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The structure and function of solid catalysts are inseparably linked at length scales from nm to cm and beyond. Hard

X-ray tomography offers unique potential for spatially-resolved characterization by combining flexible spatial resolution

with a range of chemical contrasts. However, the full capabilities of hard X-ray tomography have not been widely explored

in the catalysis community. This review highlights modern advances in hard X-ray tomography using synchrotron radia-

tion. Case studies from model to technical scale illustrate the bright future of X-ray tomography in catalysis research.
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1 Introduction

Catalysis drives the majority of chemical processes involved
in production of essential chemicals, fuels, and commodities
[1]. Furthermore, catalysis plays a vital role in promoting
energy- and material-efficient chemical reactions, leading to
a cleaner and more sustainable chemical industry [2, 3]. The
transition of solid catalysts from laboratory scale into tech-
nical or industrial applications leads to a huge parameter
space in terms of catalyst composition and structure. Struc-
tural features of solid catalysts cover length scales from sub-
nm active catalytic sites, to nm-scale metal clusters or nano-
particles, to multiscale micro- (<2nm), meso- (2-50 nm),
and macropore (>50nm) networks, all the way up to
shaped solid catalyst bodies on the pm- to cm-scale [1, 4, 5].
Therefore, solid catalysts are typically complex in nature
and may contain multiple components or hierarchical
structural features, each of which are related to the catalytic
function [6,7].

Structural analysis at all length scales is crucial for a
detailed understanding of catalyst structure-activity rela-
tionships [8,9]. However, many catalyst characterization
methods are performed in bulk and provide only averaged
data. For example, catalyst porosity and surface area are
often derived from gas sorption, e.g., with N, or Ar, and
mercury intrusion [10, 11]. Such bulk porosimetry methods
typically produce a single result representing average pore
size or surface area but may have difficulty to probe bi-
modal or multimodal pore systems in hierarchically-porous
materials. Complex properties, such as tortuosity, connec-
tivity, or pore shape, are also generally out of reach using
bulk analysis. As another example, while in situ or operan-
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do measurements are valuable for studying catalyst struc-
ture-function relations under working conditions, bulk
characterization by spectroscopy or diffraction may fail to
address the complexity of an active catalyst. Examples are
X-ray absorption spectroscopy (XAS) or powder X-ray dif-
fraction (XRD), two common methods for studying metal
active sites and crystalline phase composition, respectively
[12-14]. These measurement techniques can be employed
by utilizing X-rays of different energy ranges. In catalysis
research, these ranges are typically classified as soft (approx.
<2keV), tender (approx. 2-5keV), and hard (approx.
>5keV) X-rays. However, this classification is not universal
and may differ in other scientific fields. Using high energy
or hard X-rays, methods such as XAS and XRD probe the
average composition of a catalyst along the entire trans-
mitted beam path. This leads to overlapping signals and
reduced sensitivity to mixed oxidation states, mixed crystal-
line phases, or minor structural components of the solid
catalyst. Distinguishing the catalyst surface from interior
structure is similarly challenging in these circumstances.
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The situation becomes even more complex when consider-
ing dynamic spatial and chemical gradients, which may
occur in the catalyst during reactor start-up and shutdown
or during reaction [15].

To account for structural heterogeneity in solid catalysts
across all relevant length scales, the concept of spatially re-
solved characterization is key [6, 8, 9, 16-19]. This involves
highly localized characterization of specific regions of a
catalyst sample, with sensitivity to the local structure or
chemical composition. In this context, hard X-rays consti-
tute a flexible and powerful probe for spatially-resolved
catalyst characterization, due to their high penetration
depth in solid matter and a range of sample interactions
including absorption, diffraction, and fluorescence. Well-
known methods such as XAS, XRD, and X-ray photoelec-
tron spectroscopy (XPS) are now routinely applied for spa-
tially-resolved catalyst characterization with bulk or surface
sensitivity. A recent review by Mino et al. summarizes many
spatially-resolved applications of X-rays, though this does
not include all possible techniques and is not limited to
catalysis [20].

A major application of hard X-rays which is less known
among the catalysis community is hard X-ray microscopy
and tomography [21-23]. These methods generate spa-
tially-resolved images of the catalyst sample, allowing to
distinguish local signals in 2D (microscopy, radiography)
and 3D space (tomography). 2D X-ray microscopy or single
projection imaging provides spatial information on the
sample without any depth contrast, whereas a tomographic
reconstruction is obtained using a projection series of 2D
images at different rotational angles, which are then recon-
structed to provide 3D spatial compositional or structural
information. Hence, tomography can outperform surface-
or bulk-sensitive measurements to provide a compositional
view of the entire sample in 3D space. A crucial advantage
of hard X-ray tomography over contemporary structural
analysis methods is that it can noninvasively probe the
sample interior without significant structural damage. As a
result of these unique capabilities, X-ray tomography has
already revolutionized the fields of diagnostic medicine and
materials science since first practical demonstrations in the
1980s. Additionally, modern developments make X-ray
tomography highly attractive for studying catalysts and
other functional materials.

The growing potential of X-ray tomography in catalysis
research is mainly driven by the development of synchro-
tron light sources. These large-scale research infrastructures
offer extremely high-quality X-rays with high intensity,
tunable energy, and broad experimental flexibility
[13,19,22,23]. Using hard X-rays produced at the synchro-
tron, it is now possible to perform tomographic studies:

- over a wide range of sample sizes, e.g., lm- to cm-scale,
and with variable spatial resolution, e.g., nm- to
pum-scale, to address hierarchically structured materials,
or length scales ranging from single catalyst grains to
small chemical reactors.
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- with various chemical contrast modes, allowing to map,
e.g., crystalline phase distributions with XRD tomogra-
phy, metal distribution on catalyst supports with X-ray
fluorescence (XRF) tomography, or metal oxidation state
and coordination environment with XAS tomography in
3D space.

- using in situ or operando measurements, where the cata-
lyst or reactor is in a chemically active state, allowing
direct visualization of structural and chemical gradients
linked to the physicochemical behavior of the catalyst.
An illustrative overview of a typical synchrotron experi-

ment is shown in Fig. la, including a summary of several
contrast modes for tomographic studies in Fig. 1b which
have become significant in catalysis literature and are re-
viewed in the present work. Furthermore, Fig. 1c summa-
rizes the parameter space which is relevant when consider-
ing or planning an X-ray tomography experiment. In
general, the golden rule of tomographic measurements must
be observed, meaning that from (maximum) spatial resolu-
tion, (maximum) sample size, and (minimum) scan dura-
tion, two out of these three parameters can be optimized in
a given experiment, but typically not all three. Specific
values are included as examples with specific case studies
below. However, it should be noted that as hard X-ray
tomography is a rapidly developing method, any numbers
presented here regarding spatial resolution, sample size, and
scan duration should not be regarded as hard limits. In fact,
the methodology is highly flexible and dependent on the
aims of the specific study, whether this is high throughput
imaging, maximum spatial resolution, or time-resolved
imaging.

