segmentation, visualization, then quantitative analysis.

S~ _*

Figure 1.8: Illustration of the X-ray beam path and experimental configuration of PXCT. Adapted with permission from Ref
(Dierolf, Menzel et al. 2010).

1.2.3 X-ray fluorescence microscopy (XRF)

Basically, X-ray fluorescence microscopy (XRF) uses a focused X-ray beam to scan across the sample in a
raster pattern to produce spatially-resolved elemental/chemical map, based on the intensities of second-
arily emitted (or fluorescence) X-rays from the photoelectric effect. Such fluorescence X-rays, unique for
each element, are quantified by a detector, which can be positioned perpendicular to the incoming X-ray
or in a backscatter geometry. In this work, XRF from a nanoprobe beamline at a synchrotron facility was
conducted along with in situ XRP as a complementary measurement.
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1.3 Complementary X-ray (XRM) & electron microscopy (EM)

As a single imaging tool is not able to generate information covering all the length scales, complementary
techniques are thus required although each has its own disadvantages. While the macro-scale (>1um)
technique has been well-established under optical microscopy and the nano-scale (< 10 nm) has been
exclusively covered by TEM, the meso-scale (10 nm — 1 um) has been an overlapped area between various
microscopic methods, dominated mostly by XRM (Grunwaldt and Schroer 2010, Grunwaldt, Wagner et al.
2013, Meirer and Weckhuysen 2018). The reasons behind such classification are due to the source char-
acteristics and corresponding optics, where the wavelength of visible light inherently limits the spatial
resolution in optical microscopy, the focusing optics is the bottleneck for X-ray despite its high penetration
depth, and electron has a limitation in its penetration depth although it is easier to focus. Therefore,
combining X-ray and electron microscopy with their compensating advantages is important in hierarchical
imaging studies as both techniques are quantitative with various contrast signals under absorption, dif-
fraction, fluorescence, and scattering mode (Thomas and Hernandez-Garrido 2009, Grunwaldt and
Schroer 2010).

TEM has been famous to extract nano-scale structural information of nanoparticles either on the surface
or at the interface, but the analysis is often hindered by problems in lens aberrations and irregular con-
trast due to varying sample thickness (Marks 1983, Marks and Smith 1983, Malm and O'Keefe 1997, Tsen,
Crozier et al. 2003). It was then overcome by the development of aberration-corrected TEM, whose ob-
jective lens have been technically adjusted via hardware/software, bringing in clearer images with higher
spatial resolutions (Kawasaki, Takai et al. 2001, Freitag, Kujawa et al. 2005, Gontard, Chang et al. 2007,
Kirkland, Chang et al. 2008, Su, Jacob et al. 2008, Tanaka 2008). However, a direct acquisition of elemental
analysis via an integrated spectroscopy detector on the surface of nanoparticles under high resolution
mode is not possible so far, so an alternative simulation study has been adopted to back it up (Yoshida,
Kuwauchi et al. 2012). A trick was developed under scanning TEM (STEM) mode to be able to perform
such chemical analysis as well as the morphology observation with a sub-nm spatial resolution (Erni,
Rossell et al. 2009, Krivanek, Chisholm et al. 2010). This way, a focused electron beam is scanned across
the sample, producing a high-angle annular dark-field intensity for structural information based on the
atomic number, and an electron-dispersive X-ray spectrum for mapping the corresponding elements. De-
spite having been often used for the purpose of higher-contrast imaging(Borisevich, Wang et al. 2007,
Herzing, Kiely et al. 2008, Pyrz, Blom et al. 2008, Zhou, Ross-Medgaarden et al. 2009, Zhang, Trunschke et
al. 2010), a complementary study of this method has also been carried out to confirm the particle size
distribution of supported catalysts from extended X-ray absorption fine structure measurements (Zhang,
Zhang et al. 2011).

XRM, on the other hand, has been famous in structural characterizations at the meso scale, which is as
important as the nano scale in catalysis, with various established techniques. One common technique is
scanning X-ray microscopy, utilizing a nanofocused beam to scan across the sample and an absorption
signal to generate images and spectra for X-ray absorption spectroscopy (Schroer, Kuhlmann et al. 2003)
along with other signals for additional measurements, such as fluorescence for XRF (Carmona, Cloetens
et al. 2008) and scattering for small- (Schroer, Kuhlmann et al. 2006) or wide-angle X-ray scattering study
(Bleuet, Welcomme et al. 2008). Spatial resolutions below 100 nm can be achieved using Kirkpatrick-Baez
mirrors and refractive optics with spot sizes below 10 nm (Mimura, Handa et al. 2010, Yan, Rose et al.
2011), whereas X-ray mirrors are more suitable for the integration with X-ray absorption spectroscopy
due to its achromaticity and focus independence of X-ray energy (Schroer, Kuhlmann et al. 2003). Never-
theless, the spatial resolutions of this technique are still expected to improve, particularly by the advent
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of fourth generation synchrotron facilities with higher brilliance, e.g. PETRA IV in Hamburg (Schroer,
Agapov et al. 2018). Another XRM worth mentioning is coherent X-ray diifraction imaging, making use of
the highly coherent part of the beam to produce far-field diffraction patterns and numerically reconstruct
them into real images with the help of additional known object variables. This technique was then able to
surpass a record of reaching spatial resolutions in single-digit nanometers (Schroer, Boye et al. 2008,
Takahashi, Nishino et al. 2009) despite the model objects. A derivative out of this technique, combined
with scanning X-ray microscopy, is XRP, where it adopts the similar principle of coherent diffraction imag-
ing, except under scanning mode. Despite having been used to resolve functional materials (Schropp,
Boye et al. 2011, Esmaeili, Flgystad et al. 2015, Zhu, Harder et al. 2015, Hémonnot, Reinhardt et al. 2016,
Yan, Nazaretski et al. 2016, Van den Brande, Patil et al. 2017, Fam, Sheppard et al. 2019), this method is
still new in the field of catalysis, so the prospect as a catalytic structural characterization, especially oper-
ando study, is promising. Besides, ptychography has also been applied in scanning electron microscopy to
reach spatial resolutions of 2-5 nm (Humphry, Kraus et al. 2012), indicating the potential in breaking the
records via XRP. XRP has also been combined with X-ray absorption spectroscopy to the determine the
chemical state of selected elements with spatial resolutions of 20-100 nm and the structural results were
also compared with SEM images for comparison (Hoppe, Reinhardt et al. 2013, Hirose, Ishiguro et al.
2018).

The above results come from 2D imaging studies, which exhibit only the projections of the real samples
in 3D. For X-ray, the capability to obtain 3D volume of real samples has been common at macro-scales via
X-ray computed tomography, even hospitals nowadays own the machine to localilze tumors inside human
bodies, thanks to the high penetration depth of X-ray. In catalysis, this method has been applied to extract
the valuable information regarding particle distribution, morphology, and pore structure of the catalysts,
even at the meso-scale (Grunwaldt and Schroer 2010, Grunwaldt, Wagner et al. 2013, Weker, Huang et
al. 2016, Meirer and Weckhuysen 2018). As the higher 3D spatial resolutions are the better, especially for
the direct use in simulations (Zabihzadeh, Cugnoni et al. 2017, Delattre, Amin et al. 2018, Cuesta, De la
Torre et al. 2019, Tan, Kok et al. 2019), a recent method to pursue that goal has been realized via PXCT
reaching up to 14 nm (Holler, Guizar-Sicairos et al. 2017). A major challenge and drawback of PXCT is the
measurement time, taking its toll from several hours to a day, which can negatively affect the sensitive
probed samples. Decreasing the field of view, number of projections, and scanning step size are common
to save the time at the expense of lowering down the spatial resolution. The prospect of PXCT in achieving
higher spatial resolution and shorter measurement time is promising with the upcoming fourth genera-
tion synchrotron facilities. Furthermore, a modified PXCT, called as resonant phase imaging, has also been
successfully conducted with selected materials to chemically localize different elements in 3D (Donnelly,
Guizar-Sicairos et al. 2015, Ihli, Diaz et al. 2018).

For electron, although it has been overshadowed by X-ray in terms of 3D imaging, 3D imaging studies have
also been carried out via ET (Miao, Ercius et al. 2016) or FIB-SV (Cantoni and Holzer 2014) with a special
focus on ET owing to the spectacular 3D spatial resolutions at atomic-scale (Bar Sadan, Houben et al. 2008,
Van Aert, Batenburg et al. 2011), e.g. resolving individual atoms of an icosahedral Au nanoparticle along
with its 3D grains (Scott, Chen et al. 2012) or even resolving 3769 individual atoms of W needle tip with
19-pm resolution (Xu, Chen et al. 2015). Aside from the excellence in spatial resolutions, ET is also able to
make use of spectroscopic signals for simultaneous elemental analysis using EDX detector (Yeoh, Rossouw
et al. 2015, Slater, Janssen et al. 2016) or chemical state analysis using EELS detector (Yedra, Eljarrat et al.
2014, Torruella, Arenal et al. 2016), despite the worse resulting reconstruction compared to the transmis-
sion imaging results. Moreover, ET has also been utilized to observe material defects, e.g. dislocations,
under dark-field mode so as to enhance the contrast (Barnard, Sharp et al. 2006, Barnard, Sharp et al.
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2006, Tanaka, Higashida et al. 2008). One challenge and drawback in ET, compared to PXCT, is the typical
missing wedge problem due to the inherent limitation of short penetration depth of electron, hindering
it to perform full rotation of 180° for an optimized 3D reconstruction inducing the presence of elongation
artifacts. However, methods to overcome such problem have been reported by either improving the re-
construction algorithms (Saghi, Holland et al. 2011, Goris, Van den Broek et al. 2012) or modifying the
sample holder into a customized tip, to where the sample is deposited (Padgett, Hovden et al. 2017,
Przybilla, Zubiri et al. 2018). Another challenge of ET is improvement in tilt series acquisition times, usually
taking tens of minutes for one tomogram and making it impossible to observe dynamic changes in 3D.
Recently, a semi-automatic Fast Step-by-Step ET was found to be applicable for operando ET, where the
kinetics could sufficiently be slowed down via a fine pressure and temperature control (Roiban, Li et al.
2018, Koneti, Roiban et al. 2019). Although the total acquisition time of 2 min with total angles of 140°
could be obtained, it is unfortunately still not ideal for the general operando ET with more rapid dynamic
processes. Other possible solutions include the utilization of higher-brightness electron sources, improved
specimen stages and detectors (Van Aert, Batenburg et al. 2011). Last, it would be optimum if ET is com-
plemented by PXCT to hierarchically analyse materials at various length scales from pm to um since one
compensates the other’s disadvantages in terms of “field of view vs spatial resolution”.

1.4 Insitu EM and XRM

As in situ studies are able to reveal the dynamic nature of materials under reaction conditions so as to
optimize their activities/performance for their applications, the challenges involved also increase, espe-
cially for EM, where the mean free path of electrons are short in gases and liquids. So far, the widespread
use of in situ TEM has been renowned, proven by many available publications (Ramachandramoorthy,
Bernal et al. 2015, Song and Xie 2018, Fan, Zhang et al. 2019). The initial studies were carried out in a way,
so-called “quasi in situ”, that the samples were transferred back-and-forth from the reactor to TEM in-
strument with an intermediate sealed container at room temperature (Kooyman, Buglass et al. 2002).
Although it brought new perspective, the results were debatable whether they represented the results
done under complete in situ condition, because the atmosphere change inbetween the sample transfer
possibly modified the morphology from its working state, e.g. catalysts are in an active phase only under
their working conditions in the methane partial oxidation (Grunwaldt, Basini et al. 2001, Grunwaldt,
Hannemann et al. 2006). So far, there are two possible ways of performing in situ TEM, one is by utilizing
a dedicated in situ sample holder (Figure 1.9a-c), and the other is by integrating a special part into an
existing TEM, turning it into an environmental TEM (ETEM) as shown in Figure 1.9d. Although complete
in situ TEM for high-pressure gas and liquid studies are nowadays possible with the former method based
on micro-electrical-mechanical systems technology (Creemer, Helveg et al. 2008, Yokosawa, Alan et al.
2012, Dembélé, Bahri et al. 2018, He, Wang et al. 2019), challenges in hardware modification are still
difficult, particularly in sample geometry and acquisition of reliable EDX spectra. On the other hand, the
latter method comes with a bigger internal volume cell, integrated directly in the TEM column and allow
the utilization of general TEM sample holders (Hansen, Wagner et al. 2010, Wagner, Cavalca et al. 2012).
However, this setup has a limitation in working pressures only up to several mbar, while the other method
can reach a pressure up to 4.5 bar and accommodate even liquid samples with a particular holder (Figure
1.9a-c).
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Figure 1.9: In situ TEM MEMS-based setup: a) Sample holder. (b) Nanoreactor inserted in the sample holder. The lid of the
holder is removed for a better view. (c) Schematic diagram of the nanoreactor inserted in the sample holder
(Yokosawa, Alan et al. 2012). ETEM setup: d) Schematic diagram of a differentially-pumped TEM column.
Adapted with permission from Ref (Hansen, Wagner et al. 2010).

The first type of in situ TEM MEMS-based setup has been used in various applications depending on the
sample holders. In one case, it has been implemented to visualize the growth dynamics of multi-walled
carbon nanotubes from Fe-based catalyst in a gas mixture of H,, C,H4, and He (Huang, Farra et al. 2019).
Using a specific sample holder for in situ TEM gas and heating system under high resolution mode, they
were able to unravel the influence of gas pressure and temperature on the growth of carbon nanotubes,
so the active phase of the catalyst and the rich structural dynamics of the catalysts during the growth of
carbon nanotubes were revealed in real-time observations. Another study made use of a particular sam-
ple holder for in situ TEM liquid system to continuously record the entire self-assembly process of a liquid
membrane, made from soap-like nanodroplets submerged in water (laniro, Wu et al. 2019). Previously,
the users had to initially freeze the membrane to be able to have TEM images, but a live-imaging is now
possible thanks to the well-controlled liquid environment from this setup. Another application is by ap-
plying in electric field investigations using a unique sample holder for in situ TEM heating and biased sys-
tem, where the presence of domain-like nanoregions was unexpectedly found in high-temperature flexo-
electric nanomaterials by applying electric fields up to £22 kV/mm at 800 °C and the structural dynamics
under high-resolution mode were recorded (Molina-Luna, Wang et al. 2018). From those examples, this
setup is promising for future applications in many untouched subjects, such as geology or oceanography.
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Figure 1.10: (a,b,d—f) In situ atomic-scale TEM observation of the catalyst splitting during the course of CNT growth; insets of
(d—f) show FFTs from the indicated areas. (c) Schematic drawing of an elongated particle bonded with CNT layers.
Scale bar is 20 nm. Adapted with permission from Ref (Huang, Farra et al. 2019).

The second type of ETEM setup, on the other hand, has been mostly exploited in catalysis or functional
material science. One case is in studying Au nanoparticles on BN support for online sintering process at
130 Pa under H, gas at 400 °C (Hansen, Wagner et al. 2010). The study concluded that the sintering was
based on two mechanisms: (i) particle migration over the support and coalescence when nearby to each
other, (ii) Ostwald ripening due to diffusion of atoms or molecules triggering mass transport from smaller
to bigger particles. Another study involved the combination of ETEM, X-ray photoelectron spectroscopy,
and DFT calculations to investigate the structural dynamics of industrial Cu/ZnO/Al,O3 for methanol syn-
thesis (Behrens, Studt et al. 2012). They were able to find out that the active site of the catalyst comprises
Cu steps surrounded by Zn atoms with well-defined bulk defects and surface species. A nucleation and
growth study of single-walled carbon nanotube was also carried out via ETEM under 8E-3 mbar at 615 °C
(Hofmann, Sharma et al. 2007). The initial structure was a carbon cap with an apex shape sitting on top of
Ni catalyst. The carbon was then lifed off from Ni, which was self-restructured. The carbon later made a
cylindrical shape, constraining Ni particle until it reached to the bottom. Furthermore, an anode material
for solid oxide fuel cells has also been studied under ETEM for “live” redox reaction (Jeangros, Faes et al.
2010). The authors initially oxidized the material during fuel cell operation and found out that oxidation
occurred from the high fuel consumption or air leakage, which are detrimental to the morphology leading
to a device failure. Afterwards, they reduced the material and began the in situ observation under 130 Pa
of H, at temperatures up to 500 °C, so as to observe the pore formation. Later, the material was reoxidized
under 320 Pa of H; at the same temperature treatment and found that the pores were refilled with poly-
crystalline oxidized material, so they concluded that the volume-change-induced stress resulted in the
device failure during operation. An interesting and unique exploitation of ETEM was the implementation
of in situ ultraviolet illumination with a customized holder (Cavalca, Laursen et al. 2012), which aimed to
stimulate photocatalytic water oxidation. Although there was not any mass spectrometric data for the
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conversion of water vapor into oxygen, the authors managed to indirectly proved that the water oxidation
process occurred with the reduction of Pt precursors into metallic Pt by ETEM without the electron beam
and only in situ UV light. Years later, another study also combined ETEM with in situ UV light using TiO,
particles immersed in water (Lu, Yin et al. 2018) as shown in Figure 1.11. Their discovery answered the
very reason of why TiO; alone is not photoactive for hydrogen evolution reaction, which is due to the

generation of hydrogenated TiO; surface shell as a proof that the photocatalytic reactions could not occur
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Figure 1.11: ETEM analyses of the growth of surface shell on TiO; particles and the formation of H. nanobubble after UV light

illumination. (a) A liquid ETEM setup with an in situ illumination and a liquid sample injection containing water-
immersed TiO: particles. (b) TEM images of TiO; particles during photocatalysis at different times. Red arrows
indicate the gas bubbles surrounding TiO: particles. (c) Zoomed-in images in (b). Green arrows indicate the sur-
face shells growing and covering TiO; particles with times. Adapted with permission from Ref (Lu, Yin et al. 2018).

Regardless of the setup, all in situ TEM experiments using gas and heating system always require optimi-
zations for the specimen temperature, gas composition and pressure for every experiment, along with
the microscope software parameters. Besides, the concern of reducing and heating effect as well as dam-
age by electron beam, along with the interaction between the incoming electron beam, gas, and second-
ary electron emitted from the sample, should be taken into consideration and proper care. Moreover, the
spatial resolution and image stability are also affected when both gas and heating system run to some
extents, which should be due to the thermal drift and scattering effect from the interaction between
electron and gas molecules (Hansen, Wagner et al. 2010, Yaguchi, Suzuki et al. 2011, Jinschek and Helveg
2012, Wagner, Cavalca et al. 2012). However, such problems can be mitigated by using the in situ XRM,
especially with hard X-ray, which is stable and flexible in working pressures and temperatures. At the
beginning, many in situ XRM experiments were dominated by soft X-ray due to its predevelopment of
focusing optics. The first in situ study was performed using scanning transmission X-ray microscopy
(STXM), combined with X-ray absorption spectroscopy, with a customized cell, whose design was adopted
from the in situ TEM MEMS-based setup (Creemer, Helveg et al. 2008), so as to investigate a catalyst for
Fischer-Tropsch synthesis (de Smit, Swart et al. 2008). The experiment took place at the STXM beamline
11-0.2. of the Advanced Light Source and a spatial resolution of 15 nm was obtained. Figure 1.12 exhibits
the contour plots of Fe valence and its metal/carbide/oxide condition with the spatial variations of 35 nm.
Moreover, the X-ray absorption spectra at Fe L, and Ls edges verify that the generated Fe,C, originated
from the a-Fe after reduction. Nevertheless, this study, along with other in situ STXM studies for zeolites
(Aramburo, de Smit et al. 2012, Aramburo, Wirick et al. 2012) or battery matterials (Meirer, Cabana et al.
2011, Nelson, Misra et al. 2012), generally point out the importance of complementary XRM to TEM for
monitoring materials at the meso-scale.
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Figure 1.12: Scanning transmission X-ray microscopy contours of Fischer—Tropsch catalysts (a) at room temperature, (b) after
reduction in Hz at 350 °C, and (c) after CO hydrogenation at 250 °C. X-ray absorption near-edge spectroscopy
spectra at (d, f, h) Fe L» and Ls edges. Adapted with permission from Ref (de Smit, Swart et al. 2008).