Currently, a large proportion of synchrotron research in
catalysis is based on academic or fundamental studies.
However, synchrotrons also hold strong potential for joint
projects at higher technology readiness level, based on
cooperation between industry, academia, and synchrotron
scientists. To foster the development of hard X-ray tomog-
raphy for catalysis research with industrially relevant or
technical applications, the missing ingredient is simply
awareness of the benefits of synchrotron radiation within
the broader catalysis community. The current review high-
lights concrete examples in which hard X-ray tomography
has driven forward our understanding of heterogeneous
catalysis, from model systems to technical scale. The strong
focus here on tomography or 3D imaging emphasizes and
exploits the excellent depth contrast available through use
of hard X-rays, which is not taken advantage of in conven-
tional 2D imaging. Three selected topic areas are used to
demonstrate the broad characterization potential of hard
X-ray tomography: 1) multiscale imaging, 2) chemical im-
aging, and 3) in situ/operando imaging. Previous reviews
including tomography and catalysis have focused on general
principles of X-ray microscopy [20], spatially resolved im-
aging with various probes [8,18], in situ applications
[9,22], specific material classes such as zeolite catalysts
[24], specific contrast modes like X-ray diffraction [25], and
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Figure 1. a) An illustrative overview of a synchrotron radiation facility showing a typical beamline facilitat-
ing sample characterization; b) different tomography modes available for sample characterization using
hard X-rays for ex situ, in situ, and operando heterogeneous catalytic systems; c) the golden rule for tomo-
graphic studies using three important measurement parameters.

illustrated the surprising rate at which novel characteriza-
tion tools are developed [19]. In this context, the current
review focuses on specific catalyst case studies and covers
the most notable modern developments of hard X-ray
tomography. The aim is to stimulate the interest of catalysis
researchers in industry, academia, and the synchrotron
community, charting modern progress in this field, and
highlighting the bright future of synchrotron X-ray tomog-
raphy in catalysis research.

2 Hard X-Ray Tomography Bridging Different
Length Scales in Heterogeneous Catalysis

Heterogeneous catalysis is a multiscale phenomenon by
nature. Multiple length scales must be addressed during
characterization to build a complete picture of catalyst
structure and function. The major length scales of relevance
to solid catalysts are illustrated in Fig. 2. For a typical cata-
Iytic process, it can be readily observed that length scales
from the reactor (m) down to the active sites (sub-nm)
must be covered. In fact, a range of 3D imaging methods
are available to address these length scales. The tomograms
illustrated in Fig.2 are all acquired for the same Ni/Al,O;

catalyst material (labeled SPP2080-IMRC) [26], highlight-
ing different tomography methods and length scales observ-
able using hard X-ray, ion, and electron sources.

As illustrated in Fig.2 and the attached scale bar, no sin-
gle tomography method can analyze all possible length
scales. On the contrary, a combination of complementary
methods is essential. However, the choice of individual
methods inevitably results in a trade-off between sample
size, spatial resolution, and representativeness of the chosen
sample (Fig. 1c). For example, this review focuses on hard
X-ray tomography, offering a broad range of spatial resolu-
tions between those of optical microscopy (several hundred
nm) and electron microscopy (sub-nm). At lower resolu-
tion, e.g., 1-10 um, hard X-ray microtomography is now
relatively routine both using synchrotron X-rays and labo-
ratory X-ray sources, and is applicable even to large
samples, e.g, mm or cm. At higher resolution, modern
X-ray nanotomography methods at the synchrotron show
extremely high performance, e.g., 20-nm resolution, but
with more restrictions on maximum sample size, e.g.,
50-100 um). Here, it is important to highlight that the max-
imum sample size for hard X-ray tomography may be
several orders of magnitude larger than in transmission
electron microscopy (or electron tomography), due to
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Figure 2. lllustration of the different relevant length scales in heterogeneous catalysis ranging from the reactor scale (m) down to the
atomic scale (sub-nm). The four presented tomograms (bottom row) are from different sample sizes of the same Ni/Al,O5 reference cata-
lyst batch (SPP2080-IMRC). The highlighted volume in each tomogram illustrates the approximate sample size of the subsequent imag-
ing method, moving from lower (um) to higher (nm) resolution. Volume renderings show the distinction between solid material and
pores following image segmentation. Note: while the same catalyst batch was taken, the same exact sample, i.e., correlative imaging,
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was not measured each time, figure is for illustrative purposes only. Original work. Copyright © 2022 the authors.

higher attenuation of electrons in solid matter compared to
hard X-rays.

Fig. 2 focuses on combined tomography methods to study
different pore sizes in a solid catalyst, according to the
IUPAC definition of macro- (>50nm), meso- (50-2 nm),
and micropores (<2 nm) [27]. In this overview example, the
required methods may include X-ray microtomography
(n-XCT), hard X-ray nanotomography, focused ion beam
scanning electron microscopy (FIB-SEM, also known as
slice-and-view), or electron tomography (ET). Various com-
binations of these have been applied for a range of different
catalyst materials, with literature studies typically ranging
from the pellet scale down to the level of catalyst mesopores
[26, 28-34]. This section reviews selected examples of cata-
lyst systems analyzed by multiscale tomography methods
and the information retrieved. This mainly focuses on hard
X-ray tomography to cover all length scales ranging from
the reactor down to single grains. As a reminder, the specif-
ic resolution and length scales in this section should not be
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taken as hard limits since the experimental capabilities of
synchrotron hard X-ray tomography are constantly improv-
ing [35, 36].

2.1 Reactor-Scale Imaging

Hard X-ray tomography studies applied to the reactor scale
are mainly limited to p-XCT. Tomography at the reactor
scale is especially interesting for chemical engineering pur-
poses related to mass and heat transport. For example,
Caulkin et al. scanned different packed-bed reactors with
inner diameters up to 29 cm by p-XCT [37]. This allowed
to retrieve information about the bulk density, local packing
density profiles, pellet orientation, or particle-particle and
particle-wall interactions. This information can be used to
validate and improve simulation models for various reactor
packings. Similarly, von Seckendorff et al. studied the void
space in packed-bed reactors of spherical pellets and

Chem. Ing. Tech. 2022, 94, No. 11, 1-21
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analyzed the influence of the bed packing and bed porosity
on the reactor pressure drop [38]. At reactor scale, p-XCT
has also found several applications in the design and analy-
sis of monolithic reactors. For example, Ou et al. used
p-XCT to characterize the macroscopic porosity and tor-
tuosity of SiC foam ceramics [39]. Such results can be
applied to simulate mass transport, as shown by Koci et al.
for coated catalytic filters applied in exhaust gas aftertreat-
ment [40]. In this case, the tomography data was trans-
formed into mathematical mesh data and directly used for
simulation studies, e.g., in OpenFOAM. Similarly, Bianchi
et al. used u-XCT measurements to retrieve 3D models of
aluminum open foams for simulation of heat transport,
with a special focus on heat transport processes between the
foam and reactor walls [41,42]. Sponge-like foams with dif-
ferent sponge materials for CO, methanation have also
been studied using p-XCT by Sinn et al. and have been
combined with CFD simulation of heat transport based on
the tomographic models [43]. CFD simulation results based
on p-XCT were additionally verified with magnetic reso-
nance velocimetry studies by Sadeghi et al. [44].

As evident from the previous examples, j1-XCT represents
one of the more common and applicable methods to study
chemical reactors and larger structured materials. The
appeal of this approach is clear, as it allows physical visual-
ization of, e.g., reactor packing, which would otherwise be
generated in an approximate manner by simulations. It
should be noted that synchrotron hard X-ray tomography
is the most feasible way to study large objects in a reason-
able timescale, due to orders of magnitude difference in
brilliance between synchrotron and laboratory X-ray
sources.