The experiments using soft X-ray have unfortunately also brought some drawbacks, including a maximum
penetration depth of 100 um, limited amount of the probed material, and complicated cell design due to
the required limited distance between the sample and aperture after the Fresnel zone plate. However,
such problems can be overcome by using hard X-ray, mitigating the challenges in the development of in
situ cells, although the spatial resolutions are still behind the soft X-ray due to the lacking development
of focusing optics and insufficient brilliance of the source. Among in situ hard X-ray techniques, XRP has
been the leading trend in terms of high-resolution imaging and is expected to be able to reduce the spatial
resolution limit down to the sizes of catalytic nanoparticles. /In situ XRP has been employed for the first
time to resolve absorbents for CO, capture, using a customized bulk reactor with a heating system up to
620 °C at atmospheric pressure (Hgydalsvik, Bg Flgystad et al. 2014). Although the spatial resolution of
around 200 nm was achieved at cSAXS beamline of Swiss Light Source, another in situ experiment at the
same beamline was carried out two years later to resolve porous metals under particular environments,
resulting in a significantly higher resolution of 20 nm (Baier, Wittstock et al. 2016). The study utilized a
dedicated in situ cell, adopted from the MEMS-based in situ TEM cell (Creemer, Helveg et al. 2008), with
better technical improvement in terms of gas-tight condition and heating capability. Such impressive leap
in the spatial resolution demonstrates the potential of (hard) XRP for in situ analyses if functional nano-
materials and catalysts, particularly for monitoring the structural dynamics during reactions, e.g. particle
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migration, Ostwald ripening, fragmentation, or coalescence. Amongst other X-ray imaging methods, XRP
is at the forefront of attaining the highest spatial resolutions at the expense of longer measurement time.
Although the spatial resolution of this method has not yet approached the TEM capability, it is projected
to be increasingly high along with faster measurement time, when the higher coherence fourth generation
synchrotron radiation are available.

In the case of operando EM and XRM, Mass Spectrometry (MS) is used to identify a chemically unknown
substance based on the mass from the gas products. The mechanism behind a mass spectrometer is as
follow: prior to the actual mass analysis, a gaseous sample is initially ionized. The ions are then deflected
in a mass analyser (time of flight or quadrupole) with an electrical field, based on the ratios of mass to
charge (m/z). In a quadrupole MS (used in this work), those ions are previously accelerated and the elec-
trodes, applied with a high frequency alternating current, are on the same potential. For mass separation,
stable trajectories are obtained for various m/z ratios by adjusting the frequency. Afterwards, a Faraday
or electron multiplier detector is used to measure the number of unblocked ions. In this work, an online
MS was employed to confirm the gas-leaking proof of an in situ cell by monitoring the stability of a specific
gas flow rate.

1.5 Sample preparation for electron and/or X-ray microscopy

Prior to electron or X-ray-based imaging experiments, the sample preparation step is crucial in order to
obtain optimal imaging results. Depending on the sample condition, measurement mode and light source,
there have been many established ways ranging from simple to complicated ones (Humphreys, Beanland
et al. 2001). Generally, scanning electron microscopy is relatively easy since a bulk material can be directly
measured after a simple mounting, cutting, and/or polishing procedure. The mounting step on a stub is
mandatory to properly fix the sample on the stage and it can simply be done using tapes (e.g. conductive
carbon tape) or clips. If sample is in a liquid or aqueous form, the process should include drying to evap-
orate the solvent before the measurement. For solid, a further cutting process by cutting saw (e.g. dia-
mond saw for higher precision) is sometimes necessary when the size is too large or a cross-sectional view
of the sample is needed. Furthermore, polishing is another optional procedure to carefully reveal the
internal structure of a bulk material when cutting is impossible to apply and/or to remove the contami-
nation layer out of the sample (Volkert and Minor 2007). It can be performed mechanically by a rotating
disc covered with a soft abrasive paper/cloth and a running lubricant (e.g. water) until the surface is mir-
ror-like. Electropolishing is also another alternative utilizing an external electrical current to run through
the sample surface as the anode in an electrolytic cell, while chemical polishing is another option via im-
mersion in or swabbing with some proper chemical solutions (Meng-Burany 2010).

On the other hand, TEM sample preparation is more challenging since it optimally requires a sample thick-
ness of <100 nm owing to its transmission mode as well as the limited penetration depth of electron as
the light source. Basically, the initial preparation steps involve the same steps as for SEM, but it requires
an extended thinning procedure to achieve sub-micron thicknesses. However, if the sample is homoge-
neous and the measurement is not site-specific, a simple drop-casting process of dispersed solution con-
taining samples (powder-solid or liquid or aqueous) is possible. The final thinning procedure for the pur-
pose of electron transparency commonly involves an ion milling (Méndez-Vilas and Diaz 2010). The ion
milling process (e.g. by Ar ions) exploits ions to gradually sputter the surface layers of the sample at spe-
cifically low angles aiming to minimize damage on the sample (Chew and Cullis 1987). A plasma, formed
by an electrical discharge, contains the ions, which are accelerated by a pair of optically aligned grids
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becoming highly collimated beams. The beams are then focused on a tilted working plate, which contains
the sample and rotates during milling, and a neutralizing filament is installed to prevent accumulated
positive charges on the sample. The rotational direction is perpendicular to the plane of assembly so as
to produce a uniform waste removal surrounding the area of interest. This operation is commonly utilized
in a cross-sectional sample preparation as shown in Figure 1.13. It typically starts with mixing the powder
sample with epoxy resin and hardener with a specific ratio. The mixture is then sandwiched between two
silicon wafers and cured at certain temperatures for several hours. Next, the stack is polished using in-
creasing-grit sandpapers until the thickness reaches 20 um and a flat mirror-like surface can be observed
via optical microscope. It is later subsequently glued with a resin on a grid as the sample holder and beam-
milled by an ion polishing system at a certain angle until a hole-like area is formed with a thickness <100
nm.

Silica wafer

Sample powder

G1 Hardener Cuiing g

G2 Epoxy resin 140°C,4h

Sandpapers

3uiysijod

Arions

lon Ball Loading
e e ?
4 Milling onaegri
Flat surface;
Thickness <100 nm Mo grid thickness <20 um

Figure 1.13: Scheme of sample preparation for cross section TEM observation.

While the aforesaid ion miller is actually a single-beam FIB, a more recent development of dual-beam FIB
(later on regarded as FIB) has nowadays taken over (Mayer, Giannuzzi et al. 2007, Li 2012). The main
advantages are the high precision (nm scales) in selecting the area of interest for milling, relatively faster
milling, and independence of the nature of the probed material, covering metals, ceramics, composites,
soft matters (polymers, biomaterials, or even frozed liquids). However, the concern of severe damage
from ion implantation during milling still poses a threat until now although it is not as extensive as the
previous ion milling/single-beam method. The initial method of FIB was similar to the ion miller, where it
needed a mechanical polishing down to 50 um and subsequently a cutting with FIB into an H-bar of the
remaining material (Kirk, Williams et al. 1989). This technique was later fine-tuned using a tripod polisher
during intial thinning, which reduces milling time significantly (Basile 1992). Another technique, so-called
lift-out process (Yaguchi, Kamino et al. 1999, Giannuzzi; and Stevie 2005), was developed for more effi-
cient procedure, where the initial need of mechanical polishing was not necessary. Another advantage is
that the specimen can be shaped in more varying geometries with low-energy beams for further thinning
and cutting (Giannuzzi, Geurts et al. 2005). Specifically, the portion of interest was firstly cut into a wedge
shape or parallel-sided piece and then transferred onto a lift-out grid by the micromanipulator. The
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manipulation is carried out by attaching the manipulator probe to the sample via FIB deposition of a metal
(e.g. Pt) layer. On the grid, the thinning process of the wedge occurred until it is electron-transparent as
in the H-bar technique. This technique was later modified and popularized (Mayer, Giannuzzi et al. 2007),
involving an extra step (between the transfer and milling) of rotating the grid containing the sample by
90° so that a plan-view can be obtained from a specific location as shown in Figure 1.14.

(a) Extraction (b) Transfer (c) Mounting

(d) Tilt

(e) Thinning (f) Observation

Figure 1.14: Method to prepare a plan-view specimen from a specific site based on the microsampling technique. Adapted
with permission from Ref (Mayer, Giannuzzi et al. 2007).

As for X-ray microscopy, the difficulty of sample preparation lies between the SEM and TEM. Owing to the
higher penetration depth of X-ray, even up to sub mm for hard X-ray, the requirement of sample thickness
is more lenient. The common procedure so far, especially for tomography, has employed FIB (Dierolf,
Menzel et al. 2010, Holler, Diaz et al. 2014, da Silva, Mader et al. 2015, Baier, Damsgaard et al. 2016, Baier,
Wittstock et al. 2016, Baier, Damsgaard et al. 2017, Ihli, Jacob et al. 2017, |hli, Diaz et al. 2018, Odstrcil,
Holler et al. 2018, Fam, Sheppard et al. 2019), where the samples are deposited on customized sample
holders depending the X-ray microscopy setup, particularly ones at the synchrotron facilities. The similar
lift-out technique is usually adopted with the difference in the thinning procedure, which is not as rigorous
as in the TEM since the sample is in the bigger scales (um).

Due to involvement of ion beam as the source, a negative impact on the sample is unavoidable, inducing
not only an erosion process via sputtering, but also a formation of damaged layers extending up to several
tens of nm (Li 2012). Chemically, it can also alter the crystallinity of semiconductor materials into amor-
phous (Kamino, Yaguchi et al. 2004, Wang, Kato et al. 2005) or even change the phase of certain metals
into intermetallic (Jr., Phaneuf et al. 2002, Spolenak, Sauter et al. 2005). To overcome those problems,
the utilization of low-voltage (2-5 kV, Figure 1.15) ion beam must be applied and the exact values depend
on the instrument and materials, meaning that trials-and-errors or research of previous works should be
performed beforehand. Moreover, such a low-voltage procedure is also useful in removing damaged lay-
ers from the normal voltage (30 kV) during thinning process (Huang 2004, Kato 2004). However, the
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acceleration voltage is sometimes not the only variable to control the strength of ion beam as there are
other parameters, such as beam current, beam dwell time, beam overlap, refresh time, which also com-
plicate the problem. Another concern for using FIB is the chemical reaction between ion beam and the
sample forming new phases. In the case of Ga ion beam, it can generate low-melting temperature phases,
e.g. CusGa was detected at the base of Cu device after FIB cutting (Jr., Phaneuf et al. 2002). This therefore
triggers the necessity to be extremely careful during FIB cutting to minimize any compromise on the sam-

ple prior to further characterizations.

Figure 1.15: Thickness difference of amorphous layer of Si using FIB voltages of (a) 30 kV, (b) 5 kV, and (c) 2 kV, resulting in
amorphous layers of (a) 22 nm, (b) 2.5 nm, and (c) 0.5-1.5 nm thickness, respectively. Adapted with permission
from Ref (Mayer, Giannuzzi et al. 2007).

1.6 Motivation and aim of dissertation

As the tuning of catalysts for higher activities spans from the atomic to the meter scales, it is imperative
to investigate heterogenous catalytic and other functional materials under various length scales. The fact,
that there is no single technique able to cover all length scales, triggers the necessity to simultaneously
conduct several complementary techniques to cover all the scales. One of the best means to study with
respect to the length factor is microscopy, where not only the visuals but also the other physiochemically
derivable features involving the use of other techniques, such as spectroscopy and scattering method.
Although numerous microscopic investigations are usually carried out in 2D, the 3D imaging offers more
advantages for its more accurate description of materials, more valuable information, and direct use for
simulation/modelling. Moreover, the idea of “online/live” monitoring of catalyst morphology under reac-
tion conditions is also mandatory because many intermediate or unstable structures are present during
such transitional states.

The dissertation emphasizes the importance of in situ studies, 3D imaging techniques, as well as the com-
plementary nature between X-ray and electron imaging in the field of heterogeneous catalysis. Ultimately,
the work aims to develop a tool for enabling in situ 3D imaging studies of functional materials or catalysts
via complementary X-ray and electron microscopy. The first chapter of the work focuses on the comple-
mentary ex situ techniques in 3D imaging using X-rays and electrons, along with the fact that 3D imaging
is versatile as a qualitative and quantitative technique. Three different 3D imaging techniques, i.e. one
from X-ray and the other two from electron, were introduced and compared in terms of their spatial res-
olutions, measurement time, fields of view, and working conditions. Eventually, it was found out that each
technique has its own advantages and disadvantages, so each one of them is apparently complementary
to the other. However, a particular focus is brought into highlight for complementary methods between
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electron tomography and ptychographic X-ray computed tomography, which are were used from this
point onwards for other successive studies.

The second chapter further exhibits the versatility of 3D imaging for simulation/modelling, complemen-
tary X-ray and electron techniques, and bridges the gap between the previous and next chapter in this
dissertation. Here, the investigation was carried out before and after thermal annealing process under
several temperature points to foresee the benefits and necessity of implementing in situ studies for the
next section. The results were further explored for modelling of pore network as the material owns a
continuous porosity and for simulations to reveal the intrinsic physical properties, i.e. gas permeability
and diffusivity, electrical and thermal conductivity as these are useful information for optimization of ma-
terial performances in the applications of many catalytic oxidation/reduction, electrocatalysis, and pho-
tocatalysis. The complementary nature between electron tomography and ptychographic X-ray computed
tomography proved to be useful here since multi length scale features (both on material and porosity)
from sub-nm to um scale could be synergistically unravelled.

Last, the third chapter explores the benefits and potential applications of in situ X-ray imaging both in 2D
and 3D, starting from the development (configuration and fluid flow simulation) of the two in situ cells for
specific purposes and sample requirements, to the applied case studies in the form of thermal annealing
of several catalytic or functional materials. The cells have proved to be usable for complementary X-ray
ptychography and transmission electron microscopy. Although there is not any electron tomography re-
sult under a gas flow yet (only in vacuum), the limited-angle ptychographic X-ray computed tomography
results were presented to approve the capability to perform in situ 3D imaging, which is one of the dreams
in X-ray imaging methods.
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2 Multimodal ex situ 3D imaging studies
of nanoporous gold

2.1 Background

This chapter is the first step of the work to test the advantages and disadvantages of three different 3D
imaging techniques, where each was done ex situ, using nanoporous gold (npAu) as the object of interest.
The reason to choose npAu is due to its multiscale material from nm to mm scale, comprising pores and
connecting ligaments around 10-50 nanometres depending on the preparation routes (Erlebacher, Aziz et
al. 2001, Hodge, Biener et al. 2005, Zielasek, Jurgens et al. 2006, Wittstock, Zielasek et al. 2010). The pure
npAu itself is already a working catalyst due to its high amount of accessible Au atoms on the surface,
particularly at kink and step sites, which are versatile in catalysis and sensors (Wittstock, Biener et al.
2010, Wittstock and Baumer 2014). In catalysis, the structural parameters, such as surface area, porosity,
shape and mechanical stability, are extremely related to the catalytic activity since they are useful to iden-
tify and control synthesis parameters leading to the most active ones (Shi, Schaefer et al. 2014, Xu, Sui et
al. 2017) as well as to design new catalysts for specifically targeted systems (de Winter, Meirer et al. 2016,
Li, Luo et al. 2017). Therefore, microscopy or analytical structural imaging methods are imperative for that
purpose, ideally with high spatial resolution, large field of views across multi length scales, and non-inva-
sive nature for the source (Weckhuysen 2009, Grunwaldt, Wagner et al. 2013, Liu, Meirer et al. 2016).

The nanostructures of npAu have often been characterized using electron microscopy, i.e. SEM or TEM,
to analyse its structural stability after thermal treatment or morphological alteration after metal oxide
doping in 2D perspective (Wittstock, Biener et al. 2010, Tan, Davis et al. 2012, Wichmann, Wittstock et al.
2013, Bagge-Hansen, Wichmann et al. 2014, Shi, Schaefer et al. 2014, Wichmann, Badumer et al. 2015).
Moreover, XRP has also been used to investigate in 2D the effect of temperature, gas environment and
the addition of metal oxide on the structure of npAu (Baier, Damsgaard et al. 2016, Baier, Wittstock et al.
2016, Fam, Sheppard et al. 2019). However, those 2D imaging methods are limited only in analysing the
structure from a projection-based 2D perspective, where the intact structural features in the bulk material
is mostly undisclosed, making the observation results less accurate.

Tomography-based 3D imaging methods are thus a great solution for the aforementioned problems and
have been applied in characterisation of heterogeneous catalysts (Koster, Ziese et al. 2000, Midgley, Ward
et al. 2007, Weckhuysen 2009, Dierolf, Menzel et al. 2010, Grunwaldt and Schroer 2010). Aside from vis-
ualizing both external and internal structure, tomographic techniques are also capable of extracting the
surface area and porosity data, which are important in catalysis (Chen-Wiegart, Wang et al. 2012, da Silva,
Mader et al. 2015, Mangipudi, Radisch et al. 2016, Neusser, Eppler et al. 2017). Several tomographic tech-
niques have been demonstrated for studying npAu. ET was utilized to investigate the pore structure in
sub-nm resolutions (Fujita, Qian et al. 2008), along with EDX to map distribution of Ag as the residual from

1 The text and figures are adapted with permission from Ref: Fam, Y., T. L. Sheppard, A. Diaz, T. Scherer, M. Holler, W. Wang, D.
Wang, P. Brenner, A. Wittstock and J.-D. Grunwaldt (2018). "Correlative Multiscale 3D Imaging of a Hierarchical Nanoporous
Gold Catalyst by Electron, lon and X-ray Nanotomography." ChemCatChem 10(13): 2858-2867. Copyright © 2018 Published by
Wiley.
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dealloying process (Mahr, Kundu et al. 2017). A FIB-SV study was also carried out to capture projections
of the exposed surfaces after each slicing of thin layers of npAu (Cantoni and Holzer 2014). Another report
via Transmission X-ray microscopy could successfully map the pore structure at quite high spatial resolu-
tion with only using a fixed-energy laboratory source (Li, Luo et al. 2017). Nevertheless, there is not any
study using PXCT for npAu, except the recent one from our group (Fam, Sheppard et al. 2018), as PXCT is
an emerging synchrotron-based method, but it exploits the high spatial resolution of XRP for 3D imaging
(Dierolf, Menzel et al. 2010, da Silva, Mader et al. 2015, Holler, Guizar-Sicairos et al. 2017).

In this work, three tomographic methods were performed via ET, FIB-SV, and PXCT using ceria-doped
nanoporous gold (CeO,/npAu) as the model. The comparison in terms of performance and resulting struc-
tural information are presented to conclude each of their advantages and limitations in the end. Particu-
larly, PXCT is highlighted here as a developing 3D imaging technique with a potential benefit in catalysis.

2.2 Experimental

2.2.1 Sample preparation

CeO,/npAu catalyst was chemically-prepared by dealloying process of Ag-Au composite, followed by wet
impregnation with Ce-containing solution from a detailed method described in a previous publication (Shi,
Schaefer et al. 2014). A piece of CeO,/npAu was placed on an SEM stub, then cut and shaped using Ga*
ion beam using a FIB Strata 400S (FEI, USA) to meet the sample requirements for ET and PXCT (Figure 2.1).
The remaining sample on the stub was retained for FIB-SV.

|

lift-out grid

4 mm SEM Stub

Figure 2.1: Overview of CeO2/npAu sample preparation for ET, PXCT, and FIB-SV (Fam, Sheppard et al. 2018).
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Figure 2.2: Monolithic CeO/npAu was mounted on a stub and cut by Ga* beam. A small piece of material was extracted by
FIB manipulation (Fam, Sheppard et al. 2018).
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Figure 2.3: The CeO2/npAu piece extracted from the stub was moved to a lift-out grid by FIB manipulation. This piece was

then thinned down by Ga* beam to <300 nm thickness for ET measurement (Fam, Sheppard et al. 2018).

p-manipulator

Figure 2.4: (Left) Customized Cu pin developed at cSAXS beamline (Swiss Light Source); (Middle-Right) a small piece of
CeO02/npAu from the lift-out grid was moved to the Cu pin by FIB manipulation, which was then cut into a cylin-
drical shape for PXCT measurement (Fam, Sheppard et al. 2018).
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(4)
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Figure 2.5: The remaining CeO2/npAu on the stub (Figure 2.2) was cut into a rectangular prism by Ga* beam for FIB-SV meas-
urement (Fam, Sheppard et al. 2018).

2.2.2 Three tomographic studies

PXCT measurement made use a cylindrical CeO,/npAu sample (10 um diameter and 30 um height) as the
sample, prepared using FIB milling and deposited on an OMNY pin (Holler, Raabe et al. 2017). PXCT meas-
urements were performed at the coherent small angle X-ray scattering (cSAXS) beamline of the Swiss Light
Source at the Paul Scherrer Institute (Villigen, Switzerland), using the typical flexible tomography nanoim-
aging endstation (flOMNI), which operates in air and at room temperature (Holler, Raabe et al. 2012,
Holler, Diaz et al. 2014). A differential laser interferometry was used for high-accuracy positioning of the
sample with respect to the illuminating optics (Holler and Raabe 2015). The coherent X-ray illumination
onto the sample was determined using an Au-made Fresnel zone plate (FZP) of 120 um diameter, a focal
length of 50.54 mm, and X-ray photon energy of 8.7 keV, offering a flux of about 1.4 x 10% photons/s. The
sample was placed 1 mm downstream from the focus, with illumination diameter on the sample of 3 um.
Coherent diffraction patterns were recorded using a Pilatus 2M detector with 172 um pixel size positioned
7.399 m downstream from the sample (Kraft, Bergamaschi et al. 2009). A field of view of 14*8 um? (h*v)
was recorded per projection with an average distance between points of 0.8 um following a Fermat spiral
trajectory (Huang, Yan et al. 2014). The scan was repeated with angular positions ranging from 0 to 180°
of the specimen with respect to the incoming X-ray beam for a total of 900 equal angular steps. Each
measurement point had an acquisition time of 0.1 s with a total of 15 h for one tomogram, including dead
time in between acquisitions during sample movements. Ptychographic reconstructions were directly
done using difference map algorithm followed by maximum likelihood optimization as a refinement step
(Thibault, Dierolf et al. 2009, Thibault and Guizar-Sicairos 2012). Each pair of scans was recorded at dif-
ferent angles and positions of the detector and were then combined in the same reconstruction, where
two different images could be reconstructed under the same illumination, as introduced in previous work
(Holler, Diaz et al. 2014). An area of 460*460 detector pixels was used in the ptychographic reconstruc-
tions to obtain reconstructed images with a pixel size of 13.32 nm. The phase contrast images were then
further processed to correct zero- and first-order terms and were registered in the vertical and horizontal
direction (Guizar-Sicairos, Diaz et al. 2011). The effective spatial resolution of the resulting images was
estimated to be around 23 nm via Fourier shell correlation (FSC) of two sub-tomograms, where each of
them was computed with half of the angular projections, using the half-bit threshold criterion (van Heel
and Schatz 2005). The total estimated dose imparted on the specimen for data acquisition was about 8.28
x 108 Gy.
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Figure 2.6: Illustration of PXCT setup at the cSAXS beamline, CH (Fam, Sheppard et al. 2018).

ET measurement made us a lamella of CeO,/npAu (~300 nm thickness) as the sample, produced by FIB
milling and attached onto a lift-out grid. ET measurement was performed using a Fischione tomography
holder, on a Titan 80-300 (FEI) microscope operated at an acceleration voltage of 300 kV in STEM mode,
at the Institute of Nanotechnology (INT) at Karlsruhe Institute of Technology (Karlsruhe, Germany). The
tilt series of high-angle annular dark-field STEM images were collected with the Xplore3D software (FEI)
over a tilt range of +60°, with tilt increment of 2°. Alignment of the tilt series was completed in IMOD
software using the cross-correlation function. The aligned tilt series were reconstructed using the Simul-
taneous Iterative Reconstruction Technique (SIRT) with the Inspect3D software (FEl) and the resultant
reconstructed tomogram had a final voxel size of 1.3 nm.

e gun

PN

Figure 2.7: Illustration of ET setup at the INT, DE (Fam, Sheppard et al. 2018).

detector sample lamella

FIB-SV measurement made use a piece of CeO,/npAu placed on a standard SEM sample holder stub. The
measurement was performed at the Laboratory of Electron Microscopy (LEM) at Karlsruhe Institute of
Technology (Karlsruhe, Germany), using an EsB 1540 dual-beam FIB-SEM (Zeiss, Germany) equipped with
an external Raith Elphy Plus pattern generator. The sample was placed at a eucentric height, allowing the
imaging plane to be scanned with the electron beam under an angle of 54° without changing sample po-
sition. A Ga* beam with 30 kV voltage and 0.5 to 10 nA current was used to expose a rectangular prism
shaped sample with 8.47 um width (x direction) and 10.80 um height (y direction). Slice and view process
was then carried out by sequential Ga* beam erosion of thin layers in z direction with around 15 nm slice
thickness, slice width of 14.95 um, and 50 pA current. In-lens secondary electron imaging was used to
produce a surface map of each exposed slice. During image acquisition, the imaging plane moved stepwise
in z direction from the sequential ion-milling, which eventually resulted in 950 images with a pixel size of
12.78 nm and an effective spatial resolution of around 15-45 nm.
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Figure 2.8: Illustration of FIB-SEM-CT setup at the LEM, DE (Fam, Sheppard et al. 2018).

2.2.3 Image processing and analysis

Reconstructed data was rendered using the software package Avizo 9.3 (FEI Company). Default settings
were applied for each data treatment module unless otherwise stated.

PXCT: TIFF images of 551 slices of cylindrical CeO,/np-Au were used as the image source in Avizo, which
were combined into a single volume with isotropic voxel size of 13.3 nm. A ‘Non-Local Means Filter’ mod-
ule was employed to remove data noise. The filtered file was segmented into three bodies: CeO,/np-Au,
pores, and the central void. Exterior voxels including surrounding air and 2D frame padding were dis-
carded using a circular binary mask. ‘Threshold’ tool was firstly used to approximately define CeO,/np-Au
and pores. Next, ‘Watershed’ tool was used to automatically compute a suitable contrast gradient be-
tween the selected np-Au and pore histogram values with the help of generated gradient image. ‘Brush’
tool was employed to roughly assign the central void volume. The segmentation was interpolated every
50 slices, followed by ‘Watershed’ to finalize the results. Finally, ‘Lasso’ tool was used to distinguish be-
tween exterior and pore voxels. Pores and CeO,/np-Au were then visualized individually in 3D via ‘Volume
Rendering’ module. To obtain the values of volume (V) and surface area (S), ‘Label Analysis’ module with
3D interpretation was used. Further analysis to show np-Au ligament and pore size distribution was car-
ried out using ‘Separate Objects’ module, followed by ‘Label Analysis’ module with customized measure-
ment parameters to calculate equivalent diameter as the ligament or pore size.

ET: A single REC file containing lattice info of the CeO,/np-Au lamella was used as the image source in
Avizo. The isotropic voxel size was set to 1.3 nm. A ‘Non-Local Means Filter’ module was employed to
remove data noise. The filtered file was segmented into two bodies: CeO,/np-Au and pores. Exterior
voxels were discarded. ‘Threshold’ tool was firstly used to approximately define CeO,/np-Au and pores.
Next, ‘Blow’, ‘Brush’ and ‘Interpolate’ tools were employed to manually distinguish each part. Each seg-
mented body was then visualized in 3D via ‘Volume Rendering’ module. To obtain the values of volume
(V) and surface area (S), ‘Label Analysis’ module with 3D interpretation was used. Further analysis to show
np-Au ligament and pore size distribution was carried out using ‘Separate Objects’ module, followed by
‘Label Analysis’” module with customized measurement parameters to calculate equivalent diameter as
the ligament or pore size.

FIB-SV: TIFF images of 750 slices of box-like CeO,/np-Au were used as the image source in Avizo, which
were combined into a single volume with isotropic voxel size of 12.9 nm. A ‘Non-Local Means Filter’ mod-
ule was employed to remove data noise. The filtered image stack required alignment, so ‘FIB Stack Wizard’
module was employed. Least-squares method was adopted in this case and the produced slices were then
cropped, so that the material body was visible in all slices. Shear angle was set to 36° so as to correct the
viewing angle of 54° during measurement. The aligned image stack was segmented into two bodies:
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Ce0,/np-Au and pores. Exterior voxels were discarded. ‘Threshold’ tool was firstly used to approximately
define CeO,/np-Au and pores. Next, ‘Watershed’ tool was used to automatically cover the missing areas
with the help of generated gradient image. ‘Lasso’ tool was used to distinguish between exterior and
pores on the first and last slices, whereas the rest of the slices were carried out by interpolation. Due to
the shearing correction during alignment, the segmented volume was manipulated onto Cartesian axes
using ‘Resample Transformed Image’ module. Each segmented body was then visualized in 3D via ‘Volume
Rendering’ module. To obtain the values of volume (V) and surface area (S), ‘Label Analysis’ module with
3D interpretation was used. Further analysis to show np-Au ligament and pore size distribution was car-
ried out using ‘Separate Objects’ module, followed by ‘Label Analysis’ module with customized measure-
ment parameters to calculate equivalent diameter as the ligament or pore size.

‘Label Analysis’” module with 3D interpretation was used to obtain several values of ‘Volume3d’, repre-
senting the corresponding segmented volume (see Volume in Table 2) and ‘Area3d’ representing the cor-
responding segmented surface area (see Area in Table 2). Further analysis to show the size distributions
of np-Au ligament and pore was carried out using the ‘Separate Objects’ module to cut the continuous
volume structure into individual subunits. This was followed by ‘Label Analysis’ module with customized
measurement parameters to calculate ‘Equivalent Diameter’ as the ligament or pore size of each subunit
with the following formula:

. ) 3|6 * Volume
Equivalent Diameter = —

From the resulting pore size distribution values, further calculation of pore sphericity was also applied
using the following formula, derived from Wadell et al:1?!

1 2
13 * (6 *x Volume)3
A

Equivalent Diameter =

Volume3d = volume of the object, A = surface area of the object. The above equation represents the ratio
of the surface area of a sphere (with the same volume as the object of interest) to the surface area of the
subunit being measured after object separation. A sphere has pore sphericity value of 1, objects deviating
from this value as regarded as progressively less spherical. The average of such distributed values (see
Average Pore Sphericity in Table 1) is versatile enough to generally show how spherical the segmented
pore is for each technique. It should be noted that approximating pores to spheres is only one method of
pore volume analysis. By applying this consistently for all three nanotomography techniques, any errors
resulting from the measurement should be proportional for all three techniques.

2.3 Results and Discussion

Following sample preparation, each tomographic technique was carried out separately to analyse the
CeO,/npAu sample. The principle behind each method and its subsequent reconstruction procedure is
that a series of 2D images of the probed sample are turned into 3D data volumes, where 2D data are
projection images at various rotational angles for PXCT and ET, while only 2D scanning images after se-
quential ion beam cutting are obtained for FIB-SV. Figure 2.9 shows a representation of projection/scan-
ning images from each technique, which can later be reconstructed and visualized as a 3D volume image.
All the 2D images from three techniques clearly exhibit a sponge-like structure with distinguishable pore
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2 Multimodal ex situ 3D imaging studies of nanoporous goldOF

and ligament sizes (Wichmann, Wittstock et al. 2013, Shi, Schaefer et al. 2014, Baier, Wittstock et al. 2016,
Mahr, Kundu et al. 2017). The presence of finely structured ligaments and some denser parts indicate a
mild coarsening from the doping procedure of metal oxide (i.e. CeO; particles) over npAu, which involved
a thermal treatment of 280 °C for the removal of organic residues. However, the thick layers on the exte-
rior parts, particularly for FIB-SV (Figure 2.9b), should unavoidably be the damaged material from the Ga*
milling during sample cutting by FIB. From one projection image of ET, an EDX analysis was performed to
verify the presence of CeO, (Figure 2.9d) resulting in a Ce content of 4.2 %w or 5.2 %A, which is within the
range as previously reported, 2-10 At.% (Shi, Schaefer et al. 2014).
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Figure 2.9: 2D perspective of CeOz2/npAu from: (a) PXCT - orthographic slice through the phase contrast tomogram following

reconstruction; (b) FIB-SV - secondary electron image of a typical surface exposed during cutting; (c) STEM image
of CeO2/npAu and (d) corresponding EDX spectrum acquired from the shaded area. (Fam, Sheppard et al. 2018)

Those 2D data then underwent their own tomographic image reconstruction procedures (detailed in Ex-
perimental section) for the transformation into 3D volumes, which was made into a visual using Avizo
software as shown in Figure 2.10. The rendered results clearly show more obvious sponge-like structure
and porosity compared to the ones in Figure 2.9. In terms of field of view, PXCT and FIB-SV probed much
greater volumes (two orders of magnitude more) than ET in Figure 2.10, which is an inevitable drawback
from the limited high penetration of electron as the light source, especially at high tilting angles, where
high attenuation occurs. Another noticeable feature is the crack visible in the middle volume from PXCT
(Figure 2.10a-b), which is induced by a mechanical fracture during sample preparation by FIB. However,
such a crack from PXCT and the thick layer from FIB-SV were not included as the pore and sample, respec-
tively, so they were also excluded for further analysis and calculations.
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PXCT FIB-SEM-CT
(a) Total Volume (c) Total Volume

7.33

2.66

9.91

(b)  Ortho Slice (d)  Ortho Slice (all dimensions in pm)

Figure 2.10: Volume rendering of (a) whole and (b) bisected CeO./npAu pillar via PXCT; (c) whole and (d) bisected CeO2/npAu
cuboid via FIB-SV; (e) CeO2/npAu lamella to scale (above) and magnified (below) via ET. Ortho slice planes indi-
cated by red lines. (Fam, Sheppard et al. 2018)

For quantitative analysis, the average diameter of the ligaments and pores were obtained, depending on
the spatial resolutions of each technique. The averaging procedure was based on the accumulation of
smaller units in different positions over the sample, then the size of ligaments and pores were estimated
by fitting spheres or ovoids and calculating the corresponding diameters, listed in Table 1, together with
other parameters and characteristics. Comparing between the three techniques, the varying values of
ligament and pore size and sphericity can be attributed to sample preparation, statistical variance, and/or
spatial resolution limit of the technique. In terms of pore size, the lowest average was extracted from ET
(61 nm), comparable to our previous work of ~40 nm by TEM (Wittstock and Bdumer 2014), followed by
FIB-SV and PXCT (195.9 and 288.6 nm, respectively). The ligament and pore size distribution are shown in
Figure 2.11, where they are divided into two regions, contributing to the average values shown in Table
1. For ET, the pore and ligament size are distinguishably lower than the ones of PXCT and FIB-SV, which
should be due to the much smaller probed volume. Since the ET sample is in the form of lamella with a
thickness of around 300 nm, whereas PXCT and FIB-SV indicate the presence of larger pores between 100
and 600 nm, this shows that the lamella does not actually represent the bulk material despite the capa-
bility to detect much smaller pores due to the higher spatial resolution of ET. Besides, FIB-SV exhibits a
higher proportion of ligaments and thus a lower average size of pores than the ones of PXCT, which can
be induced by the ablation of material layers after each slicing process in FIB-SV, where sintering of the
sample is inevitable along with the increasing usage of FIB cutting. Additionally, FIB-SV in this case also
created ‘shine through’ artefacts (Mangipudi, Radisch et al. 2016), where subsurface material below the
slice of scanned images cause oversampling of ligament and hence undersampling of pores, particularly
during segmentation process. On the other hand, PXCT is apparently non-invasive and relatively less dam-
aging than the other two methods.
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Figure 2.11: Normalised distribution profile of (a) pore size and (b) ligament size of CeO2/npAu from three techniques. (Fam,
Sheppard et al. 2018)
Table 1: Measurement of volume-rendered CeO./npAu from three techniques. (Fam, Sheppard et al. 2018)

Approx. Spatial Pixel Av. Liga- Av. Pore Av. Pore

) . Probed Volume ] . .
Method Resolution Size 3 ment Size Size (nm) | Spheric-

(um?) ,
(nm) (nm) (nm) ity

PXCT 23 133 9.72%9.72%7.33 211423 288+23 0.51

FIB-SV 38.4 12.8 9.91*11.7*2.62 277+15 195415 0.62

ET 3.9 13 2.66*2.66*0.30 7512 6112 0.81

As previously mentioned, the values of spatial resolution in fact effect the difference in the values of other
measurement characteristics in Table 1 between three methods. The effect was apparent during image
segmentation, which critically determines the measurement of physical properties in Table 1. In this case,
two methods were used to determine the spatial resolution. For PXCT, a spatial resolution of 23 nm was
calculated via Fourier shell correlation (van Heel and Schatz 2005). For ET and FIB-SV, estimation of their
spatial resolutions were based on the pixel size and slice thickness (for FIB-SV only) by measuring the
number of pixels used to resolve the interface between material and pores, where both techniques exhibit
the amount of 3 pixels. Nevertheless, the difference in pixel size between them results in spatial resolution
of 38.4 nm for FIB-SV and 3.9 nm for ET. The highest result from ET is expected since it has been famous
to be able to attain atomic resolutions (Miao, Ercius et al. 2016), although this value of 3.9 nm can be
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considered quite low due to the large field of view from low magnification image capture in this case and
perhaps also owing to the aberration and astigmatism effects. For FIB-SV, higher results could be obtained
by reducing the field of view and slice thickness, but the effect of sample drift increases, which should be
taken into consideration during the reconstruction (Munroe 2009). In this study, a beam energy of 30 kV,
50 pA was used to minimize the ion beam damage during FIB-SV so as to probe a comparable volume to
that of PXCT with similar spatial resolutions.

The influence of spatial resolution is mostly predominant on the ligament/pore size distribution profiles
in Figure 2.11. ET is obviously the unique among the three techniques with a visible skewness towards
values under 15 nm for its highest spatial resolution, which is a huge advantage as such region are not
detectable to both PXCT and FIB-SV. However, the regions with peaks around 100 nm for ET are less plau-
sible because of the approaching size to the lamella thickness (300 nm), so they are not really representa-
tive. For those reasons, ET is in reality best in probing sample at the lower end of the multi length scales.
For PXCT and FIB-SV, the peaks around 20 — 30 nm simply implies the lower spatial resolution than ET, but
the presence of much larger pores close to 1 um reflects their suitability for probing higher end of the
multi length scales, which is an excellent quality for high reliability in capturing features possibly not visible
in the size of lamella. Between PXCT and FIB-SV, the favour is in the former due to its non-invasive and
non-destructive features since the latter naturally requires complete destruction of the sample.

Spatial resolution also plays a significant role in the segmentation process, which determines the values
in Table 1. Since all three methods produce grayscale slice images for 3D visualization process, there are
some grey areas in the images denoting partial volume effects, where the borders between pores and
materials are not resolvable due to the limited spatial resolution of the techniques. Therefore, under-
sampling or oversampling is unavoidably mandatory to differentiate between materials and pores, partic-
ularly for FIB-SV in this case, where the problem of shine-through artefacts inevitably aggravate the over-
sampling of material and undersampling of pores. On the other hand, the same thing could also happen
to PXCT in this work, where the initial manual thresholding or even automatic watershed segmentation
process could lead to either undersampling or oversampling the material. This hence suggests the im-
portance of spatial resolution in determining the resulting quality of imaging techniques, so both tech-
nique and sample should be considered based on the size range of the features of interest.