2.2 Pellet-Scale Imaging

Some of the first reported X-ray tomography experiments
in catalysis were performed on the pellet scale, tracing back
to studies of olefin polymerization catalysts in the early
1990s by Conner et al. [45] and Ferrero et al. [46]. Gener-
ally, u-XCT applied on the catalyst pellet scale is a powerful
tool for analysis of morphological and textural properties.
While catalyst pellets can in principle be studied by SEM or
FIB-SEM sectioning, n-XCT clearly offers high resolution
visualization of larger samples in a comparably short time-
scale. For example, Hofmann et al. investigated single chan-
nels (mm scale) of a Pt/Al,O; washcoated monolith for
exhaust gas aftertreatment, following application of differ-
ent hydrothermal aging conditions [47]. In this case,
p-XCT could reveal the formation of pm-sized Pt particles
depending on the aging duration, including their distribu-
tion in 3D space within the monolith. Kaltner et al. also
studied exhaust gas catalysts for NO oxidation based on
hollow sphere alloy structures washcoated with Al,O5 [48].
Single spheres were studied with p-XCT, while complemen-
tary neutron tomography was performed for a packed bed
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of the catalysts. The above examples illustrate how shape
and morphology, deactivation processes, and structural
integrity are all feasible applications of p1-XCT on the pellet
scale.

Catalyst synthesis can also be studied using p-XCT on the
pellet scale. For example, catalyst impregnation and the
distribution of the impregnation solution or the deposited
metal can be revealed in whole catalyst bodies. This was
shown by Grunwaldt et al. for the impregnation of y-Al,O5
pellets with CuCl, solution, revealing an impregnation
gradient as a function of time based on the presence of Cu
in the tomograms [17]. Similarly, Gibson et al. used p-XCT
to reveal the location of Mo after incipient wetness impreg-
nation of y-AL,O; pellets with ammonium heptamolybdate
[49]. They could show that addition of H;PO, led to uni-
form impregnation profiles, while impregnation without
the acid resulted in formation of Mo concentration hot-
spots. An intended impregnation gradient could be con-
firmed for Fe-Ni species after impregnation of y-Al,O;
spheres by Silva et al. [50]. They synthesized a range of egg-
white, egg-shell, and uniform distributions depending on
different impregnation parameters, with the distribution of
impregnated metal species revealed by p-XCT. They found
that an egg-shell distribution is beneficial compared to the
others in application for NH; decomposition.

For each of these examples, u-XCT provided valuable
information about morphological and textural properties as
well as absorption gradients related to different chemical
compositions or elemental distributions on the pellet scale.
However, hard X-ray tomography with absorption contrast
is difficult to analyze in a truly quantitative fashion, particu-
larly at lower resolution, i.e., pm scale. For example, 1-XCT
is generally unsuitable for porosity characterization as illus-
trated in Fig.2, since porosity is typically defined on nm
scale. Our recent study of porosity in the Ni/Al,O;
SPP2080-IMRC reference catalyst followed a multiscale
approach including pu-XCT for analysis of single catalyst
pellets (Fig.3) [26]. In this case, p-XCT carried out on a
single particle (2.5mm diameter, 2h scan duration) only
revealed 0.7 % macroporosity, which was homogeneously
distributed in the catalyst pellet volume. However, comple-
mentary nanotomography and porosimetry studies calcu-
lated the overall macroporosity at ca 24 %. This shows the
importance of employing additional tomography studies
with higher resolution, ie., X-ray nanotomography, de-
pending on the specific science case.

2.3 Grain-Scale Imaging with X-Ray
Nanotomography

Several different X-ray nanotomography methods are cur-
rently available to characterize catalysts with resolution of
100 nm and below. Typically, these techniques are limited to
investigations of single catalyst grains with sample sizes of
tens to hundreds of pm (see Fig.2). Two particularly nota-

www.cit-journal.com
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Figure 3. Characterization of the pore structure of the SPP2080-IMRC catalyst by a—c) X-ray microtomography (u-XCT), d—g) holographic
X-ray computed tomography (HXCT), and h-j) electron tomography (ET). Each segmented tomogram is shaded to represent the solid
material and different pores. Porosity-weighted pore size distributions are shown based on image analysis. Reprinted from [26], under
the terms and conditions of the Creative Commons CC BY-NC 4.0 license. Copyright © 2022 the authors.

ble nanotomography methods demonstrated for catalysis
applications are ptychographic X-ray computed tomogra-
phy (PXCT) and holographic X-ray computed tomography
(HXCT). Ptychography, and its 3D counterpart PXCT, are
phase contrast imaging methods more specifically known as
scanning coherent diffraction imaging [51]. Ptychography
and PXCT operate without an objective lens (between sam-
ple and detector) and utilize an iterative phase retrieval
algorithm to recover the amplitude and phase of a highly
oversampled object. Notably, this can lead to extremely high
spatial resolution which is not limited by the focused beam
size (as in conventional scanning probe imaging), and
which is quantitatively sensitive to the electron density of
the sample. HXCT is also a phase contrast imaging method
but uses a full-field illumination, i.e., a beam size equal to or
larger than the sample [52]. It is a propagation-based imag-
ing technique which is used to obtain phase contrast images
of the sample. HXCT is also notable for its high spatial reso-
lution and ability to measure large objects in a shorter time
due to the use of a larger full-field X-ray beam.

www.cit-journal.com
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For the SPP2080-IMRC catalyst previously introduced
above, HXCT was performed on a sample size of 50 um
diameter with a resolution of about 50 nm (Fig. 3) [26]. This
revealed the macroporosity of ca 24 % that could not be
found previously either by p-XCT or conventional poro-
simetry, i.e., N, sorption and Hg porosimetry. This demon-
strates a simple and elegant advantage of hard X-ray
nanotomography over conventional pore characterization
methods. In fact, the characterization of macropore struc-
tures within individual catalyst grains is an important
application field of X-ray nanotomography. For example,
da Silva et al. studied cylindrical samples of a fluid catalytic
cracking (FCC) catalyst with a diameter of 8 um by PXCT
with a resolution reaching 39 nm [53]. They compared mul-
tiscale PXCT and p-XCT porosity analysis with convention-
al Hg porosimetry, showing that a combination of both was
required to study macropore and large mesopore length
scales. Addressing smaller length scales, Fam et al. studied a
model catalyst system based on hierarchical nanoporous
gold by complementary PXCT, FIB-SEM slice and view, and

Chem. Ing. Tech. 2022, 94, No. 11, 1-21
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ET [31]. They achieved a resolution of 23 nm with PXCT
and could present advantages compared to FIB-SEM serial
sectioning, especially regarding scanning time and the non-
destructive nature of PXCT. By combining hard X-ray
nanotomography with FIB-SEM and electron tomography,
virtually the whole meso- and macropore space could be
analyzed. Similarly, Becher et al. studied the influence of
hydrothermal aging on Pt/Al,O; catalysts by p-XCT, PXCT,
and ET focusing on differences in porosity [30]. In a recent
study on hierarchically porous Ni/Al,O; catalysts, we high-
lighted the importance of combining PXCT and ET to study
the full meso- and macropore space [32]. Furthermore, the
combination of both could reveal the true pore hierarchy in
terms of multimodal pore size distribution, a distinction
that is often difficult by conventional pore characterization.
At even smaller length scales, Weissenberger et al. showed
how the combination of PXCT and ET allows to study the
hierarchical pore structure of single zeolite grains contain-
ing connected macropores with spatial resolution of 47 and
34 nm, respectively [34].

Of the currently operating nanotomography methods,
PXCT is particularly interesting in materials and catalysis
research not only for its extremely high spatial resolution
but also due to the ability to recover quantitative infor-
mation about the local electron density of the sample, i.e.,
number of electrons per unit space. Combined with addi-
tional structural information, i.e., elemental composition,
X-ray density from a determined crystal structure, or skele-
tal density from He pycnometry, electron density can be
used to interpret and quantify features such as catalyst
mesoporosity. This is applicable even if such features are
below the spatial resolution of the measurement, as shown

recently for the hierarchically porous Ni/Al,0; SPP2080-
IMRC catalyst [54]. Furthermore, electron density infor-
mation might be applied to detect and localize coking as
recently shown for an artificially coked Ni/Al,O3 catalyst by
PXCT [55], and similarly for an FCC catalyst particle by
Vesely et al. using HXCT [56]. This illustrates that electron
density data from PXCT or HXCT might allow for a certain
chemical sensitivity, in addition to high spatial resolution.
For example, Thli et al. studied 30-pm diameter cutouts of
FCC catalyst particles by PXCT with a spatial resolution of
35 nm, subsequently assigning pore, clay, and zeolite phases
in the tomograms based on the quantitative electron density
observed [57]. In follow-up studies, they performed multi-
ple PXCT measurements around the Fe K absorption edge,
also called resonant PXCT, which allowed for additional
chemical sensitivity and even visualization of local Fe distri-
bution with extremely high spatial resolution of 39 nm as
shown in Fig. 4 [58]. Further examples of advanced X-ray
tomography methods allowing for chemical sensitivity are
presented in Sect. 3, bridging the border between multiscale
tomography and tomography with chemical contrast.

2.4 Electron Tomography for Highest Resolution

While hard X-ray nanotomography methods are approach-
ing a resolution of 10 nm [35], this is not sufficient to re-
solve the whole mesopore space as illustrated in Fig.2,
which requires higher resolution analysis by ET. Suggested
reviews on ET in catalysis provide some context for the
present work [59-61]. ET can generally be applied to study
mesopores in combination with X-ray tomography, as

Electron Density / n A~

0.005
Iron Concentration / ng A?

o [_Pores | Zeolite |

Figure 4. PXCT of a deactivated FCC catalyst. a) Slices of the measured electron density tomogram, with b) iron distribution
overlaid. ¢) Tomogram following image segmentation, highlighting the distribution of the main catalyst components includ-
ing pores, zeolite, and clay. All scale bars are 5 um. Adapted from [58], with permission from the American Chemical Society.

Copyright © 2018 American Chemical Society.
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shown in several previous examples [30-34, 62]. Further-
more, ET can be applied to study the location of metal
nanoparticles inside porous catalyst structures, as shown for
Ni or Cu nanoparticles inside SBA-15 by Daoura et al. [63]
and Prieto et al. [64], respectively. However, the use of ET
in isolation may raise questions concerning representative-
ness, particularly for solid catalysts with significant structur-
al heterogeneity. This is due to strict limitations on sample
size when using electrons as the probe. Hard X-rays are
therefore an excellent complementary tool, allowing to
study much larger and, therefore, more representative
samples.

3 Hard X-Ray Tomography for Chemical
Imaging in Heterogeneous Catalysis

Chemical imaging refers to visualizing the spatially resolved
chemical composition of materials. In addition to multiscale
tomography as discussed in Sect. 2, hard X-ray tomography
methods are broadly applicable for chemical imaging of
catalytic systems, and therefore, help unravel their complex
structural properties [8,22,23]. Such studies are possible
thanks to the various interactions of hard X-rays with solid
matter (summarized in Fig. 1), leading to a range of imaging
contrast modes [20]. Relevant 3D chemical imaging of cata-

Iytic systems can, e.g., be performed by:

- spectroscopic imaging using XAS tomography (XAS-CT)
to study changes in local atomic and electronic configu-
ration, such as metal oxidation states or coordinating
atoms.

- element-specific 3D mapping using XRF tomography
(XRF-CT) to obtain spatially resolved and element-
specific compositional data, such as metal distribution in
a catalyst.

- powder XRD tomography (XRD-CT) to investigate ma-
terial crystallite size and crystal structure.

- phase contrast imaging such as PXCT or HXCT to pro-
vide chemical information based on electron density,
particularly for weakly absorbing samples.

A key function of chemical imaging is to derive local cata-
lyst composition across multiple length scales. It is impor-
tant to note that when combined with hard X-ray tomogra-
phy, many common X-ray analytical tools such as XAS or
XRD can effectively be extended into 3D space (Fig. 1b). Or
from another perspective, many of the multiscale X-ray to-
mography tools outlined in Sect. 2 can additionally be com-
bined with a chemical contrast mode. Overall, this provides
a rich and often unique source of characterization data
which cannot be feasibly obtained using alternative contem-
porary methods.

The chemical imaging approach can be applied in various
branches of catalysis research, such as understanding cata-
lyst synthesis [54], technical catalyst preparation [65], eval-
uating 3D spatial distribution of chemical constituents fol-
lowing synthesis [50], and in rationalizing catalytic activity
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data through understanding of structural composition. 3D
chemical imaging with hard X-ray tomography is also
highly useful in understanding catalyst deactivation, even
by post mortem or ex situ studies [56,57]. For many well-
known catalyst deactivation pathways including thermal
degradation, sintering, poisoning, or pore blockage, chemi-
cal imaging with hard X-ray tomography has already been
demonstrated as a uniquely powerful characterization tool.
Further application of in situ and operando methodology
combined with chemical imaging is also possible, as dis-
cussed mainly in Sect. 4.

In this section, important scientific advances achieved by
hard X-ray tomography using several industrially relevant
catalytic processes are elaborated. The chemical composi-
tion mapping of these catalysts and its influence on under-
standing material properties are demonstrated using a range
of X-ray tomography methods.