Moreover, a deeper study of the structural parameters are also of high importance in the field of catalysis
(Shi, Schaefer et al. 2014, Mahr, Kundu et al. 2017). Here, porosity (%), pore volume (V, / m3g?) and ef-
fective surface area (S.A. / m?g™) of CeO,/npAu were derived for each technique as listed in Table 2. For
catalyst samples, S.A. and V, or pore diameter are usually measured via physisorption techniques (Tan,
Davis et al. 2012). As the elemental composition of CeO,/npAu was acquired via EDX-TEM technique and
the sample volume was obtainable from each technique, the values of S.A. and V;, are accordingly able to
derive. Aside from the bulk volume, several subvolumes (Figure 2.12) were also extracted and calculated
in the same way for statistical purpose with the only exception for ET data because of its much smaller
probed volume.
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Table 2: Calculated physical properties of CeOa/npAu following tomographic label analysis. (Fam, Sheppard et al. 2018)

CeOy/npAu Pore
Method S | Volume | Area S.A. Volume | Area Vp Porosity
ample

(um?) | (um?) | (m?/g) | (um?) | (um?) | (m*/g) | (%)

Total 205.6 7498 2.06 304.0 7718 | 0.083 60

Sub-V1 0.050 2.94 3.30 0.079 3.25 0.089 61

PXCT Sub-V 2 0.043 2.49 3.30 0.087 2.80 | 0.115 67

Sub-V 3 0.047 1.98 2.41 0.083 2.22 0.101 64

Sub-V 4 0.052 2.13 2.32 0.078 2.45 0.085 60

Sub-V average 0.048 2.39 2.83 0.082 2.68 | 0.098 63

Sub-Verror® | $0.015 | +0.02 - +0.015 | +0.02 - -

Total 190.4 5265 1.56 123.8 5425 0.037 39

Sub-V 1 0.089 2.85 1.81 0.039 2.21 0.025 31

FIB-SV Sub-V 2 0.083 2.99 2.03 0.045 2.47 0.031 35

Sub-V 3 0.081 2.99 2.09 0.047 2.54 | 0.033 37

Sub-V 4 0.090 3.55 2.22 0.038 3.07 0.024 30

Sub-V average 0.086 3.10 2.04 0.042 2.57 0.028 33

Sub-V error” +0.015 | £0.02 - +0.015 | £0.02 - -
ET Total 0.998 | 53.85 | 3.043 1.104 | 62.77 | 0.062 52.5
-
O
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Figure 2.12: Subvolume extraction from: (a) PXCT data and (b) selection of four PXCT subvolumes; (c) FIB-SV data and (d) se-

lection of four FIB-SV subvolumes. All subvolumes had dimensions of 0.5%0.5*0.5 um? and are highlighted in
blue, volumes (b) and (d) were rendered with transparency. (Fam, Sheppard et al. 2018)

Table 2 indicates the proportionality of the total volume of CeO,/npAu and pores to the probed volume
in Table 1, hinting that the voxel counting process is valid. As percentage porosity means the ratio of
material to pore, PXCT and ET both possess the values close to the range reported before, e.g. 60 to 80
vol% (Hodge, Hayes et al. 2006, Wittstock, Wichmann et al. 2012). While the value from PXCT is expected
since it is considered the most representative of the bulk material, it is not the case for the thin lamella
from ET. On the other hand, the value from FIB-SV is significantly low, which emphasizes the
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aforementioned damaging effect of the ion beam during slicing process. With regards to effective surface
area, the calculated S.A. from all three techniques are in the range of 1.6 to 3.3 m?/g, whereas the mini-
mum value reported for a pure npAu sample was 4 m?/g (Wittstock, Wichmann et al. 2012, Shi, Schaefer
et al. 2014). This can be explained by considering the inverse relationship between ligament size and sur-
face area (Rosner, Parida et al. 2007). Since the observed porosity did not attain the reported 60%, liga-
ment sizes were consequently larger and surface area was therefore lower. Furthermore, the influence of
spatial resolution is also prevalent on the calculation of pore volume and surface area in this case. While
ET emphasized on the micropores (<2 nm) and mesopores (2-50 nm), both PXCT and FIB-SV focused on
the meso- and macroporosity (>50 nm), so there is not a single technique covering all scales. In general,
the subvolume analysis is useful to point out the inhomogeneous trait of the sample, which could hint the
existence of coarsened ligaments.

To sum up, this work verifies the versatility of tomographic methods to construe porosity in functional
materials and how it is in line with the results from experimental methods. Not only visualizing the mate-
rial and pore network in 3D space, but deriving quantitative values of important parameters (in catalysis)
are also possible. Tomographic results can also be further used in modelling of porosity for catalytic ma-
terials for elucidating the mechanism behind adsorption, diffusion, or mass transport of the gas reactants
into the catalysts. From those three methods in this case, electron-based imaging techniques offer higher
spatial resolutions down to single-digit nm, while PXCT is currently limited in mesoscales. In terms of data
processing workflows, FIB-SV and ET data can be processed using commercial and even free software,
while PXCT data have to be processed specifically depending on the beamline, where the experiments are
carried out, because it is still a developing method. However, PXCT has a strong advantage to measure
extended sample in a non-invasive manner compared to ET and FIB-SV. Among techniques under X-ray
microscopy, the spatial resolution of PXCT is uniquely high and is projected to ameliorate along with the
improvement in optics, detectors, reconstruction algorithm, and higher-generation synchrotron light
sources. This will positively affect the total acquisition time for PXCT measurements by cutting it down to
orders of magnitude, which will also enable either much larger field of view or higher spatial resolutions
with reduced measurement times in line with modern ET and FIB-SV (Holler, Guizar-Sicairos et al. 2017).
Last, PXCT also provides more flexibility for applications of in situ modes or sequential post-mortem anal-
ysis after thermal annealing. In comparison with electron, development of instruments and tools for X-
ray measurement is relatively easier due to its higher penetration nature of the source as well as higher
range of environmental conditions.

2.4 Conclusions

Three complementary 3D-imaging techniques are demonstrated for analysing a multiscalar CeO,/npAu,
whose resulting data volumes were used to measure physical properties, e.g. surface area, volume frac-
tion, pore structure and network topology, relevant to catalysis. Given the non-invasive sample prepara-
tion, more representation of the bulk sample, and mesoscale spatial resolution, PXCT is the potential tool
for physical characterizations, including imaging along with quantifying the physical properties, of heter-
ogeneous catalyst samples. Nevertheless, PXCT will not exactly replace electron microscopy, but it should
be an excellent complementary technique. Moreover, the possibility to perform in situ PXCT would be of
great interest and benefits.
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3 Quasi in situ 3D imaging study of
thermal annealing of npAu?

3.1 Background

This chapter bridges the gap between the ex situ nature of the previous section and the in situ nature of
the upcoming chapter. The work in this chapter utilizes the quasi in situ method, where material was
sequentially treated outside and then put back into the imaging setup. It used the same material base of
npAu, which has attracted significant interest due to its interesting and unexpected catalytic properties
(Zielasek, Jurgens et al. 2006, Xu, Su et al. 2007, Wittstock, Zielasek et al. 2010, Kosuda, Wittstock et al.
2012, Zugic, Karakalos et al. 2016). Nevertheless, coarsening process is unfortunately unavoidable in cat-
alytic reactions with/without elevated temperatures, especially materials with porous structure, and con-
sequently induces gradual reduction of catalytic activity (Biener, Biener et al. 2011, Wichmann, Wittstock
et al. 2013, Fujita, Tokunaga et al. 2014). To improve thermal stability of npAu, metal oxide coatings have
proved to be the most efficient way (Wittstock, Wichmann et al. 2012, Shi, Schaefer et al. 2014, Qadir,
Quynh et al. 2015, Ewers, Crampton et al. 2017). Hence, coarsening process with particularly the temper-
ature profile is worth a detailed investigation along with the affected physicochemical properties of the
samples, which are of high importance for future development in more efficient catalytic applications of
npAu materials.

Since catalytic activity is commonly related to pore size distribution and surface area, detailed studies of
pore types and structures are therefore necessary (Buurmans, Ruiz-Martinez et al. 2011, Fam and Imae
2015, Meirer, Morris et al. 2015, Ihli, Jacob et al. 2017, Krumeich, Ihli et al. 2018). Microscopic or imaging
techniques, typically using electron or X-ray, have been proved to be the most effective means to simul-
taneously visualize and quantitatively measure the pore network and other physical properties of the
materials, even in three dimension via ET (Echigo, Monsegue et al. 2013, Liu, Nishitani et al. 2014, Niehle
and Trampert 2015, Madejski, Lucas et al. 2018) or PXCT (Holler, Diaz et al. 2014, da Silva, Mader et al.
2015, Fam, Sheppard et al. 2018, Li, Ihli et al. 2019). The excellent benefit of 3D imaging techniques lies
mostly on the capability to generate not only the 3D morphology, but also to be able to derive the physi-
cochemical properties (da Silva, Mader et al. 2015, |hli, Jacob et al. 2017, Fam, Sheppard et al. 2018), while
2D imaging methods usually require other additional techniques. Besides, chemical/elemental properties
could also be obtained to unravel more information using integrated extensions of those tomographic
techniques, e.g. EDX tomography (Slater, Macedo et al. 2014, Polavarapu, Zanaga et al. 2016, Huber,
Haberfehlner et al. 2019, Wang, Slater et al. 2019), electron energy loss spectroscopy (EELS) tomography
(Nicoletti, de la Pefia et al. 2013, Yedra, Eljarrat et al. 2014, Torruella, Arenal et al. 2016), energy filtered
transmission electron microscopy (Goris, Bals et al. 2011) or resonant ptychographic tomography (Ihli,
Diaz et al. 2018).

1 The text and figures are taken from a manuscript under preparation by Fam, Y., T. L: Sheppard, A. Diaz, M. Holler, J. Ihli, T.
Scherer, W. Wang, D. Wang, C. Kubel, A. Wittstock, J.-D. Grunwaldt, "3D view and tomography-based simulations of morpholog-
ical changes from thermal annealing of nanoporous gold".
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In this case, npAu is in fact an excellent material consisting of hierarchical porosity and interconnected
network of macro- (>50 nm), meso-(2-50 nm), and micropores (<2 nm) (Zielasek, Jurgens et al. 2006,
Wittstock, Wichmann et al. 2012). Owing to its multimodal feature, 3D imaging technique is undoubtedly
a perfect tool to comprehend its 3D structure along with the physicochemical properties. Although many
investigations for this material have been carried out using ET (Chen-Wiegart, Wang et al. 2012, Mabhr,
Kundu et al. 2017, Fam, Sheppard et al. 2018, Madejski, Lucas et al. 2018), only a few utilized PXCT and it
was only ex situ (Fam, Sheppard et al. 2018). In order to understand its coarsening behaviour, an in situ
method under gas flow is thus required and only 2D imaging technique via in situ XRP has been able to
realize it so far (Baier, Damsgaard et al. 2016, Baier, Wittstock et al. 2016, Fam, Sheppard et al. 2019),
while in situ ET under gas flow is none so far. This hence leaves an intriguingly open case study in 3D using
X-ray although the reactor development and data reconstruction are challenging (Fam, Sheppard et al.
2019). Besides, 3D imaging techniques are actually more informative than the 2D counterpart due to the
capability of quantitatively revealing physical properties (e.g. surface area and porosity) (lhli, Jacob et al.
2017, Fam, Sheppard et al. 2018, Larsson, Gursoy et al. 2019, Li, lhli et al. 2019) or chemical properties
(e.g. elemental distribution) (Ihli, Diaz et al. 2018) of materials as well as further utilizing the results for
modelling/simulations (Zabihzadeh, Cugnoni et al. 2017, Madejski, Lucas et al. 2018, Cuesta, De la Torre
et al. 2019).

Herein, the results from quasi in situ PXCT of thermal annealing of npAu materials under atmospheric air
are presented, followed by simulations to model the air flow and pressure map through the pores of npAu,
concentration profile of CO; (from air) diffused on the pores of npAu, temperature profile of npAu during
simulated heat transfer process, and electrical voltage map during simulated potential bias in an electro-
Iyte solution. Therefore, not only physical properties (surface area and porosity) of npAu materials can be
extracted from the resulting 3D data volume, but also their intrinsic material properties, e.g. air permea-
bility constant and molecular diffusivity coefficient of CO,, electrical and thermal conductivity constant of
npAu materials.

3.2 Experimental

3.2.1 Sample preparation

The pure-, CeO,-, TiO,-, and CeTiO-incorporated npAu samples were prepared via dealloying of an Ag-Au
composite, followed by wet impregnation with metal-oxide(s) precursor solution(s) using the methods
described in previous reports (Shi, Schaefer et al. 2014, Shi, Mahr et al. 2016, Shi, Mahr et al. 2017). A
piece of the sample was placed on an SEM sample holder stub, then cut and shaped with a Ga* ion beam
using FIB Strata 400S (FEI, USA) into a pillar with diameters of 4-6 um and heights of 10-30 um, which was
then deposited on an flOMNI pin (Holler, Raabe et al. 2017). Another shape in the form of a lamella with
a thickness of around 100 nm was prepared for ET measurements. The detailed procedures can be ob-
served in our previous work (Fam, Sheppard et al. 2018).

3.2.2 Quasi in situ PXCT with sequential heating experiment
PXCT measurements were performed at the cSAXS beamline of the SLS at the PSI (Villigen, Switzerland)

with the flOMNI setup (Holler, Raabe et al. 2012, Holler, Diaz et al. 2014), including a differential laser
interferometry for sample positioning in high precision (Holler and Raabe 2015). An Au-made FZP with a
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diameter of 170/220 um was employed to allow the coherent part of incoming X-ray beam with a photon
energy of 6.2 keV and a flux of around 4.3-21.1 x 10° photons/frame. The sample was illuminated with a
diameter of 3 um and placed 51 mm downstream/in focus. A 5-meter light tube with in-vacuum Eiger
2M/1.5M detector was utilized to record the diffraction patterns located at 5.232 m downstream from
the sample (Kraft, Bergamaschi et al. 2009). The field of views were varied between 8*5 and 14*12 um?
(h*v) per projection with an average scanning step size of 0.5-0.7 um following a Fermat spiral trajectory
(Huang, Yan et al. 2014). The scan for each sample was conducted with an angular step, varied from 1.03
to 2.22°, an angular range from 0 to 180° of the sample with respect to the incoming X-ray beam, and the
scan was repeated with the resulting number of projections from 650 to 1400. The acquisition time of
each scan point was 0.1/0.05 s, so that a total acquisition time, including the dead time during sample
movements, for one complete tomogram varied between 3 and 12 h. The difference map algorithm re-
fined by the maximum likelihood optimization were used to reconstruct ptychograms directly after acqui-
sitions (Thibault, Dierolf et al. 2009, Thibault and Guizar-Sicairos 2012), where a pair of scans were rec-
orded at different angles and positions of the detector and then combined under the same reconstruction
and illumination, resulting in two different images (Holler, Diaz et al. 2014). Ptychographic reconstructions
generated ptychograms with pixel sizes of 9.97-18.20 nm and the total doses for acquisition of one spec-
imen were 9.9-116.2 x 10° Gy. The ptychograms then underwent corrections for zero- and first order
terms and subsequent registration process along the vertical and horizontal directions (Guizar-Sicairos,
Diaz et al. 2011). The tomographic reconstruction via filtered back projection was later implemented,
generating tomograms with effective spatial resolutions between 12.5 and 24.5 nm via Fourier shell cor-
relation (van Heel and Schatz 2005). Thermal treatment of the sample during PXCT measurement was
carried out using an external portable furnace (Nabertherm, DE). The flOMNI pin containing the sample
was transferred into the furnace and heated to desired temperature points. Afterwards, the pin was trans-
ferred back to the PXCT experiment setup.

3.2.3 Complementary ET measurement

ET measurements made use of a lamella of the pure npAu and CeO,/npAu sample with an approximate
thickness of 200 nm, produced and deposited on a lift-out grid by FIB technique. The lamella was the fresh
sample extracted from the pillar before PXCT measurement. ET was conducted with the help of a
Fischione tomography holder and a Titan 80-300 (FEI) microscope under an acceleration voltage of 300
kV in scanning transmission electron microscopy mode with a high-angle annular dark-field detector, at
the INT at KIT (Karlsruhe, Germany). The tilt series were acquired with a range of +60° and an increment
of 2° using an Xplore3D software (ThermoFisher Scientific, USA). The alignment for tilt series was carried
out using a cross-correlation function under an IMOD software (Regents, USA) and the tomographic re-
construction was then performed using a simultaneous iterative reconstruction technique under an In-
spect3D software (ThermoFisher Scientific, USA), resulting in the tomogram’s voxel sizes of 1.3 nm for
pure npAu and 0.3 nm for CeO,/npAu.

3.2.4 Data processing

Prior to 3D visualization, the segmentation process to distinguish between sample and air/background
was carried out via Trainable Weka Segmentation 3D plugin in FlJI software. The resulting label images
along with the original tomograms were then imported into an Avizo 9.7 software (ThermoFisher Scien-
tific, USA) for volume rendering and further analysis. Default settings were applied for each data treat-
ment module unless otherwise stated. ‘Lasso’ tool was used to distinguish between exterior and pores.
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Pores and samples were then visualized individually in 3D via ‘Volume Rendering” module. To obtain the
values of volume (V) and surface area (S), ‘Label Analysis’ module with 3D interpretation was used. Further
analysis to show pore size distribution was carried out using ‘Separate Objects’ module, followed by ‘Label
Analysis’ module to calculate equivalent diameter as the ligament or pore size. Pore network models were
generated using Generate Pore Network Model module from Avizo 9.7 XPoreNetworkModel Extension,
where the algorithm models the actual pores with fitting spheres.

3.2.5 Numerical tomography-based simulations

Absolute permeability, molecular diffusivity, electrical and thermal conductivity simulation were done us-
ing Avizo 9.7 XLabSuite Extension software. The region of interest for simulations was determined to be a
cube with 1x1x1 um? from the middle of 3D-rendered volume for each sample. The parameter details,
boundary conditions, and fundamental formulation used in the software are briefly elucidated as follows:

For absolute permeability simulation, Stokes equation (Eq.1) and Darcy’s law (Eq.2) along with Finite Vol-
ume method were used to compute the value of absolute permeability of the sample, “k” (um?), as well
as to visualize the gas flow and pressure mapping profile on the pore.

Vy=0
vv=0 _
{quv—Von @

Where 7. is divergence operator, v is gradient operator, ¥ is fluid velocity, u is dynamic viscosity of gas,

V2 is Laplacian operator, and P is fluid pressure.

Q kAP
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Where Q is flow rate through pores (m3/s), S is cross section area for fluid goes through (m?), k is absolute
permeability constant (m2), wis dynamic viscosity of fluid (Pa.s), AP is pressure difference applied around
sample (Pa), L is length of sample in flow direction (m). Boundary conditions used in this simulation in-
clude no-slip condition at gas-solid interfaces, no flow on the system faces except the input and output,
fluid can freely spread on the input face due to stabilization zone in the system where pressure is quasi
static. The user inputs made in this case were the dynamic viscosity of 2E-05 Pa.s (air), input pressure of
1.1E+05 Pa, and output pressure of 1.0E+05 Pa. These pressure boundaries were determined on the ac-
count of the more-or-less atmospheric pressure in an external furnace or during PXCT measurement. Be-
sides, modifying these values will not change the permeability, which is intrinsic to the porous medium,
and only the outcome field will be rescaled.

For molecular diffusivity simulation, Fick’s law (Eq.3 and 4) along with Finite Volume method were used
to compute the value of diffusion coefficient, “D” (m?/s), as well as to visualize the gas diffusion profile on
the pore.

oc D.V2C=0 (3
at . - ()

j=-D.VC (4)

Where C is concentration of solute in solvent (mol/m?3), V2 is Laplacian operator, D is diffusion coefficient
of solute in solvent (m?/s), J is solute mass flux (mol/m?/s). Boundary conditions used in this simulation
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include the presence of two reservoirs with same volume on each side of the sample, no diffusion on
other faces of the system except the input and output, connection between reservoirs and samples along
with diffusion starts at to, influence of gravity was neglected and only passive diffusion considered, no
reaction occured at gas-solid interface. The user inputs made in this case were the bulk diffusion of 1.6E-
05 m?/s (CO; in air), input concentration of 91 mol/m?3, and output pressure of 50 mol/m3. These values
for input CO, concentration were determined to be the global CO, concentration in air of 4000 ppm and
the output one was made arbitrarily since modifying them will not change the molecular diffusivity, which
is intrinsic to the porous medium, and only the outcome concentration field will be rescaled.

For thermal conductivity simulation, Fourier’s law (Eq. 5 and 6) along with Finite Volume method were
utilized to compute the value of thermal conductivity constant, “A” (W/m/K), as well as to visualize the
temperature profile on the material.

@ =-AT (5)
ar, ,
(pcp)aﬁ — AV Ty =0 (6)

Where p,, is density of a phase (kg/ m?), Cp,, is specific heat of a phase (J/kg/K), 4, is thermal conductivity
of a phase (W/m/K), T, is temperature of a phase (K), ¢ is heat flux (W/m?2), A is thermal conductivity of
material (W/m/K), VT is temperature difference (K). Boundary conditions used in this simulation include
constant heat flux between two opposite faces of the system, other faces are insulated, input and output
fluxes are equal at equilibrium, temperature and normal component of heat flux are continuous at the
interface between phases. The user inputs made in this case were the material thermal conductivity of
310 W/m/K (Au), pore thermal conductivity of 0.02587 W/m/K (O,/He gas), input temperature of 773 K,
and output temperature of 298 K. These temperature boundaries were determined arbitrarily and also
due to the fact that modifying them will not change the thermal conductivity, which is intrinsic to the
material, and only the outcome temperature field will be rescaled.

For electrical conductivity simulation, Ohm’s law (Eq. 7 and 8) along with Finite Volume method were
utilized to compute the value of electrical conductivity constant, “c” (S/m), as well as to visualize the
voltage profile on the pore.

Jtotal =f _O'solutionvv-g (7)
S

jtotal AV
e g 8
s —°7 &

Where jiorai i total electrical flux going through the input face (V m), 0goiution is electrical conductivity
of the free solution (S/m), v is electrical potential (V), S is area of the input face (m?), AV is potential bias
(V), L is length of material sample (m), g is electrical conductivity of the material (S/m). Boundary condi-
tions used in this simulation include direct current is considered, other faces are insulated, input and out-
put fluxes are equal at equilibrium, skin effect and concentration variations are neglected. The user inputs
made in this case were the solution electrical conductivity of 0.5 S/m (0.038 M KCl), input voltage of 1V,
and output voltage of 0.2 V. These electrical voltage boundaries were determined arbitrarily and the fact
that modifying them will not change the thermal conductivity, which is intrinsic to the material, and only
the outcome voltage field will be rescaled.
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3 Quasi in situ 3D imaging study of thermal annealing of npAulF

3.3 Results and Discussion

Prior to quantifying the stabilising effects of metal oxide incorporation, thermal annealing studies were
firstly performed for pure npAu. The npAu sample (ca. 5 um diameter, 5 um height) was investigated via
PXCT in ambient conditions (ca. 21 °C, ambient air) and the reconstruction results are shown in Figure 3.1.
The reconstructed tomograms (with spatial resolutions of 19 nm in Figure 3.2) for the sample before and
after heating at 450 °C are shown in Figure 3.1a,b, respectively. Notably, the thermal annealing effects
were apparently not uniformly observed throughout the sample (Figure 3.1b,d), where several nm outside
layer kept the original pore structure on the upper half of the volume, while virtually the entire lower half
of the volume did not show significant annealing. This observation was made immediately on inspection
of the annealed sample prior to PXCT measurement, and as a result the fields of view for the PXCT meas-
urements between Figure 3.13a,c,e and Figure 3.1b,d,f were displaced vertically by ca. 5 um (Figure 3.1g).
This was done in order to emphasize the striking difference between the annealed and apparently stable
areas in Figure 3.1d. As a result, the stabilized part of Figure 3.1b,d with smaller ligaments of npAu was
previously illuminated by X-rays, whereas the annealed part was not previously illuminated by X-rays prior
to heating. From Figure 3.1f, it can be observed that the maximum pore size for the annealed part could
be three times bigger than the unannealed part in Figure 3.1e. Therefore, we hypothesized that the con-
currence of X-ray illumination, atmospheric air, and the presence of high surface area Au sites triggered
such a stabilization effect on npAu ligaments, so that the annealing process was hindered. A possible ex-
planation can be due to the contamination by carbon and oxygen, which normally also occurs during X-
ray photoelectron spectroscopy measurement (Li and Reeve 2005).

From this experiment onwards, newly-prepared samples were exposed to a continuous inert N, flow dur-
ing PXCT measurements, so as to remove one of the variables led to such an unexpected stabilization
process. Figure 3.3a,c,e show the structural difference between the whole npAu sample before and after
heating at 550 °C and 750 °C, respectively, with the spatial resolutions ranging from 19 to 25 nm (Figure
3.4a-c). The partial stabilization effect observed previously during PXCT in ambient air was not present
here, therefore the entire sample responded as expected to thermal annealing. As there were severely
hardened parts on the exterior resulting from the FIB sample preparation, trimming to exclude them was
necessary, resulting in subvolumes as in Figure 3.3b,d,f. This is necessary to verify the representation of
the actual material pore structure, so the subsequent quantitative analysis generates an accurate infor-
mation. From these figures, physical properties (surface area and pore volume) of npAu can be extracted
as presented in Table 3, where a decrease in surface area and an increase in porosity/pore volume are
noticeable at elevated temperature. Moreover, the pore size distribution before and after heating is sig-
nificantly different as exhibited in Figure 3.3g, where the size range increases 6-fold from room tempera-
ture to 550 °C and 3-fold from 550 °C to 750 °C. Besides, the average pore size also increases from
63.0+£12.6 at room temperature to 221.1+141.8 nm at 550 °C to 470.2+397.0 nm at 750 °C. This investiga-
tion supports the previously results, carried out in situ under controlled O,/He atmosphere stating that
the annealing started as low as 300 °C (Baier, Wittstock et al. 2016).
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)]

Figure 3.1: PXCT volume rendering of (a,b) full and (c,d) trimmed npAu sample with (e,f) pore network model before (a,c,e)
and after (b,d,f) heating at 450 °C. The scalebars are 1 um. (c,d) npAu is in yellow and pore in blue. (g) lllustration
of field of view before (i) and after heating at 450 C (ii).

(b 1 _
—FSC
0.9- 112 bit thresheld B9~
508- - 5o08-

%0 7 B0.7-
Sos- 806-
Los 205
5 5
go4 504
= i 3 H
o3l 203
0.2 N 18.5nm 02 S 189 nm
0.1+ v 01-
S S
0L I L L L L L | 1] L L L L L —
0 o1 0.2 0.3 04 . 06 0.7 08 0.9 1 a 0.1 02 03 0.4 0.5 0.6 Q.7 0.8 0.8 1
Spatial frequency/Nyquist Spatial frequency/Nyquist
Figure 3.2: FSC for the tomograms of npAu samples before (a) and after heating at 450 °C (b) from Figure 3.1.
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3 Quasi in situ 3D imaging study of thermal annealing of npAulF

As a complementary measurement, ET was also carried out on a sample before heating and the result is
displayed in Figure 3.5. A quantitative analysis from the volume rendering results in a surface area of 4.7
m?/g, pore volume of 0.037 m3/g, and porosity of 41.9%. Although the porosity is below the range re-
ported (Wittstock, Wichmann et al. 2012), the surface area value is in agreement with the published re-
ports (Wittstock, Wichmann et al. 2012, Shi, Schaefer et al. 2014). Besides, those values are a bit larger
than the one from PXCT, but this is expected possibly due to the interference of FIB cutting. Nevertheless,
the more important analysis from electron tomography is in the pore size distribution in Figure 3b, where
micropores (<2 nm) could also be detected owing to its higher spatial resolution and an average pore size
of 46.24+21.3 nm. This value is lower than the one from PXCT, but this is expected as PXCT is not able to
detect any micropore (<2 nm) due to its limited spatial resolution.
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Figure 3.3: PXCT volume rendering of (a,d,g) full and (b,e,h) trimmed npAu sample with its (c,f,i) pore network model and (j)
pore size distribution plot before (a-c) and after (d-f) heating at 550 °C and (g-i) 750 °C. The scalebars are 1 um.
(b,e,h) npAu is colored in yellow, whereas pore in blue.
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Figure 3.4: FSC for the tomograms of npAu before (a) and after heating at 550 °C (b) and 750 °C (c) in Figure 3.2; CeO2/npAu

before (d) and after heating at 550 °C (e) and 750 °C (f) in Figure 3.7; CeTiOx/npAu before (g) and after heating at
550 °C (h) and 750 °C (i) in Figure 3.12.

Table 3: Physical properties derived from rendering data volumes of PXCT in Figure 3.3, 3.6, and 3.8.
Sample | T(°C) | S(m?/g) V, (m3/g) Porosity
20 2.698 0.029 35.54%
npAu 550 0.661 0.078 60.04%
750 0.239 0.159 75.44%
20 2.197 0.069 55.09%
CeO,/
550 1.935 0.060 51.74%
npAu
750 0.337 0.053 48.54%
20 4.046 0.088 59.30%
CeTiOx
550 1.591 0.104 63.13%
/npAu
750 0.343 0.181 74.92%
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Figure 3.5: ET volume rendering (a) and (b) pore size distribution plot of npAu lamella (yellow = npAu and blue = pore) at
room temperature.

Moving on to CeO,/npAu sample, Figure 3.6a,c,e display the intact sample before and after heating at 550
°C and 750 °C, respectively. Trimming to exclude the hardened parts was also carried out, resulting in
Figure 3.6b,d,f. After first heating to 550 °C, there was barely any coarsening occurred even after trimming
to reveal the inside layer (Figure 3.6b,d), but a striking difference happened after second heating to 750
°C (Figure 3.6d,f), where large blobs are obviously noticeable. Quantitative analysis in Table 3 also corrob-
orate it by showing a slight decrease in surface area after first heating, followed by a severe drop in one
order of magnitude after second heating. This tendency is also strengthened by the pore distribution
graph in Figure 3.6g, where the pore size shifts to lower values in mesopores (2-50 nm) after the first
heating and a prominent change with more macropores, even in micrometer scales, then appeared after
the second heating. Moreover, the average pore size shifts to a lower value from 149.0+59.5 nm at room
temperature to 137.5£56.3 nm after first heating, then greatly elevates to 333.0£293.5 nm. The change
after first heating at 550 °C is in contradiction to the pure sample, where the porosity became higher after
reaching higher temperatures, but the propensity after second heating is similar. This therefore implies
that there is an intriguing slowdown of coarsening around annealing temperature of 550 °C, which is cor-
roborated by a previous report stating that the same sample could maintain the morphology up to 585 °C
(Shi, Schaefer et al. 2014). Furthermore, the porosity before heating is comparable to the value reported
previously (Fam, Sheppard et al. 2018).
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Figure 3.6: PXCT volume rendering of (a,c,e) full and (b,d,f) trimmed CeO2/npAu sample with (g) pore distribution graph be-
fore (a,b) and after (c,d) heating at 550 °C and (e,f) 750 °C. The scalebars are 1 um. (b,d,f) CeO2/npAu is colored
in yellow, whereas pore in blue.

ET was also carried out as a complementary measurement on a sample before heating and the result is
displayed in Figure 3.7. The main purpose with this sample is to localize the distribution of CeO, nanopar-
ticles over npAu as PXCT is not able to due to its limited spatial resolution. Figure 3.7a exhibits the a quite
uniform distribution of non-spherical CeO; nanoparticles with noticeable agglomeration (Figure 3.7c) over
the ligaments of npAu. It should be noted that the non-spherical 3D structure of CeO; via ET actually
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3 Quasi in situ 3D imaging study of thermal annealing of npAulF

breaks the stereotype where circular nanoparticles observed under 2D imaging are usually deemed as
spheres. Furthermore, a quantitative analysis from the volume rendering results in a volume fraction of
0.12 for CeO,, which equals to 4.94 %w from this CeO,/npAu sample and is in agreement with previously
published reports (Shi, Schaefer et al. 2014, Fam, Sheppard et al. 2018). The particle size distribution plot
in Figure 3.7d shows that the average particle size of CeO, nanoparticles is 3.37+1.56 nm where a mini-
mum particles size of 1.50 nm and a maximum of 15.75 nm can be found.
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Figure 3.7: ET volume rendering of CeOz/npAu lamella (a) at room temperature, only npAu (b), only CeO: particles (c) and

the particle size distribution graph (d). Yellow-rendered object is npAu and blue-rendered object is CeO..
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Figure 3.8: PXCT volume rendering of (a,d,g) full and (b,e,h) trimmed CeTiO,/npAu sample with its (c,f,i) pore network model
and (j) pore size distribution plot before (a-c) and after (d-f) heating at 550 °C and (g-i) 750 °C. The scalebar is 1
um. (b,e,h) npAu is colored in yellow, whereas pore in blue.

Last for CeTiO,/npAu sample, Figure 3.8a,c,e display the intact sample before and after heating at 550 °C
and 750 °C, respectively. Trimming was again conducted to exclude the hardened layer, resulting in Figure
3.8b,d,f., where the structural change is striking after two heating steps, where the material became less
dense or more pores could be observed after heating. A quantitative analysis in Table 3 corroborates such
propensity by showing that the surface area decreased, but pore volume increased as the heating
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temperature elevated. This tendency is also strengthened by the pore distribution graph in Figure 3.8g,
indicating that there was a shift to higher pore sizes between 200 and 400 nm after the first heating and
then a huge shift up to 2 um after the second heating. Furthermore, the average pore size shifts to higher
values from 142.9+27.1 at room temperature to 188.5+82.2 after heating at 550 °C to 454.4 +82.2 nm
after heating at 750 °C. This sample is in accordance to the pure sample, where the porosity became
smaller after reaching higher annealing temperatures. Compared to the existing report with the same
sample (Shi, Mahr et al. 2017), a temperature of 450 °C under controlled CH;0H/H,0 was claimed to
barely alter the morphology. This could strengthen our results that the onset annealing temperature
would be between 450 and 550 °C. Nevertheless, it should also be noted that the difference in the atmos-
phere would affect the onset of coarsening temperature (Shi, Mahr et al. 2017).

In comparison between the three samples, the volume rendering results basically exhibit the similar ten-
dency, where the ligaments coarsened and pores expanded after sequential thermal treatments, except
for CeO,/npAu after the first heating, where the ligaments densified and pores shrank. In terms of surface
area, the value decreases as the annealing temperature elevates for all samples. However, in terms of
porosity, the value increases along with the annealing temperature, except for CeO,/npAu sample exhib-
iting a decreasing trend after the first annealing, which could be due to some agglomeration of CeO, na-
noparticles, confirmed by the higher-resolution ET measurement, over npAu generating random pore
sizes. Besides, the results also conclude that 750 °C is an over-the-top temperature for structural degra-
dation for npAu materials, whereas 550 °C is still a mild one, shown by the subtle difference in CeO,/npAu.

Table 4: Intrinsic material properties derived from simulation of 3D-rendered data volumes in Figure 3.9-11.
Sample | T(°C) k (um?) D (m?/s) o (S/m) A (W/m/K)
20 8.00E-06 1.75E-06 0.06 120.32
npAu 550 3.51E-04 4.64E-06 0.15 75.84
750 4.76E-04 1.10E-05 0.36 6.81
20 9.60E-05 5.27E-06 0.17 30.32
CeOz/
550 8.00E-05 4.91E-06 0.16 42.34
npAu
750 7.92E-04 1.10E-05 0.36 5.02
20 7.30E-05 5.65E-06 0.19 30.58
CeTiOy/
550 2.60E-04 6.48E-06 0.21 0.22
npAu
750 6.60E-04 8.00E-06 0.28 93.12

To further make use of the 3D data volume, simulations were carried out to map the gas flow and diffu-
sivity through the pore, the thermal and electrical conductivity on material and the pore, as well as to
compute the absolute permeability constant (k), molecular diffusivity coefficient (D), electrical conductiv-
ity constant (o), and thermal conductivity coefficient (A). As previously mentioned in the Experimental
section that the region of interest is a cube with a size of 1x1x1 um? extracted from PXCT sample, Figure
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3.9a shows the model of pristine npAu before heating (opaque yellow is npAu and translucent blue is
pore) for simulation. After heating at 550 °C and 750 °C, the ligaments of npAu coarsened and pores be-
came obviously larger as shown in Figure 3.9i,q. It was then used for the absolute permeability simulation
to generate the gas flow profile in Figure 3.9b and the pressure map throughout the pore in Figure 3.9c.
The velocity map in Figure 3.9b depicts that air flow in a wave-like manner through the continuous pore
of pristine npAu, whereas the pressure map in Figure 3.9c describes the presence of gradient in parallel
with the gas flow direction. After heating, the gas velocity map in Figure 3.9j and 3.9r consequently show
that air could flow faster, while the pressure map in Figure 3.9k and 3.9s exhibit less striking gradient due
to such bigger pores. The electrical conductivity simulation was also performed in a situation, where po-
tential biases of 0.2 and 1 V were applied on npAu immersed in KCl solution of 0.035 M and the voltage
mapping result was exhibited in Figure 3.9d, where the presence of gradient indicates that the electrical
current could pass through the material. After heating, the voltage profile in Figure 3.9l and 3.9t still ex-
hibit the presence of gradient, which means the electrical current could flow through despite the differ-
ence depending on the pore structure. Since this simulation would also like to describe how CO, from air
diffuse through the pore, a molecular diffusivity simulation of CO, gas was then included in this case.
Figure 3.9e-f depicts the diffusion map of CO, in the pore of npAu, where CO, diffused gradually in a flow
direction and the CO, concentration profile in a vertical direction is quite uniform. After heating, The CO,
diffusion profile in Figure 3.9m-n and 3.9u-v describe faster diffusion occurred as the temperature ele-
vated and the concentration profiles in a vertical direction become less uniform after more heating. The
thermal conductivity simulation results in Figure 3.9g-h shows that the heat quickly dissipates and the
gradient is quite uniform in a vertical direction. The thermal conductivity profile in Figure 3.90-p and 3.9w-
x also depict a relatively slower heat dissipation and more random gradient both in vertical and perpen-
dicular direction. Quantitatively, the computation values in Table 4 indicate that air permeability in-
creased, CO; diffusivity increased, electrical conductivity increased, and thermal conductivity coefficient
decreased as the heating temperature elevates. Such tendency should be due to the generation of larger
pores after heating

The same procedure was applied to investigate further temperature effect on the intrinsic material prop-
erties of CeO,/npAu and CeTiO,/npAu as shown in Figure 3.10 and 3.11. In the case of CeO,/npAu, Figure
3.10b and 3.10j describe the velocity profiles of air, which are visually similar before and after heating at
550 °C, but it drastically turned to be less wavy after heating at 750 °C (Figure 3.10r). The pressure map in
Figure 3.10c and 3.10k still exhibit a comparable gradient in parallel with the air flow direction despite the
distinguishable pore shape, but figure 3.10s exhibits less striking gradient due to the expanded pores after
heating at 750 °C. The electrical voltage mapping results in Figure 3.10d,I,t display a similar gradient, im-
plying that the electrical current could pass through the material before and after heating at 550 °C and
750 °C. The diffusion map of CO, gas in the pore of CeO,/npAu is shown in Figure 3.10e-f, 3.10m-n and
3.10u-v, where CO, diffused gradually before and after the first heating, and then faster in a flow direction
after the second heating. The CO, concentration profile in a vertical direction before and after heating at
550 °C are quite uniform, and it became become less uniform heating at 750 °C. The thermal conductivity
simulation results in Figure 3.10g-h, 3.100-p, and 3.10w-x describe that the heat could dissipate, and it
got better as the temperature increased. The gradient for both before and after heating at 550 °C are not
uniform in a vertical direction, but it is relatively more uniform both in vertical and perpendicular direction
after heating at 750 °C. Quantitatively, the computation values in Table 2 indicate that air permeability,
CO, diffusivity, electrical conductivity slightly decreased and then greatly increased as the temperature
heats up, whereas thermal conductivity initially increased and then significantly dropped. This behaviour
should be influenced by the pore shrinkage after the first heating, followed by the sudden pore broaden-
ing after the second heating.
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Figure 3.9: PXCT volume rendering of a block pure npAu (a, i, q), cropped from the sample in Figure 3.3b/d/f, before (a-h)
and after heating at 550 °C (i-p) and 750 °C (g-x). Fluid flow profile (b,j,r), pressure mapping (c,k,s), voltage map-
ping (d,l,t), CO2 concentration profile (e,m,u), and temperature mapping (g,0,w) in a slice form and whole volume
(f,n,v,h,p,x) from absolute permeability (b,j,r,c,k,s), electrical conductivity (d,l,t), molecular diffusivity
(e,m,u,f,n,v), and thermal conductivity (g,0,w,h,p,x) simulation through the pore (blue in a,i,q).