3.1 Fragmentation of Olefin Polymerization
Catalysts

Ziegler-Natta catalysts for production of polyolefins are
widely used in chemical industry. During olefin polymeriza-
tion, the catalyst experiences considerable mechanical stress
due to polymer formation within the pores. This leads to
fragmentation of virtually the entire catalyst particle by var-
ious mechanisms, making it an ideal case study for 3D
chemical imaging. Attempts to classify the fragmentation
behavior and the impact on catalyst performance and selec-
tivity are of particular interest. By combining PXCT with
XRF-CT as shown in Fig. 5, Bossers et al. studied the frag-
mentation behavior of a single Ziegler-Natta catalyst parti-
cle with a diameter of ca 40 um, following a short treatment
under reaction conditions [66]. Measurements were per-
formed at 12keV, achieving sub-micron resolution of 400
and 600nm for PXCT and XRF-CT, respectively. In this
case, PXCT visualized the entire catalyst body, acting as a
canvas on which XRF-CT could isolate and locate elemental
distribution of Ti and Cl species within the particle. In this
case, TiCl, constitutes the active site precursor, therefore, by
mapping Ti distribution, the authors could calculate the
expansion of Ti species from the center of the particle and
the related radial distribution of active sites. Following this
proof of principle, Bossers et al. later extended this charac-
terization to include more than 400 individual Ziegler-type
catalyst particles for polyethylene production in a single
high-resolution tomography measurement [67]. They per-
formed PXCT of particles filled in a polyimide capillary
with a diameter of 140 pm, achieving spatial resolution of
74nm with a scan duration of 22 h. Here, electron density
measurements were used to assess the degree of fragmenta-
tion within the particles based on volume, spherical diame-
ter, and other physical parameters. Formation of high-den-
sity polyethylene could be correlated to the fragmentation
behavior even by direct visualization of its formation
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around the exterior of the particle. In a further study, high
resolution HXCT was applied by Werny et al. on a silica-
supported hafnocene-based catalyst to study the effect of
ethylene polymerization on the catalyst structure [68]. Here,
a series of particles were studied ex situ following 0 to
60 min under reaction conditions, allowing to distinguish
changes in macroporosity, structural composition, and frag-
mentation behavior. This allowed a quantitative analysis of
the catalyst pore network, including the distribution of sili-
ca-dominant and polymer-dominant regions as a function
of reaction time.

Ti cl
N High I
I ILow I
Figure 5. a) Reconstructed 3D volume rendering of a propylene
polymerized Ziegler-Natta catalyst particle (~41 um diameter).
b) Extracted volume showing position of Ti species within the
polymer-catalyst composite particle. c) Elemental distribution of
Ti species. d) Elemental distribution of Ti and Cl within the com-
posite particle. Reproduced from [66], under the terms and con-

ditions of the Creative Commons CC BY-NC-ND 4.0 license.
Copyright © 2020 American Chemical Society.

Olefin polymerization catalysts provide a strong example
of the versatility of hard X-ray tomography, showing that
multiscale imaging and chemical imaging are not mutually
exclusive, rather they can be easily combined. This provides
a combination of high resolution structural and chemical
information in a single measurement. The greater depth of
information, improved sample throughput, and greater
measurement efficiency with hard X-ray tomography is
clearly demonstrated compared to cross-sectional electron
microscopy methods such as FIB-SEM, which are com-
monly used to study such catalysts.

3.2 Deactivation Pathways of Fluid Catalytic
Cracking Catalysts

FCC catalysts are a typical example where catalyst deactiva-
tion can follow several pathways. This includes metal poi-
soning during cracking of heavy crude oil fractions into
lighter hydrocarbons, followed by coke deposition and cata-
lyst pore blockage, along with physical abrasion of catalyst
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particles within the mobile fluidized catalyst bed [69-71].
Aside from reduced catalyst performance, understanding
and deconvoluting these effects is challenging using conven-
tional characterization tools. Employing hard X-ray tomog-
raphy techniques with chemical contrast can help to visual-
ize numerous effects in FCC particles, including changes in
pore structure, metal poisoning, and chemical composition.
This rich variety of physicochemical effects linked to the
local catalyst structure has led to FCC catalysts being one of
the few relatively well-studied examples using hard X-ray
tomography.

Among the first hard X-ray tomography studies on deg-
radation of a single FCC catalyst particle was the work by
Ruiz-Martinez et al. using a combination of XRF-CT,
XAS-CT, and XRD-CT [72]. The presence of Ni and V
species as contaminants originating from crude oil was
detected using XRF-CT. This allowed to map the distribu-
tion of such metal poisons in a single measurement, reveal-
ing an egg-shell distribution of Ni. A comparatively more
uniform distribution of V was observed across the particle.
However, X-ray attenuation effects during XRF-CT made it
difficult to conclude the distribution of V within the FCC
particle. The local oxidation state of these metal species
could be recovered by complementary XAS-CT, giving in-
sight into the specific interaction of the contaminant metals
with the support. This information was complemented by
XRD-CT to identify regions of crystalline phases in the par-
ticle, and the transformation of these, e.g., zeolite dealumi-
nation and destruction, between a fresh and aged particle.
Correlating these results revealed a connection between the
metal poisoning and zeolite destruction effects. Combining
a multiscale and multimodal chemical imaging approach,
Bare et al. also studied the structure and chemical compo-
sition of spent FCC catalyst particles [73]. Synchrotron
n-XCT was performed at 15keV to image hundreds of
particles and identify different shapes, sizes, and presence of
internal voids or very large macropores. Selected particles
(two of diameter 50-70um and two of diameter
250-390 um) were then measured with high-resolution
hard X-ray nanotomography at 8 keV to obtain images with
a voxel size of ca 40 nm. This was complemented by micro-
XRF and XRD mapping in 2D and provided a qualitative
correlation of specific metal poisons and zeolite degrada-
tion. This approach was later expanded by Kalirai et al. who
used XRF-CT to map a broad range of deposited metal
impurities (Fe, Ni, V, Ca) as well as catalyst constituents
(La, Ti) with submicron voxel size (resolution of ca 1.4 pm)
and high chemical sensitivity [74]. As shown in Fig. 6, this
allowed to identify correlation between specific metal
poisons, indicating the presence of different deposition
mechanisms based on penetration depth within the particle.
For example, while Fe, Ni, and Ca were found to aggregate
at the particle exterior, Ni and V typically penetrated fur-
ther. Analysis of two catalyst particles (ECAT1 and ECAT?2)
aged for consecutively longer duration showed an increase
in metal deposition as a function of aging time.
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Figure 6. 2D slices of Fe, Ni, V, Ca XRF sig-
nals showing distribution of each species
B High Fo and Ca within the ECAT1 and ECAT2 FCC catalyst
[ High Fe particles. The scale bar intensity indicates
I High Ca increasing amount of each species. 3D vol-
umes represent regions of high concentra-
tion and indicate correlation between spe-
cific metal pairs. Adapted from [74], under
the terms and conditions of the Creative
Commons CCBY-NC 4.0 license.

From these early but still recent hard X-ray tomography
studies, characterization efforts intensified on the FCC cata-
lyst leading to several methodological breakthroughs.
Meirer et al. were able to visualize individual large macro-
pores with a voxel size of 70 nm (approximate resolution ca
200nm) within an entire particle, including identification
and location of specific metal poisons within individual
pores [75]. The data were then exploited for gas permeabil-
ity simulations, highlighting the natural intersection of 3D
imaging data with modeling and simulation. The same
group later expanded this approach using high resolution
full-field hard X-ray tomography (spatial resolution ca
314 nm) to include a series of particles at different degrees
of deactivation, quantifying pore features and metal deposi-
tion as a function of aging [70]. Further studies focused in
more depth on specific poisons such as Ni [76] and even
3D visualization of relative degree of coking within single
particles [56]. Furthermore, recent publications by Ihli et al.
highlighted the effects of metal contamination on the pore
structure by performing PXCT at a resolution of ca 35nm
to support pore network modeling of macro- and meso-
pores within spent FCC catalyst particles. This was comple-
mented by XRD-CT and XRE-CT to again correlate pres-
ence of metals and study amorphization and degradation of
zeolite domains [57]. Later, the same group used XAS-CT
to map the specific location and chemical state of Fe
contaminants within FCC particles [77].