For CeTiO4/npAu, Figure 3.11b describes the velocity profile of air, which was quite wave-like structure,
throughout the pore, while the pressure map in Figure 3.11c exhibits a gradient with uniform values in
the vertical direction. After heating at 550 °C and 750 °C, the gas velocity map in Figure 3.11j,r
consequently show that air could flow faster and the pressure map in Figure 3.11k,s exhibit less striking
gradient due to such bigger pores. The electrical voltage mapping result in Figure 3.11d displays also
displays gradient, implying that the electrical current could pass through the material. After heating at

52



3.3 Results and Discussion

550 °C and 750 °C, the voltage profile in Figure 3.11l,t still exhibit the presence of gradient, which means
the electrical current could flow through despite the difference depending on the pore structure. The
diffusion map of CO, gas in the pore of CeTiO,/npAu is shown in Figure 3.11e-f, where CO, diffused
gradually in a flow direction and the CO, concentration profile in a vertical direction is quite uniform. After
heating at 550 °C and 750 °C, the CO, diffusion profile in Figure 3.11m-n and 3.11u-v describe faster
diffusion occurred as the temperature elevated and the concentration profiles in a vertical direction
become less uniform after more heating. The thermal conductivity simulation results in Figure 3.11g-h
describe that the heat could dissipate well even though the gradient is not uniform in a vertical direction.
After heating at 550 °C and 750 °C, the thermal conductivity profile in Figure 3.110-p and 3.11w-x depict
a relatively slower heat dissipation and more random gradient both in vertical and air flow direction after
the first heating, whereas it then shows a quicker heat dissipation and more uniform gradient after the
second heating. Quantitatively, the computation values in Table 4 indicate that air permeability, the CO,
diffusivity, the electrical conductivity increased as the temperature increased, while the thermal
conductivity firstly decreased and then made a jump. Such tendency should be due to the larger pore
after heating, similar to the what the pure sample endured.

Further into the simulation results, the values of air permeability, CO, diffusivity coefficient, and electrical
conductivity for npAu and CeTiOy/npAu samples increased along with the elevated annealing
temperatures. However, CeO,/npAu sample again exhibited a unique trend, where those values slightly
decreased after the first heating, but then increased after the second heating. Since those simulations
were conducted on the pores, such a unique tendency should be due to the unexpected porosity
shrinkage of CeO,/npAu, which could be due to the agglomeration of CeO, nanoparticles as previously
explained. On the other hand, thermal conductivity for each sample has its own disposition before and
after thermal treatment. The values went down for npAu as the temperatures went up, while it firstly
inclined and then jumped down for CeO,/npAu, whereas it initially fell down and later rose up for
CeTiOy/npAu. Aside from the fact that thermal conductivity simulation was performed on both the
material and pores, such random behaviours (especially for the doped samples) can also partly be induced
by the addition of metal oxides. Nevertheless, the strong dependency of npAu porosity on the values of
electrical and thermal conductivity has been reported, where larger pores induce higher electrical
conductivity but less thermal conductivity (Mishra, Bansal et al. 2008, Xia, Wang et al. 2010). The pure
npAu sample in this case corroborates such tendency and even with the addition of temperature variable,
where the electrical conductivity increases and thermal conductivity decreases as the temperature
elevates. Last for the simulation package itself, i.e. Avizo Xlab Extenstion Suite, it is a voxel-based
simulation method utilizing voxels as the volume elements, which is an advantage over having to generate
a new meshed volume as in the mesh-based simulation methods, e.g. computational fluid dynamics.
Although the software package is relatively new, the computational outcomes are comparable to other
methods (Cooper, Kishimoto et al. 2013) and several studies have been carried out in the field of
electrochemistry (Cooper, Kishimoto et al. 2013, Delattre, Amin et al. 2018, Tan, Kok et al. 2019).
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Figure 3.10: PXCT volume rendering of a block CeO2/npAu (3, i, q), cropped from the sample in Figure 3.6b/d/f, before (a-h)

and after heating at 550 °C (i-p) and 750 °C (g-x). Fluid flow profile (b,j,r), pressure mapping (c,k,s), voltage map-
ping (d,l,t), CO2 concentration profile (e,m,u), and temperature mapping (g,0,w) in a slice form and whole volume
(f,n,v,h,p,x) from absolute permeability (b,j,r,c,k,s), electrical conductivity (d,l,t), molecular diffusivity
(e,m,u,f,n,v), and thermal conductivity (g,0,w,h,p,x) simulation through the pore (blue in a,i,q).
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Figure 3.11: PXCT volume rendering of a block CeTiOx/npAu (a, i, ), cropped from the sample in Figure 3.8b/d/f, before (a-h)
and after heating at 550 °C (i-p) and 750 °C (g-x). Fluid flow profile (b,j,r), pressure mapping (c,k,s), voltage map-
ping (d,l,t), CO2 concentration profile (e,m,u), and temperature mapping (g,0,w) in a slice form and whole volume
(f,n,v,h,p,x) from absolute permeability (b,j,r,c,k,s), electrical conductivity (d,l,t), molecular diffusivity
(e,m,u,f,n,v), and thermal conductivity (g,0,w,h,p,x) simulation through the pore (blue in a,i,q).
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3.4 Conclusions

PXCT measurements were conducted to not only visualize the 3D morphology of npAu materials after
thermal annealing in an external furnace, but also to calculate their surface areas and analyse the porosity.
The sequential thermal treatment generally results in the pore expansion and ligament coarsening, which
consequently induce the reduction of surface area and increase of pore volume. ET measurement is
proved to be a useful complementary technique to probe smaller pores, particularly micropores, and do-
pant nanoparticles beyond the capability of PXCT. Another versatility of performing PXCT is the direct
utilization of the results for simulations. In this case, simulations regarding absolute permeability of air,
molecular diffusivity of CO; from air, electrical and thermal conductivity of npAu materials were carried
out to reveal their intrinsic physical properties before and after thermal treatment, which were previously
impossible with only the direct quantification from the 3D volume data. In the future, a full in situ PXCT
experiment, followed by simulations, will be extremely useful for similar or more advanced experiments,
such as catalysis, gas storage and sensing, or electrochemical reactions. A proper leak-proof reactor is
therefore needed to avoid contamination, such as the aforementioned one, where strange stabilization
process occurred. The study would essentially allow a precise determination of the onset of annealing
temperature while being able to visualize the morphology in 3D, directly quantify the structural parame-
ters, and subsequently use for simulation to reveal the intrinsic properties.
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4 In situ 2D/3D imaging studies of
functional materials®-2

4.1 Background

This chapter eventually focuses on the aim of the dissertation in developing the tool for in situ imaging of
functional materials. The idea stems from the needs to unravel the role of catalysts while improving their
performance and stability, which are critical in heterogeneous catalytic studies and usually achieved by
deriving their structure-activity relationships. Since catalytic reactions commonly occur under particular
working conditions, the structures of catalysts also evolve either in macro, micro-, nano-, or even atomic
scale, which are sometimes not present under atmospheric environment. Terms, e.g. in situ and operando
(under working conditions, with simultaneous acquisition of catalytic activity for the latter) were then
specifically derived for such purposes (Grunwaldt and Clausen 2002, Weckhuysen 2002, Topsge 2003,
Bafiares 2005). One of the best methods to probe the structure dynamics of catalysts is using spatially-
resolved imaging techniques, e.g. X-ray or electron microscopy or both (Beale, Jacques et al. 2010, Frenkel
and Van Bokhoven 2014) when a comprehension of the catalyst structure is needed at different length
scales (Weckhuysen 2009, Beale, Jacques et al. 2010, Grunwaldt, Wagner et al. 2013). While electron and
soft X-ray microscopy offer superior spatial resolutions (de Smit, Swart et al. 2008, Thomas and
Hernandez-Garrido 2009), hard X-ray microscopy is more suitable technique for in situ studies on catalysts
with bigger-sized samples (up to mm) under higher working atmospheres (>1 bar) (Grunwaldt and Schroer
2010, Buurmans and Weckhuysen 2012). Meanwhile, focusing optics for hard X-ray are progressively de-
veloped, so that the spatial resolutions have become comparable to the ones from soft X-ray (Yan, Conley
et al. 2014, Huang, Conley et al. 2015, Cesar da Silva, Pacureanu et al. 2017, Schroer, Seyrich et al. 2017,
Seiboth, Schropp et al. 2017). So far, the main hard X-ray imaging technique able to make a momentous
discovery in terms of spatial resolution is XRP (Vila-Comamala, Diaz et al. 2011, Schropp, Hoppe et al.
2012). Although it has often been applied ex situ in various purposes (Thibault, Dierolf et al. 2008, Hoppe,
Reinhardt et al. 2013, Piazza, Weinhausen et al. 2014, Zhu, Harder et al. 2015, Wise, Weker et al. 2016,
Sala, Kuppili et al. 2018), its in situ mode under controlled temperatures and gas environments has not
been explored enough, except a couple of pioneering works (Hgydalsvik, Bg Flgystad et al. 2014, Van
Riessen, Rickard et al. 2017) and some from our group (Baier, Damsgaard et al. 2016, Baier, Wittstock et
al. 2016, Baier, Damsgaard et al. 2017, Fam, Sheppard et al. 2019).

The first in situ XRP study was conducted on lithium zirconate for CO, capture application, resulting in a
spatial resolution of 200 nm (Hgydalsvik, Bg Flgystad et al. 2014), even though a non-fully closed gas-filled
compartment was employed. Another group simultaneously exploited in situ XRP and X-ray fluorescence

The text and figures are partly adapted with permission from Ref: Fam, Y., T. L. Sheppard, J. Becher, D. Scherhaufer, H.
Lambach, S. Kulkarni, T. F. Keller, A. Wittstock, F. Wittwer, M. Seyrich, D. Brueckner, M. Kahnt, A. Schropp, A. Stierle, C. G.
Schroer and J.-D. Grunwaldt (2019). "A versatile nanoreactor for complementary in situ X-ray and electron microscopy studies in
catalysis and materials science." J. Synchrotron Radiat., 26: 1769-1781. Copyright © 2019 Published by IUCr.

The text and figures are partly taken from a manuscript under preparation by Fam, Y., T. L. Sheppard, J. Becher, T. Scherer, P.
Marek, A. Diaz, J. hli, M. Odstrcil, M. Holler, S. Kulkarni, T. Keller, A. Wittstock, F. Wittwer, M. Seyrich, D. Brueckner, M. Kahnt,
A. Schropp, A. Stierle. C. G. Schroer, J.-D. Grunwaldt., "Thermal stability study and simulation of nanoporous golds under partic-
ular atmosphere via X-ray microscopy ".

57



4 |In situ 2D/3D imaging studies of functional materials2F,3F

(XRF) nanospectroscopy to monitor morphological changes and elemental distribution during thermal
curing of geopolymers on sub-micrometer length scale despite unavailable description of the reactor (Van
Riessen, Rickard et al. 2017). On the other hand, a design and application of closed in situ XRP cell were
reported in our previous works, studying the morphological changes of colloidal Au nanoparticles and
npAu materials during thermal treatment under inert and oxidizing atmospheres with spatial resolutions
down to 20 nm (Baier, Damsgaard et al. 2016, Baier, Wittstock et al. 2016). The cell was also later utilized
to investigate the stability of CuO/Zn0O/Al,03-ZSM-5 core-shell material under reducing and oxidizing con-
ditions, resulting in the spatial resolution of 30 nm (Baier, Damsgaard et al. 2017). This cell (Baier,
Damsgaard et al. 2016) also interestingly offers a feature to be able to do complementary electron mi-
croscopy on the same areas, but it also possesses some limitations, including a relatively high mass, large
internal volume, indirect control of heating via infrared thermography, and incapability to do simultane-
ous XRF or product analysis for operando studies. Thus, upgrade and optimization of the cell in terms of
dimension, mechanical stability, and heating control are imperative.

In addition, an extended implementation for XRP to generate 3D volume data based on tomographic pro-
cess, i.e. PXCT, has also been capturing interest in the past decade (Dierolf, Menzel et al. 2010, da Silva,
Mader et al. 2015, Ihli, Jacob et al. 2017, Fam, Sheppard et al. 2018, |hli, Diaz et al. 2018, Li, Ihli et al. 2019)
because more information can be revealed than the 2D images from XRP. For example, PXCT is able to
measure and map the pore networks (da Silva, Mader et al. 2015, Fam, Sheppard et al. 2018, Li, Ihli et al.
2019) as well as to localize elemental distributions within catalyst support (lhli, Jacob et al. 2017, Ihli, Diaz
et al. 2018). However, there has not been any in situ PXCT works (as of this writing) mainly due to the fact
that the experimental requirement is more complicated than for XRP. Here, two improved in situ cells are
presented for complementary XRP and XRF measurements using synchrotron radiation. The setup enables
high resolution 2D imaging for one (2G) cell and 3D imaging for the other (3G cell) with limited rotational
angles under controlled temperature up to 1573 K and gas environments up to 1 bar. Related sample
models for the feasibility studies were the colloidal Au nanoparticles (AuNP) and npAu for in situ XRP using
2G cell, while zeolite (ZSM5) particle was used to test the rotational angles of 3G cell and cobalt-manga-
nese-oxides hollow sphere (CoMnO,-HS) was utilized for in situ limited-angle PXCT using 3G cell.

4.2 Experimental

4.2.1 Sample preparation and mounting

Four sample types have been used for both cells: colloidal Au nanoparticles (AuNP), nanoporous Au
(npAu), zeolite (ZSM5) particle, and cobalt-manganese-oxides hollow sphere (CoMnO,-HS) particle. AuUNP
was purchased from (Sigma-Aldrich Chemie GmbH (Taufkirchen, DE) and used as received; np-Au (pure-,
CeO,-, and TiO,-incorporated) samples were prepared by dealloying of an Ag-Au alloy in nitric acid (65
wt%), followed by wet impregnation with metal-oxide precursor solutions using the methods as previ-
ously published (Shi, Schaefer et al. 2014, Shi, Mahr et al. 2016, Shi, Mahr et al. 2017, Lackmann, Baumer
et al. 2018); ZSM5 particles were synthesized by a templating method using silica and alumina precursors,
followed by steam assisted crystallization to form macropores within the crystals, as described in previous
works (Machoke, Beltran et al. 2015, Schwieger, Machoke et al. 2016); CoMnO,-HS particles were synthe-
sized by a hard template and microemulsion method using cobalt and manganese precursors, as previ-
ously reported (Groger, Kind et al. 2010).
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4.2 Experimental

Regarding sample mounting onto the MEMS chips, AuNP was deposited just by drop-casting 0.1 ml of the
colloidal solution directly on the back of the MEMS chip; ZSM5 and CoMnO,-HS particles were deposited
using a micro-manipulator of FIB on the hole of the MEMS chip and glued by Pt gas injection system. For
npAu, a complex and long procedure was involved and performed using dual beam FIB-SEM microscope
(SCIOS, FEI, US) at DESY NanoLab (Stierle, Keller et al. 2016) as shown in Figure 4.1-4. The original sample
was a solid pellet, a piece of which was deposited on a SEM stub and then on a lift-out grid, which acted
as an intermediate stage to the final sample holder, i.e. MEMS chip (Figure 4.1). For details in each stage
after mounting the stub, the piece was cut again and shaped into a smaller block / trapezoidal prism
(Figure 4.2). The block was then transferred onto the lift-out grid, where a smaller wedge shape was even-
tually obtained (Figure 4.3). Last, the final transfer onto the MEMS-chip was made on the spiral center
area of the chip and glued with Pt on the corner to stabilize the position (Figure 4.4), which result in Figure
4.5,

Complementary TEM, energy dispersive X-ray spectroscopy (EDX), and selected area electron diffraction
(SAED) measurements were performed using a Wildfire sample holder (DENSsolutions, Delft, NL), on a
Titan 80-300 (FEI) microscope operated at an acceleration voltage of 300 kV in STEM and TEM mode, at
the Institute of Nanotechnology (KIT, DE).

Lift-out grid
(2)
-

Vv
MEMS chip (3)

Figure 4.1: Overview of npAu sample preparation on the MEMS chip via FIB (Fam, Sheppard et al. 2019).
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Figure 4.2: Initial npAu extraction on a SEM stub to make a block for several samples (Fam, Sheppard et al. 2019).
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0.2mm T 10 um
Figure 4.3: Final cut after transfer to intermediate lift-out grid and thinning of block into a wedge (Fam, Sheppard et al.
2019).

Figure 4.4: Transfer and deposition of the wedge on the MEMS chip (Fam, Sheppard et al. 2019).

2 50 ym

Figure 4.5: SEM images obtained during FIB preparation on Wildfire chips at DESY Nanolab: (a) ZSMS5 crystal and (b) zoom in
of the highlighted area; (c) npAu wedge and (d) zoom in of the highlighted area; (e) CoMnO.-HS crystal and (f)
zoom in of the highlighted area (Fam, Sheppard et al. 2019).
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4.2 Experimental

4.2.2 In situ XRP and PXCT studies

All experiments were performed at the nanofocus endstation of beamline PO6 at the PETRA Il synchrotron
radiation source (Hamburg, DE) using the measurement parameters shown in Table 1. The resulting scat-
tering signals were captured using an EIGER X 4M detector (DECTRIS Ltd, Switzerland) with 75 x 75 um?
pixel size and 2070 x 2167 pixels. For other equipment details in Figure 4.6, pure He and O,/He gas with a
specific inlet flow of 1 ml/min adjusted by a mass flow controller were used to maintain a controlled
atmosphere during in situ annealing treatment. The temperature was controlled and monitored using
customized Labview software. Specific temperature conditions applied during imaging are indicated next
to the relevant figures in the Case Studies section. The outlet flow from the cell was analyzed online using
a Thermostar quadrupole mass spectrometer (Pfeiffer Vacuum GmbH, ARlar, DE) to confirm the desired
atmospheric composition was present during in situ experiments. In this case, He and residual O, (m/z =
4, 32) were monitored for the inert and oxidizing atmosphere.

Table 5: Experimental parameters during XRP studies at PO6 beamline of PETRA Ill (Fam, Sheppard et al. 2019).

Sample Type AuNP npAu Zeolite CoMnO,-HS
Energy (keV) 15.0 9.0 9.0 9.0
Sample to detector

. 4160 2310 3470 3470
distance (mm)
Sample focus dis- . .
in focus in focus 0.6 0.4
tance (mm)
Field of view (um?) 2.5x2.5 5x5;20x20 4x4 6Xx6
Exposure time (ms) 50 10; 5 500 500
Scantime per image
. 4-5 3-5 5-6 5-6
(min)
Beam size on the
60 60 2000° 2000°
sample (nm)
Scan step size (nm) 40 100 333 500
Scan type Grid jitter Continuous Grid jitter Grid jitter
Optics NFL® Fzp? Fzp? Fzp?

Fresnel zone plates, Pout of focus, “Nano-focusing lenses

For measurement of ZSM5 and CoMnO,-HS samples by limited angle PXCT, the sample on a Wildfire chip
was placed within the 3G cell and aligned to the center of rotation with respect to the beam. 2D ptycho-
graphic projections were recorded across an angular range of approximately +35°. The sample was
scanned in a raster grid manner with each scan point randomly offset in both scanning directions by up
to 50% of the step size, known as grid jitter mode.
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During measurement of the AuNP and some npAu samples, XRF signal was collected with a single channel
Vortex silicon drift detector at 50 nm intervals with a collection time of 50 ms/pixel. The detector was
placed on a moveable table and was located at an angle approximately 72° to the incident beam. It should
be noted that the cell body blocks positioning of the detector ideally perpendicular to the incident beam.
An XRF scan in high flux mode was recorded by scanning the sample over a field of view of 5x5 and 15x15
um? with a step size of 50 nm. At each scanning position an XRF spectrum was collected for an exposure
time of 2 s. The XRF spectra were fitted by AXIL software for the analysis of line intensities of the elements.

4.2.3 Gas flow simulation of 2G/3G cells

In ANSYS AIM (Student Version, ANSYS, Inc.), Fluid Flow template module was used to simulate the gas
flow in the 2G and 3G cell (Figure 4.7). Specific parameters were kept as default unless specifically men-
tioned. The geometry was generated by the integrated Space Claim Direct Modeler and “Define mesh
manually” was chosen. In Fluid-specific options, “Swirling flow” was ticked to enable any significant rotat-
ing or twisting movement of the gas. The simulation focus was set as “Steady-state fluid flow”. Number
of fluid regions was selected to be “1”, i.e. Air as the Material Sample, and “Compressible flow (ideal gas)”
was ticked as an additional flow physics. For the meshing process settings, the resolution was set to 4,
“Fluid flow or fluid-solid heat transfer” was selected for Engineering intent, and the refinement mecha-
nism of “Curvature and proximity” was used. In Mesh controls, the element shape was set to “Automatic”,
where it meshed sweepable bodies with hexahedrons and provided a tetrahedral mesh on bodies that
were not sweepable. The number of generated nodes was 46556 for 2G cell and 95272 for 3G cell, re-
spectively.

For the Physics parameters, the whole SDCM-generated volume was specified as the location of Physics

Regions. “Laminar” flow model was selected as the Flow Model since a Reynolds number (Re) of 9 was

estimated according to: Re = %, where p is the mass density of air (1.1839 kg m3at T =298 K), v is

the mean velocity of air (0.236 m s in this case from a volumetric flow of 1 ml min), Dy is the hydraulic
diameter of the inlet/outlet channel (0.3 mm), and p is the dynamic viscosity of air (18.6 uPa s). The In-
let/Outlet Boundary was located on either one cross-section face of the long cylindrical channels with
“Mixed” subsonic-supersonic regime and Gauge static pressure of 0 Pa. Additional parameter settings
were for the inlet with gas Velocity magnitude of 0.236 m s and Temperature of 298 K. The rest of the
faces on the SDCM-generated volume was determined as the Wall Boundary. The Solver Options was left
as default, where the solution would converge with Residual Tolerance of 1E-05 and Maximum iteration
number of 1000; Solution advancement exponent was kept 0 under Calculation Control; and “Least
squares cell-based” Gradient method was used for Discretization Control with “Second-order upwind”
Advection and “Automatic” Pressure scheme. As the results, the convergence criteria were met after 45
iterations with residual tolerances up to 9.69E-06 for 2G cell, and 773 iterations with residual tolerances
up to 2.15E-07 for 3G cell. The fluid flow profiles of the 2G and 3G cell are displayed in Figure 4.8.

4.2.4 Data processing

The algorithm used for ptychographic reconstruction was based on the (e)PIE algorithm (Maiden and
Rodenburg 2009). Cropping the diffraction patterns to 256x256 pixels led to a pixel size of 8.2 nm (for np-
Au), and 8.5 nm (for zeolite) in the reconstructed images. To estimate the spatial resolution, a Fourier ring
correlation (FRC) analysis (van Heel and Schatz 2005) was performed. Correlation was always performed
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on 2D projections (ring correlation), as opposed to 3D volumes (shell correlation). As a common proce-
dure, two individual successive scans of an identical sample area were reconstructed and compared. First
the images were cropped to exclude the edges of the field of view, phase wedges were removed and the
images were aligned on a sub-pixel level using the “scipy” Python package (Guizar-Sicairos, Thurman et
al. 2008). Before correlating the phase reconstruction, a Kaiser-Bessel window function with a size equal
to 1 was applied to the images, in order to reduce artifacts caused by erroneous high frequencies resulting
from the edges of the limited field of view of the reconstructions. The ptychographic reconstructions were
done automatically using the computers at PO6 beamline.

Tomographic reconstruction of the ptychographic projection series for the ZSM5 and CoMnO,-HS samples
were performed as follows. The reconstructed phase projections were first cropped to only include the
sample area present within the window of the MEMS chip. Secondly phase wedges and offsets were re-
moved from the projections, using the regions right next to the sample as the zero-reference point. The
third step was to align all projections to each other in the vertical direction (along the rotation axis) by
correlating the derivative of their vertical profiles (Guizar-Sicairos, Diaz et al. 2011). Step four was the
horizontal alignment (in the tomographic plane) by aligning the horizontal center of mass of all projec-
tions. This placed the rotation axis into the center of mass of the particle. The obtained sinogram was
reconstructed using multiple tomography algorithms for ZSM5 sample, including: (i) simultaneous itera-
tive reconstruction technique (SIRT) from the “TomoJ” package (Messaoudii, Boudier et al. 2007), as im-
plemented in FlJI software (Schindelin, Arganda-Carreras et al. 2012), (ii) simultaneous algebraic recon-
struction technique (SART) (Andersen and Kak 1984), as part of the Python package “scikit-image” (van
der Walt, Schénberger et al. 2014), (iii) maximum-likelihood expectation maximization (MLEM) algorithm
using in-house code based on the literature (Bruyant 2002), (iv) an in-house deep learning code in devel-
opment at beamline P06 of PETRA Il for analysis of limited angle tomography data (in preparation).

4.3 Cell Design and Simulation

Both cells were particularly built for the hard X-ray nanoprobe endstation at P06 beamline, PETRA Il syn-
chrotron radiation source (Hamburg, DE) with the following purposes: (i) 2G cell for high-resolution in situ
XRP in 2D, with complementary XRF and/or large angle X-ray diffraction; (ii) 3G cell for limited-angle in
situ PXCT in 3D as well as XRP in 2D. Such interchangeable condition therefore makes them easily replace-
able by each other into the same setup in Figure 4.6. The other equipment for in situ setup includes: (i) a
‘Digiheater’ temperature controller box (DENSsolutions, Delft, NL), printed electrical contacts to interface
with the MEMS chip and software for accurate control of heating parameters, (ii) mass flow controllers
(Bronkhorst High-Tech B.V., Ruurlo, NL) for accurate control of gas environment, (iii) a mass spectrometer
(Thermostar, Pfeiffer Vacuum GmbH, ARlar, DE) connected to the reactor outlet for gas analysis. The cell
stands on the beamline stage with a goniometer for rotation alignment and lateral piezomotors for nano-
positioning. A ‘Wildfire’ MEMS chip (DENSsolutions, Delft, NL), enclosed within the cell, contains the sam-
ple, which is deposited on a spiral-shaped area in the middle. Depending on the sample state (colloidal or
solid) and so the type of MEMS chip, the sample area may or may not include a silicon nitride (SizN4)
membrane. The sample area also contains a spiral layer of tungsten for heating purpose with an opera-
tional temperature range up to 1300 °C with through-hole chips or 1100 °C with SisN4s membranes. As the
MEMS chips are originally developed for in situ TEM, both cells provide an additional feature for a com-
plementary ex situ TEM before and after in situ XRP or PXCT, by merely replacing the chips into a Wildfire
TEM holder (DENSsolutions, Delft, NL).
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Figure 4.6: Illustration of the in situ setup for 2D and 3D ptychography at the P06 nanoprobe endstation of PETRA III.
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Figure 4.7: Illustration of disassembled 2G (right) and 3G (left) cell with their internal gas-flow volumes (highlighted above).
The fully assembled setups are shown below (Fam, Sheppard et al. 2019).

Figure 4.7 describes in detail the configurations of both cells; whose top and bottom plates are the sealing
bodies for the middle plate(s) with the help of O-rings and Kapton films. Small plates on the side of the
middle plates, containing the MEMS chip, aim to seal the inlet/outlet tubes. The other similarities be-
tween both cells include: (i) the electrical contact, which is a printed circuit (Au and galvanic layers on
Kapton film as the base) and has to be placed on top of the MEMS chip, where the alignment of contact
pads between them is essential, so an electrical current can flow from the temperature controller box as
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the power supply to the MEMS chip, where the electrical current is converted into heat based on the
Joule-heating principle; (ii) the O-ring below the MEMS chip for sealing purpose of the cell.

Aside from similarity, some differences are noticeable in how and when either 2G or 3G cell should be
used. The 2G cell has only one middle plate, where SisN; membrane MEMS chips have to be used to con-
tain the sample deposited on the back. The presence of membrane on the chips makes 2G cell particularly
suitable for colloidal samples, size-selected clusters or unsupported specimens requiring stable supports.
Figure 4.8-left shows that the internal volume of 2G cell is 2.6 L and the gas flows in a U-shaped manner
within the single middle plate. Meanwhile for 3G cell, two middle plates are present, where each one
contains either the inlet or outlet channel for the gas flow. Due to this configuration, through-hole MEMS
chips have to be utilized to contain the sample deposited on either one of the through holes, making 3G
cell specifically eligible for solid samples only and a complicated sample preparation procedure via FIB
technique is then required. Figure 4.8-right indicates that the internal volume of 3G cell is 24.5 pL and the
gas flows from the one internal body of the middle plate, then through the holes of the MEMS chip, and
finally to the outlet port of internal body of the other middle plate. Another distinguishable usage be-
tween both cells is about the cell mounting, where 2G cell is only positioned perpendicular to the incoming
beam and 3G cell is allowed to have a range of rotational angles of £35° around the rotation center with
respect to the beam (or £65° for the naked MEMS chip). Nevertheless, those differences actually serve as
a flexibility indicator of the setup at the hard X-ray nanoprobe endstation of beamline P06 for diverse
sample requirements from the prospective users.
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Figure 4.8: Internal gas-flow volume and simulation of 2G cell (left) and 3G cell (right) (Fam, Sheppard et al. 2019).

Regarding the requirement of sample dimensions, the maximum area can reach up to 0.5 x 0.5 mm?,
equivalent to the heating zone, but the maximum thickness should not be more than 1 mm since it takes
some time to attain a uniform heating of the sample in the z-axis. Nevertheless, thermal conductivity of
the probed material is undoubtedly the main parameter determining the uniform heating of the sample.
With respect to the available sample preparation methods, there are several methods can be considered,
such as the conventional abrasion, grinding, or sieving, followed by polishing process since many samples,
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especially technical catalysts, possess dimensions up to mm scale. In addition, the micromanipulation

techniques using FIB, He-ion microscope, or Ar ion milling are sometimes mandatory to accurately turn

the sample into a specific shape and then to correctly deposit the sample on the heating zone of the
MEMS chips. Despite the similarity to TEM sample preparation procedure, it should be noted that the
time and effort are still significantly less as the required sample dimensions greatly exceeds the ones of

TEM owing to the higher penetration depth of hard X-rays.

In comparison to the first generation in situ XRP (1G) cell developed by our group (Baier, Damsgaard et al.

2016), the following improvements were made for 2G and 3G cells:

e Wider ranges for compatible sample types, i.e. colloidal particles, bulk and single solid particles.

Lower ratio of internal cell volume to external body volume, necessitating longer contact time be-
tween reactant gases and samples potentially enabling to detect gaseous products during imag-
ing measurements using mass spectrometry for operando studies;

Lower mass of the cell bodies, increasing stability and resistance to vibrations, which is crucial in
nano-precision of positioning motors;

Capability to simultaneously conduct complementary XRF or large-angle X-ray diffraction (XRD) or
both. As XRP does not ensure that its elemental speciation via resonant imaging around an ele-
mental absorption edge (Hoppe, Reinhardt et al. 2013) always works on any material, comple-
mentary elemental analysis from XRP and/or even crystallinity analysis from XRD are definitely
useful;

Capability to carry out 3D imaging studies despite the limitation in rotational angles;

Direct and precise temperature control and feedback system (Figure 4.9) even under different gas
atmospheres thanks to the 4-point resistivity measurement and well-calibrated specific resistiv-
ity in this type of MEMS chips as they have also been applied for the in situ Wildfire TEM heating
holder (Gocyla, Kuehl et al. 2018, Ren, Tang et al. 2018).
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Figure 4.9: Plot of temperature readout vs time via the integrated temperature control system, recorded during thermal
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annealing study of npAu sample. The valley between the fourth and fifth hour of the measurement resulted from
pausing the experiment due to loss of beam (Fam, Sheppard et al. 2019).
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4.4 Case Studies

4.4.1 Insitu sintering of Au colloids — early cell prototypes using 2G cell

This study probed AuNP with a particle size of 50 nm using early prototype of 2G cell in order to verify the
workability of the cell for simultaneous in situ XRP and XRF. At this time, the investigation was carried out
with the same setup configuration in Figure 4.6, but without the temperature controller box and laptop,
which were replaced by a variable voltage power supply and an IR thermographic camera as previously
used (Baier, Damsgaard et al. 2016). The top-row images in Figure 4.10 indicate that AuUNP could be clearly
observed with dark intensity implies the presence of AuNP, which also means that the resulting spatial
resolution should at least be 50 nm. Such a prediction was then confirmed by FRC method calculating the
spatial resolution to be 45 nm as shown in Figure 4.11. Moreover, the localization of AUNP can be more
precisely conducted using XRF as shown in the bottom-row images of Figure 4.10, where higher fluores-
cence signals means higher concentration of AuNP. In terms of dispersibility, this sample exhibited a non-
uniform distribution between larger particles possibly from agglomeration and the smaller ones around
the upper middle area in Figure 4.10a-b.

During thermal treatment, AuNP experienced a gradual sintering phenomenon, where individual small
particles recombined into larger clusters starting at 423 K along with the consequent disappearance of
other smaller particles in the nearby region to the other bigger clusters. This kind of behaviour is expected
as the particles were unsupported and the organic surfactant used to stabilize the particles from aggre-
gation, started to decompose as the temperature elevated. At 773 K, a strange occurrence could be seen,
where a sudden disappearance of AUNP happened in a great amount. This could be induced by the insta-
bility of unsupported AuNP deposited on the Si3sNs membrane of the MEMS chip and the dislocation of
AuNP occurred after accumulated heating at 773 K. However, this occurrence could also be caused by the
unstable heating control system via power supply and IR thermographic camera since the wires connected
to the power supply were directly soldered to the electrical contact, so there was a possibility that signif-
icant temperature spikes took place during the measurement, which also happened in our previous work
using 1G cell (Baier, Damsgaard et al. 2016). Thus, it is of high importance to employ a robust and reliable
temperature control system, which was established for the setup shown in Figure 4.6 and 4.7.

(d) ()  ma

Figure 4.10: XRP images (top) and Au fluorescence maps (bottom) during thermal annealing of colloidal Au: (a) room temper-
ature (293 K), (b) 423 K, (c) 573 K, (d) 723 K, and (e) 773 K. Dark spots in phase maps and high-count zones in
fluorescence maps indicate areas most rich in Au. Scale bars = 500 nm (Fam, Sheppard et al. 2019).
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Figure 4.11: FRC of the ptychogram of AuNP (Fam, Sheppard et al. 2019).

4.4.2 Insitu annealing of npAu materials in controlled gas environment
using 2G cell

In order to demonstrate the full capability of 2G/3G cells and the corresponding infrastructure as shown
in Figure 4.6 and 4.7, npAu materials were used due to its multiscalar feature and previous high spatial
resolution resulted from ex situ PXCT measurement (Fam, Sheppard et al. 2018). The in situ studies began
with pure npAu as the model and the results in Figure 4.12 exhibit its thermal stability under inert atmos-
phere up to 650 °C, which then started to show the coarsening process in terms of ligament collapse and
became worse along with time. In comparison to our previous results using an older type of in situ cell
(Baier, Wittstock et al. 2016), a much earlier temperature onset was observed at 300 °C, but this is un-
doubtedly expected due to its oxidizing environment under O,/He, whereas our work was performed un-
der He. This therefore implies that an inert atmosphere delays coarsening process of npAu.
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Figure 4.12: Ptychography images from thermal annealing of np-Au under He environment. Overview scans: (a) before and
(b) after thermal annealing. Highlighted area in (a-b) shown: (c) at 293 K, (d) 923 K after 0 min, (e) 923 K after 15
min, (f) 923 K after 30 min. Darker intensity in phase maps indicates areas rich in Au, while brighter voids indicate
annealing and absence of Au ligaments. Pt glue from FIB is visible as intense features in the corners of (a-b) (Fam,
Sheppard et al. 2019).

TEM measurements on the thinner part of npAu wedge were also conducted before and after in situ XRP
to approve the complementary benefit of using 2G/3G cells. Figure 4.13 exhibits that the morphological
difference of npAu before (Figure 4.13a-b) and after (Figure 4.13c-d) annealing at 923 K is predictably
discernible (Baier, Damsgaard et al. 2016, Baier, Wittstock et al. 2016), where the ligaments in Figure
4.13c-d are amalgamated and denser from the darker intensity. Besides, it should be noticed that there
was unexpectedly a layer covering the sample, which was apparently confirmed to be somehow Si layer
using EDX analysis in Figure 4.14 and the quantification analysis result in Table 2. Such Si layer should
originate from the SiN layer on the MEMS chip since EDX-TEM works in transmission mode, so the sample
should have not been the only one analysed. Moreover, the layer was still present even after thermal
treatment as shown in the high resolution TEM image in Figure 4.5(h) although it became thinner probably
due to the influence of high temperature. Another strange phenomenon was the presence of small nano-
particles over the surface of np-Au, which was turned out to be Pt from the FIB cutting procedure as
characterized by EDX in Figure 4.5d and the quantification analysis result in Table S1, although not evenly
distributed on all the sample. Furthermore, high resolution TEM measurement was carried out to confirm
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the crystallinity of fresh np-Au, which was then proved to be crystalline owing to the existence of Au lattice
spacing as shown in Figure 4.15. As a corroborative analysis, selected area electron diffraction measure-
ment was also performed and Figure 4.16 reaffirms the presence of lattice spacing of Au with a value of
0.234 nm. This TEM study thus proves the importance of the setup to be able to conduct complementary
techniques between X-ray and electron microscopy on the sample across multiple length scales from mi-
cro- to even sub-nanometer.

Figure 4.13: TEM images of np-Au: (a) before in situ thermal annealing and (b) zoom in on the highlighted area; (c) after in
situ thermal annealing at 923 K and (d) zoom in on the highlighted area (Fam, Sheppard et al. 2019).

Figure 4.14: TEM-EDX data recorded on the nanoporous gold sample used for in situ ptychography. Analysis shows the pres-
ence of minor Si and Pt contaminants close to the Au ligament edges (Fam, Sheppard et al. 2019).
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Table 6: Quantification of EDX spectra in Figure 4.14 (Fam, Sheppard et al. 2019).

Atomic %
Element
Areal Area2 | Area3
C 6.2 29.6 29.1
N 6.9 0.0 3.9
(0] 5.2 131 14.2
Si 21.3 32.0 52.7
Ga 0.1 12.1 0.0
Pt 0.0 10.6 0.0
Au 60.2 2.6 0.0

1

5135 40,255 0,37 am

00 01 @2 03 04 05 06 07 OB 03 14 L1 12 1F 14 15 16
nm

0.236 nm

Figure 4.15: Lattice spacing measurement of fresh np-Au sample (highlighted area) via bright-field high resolution TEM, indi-
cating d = 0.236 nm, belonging to (1 1 1) plane of Au metal (PDF 99-0056) (Fam, Sheppard et al. 2019).
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Figure 4.16: Lattice spacing measurement of fresh np-Au sample (between indicated points) via selected area electron dif-
fraction, indicating d = 0.234 nm, belonging to (1 1 1) plane of Au metal (PDF 99-0056) (Fam, Sheppard et al.
2019).

To confirm the effect of thermal stabilization by metal oxides, the next sample of CeO,/npAu was then
investigated. Still under inert atmosphere, the results in Figure 4.17 show that the sample was stable up
to 660 °C with an appearance of a crack (Figure 4.17d), which was later used a natural marker point. The
crack was then observed to be spreading as the temperature went higher. This sample therefore verifies
that the incorporation of CeO, delays the onset annealing temperature of np-Au under inert condition,
even though the delay is slightly. Moreover, this result also corroborates the previous report carried out
under N, stating that the same sample could maintain the structure up to 585 °C (Shi, Schaefer et al. 2014).
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Figure 4.17: XRP images from thermal annealing of CeO2/npAu under He environment at (a) 20 °C, (b) 600 °C, (c) 650 °C, (d)
660 °C, (e) 700 °C, and (f) 810 °C. The scalebar is 1 pm.