3.3 Other Examples of Chemical Imaging

The rich chemistry and industrial importance of FCC cata-
lysts has led to a strong focus on hard X-ray tomography
studies with this system. However, this should not be inter-
preted as a limitation on the applicability of hard X-ray
tomography in catalysis. On the contrary, it indicates great
flexibility since hard X-ray tomography can address such a
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broad array of scientific questions even by itself, in turn
providing a unique and rich source of data. A common fea-
ture of the previously reviewed case studies is that measure-
ments were performed ex situ or under ambient conditions.
However, the characterization potential of hard X-ray
tomography can be extended even further to examine cata-
lysts at work, as discussed in the following section.

4 In Situ and Operando Hard X-Ray
Tomography of Catalysts at Work

In heterogeneous catalysis, the terms in situ and operando
are used to define a characterization measurement as fol-
lows [78-80]:

- in situ: measurement performed under non-ambient con-
ditions, e.g., high/low temperature, high/low pressure,
presence of solvent and/or non-ambient atmosphere

- operando: subgroup of in situ measurement with the
catalyst under working conditions, proven by product
analysis which is ideally quantitative and shows conver-
sion, yield, or selectivity, e.g., mass spectrometry and gas
chromatography
Operando measurements are often more challenging but

provide more valuable data. The goal of most operando

studies is to simultaneously probe the catalyst structure and
the corresponding catalytic activity to establish structure-
activity relations. Operando methodology has been firmly

established over the last two decades as one of the most im-

portant developments in modern catalyst characterization,

being applied to a wide range of spectroscopy and diffrac-
tion methods [81-85]. Given the powerful capabilities of
hard X-ray tomography for structural and chemical charac-
terization, performing such experiments under working
conditions would effectively allow visualization of struc-
ture-activity relations in 3D space; in other words, to make
a movie of catalysts at work as discussed by Meirer and
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Weckhuysen [19]. However, despite excellent potential, the
field of operando hard X-ray tomography is still relatively
unexplored in catalysis.

Unlike multiscale tomography and chemical imaging,
which have evolved in dependence on the technology level
of synchrotrons, the limiting factor for operando studies is
the availability of suitable sample environments (in situ/op-
erando cells). Low awareness of hard X-ray tomography in
catalysis is also a barrier to further development. In this
context, the following section outlines notable develop-
ments of in situ and operando catalysis research using
synchrotron hard X-ray tomography. Such studies have
progressed in recent years from measuring single catalyst
grains to large technical catalyst samples, combining multi-
ple contrast modes in a single measurement, and with con-
sistently better spatial resolution to extract maximum value
from the measurements. The characterization power of
hard X-ray tomography is only enhanced further by apply-
ing reaction conditions, leading to highly multidimensional
studies.

4.1 Sample Environments for In Situ or Operando
Hard X-Ray Imaging

Appropriate sample environments are essential for in situ
and operando studies in catalysis. In situ cells typically
allow heating and exposure to controlled gas environments.
Operando cells must extend to realistic working conditions
and include product analysis which is preferably quantita-
tive. However, a compromise is typically made between
characterization data quality and design of the operando
cell compared to realistic catalytic operating conditions.
The challenges of operando sample environments partic-
ularly for X-ray characterization were discussed by Meunier
[86], Tsakoumis et al. [87], and Newton et al. [88]. Grun-
waldt et al. further discussed these challenges specifically in
the context of X-ray imaging [9]. The “perfect” operando
cell would permit kinetically relevant conditions for mean-
ingful observation of structure-activity relations, though
such a setup has not yet been demonstrated for hard X-ray
tomography.

Operando hard X-ray tomography is more experi-
mentally demanding than both 2D imaging, e.g., electron
microscopy, and comparable operando methods such as
XAS, IR, or Raman spectroscopy, where in situ or operando
cells are even commercially available. This is due to the
unique geometric requirements of tomography, which
requires free rotation while maintaining a suitable reaction
environment. Furthermore, tomography studies generally
require mechanical, e.g., vibrational, stability well below the
desired resolution level. Since in situ and operando cells are
typically custom-built for specific experiments, discussion
of these is presented below with selected case studies.
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4.2 In Situ Tomography of Catalysts under
Non-Ambient or Working Conditions

Among the earliest examples of in situ hard X-ray tomogra-
phy is the work from Gonzalez-Jimenez et al., who studied
an iron oxide-based Ruhrchemie catalyst for Fischer-
Tropsch (FT) synthesis [89]. A single 20-um catalyst grain
was loaded in a capillary reactor with a diameter of 100 um
and exposed to various conditions including 10 bar syngas
(H,/CO = 1) at 523 K. Similar to the FCC studies shown
previously, here, XAS-CT was used to locate iron oxide spe-
cies within the particle, while complementary in situ 2D
microscopic XAS measurements could probe the oxidation
state (Fe,TiOs, Fe,O3, and Fe;0,) of different clusters as a
function of reaction time (spatial resolution 30 nm). Cata-
Iytic activity data was not recorded during tomography but
later supplemented by laboratory experiments, due to rather
demanding conditions of the FT to olefins process. Labora-
tory tests and X-ray imaging data were then combined to
justify the catalytic performance and selectivity towards
olefin synthesis. Cats et al. performed similar XAS-CT ex-
periments on cobalt-based FT catalysts, this time exploring
the spatial distribution and oxidation state of cobalt nano-
particles (spatial resolution 30nm) under various condi-
tions including 10 bar syngas (H,/CO = 2) at 523K [90]. It
should be noted that only an operando approach can feasi-
bly distinguish metal oxidation states in a working catalyst.
Otherwise, such structures may not be stable or may not
even form unless exposed to reaction conditions. Combined
with X-ray tomography, this type of analysis can be per-
formed in 3D space.

As the target of the previous studies was to obtain high
spatial resolution, a small catalyst sample size, i.e., a single
grain, was selected. Later work by Price et al. extended the
in situ hard X-ray tomography approach to small packed-
bed capillary reactors (diameter 400 pm) [82]. A multimod-
al chemical imaging study was performed by combining
XRF-CT, XRD-CT, and XAS-CT at 13keV on two model
Co/SiO; FT catalysts including Re promoters and Ti-modi-
fied supports. Online mass spectrometry was used to identi-
fy but not quantify product distribution, which was later
supplemented by laboratory tests. In this case, XRD-CT was
used to monitor crystallite size of active Co species as well
as oxidation state. The Ti-modified catalyst was found to be
resistant to CoO formation and metal sintering, therefore
retaining higher selectivity for Cs and larger hydrocarbons.
It is important to note that 3D spatially-resolved XRD-CT
as applied here is sensitive to local chemical composition in
3D space. This could reveal minority phases which may not
be visible to conventional bulk XRD analysis and even
locate these within the catalyst particle. By extension, an in
situ hard X-ray tomography approach using XRD-CT is
uniquely capable of retrieving such data on minor phase
changes and relating them to catalyst performance.

A further notable development for in situ tomography
was presented by Vamvakeros et al, who measured a
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catalytic membrane reactor for oxidative coupling of meth-
ane to ethylene [91]. This larger technical catalyst system
consisted of a 2.4-mm diameter hollow-fiber BaCoFeZrO
membrane packed with MnNaW/SiO, powder catalyst and
placed within a quartz reaction tube. The reactor was ex-
posed to a flow of up to 5vol % CH, in He (100 mL min™")
through the reactor and air (100 mLmin™") at the outer
membrane. A mass spectrometer capillary at the reactor
outlet was used to monitor the reaction feed, which was
otherwise left open to ambient air to allow free rotation for
tomography. The catalyst was found to be active although
quantitative conversion data was not shown. In this exam-
ple, XRD-CT with a resolution of ca 20 um was used to
monitor crystalline phases and changes in phase
distribution in 3D space, as shown in Fig. 7. For
example, crystalline Na,WO, and Mn,0; ob-
served at room temperature were almost com-
pletely removed up to 1048 K, while BaWO,
formed at the interface between the catalyst and
membrane wall. In a single measurement this
demonstrates how in situ XRD-CT can be used
to distinguish active and spectator species, along
with identifying stable and unstable phases.
Location of crystalline phases in 3D space allows
to observe differences in behavior based on posi-
tion in the reactor. This can be used to observe
and rationalize catalyst deactivation in larger
technical systems. Notably, this serves as one of
the earliest tomographic solid-state investiga-
tions of an active catalyst resembling a technical
application scale, while XRD tomography is
generally applicable for virtually any catalytic
material with crystalline components.

A recent study by Fjellvag et al. used in situ
p-XCT to study grain reconstruction of Pd and
Pd/Ni wires used during NH; oxidation for syn-
thesis of nitric acid [92]. This reaction is topical
in terms of sustainability as it involves signifi-
cant loss of noble metal during operation. The
Pd-based wires are used as a downstream catch-
ment material during decomposition of Pt-based
wire catalysts. Both types of wires rapidly change
from a smooth exterior in the fresh wire to a
characteristic cauliflower-like structure under
the harsh reaction conditions of NH; oxidation
(1073-1223K, 1-12bar NO,/NH,/H,0/0,).
Both fresh and pre-aged catalyst wires were
placed in a capillary reactor downstream of sev-
eral Pt wires. The reactor was heated to 1273K
in synthetic air, while the Pd wires were continu-
ously studied by in situ tomography, with an
acquisition rate of 1tomogram in 10s. This
allowed to monitor the surface and bulk recon-
struction behavior of the wires under oxidative

Catalyst: /
Mn-Na;WOyq / SiO2

mation of gas-phase PtO,, which is proposed to account for
the Pt loss mechanism. This constitutes a model in situ re-
action condition rather than a relevant condition for NH;
oxidation. Chemical composition of the wires was support-
ed by complementary SEM-EDX analysis of single wire
cross sections. As shown in previous examples, acquiring
chemical composition from p-XCT data could be feasible,
covering extended length scales more efficiently than would
be possible with SEM-EDX.

XRD-CT slice ’
through reactor

2 4 6
" 20°
. “r RT 676°C  725°C  775°C  750°C  725°C

675°C 725°C 775°C T750°C 725°C

Tridymite
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Figure 7. lllustration of the catalytic membrane reactor and cross-sectional
XRD-CT data as a function of temperature. Images can be deconvoluted based
on selected Bragg reflections, showing the location and composition of the

membrane material (BCFZ), various crystalline phases, and amorphous signals.

conditions, as shown in Fig. 8. It should be noted
that here synthetic air was used to stimulate for-
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Reproduced from [91], under the terms and conditions of the Creative Com-
mons CCBY 3.0 license. Copyright © 2015 The Royal Society of Chemistry.
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Figure 8. In situ p-XCT of morphological changes and chemical dynamics of Pd and Pd/Ni (91.3/8.7 at %)
wires during experiments in synthetic air at 1273 K. Reprinted from [92], with permission from Elsevier.

Copyright © 2022 Elsevier.

4.3 Towards Operando Tomography with
Quantitative Catalytic Performance Data

Significant progress has been made in recent years towards
operando tomography of catalysts at work, most notably
with the XRD-CT methodology outlined in previous exam-
ples. One focal area has been in catalytic partial oxidation
of CH, to syngas, where Vamvakeros et al. performed 5D
operando imaging to obtain detailed 3D structural analysis
via XRD-CT of a Ni/Pd catalyst supported on CeO,-ZrO,/
Al,O; [84]. The study was performed under various reac-
tion conditions, while XRD-CT data was acquired on rea-
sonable time frames (<2 min per tomogram slice) allowing
to study physicochemical changes, potentially also dynamic
changes. The data were of sufficient quality to allow
Rietveld analysis, therefore enabling precise interpretation
of Ni crystallite size, differentiation between four different
Ce,Zr,O, species, and the chemical evolution of the cata-
lyst. Although quantitative performance data was not
shown, mass spectrometry was used to follow and confirm
the desired gas environment at each reaction step. Never-
theless, this study constitutes a significant breakthrough in
moving beyond basic 3D phase identification by XRD-CT
towards meaningful crystallographic analysis. In this case,
the so-called 5D operando imaging implies three
spatial dimensions from tomography, one scattering dimen-
sion from XRD, and a further dimension indicating the
applied reaction conditions. Further studies in this field
were performed by Matras et al. on a similar catalyst,
Ni-Pd/CeO,-ZrO,/Al,0;, which included an analysis of
coke deposits as a function of reaction conditions [93].
They found the formation of catalytically active Ni-C
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species during high methane conversion in the activation
step, which later converted to graphite under reaction con-
ditions resulting in a decrease in activity and deactivation of
catalyst by coking. Furthermore, CeO, was found to miti-
gate the coke deposition by acting as an oxygen storage
medium, despite its inability to prevent sintering of Ni
particles. Further studies by Vamvakeros et al., Matras et al.,
and Senecal et al,, include oxidative coupling of methane in
membrane reactors [94] and as fixed-bed powder reactors
[95,96] as well as total scattering studies of Co-based FT
catalysts [97]. In most cases, the catalysts were studied
under model reaction conditions, including detailed crystal-
lographic analysis in 3D space with Rietveld refinement.
These serve as an excellent demonstration of the power of
hard X-ray tomography for unique structural characteriza-
tion.

In an effort to ensure tight control over reaction condi-
tions and quantify product analysis, our group recently de-
scribed an operando hard X-ray tomography reactor for
analysis of mm-scale technical catalysts, including an open
discussion of design principles for others to reproduce and
iterate on the design [98]. The reactor was first applied for
operando XAS-CT of Cu-zeolite washcoated monolith cata-
lysts for selective catalytic reduction of NOy with ammonia
(NH;-SCR), currently an industry standard in automotive
emissions control [81]. Tomography data was recorded
around the Cu K absorption edge, revealing the local oxida-
tion state and coordination environment of Cu species
within the catalyst washcoat. At the same time, NO conver-
sion to N, was quantified by online mass spectrometry. This
approach revealed chemical gradients of Cu' and Cu®*
species within the catalyst as a function of temperature
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(473-673 K), gas environment, and position within the cat-
alyst washcoat (Fig.9). These chemical gradients are linked
to a complex interplay of factors such as reactant diffusion
to the catalytic active sites, local reaction rate, and NH;
inhibition at lower temperatures. As such, they provide for
the first time a physical visualization of mass transport
effects of gaseous reactants to the catalytically active sites,
correlated to quantitative (although bulk) activity measure-
ments. In this example, a section of a catalyst monolith was
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Figure 9. Chemical gradients in a Cu-S5Z-13 washcoat. a) To-
mography reconstruction of a washcoated monolith sample in a
1-mm quartz capillary. b) Cross section of the catalyst measured
under SCR conditions at 623 K showing areas of interest

(ROI 1-5). ¢) Normalized XAS spectra from ROI 1-5, illustrating
chemical gradients. Reprinted from [81], with permission from
Springer Nature. Copyright © 2021 the authors.
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used rather than catalyst powder, indicating applicability of
the method for technical catalysts. The study also highlights
an important distinction between operando spectroscopic
measurements on model powders which operate under
ideal plug-flow conditions and technical materials which
can be affected by mass transport, gas bypass, and other
physical parameters [99-101]. Furthermore, the chemical
gradients observed are effectively a direct visualization of
structure-activity relations in 3D space, which can be feasi-
bly observed only with a combination of operando XAS and
tomography. The same observations are demonstrably not
possible with conventional bulk XAS analysis.