The next experiment probed TiO,/npAu as the object under similarly inert He gas, in order to find which
metal oxide is superior for thermal stabilization effect on npAu. The results in Figure 4.18 exhibit the su-
periority of TiO; as the stabilizer, where the morphology did not change even after heating up to 780 °C.
Beyond that, it was unfortunately not possible due to a technical problem during measurement, but this
sample was again re-studied with similar tendency in the coming section although it was under oxidizing
atmosphere. Besides, an XRF measurement was eventually carried out for this sample and the results in
Figure 4.18b and 4.18d indicate a good dispersion of TiO; particles over npAu before and after annealing
even though the spatial resolution might be the bottleneck in this case.
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Figure 4.18: XRP images from thermal annealing of TiO2/npAu under He environment at (a) 20 °C, (c) 600 °C, (d) 780 °C, and
(f) its overview scan at 780 °C. Ti-signal XRF mapping (b) from the highlighted area in (a); (e) from the highlighted
area in (d). The scalebar is 1 um, except 5 um in (f).

To investigate another variable, i.e. the effect of atmosphere, on the thermal annealing of npAu, the last
two studies were performed under synthetic air (O,/He) using CeO,/npAu and TiO,/npAu. For CeO,/npAu,
the results in Figure 4.19 indicate that the onset coarsening temperature was 550 °C and it became more
progressive up to 800 °C. In comparison to the previous same sample study under inert environment, the
oxidizing atmosphere triggered an earlier coarsening in terms of material loss. Moreover, the XRF map-
ping (Figure 4.19e) interestingly displays the agglomeration of CeO, particles over npAu, which was ex-
pected considering a Hiittig-temperature of metal oxides around 720 °C. Compared to our previous result
using the older generation cell (Baier, Wittstock et al. 2016), the onset temperature was 355 °C. This
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discrepancy could result from the difference in sample amount/thickness or the amount of oxidizing gas
flown onto the sample.

3140 N 0 .25
(mrad)

count (a.u.)

Figure 4.19: XRP images from thermal annealing of CeO2/npAu under O./He environment at (a) 20 °C, (b) 550 °C, (c) 600 °C,
(d) 800 °C, and (f) its overview scan at 800 °C. (e) Ce-signal XRF mapping from the highlighted area in (d). The
scalebar is 1 um, except 5 um in (f).

The last experiment on TiO,/npAu under synthetic air results in Figure 4.20, showing the stability up to
900 °C. Beyond that, the sample seemed to gradually melt and progressively worse until 1300 °C as it is
the maximum temperature for the setup. It is obvious at 1300 °C that half of the sample had been melted
away, but the Pt glue on the corner still existed owing to its higher melting point. Besides, the XRF mapping
in Figure 4.20c and 20f visualize the contrast difference of TiO, distribution on npAu, where the latter
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depicts some aggregation on one side due to the coarsening of TiO,. Another important point is the supe-
riority of TiO, as the stabilizing agent, which corroborates the previously same sample studied under He
gas. Besides, this result also corroborates the previous report carried out under air stating that the same
sample could maintain the structure at 450 °C (Shi, Mahr et al. 2017), although they did not try higher
temperatures.

-2.33 N 0.49
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[ - |
count (a.u.)

Figure 4.20: XRP images from thermal annealing of TiO2/npAu under O,/He environment at (b) 20 °C, (d) 900 °C, and (e) 1300
°C. An overview scan at (a) 20 °C and (g) 800 °C. Ce-signal XRF mapping (c) from the highlighted area in (b); (f)
from the highlighted area in (e). The scalebar is 1 um, except 5 um in (f).
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Figure 4.21: FRC for the ptychograms of npAu under He (a) in Figure 4.12, CeO2/npAu under He (b) in Figure 4.17 and Oz/He

(c) in Figure 4.18, TiO2/npAu under He (d) in Figure 4.19 and O»/He (e) in Figure 4.20.

4.4.3 Rotational angle test of 3G cell for in situ limited-angle PXCT
experiments

Despite the same experimental capabilities for in situ XRP studies, the 3G cell allows a rotation/tilting
feature for in situ PXCT in a closed cell. The ideal rotational/tilting angle for an optimized PXCT experiment
is £90°, but the requirement of closed cell makes it impossible to achieve such a demand, so the maximum
possible angle preferably close to that ideal value for this cell was evaluated. Therefore, a PXCT experi-
ment was performed using a single ZSM5 crystal and the cell without any heating treatment. This sample
was suitably selected due to its well identifiable interior features comprising 2-4 um crystals with mi-
cropores (< 2nm) together with voids of several hundred nm (Machoke, Beltran et al. 2015, Schwieger,
Machoke et al. 2016, Przybilla, Zubiri et al. 2018), but such extremely tiny micropores are unfortunately
beyond the capability of PXCT, so the information in that scale has to be specifically obtained by ET meas-
urement if necessary. Besides, the main reason to not involve any thermal treatment was because of the
very high thermal stability of ZSMS5, resulting in the lack of apparent annealing effect as in npAu. Never-
theless, this ZSM5 only serves as a proof-of-concept for in situ PXCT measurements, such as drying, an-
nealing, gas storage and sensing of functional materials.

Here, an ex situ PXCT was carried out using the fully assembled 3G cell at room temperature under He gas
environment. Figure 22d shows the projected 2D ptychogram of ZSM5 at a tilting angle of 0°, where the
cell was positioned perpendicular to the incoming X-ray. After the trial of tilting angle, the maximum pos-
sible one with the fully assembled cell was apparently +35° as shown in Figure 22b,f. Exceeding this limit
would result in a blocked X-ray by the cell body, negatively affecting the scattering signals of the sample
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and thus the reconstruction quality. However, it is possible to attain rotational angles of +65° if the MEMS
chip is removed from the cell, which is useful later to help in improving the tomographic reconstruction.
Since only limited projections at +35° are possible, a common issue, known as “missing wedges” in ET
measurement, for tomographic reconstruction is then inevitable (Arslan, Tong et al. 2006).
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Figure 4.22: Tilting angle tests using micro/macroporous zeolite as a case study: (a) illustration of the 3G cell with correspond-

ing SEM image of the zeolite crystal on a MEMS chip, and ptychograms of the specimen at tilting angles with re-
spect to the incident beam: (b) 35°, (c) 15°, (d) 0°, (e) -15°, (f) -35°. Dark spots in phase maps indicate areas rich in
Si/Al. Pt-glue is visible as the dark region in the upper left of each image (Fam, Sheppard et al. 2019).

Several reconstruction procedures, i.e. deep learning, simultaneous algebraic reconstruction technique
(SART), simultaneous iterative reconstruction technique (SIRT), and maximum likelihood expectation max-
imization (MLEM), were carried out for comparison and shown in Figure 23. While the former is new and
under development by PO6 beamline scientists, the last three methods are already established and only
make use of the limited angles of +35°, so significant elongation and edge blurring effects (Kupsch, Lange
et al. 2016) could be expectedly observed in Figure 23b-d due to the missing wedge during tomographic
reconstruction. The former method based on machine learning with such a clearer and sharper result in
Figure 23ais therefore the best one for in situ limited-angle PXCT, not to mention that there are definitely
many rooms for improvement in the reconstruction quality. Since it is a new method, unpublished, and
developed by P06 beamline scientists at DESY, the full reconstruction result or the 3D volume can’t be
included in this dissertation owing to the copyright claim. Therefore, this work also clearly indicates the
collaboration between KIT providing the in situ equipment and DESY with the beamline infrastruc-
ture/data processing.

With respect to the machine learning method, there are two feasible options to apply this algorithm in in
situ limited angle PXCT experiments using 3G cell. First is by simply removing the MEMS chip for the de-
sired PXCT scans if an atmospheric environment is not imperative for the entire study. Second is by con-
ducting the PXCT scans before and after the in situ experiment in 2D if the sample is sensitive to the
atmospheric air or a particular environment is required throughout the experiment. In general, the addi-
tional £30°, which is nearly double than for the other three methods, are helpful to compensate the miss-
ing projections and it has often been used for similar missing-wedge data from ET measurements (Midgley
and Dunin-Borkowski 2009, Zecevi¢, de Jong et al. 2013).

Other considerable means to improve the reconstruction quality include increasing the number of projec-
tions by selecting a more refined increment of angles on the sample, where it was highly likely
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undersampled in this case, but the consequently extended measurement time has to be taken into ac-
count, particularly when the probed sample still undergoes some changes. Next, reduction of sample
thickness is also another way to decrease the measurement while maintaining the data quality, even
though it is not optimal for catalytic materials with an ideal requirement that the sample should be as
intact as possible so as to keep the structure and activity (Madejski, Lucas et al. 2018).

In summary, this study confirms the potential of using 3G cell with limited-angle projections and a prelim-
inary reconstruction algorithm for generating tomographic results, although further enhancement in ac-
quisition parameters and reconstruction technique are anticipated in the future. By making use of 3G cell
in its full capability, generating even limited 3D volume data series in situ should interest the public users
in the development of synchrotron X-ray imaging works.

Figure 4.23: Single slice following tomographic reconstruction of the hierarchical zeolite sample from limited-angle data by:
(a) an in-house deep learning method (under development at P06); (b) SART from the “scikit-image” Python
package; (c) SIRT from the TomolJ plugin of FlJI software; (d) MLEM from the “TomoPy” Python toolbox (Fam,
Sheppard et al. 2019).

4.4.4 Insitu annealing of CoMnO:-HS in controlled gas environment using
3G cell

As the first implementation of in situ PXCT experiment, an annealing of CoMnO,-HS single crystal was
selected as the model study. In order to avoid any unnecessary tomographic measurement on samples
when there was not any obvious change, the study was conducted in such a way, where PXCT was carried
out before and after the heating as well as when the dynamics were significant, while the in-between
monitoring including temperature ramps were done using XRP. Figure 24 depicts the evolution of
CoMnO,-HS crystal (supported by Pt-glue for fixing the crystal on the hole of MEMS chip) along with the
increasing temperatures. It began to slightly change at 130 °C, then barely at 200 °C, followed by an obvi-
ous shrinking at 410 °C until 720 °C. It should be noted that a hole inside the hollow structure is noticeable
at 410 °C, meaning that the structural degradation occurred for both the external layer and hollow

79



4 In situ 2D/3D imaging studies of functional materials2F,3F

structure. Afterwards, the shrinking stopped and it started to gradually-yet-subtly expand until 1000 °C.
From those 2D images, it can be inferred that drying should be the main process for such shrinking be-

haviour.
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Figure 4.24: Ptychograms of CoMnO»-HS during thermal treatment under He atmosphere at (a) 20 °C, (b) 130 °C, (c) 200 °C,

(d) 410 °C, (e) 500 °C, (f) 720 °C, and (g) 1000 °C. All scale bars are 1 um.

PXCT was carried out before and after thermal treatment at 1000 °C with the aim to investigate the dy-
namics of CoMnO,-HS during annealing from various perspectives, unlike one perspective only from XRP.
Figure 25 shows both axial and sagittal views of CoMnO,-HS before and after heating. Although the re-
construction quality is not ideal with severe elongation effect due to the missing wedge situation without
any machine-learning reconstruction method, this information is more informative than the ones from
XRP. Comparing between Figure 25a-c indicate that the shrinking and displacement of CoMnO;-HS hap-
pened not only in 2 axes (as shown in Figure 24), but also in 3 axes (x, y, and z). Despite the lack of 3D
volume data, purely because of the ineligibility of reconstructed tomograms via TomolJ for segmentation,
this study briefly verifies the versatility of 3D imaging under in situ via PXCT technique.
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Figure 4.25: Tomogram slices of CoOMnO2-HS before (a,d) and after thermal treatment at 410 °C (b,e) and 1000 °C (c,f) via
tomographic reconstruction by TomoJ plugin of FlJI software, where the views were performed in the form of (a-
c) axial section and (d-f) sagittal section. The red dashed lines indicate the sagittal slices of (a-b). All scale bars are
1 pm.

4.5 Conclusions

Two in situ cells for complementary X-ray and electron microscopy have been developed and built for
users at the hard X-ray nanoprobe endstation at P06 beamline of PETRA Il synchrotron radiation source.
They deliver more advantages than the formerly established nanoreactors for in situ XRP experiments.
The feasibility studies for the cells were confirmed in the form of microscopic investigations during ther-
mal annealing under particular gas atmospheres, using monolithic npAu within 2G cell for in situ XRP ex-
periment and single-particle CoMnO,-HS for in situ PXCT experiment. Aside from the cells, the precise
control and user-friendliness of the heating interface system as well as gas flow setup are the other key
factors in successfully performing thermal annealing studies of porous materials under controlled envi-
ronments. Moreover, the complementary TEM measurements on the same sample before and after in
situ XRP exhibit another vantage to showcase the versatility of the cells in performing multiscalar imaging
experiments. With respect to 3D imaging, 3G cell has proved to be able to carry out the limited-angle in
situ PXCT with a maximum angle of +35° although the resulting missing projections severely hinder the
tomographic reconstruction process. However, this limitation could be mitigated by imaging outside of
the cell, allowing more projections +35° acquired between sequential treatment under reaction condi-
tions. Furthermore, other integrated techniques, such as XRF and EDX for elemental analysis, XRD and
SAED for crystallinity analysis, XAS and EELS for oxidation state analysis, could also be complementarily
executed for more informative analyses. Last, this setup is also a great potential for applications in redox
reactions, gas storage, gas sensing, or catalysis, which will be made publicly available for users of P06
beamline at PETRA III.
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5 General Conclusions and Outlook

Reflecting back to the aim of this dissertation, the work here can be concluded to have a synergistic effect
between in situ studies, 3D imaging, and the complementary use of electron and X-ray techniques. It starts
with chapter 2 introducing the benefit of 3D imaging as well as highlighting advantages and disadvantages,
particularly for ET and PXCT, hence they should be combined to compensate their weaknesses. This is
elaborated on chapter 3, where ET exhibited its superiority in resolving the small nanoparticles and PXCT
proved its usefulness in probing more representative volume of the sample. Moreover, chapter 3 also
inferred the important capability of PXCT for in situ experiments, which was later realized in chapter 4 by
the eventual development of the 2G/3G cells. The establishment of those cells later helps in approaching
the ideal goal, where in situ PXCT is complemented by ex situ ET.

Although XRM is the highlight of this dissertation, EM (particularly TEM) cannot be underestimated due
to its powerful ability in resolving features beyond the capability of XRM. TEM is able to structurally re-
solve up to the sub-nm scale (0.5 nm in this work or even lower with other materials), whereas the highest
spatial resolution from XRM is presently only 10 nm at best. However, the better resolution of TEM sacri-
fices the requirement of sample thickness limited only to a few hundreds nm, while XRM is relatively more
lenient (several tens of um or more depending on the material) in this regard. Moreover, TEM has another
limitation in its working condition as it is typically performed under vacuum, especially for 3D imaging
experiments, so as to prevent any interaction with particles, whereas X-ray is more flexible (up to 1.1 bar
in this work) and relatively more inert, making it easier to apply in in situ studies. With respect to the
experimental access and instrument availability, TEM definitely wins over XRM, where TEM is more com-
mercially available and affordable and many techniques of XRM requires synchrotron facilities, whose
access is very limited in terms of time and place. Considering both pluses and minuses between both
techniques, the complementarity is therefore imperative to benefit from the best of both worlds.

With respect to the 3D imaging, the resulting information is indeed more useful and informative than the
2D counterpart, but one should also consider whether the time is always worth spending on it when only
2D is enough? As there is an analogy about using microscope to study an elephant, one should also wisely
think before one act. Nevertheless, the abundance of hidden benefits of 3D imaging are surely too tempt-
ing to refuse. The calculation of surface area, porosity, mass density, their corresponding mapping in 3D,
not to mention the accurate morphology depiction in 3D, and even further use for simulation/modelling
to reveal the intrinsic physical properties (fluid permeability and diffusivity, electrical and thermal con-
ductivity); all of those can be extracted by only a single technique, which seems to be too good to be true,
yet it apparently is not. While ET data with superior spatial resolutions have been commonly used for
simulations, PXCT with larger fields of view due to the higher penetration depth cannot be underesti-
mated, particularly for inhomogeneous samples in order to better represent the sample. Moreover,
among other X-ray imaging techniques, PXCT is promising for tomography-based simulation due to its
highest spatial resolution so far, which can reach up to sub-nm with the arrival of 4" generation synchro-
tron radiation facilities. Furthermore, the fact that the models were simulated using the actual measure-
ment data via PXCT in this case, makes an appealing factor to save the time in optimization for further
applications of the materials.

As for the in situ part, not only the possibility to see “live” the dynamics of materials under controlled
environments and heating exists, but also the potential to unravel that in 3D is even more captivating with

83



5 General Conclusions and Outlook

all the aforesaid benefits. However, such an ideal case comes with a great price, where challenges in the
gas-leak, accurate heating control, the internal volume minimization, setup stability, fast image acquisi-
tion, and image reconstruction are difficult since they are dependent on each other. In this work, the
feasibility of online 2D morphological monitoring has been approved by performing in situ XRP to resolve
nanoscale (down to 12 nm) structural features of several functional materials, partly complemented by
ex situ TEM (before and after in situ XRP) to investigate the atomic structures. Furthermore, it is still a
proof of concept for the online 3D structural monitoring via in situ PXCT due to the limitation in developing
limited-angle tomographic reconstruction. Despite the limited angles leading to missing wedge problem,
the reconstruction process to generate 3D volume is still possible and promising thanks to the machine
learning algorithm developed by the beamline scientists at DESY.

Several improvements and continuing works have to be conducted, especially for the X-ray imaging part
in this case. While electron imaging techniques have been far ahead in development and even commer-
cialized by several famous companies in the world, X-ray imaging techniques are still in development and
progressively, aside from the fact that X-ray computed tomography is the only one famous technique
under the big umbrella of X-ray microscopy, having been applied in many fields. Other than that, many
other X-ray imaging techniques (scanning transmission X-ray microscopy, or coherent diffraction imaging,
or Bragg diffraction imaging, or phase-contrast imaging, let alone XRP) are less known or specifically over-
shadowed by electron imaging techniques and even worse that the implementation opportunity is limited
only in synchrotron radiation facilities. Therefore, the application of portable or lab-scale instruments for
those other techniques are essential to compete against the electron imaging techniques. In terms of
spatial resolution, the development of optics and beam brightness for X-ray imaging is also crucial, but
this will be realized by the arrival of 4" generation synchrotron radiation facility in the next ten years.
Besides, the concern for beam damage should also be put into consideration with the arrival of higher
power of the source. Depending on the material, it is advised to initially carry out ex situ to find an opti-
mized parameter under the beam. Image acquisition and reconstruction algorithm for any tomography
method should also be more time-efficient, but this can be expected quite soon as the hardware and
computational resources have been growing rapidly in the past decade. For the in situ cells themselves, a
structural optimization to reduce the internal volume and an upgrade to have a 4G cell with a full rotation
are surely desired. Implementation of in situ PXCT, complemented by ex situ ET before and after in situ
PXCT should be carried out for other advanced experiments, such as redox reactions, gas storage, gas
sensing, or even catalysis for operando experiments. Furthermore, other integrated techniques, such as
in situ XRF with ex situ EDX for elemental analysis, XRD with SAED for crystallinity analysis, XAS with EELS
for oxidation state analysis, should also be carried out along with in situ XRP with ex situ TEM or PXCT with
ET for more informative analyses. This also points out the benefit of complementary XRM and EM, where
EM is useful for high resolution imaging and XRM is great for representation of larger sample areas and
ease of adaptation for in situ studies.

Last for the sample preparation, another technique other than FIB is strongly required as there are not
many other options so far, except for plasma FIB or helium ion microscopy, which can accelerate the
milling process significantly. This can be a great solution although the instruments have not yet been
widespreadly available due to the accesibility issues. Another solution worth consideration is the laser
cutting process. Despite the limitations in spatial resolution (maximum in sub-mm regions) and thermal
stability inducing possibly worse damage than FIB, it can also be included as the initial cutting step from
the bulk material to save the time for FIB milling.
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