5 Conclusions and Future Perspective

This review outlines the state of the art in the relatively
young and exciting field of synchrotron tomography for
heterogeneous catalysis research. The central aim is to raise
awareness of the current potential and future possibilities of
hard X-ray tomography for advanced catalyst characteriza-
tion. In this context, the review focuses strongly on specific
experimental results which demonstrate the applicability
of tomography to a broad audience. Three focal areas
were identified and presented, covering the majority of cur-
rently known tomography literature: 1) multiscale imaging,
2) chemical imaging, and 3) in situ or operando imaging.
While these topics are presented separately, there are in
principle no strictly defined borders between the topics. For
example, multiscale tomography (1) is often performed
with multiple contrast modes (2), while in situ or operando
measurements (3) can be found at different length scales (1)
or contrast modes (2). Furthermore, this review limits its
scope strictly to hard X-ray tomography performed at syn-
chrotron light sources, which hold excellent future potential
for studying heterogeneous catalytic systems. The use of
free electron lasers (FELs), laboratory X-ray sources (micro-
and nanoscale), soft X-ray microscopy, and correlative
microscopy with electrons and X-rays are not covered here
but are also active research areas. It should further be noted
that, to solve particularly challenging problems in catalysis,
a complementary approach based on multiple (imaging)
methods is often essential. It is rare that hard X-ray tomog-
raphy alone can provide all the answers, but on the other
hand, hard X-ray tomography offers a unique source of 3D
spatially resolved data which cannot be feasibly obtained by
contemporary methods.

Several questions continually arise when presenting or
discussing X-ray tomography in the catalysis community
and with chemical industry. Many can be indirectly an-
swered by remembering the golden rule of tomography
(Fig. 1c), which is the balance between: 1) spatial resolution,
2) measurement time, and 3) sample size. A good rule of
thumb is that a maximum of two parameters can be selected
and optimized, and the third must be compromised. In this
context, many tomography studies are planned with a
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specific goal in mind, such as maximum spatial resolution

on a finely structured sample, maximum time resolution on

a transient or sensitive sample, or maximum throughput

imaging of many samples to generate statistically represent-

ative datasets.

- Spatial resolution: This parameter is selected based on
experimental needs. For very large samples, e.g., mm- to
cm-scale, microtomography is often sufficient to gain an
overview on sample structure, integrity, or different com-
ponents in a composite catalyst sample. For fine structur-
al details, such as mesopore or macropore networks
(<100 nm scale), nanotomography is actively chosen. In
terms of maximum spatial resolution, the best-perform-
ing hard X-ray nanotomography methods such as PXCT
and HXCT have already almost exceeded the 10-nm limit
in a little over 10 years since their invention. With future
development of 4th generation synchrotron light sources,
hard X-ray tomography is envisioned at single digit nm
resolution [102]. Hard X-ray nanotomography is there-
fore expected in future to approach parity with electron
microscopy in terms of spatial resolution, while exceed-
ing the sample size limitations of electron microscopy by
several orders of magnitude.

- Time scale: Tomography is often imagined to have slow
acquisition speed (order of 1tomogram in several min-
utes for microtomography, or 1tomogram in several
hours for nanotomography) due to the requirement to
scan multiple rotational angles and positions to generate
a single dataset. Therefore, it is often assumed that to-
mography is unsuitable for some transient or rapid
chemical processes or the study of dynamic conditions.
However, achieving good time resolution during tomog-
raphy can be a deliberate choice during experiment de-
sign, often at the expense of spatial resolution or sample
size (see the golden rule in Fig. 1c). For example, catalyst
washcoating has been investigated in real time with a to-
mogram acquisition rate of 0.2 Hz [65], while beamlines
optimized for time-resolved tomography can routinely
operate at 20 Hz or faster [103]. This shows that tomog-
raphy data can feasibly be acquired also for rapid or tran-
sient processes on the sub-second timescale if this is
required for the experimental case.

- Sample throughput and representativeness: This concept
can refer to measuring large sections of a single sample,
e.g., a technical catalyst pellet or washcoated monolith, or
measuring multiple smaller samples within a given time.
In both cases, high throughput studies aim to facilitate
statistically meaningful data analysis on the sample. This
is important in heterogeneous catalysis due to high com-
plexity of typical sample systems, e.g., the thoroughly
studied FCC catalyst system. Microscopy and tomogra-
phy studies with both electrons and X-rays are often
questioned or criticized as being potentially unrepresent-
ative of the material under investigation, due to limita-
tions in sample size or number of samples which can be
studied on a reasonable time scale. However, in terms of
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raw data volume which can be generated, hard X-ray
tomography probably is among the higher throughput
imaging methods in operation today. This is largely
thanks to the high-quality and high-energy X-rays gener-
ated by modern synchrotron light sources. With the abil-
ity to measure large data volumes in relatively high
throughput, hard X-ray tomography is arguably more

representative in this context than any other known im-

aging technique, which is therefore ideal for the study of

heterogeneous catalysis.

With respect to X-ray tomography, the experimental
capabilities of modern synchrotron radiation sources are
rapidly improving, while newer 4th generation synchro-
trons are currently opening or are in development around
the world [102,104,105]. The potential improvements in
data quality, image resolution, and sample throughput for
X-ray tomography studies are truly unprecedented and will
be realized certainly within the next decade. In summary,
due to broad applicability, experimental flexibility, and the
unique data available, hard X-ray tomography certainly has
a bright future in catalysis research.
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I Abbreviations

CFD computational fluid dynamics
CT computed tomography

ET electron tomography

FCC fluid catalytic cracking

FIB-SEM focused ion beam scanning electron microscopy
FT Fischer-Tropsch

HXCT holographic X-ray computed tomography

IR infrared

PXCT ptychographic X-ray computed tomography

SCR selective catalytic reduction

XAS X-ray absorption spectroscopy

XAS-CT  X-ray absorption spectroscopy computed
tomography

p-XCT microscale X-ray computed tomography

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

XRD-CT  X-ray diffraction computed tomography

XRF X-ray fluorescence

XRF-CT  X-ray fluorescence computed tomography
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Review Article: Hard X-ray tomography offers a powerful and flexible toolkit for catalyst
characterization: from spatially resolved studies at micro- to nanoscale; chemical contrast
with X-ray absorption, fluorescence, diffraction, etc.; along with in situ/operando methods.
This review highlights the bright future of hard X-ray tomography in catalysis. ............. |
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