Angewandte

Zuschriften

Heterogeneous Catalysis

DOI: 10.1002/ange.201204930

Hard X-ray Nanotomography of Catalytic Solids at Work™**
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Advances in microscopy such as a spatial resolution in the
nanometer range combined with higher chemical and mor-
phological sensitivities have improved the imaging of func-
tional materials."? Optical and electron microscopy tech-
niques are commonly employed; however, they may not
always be applicable for nondestructive imaging if the sample
is either optically opaque or too thick to be penetrated by
electrons.”! On the other hand, X-rays offer superior imaging
resolution compared to, for example, visible-light methods
because of their short wavelength and their intrinsic pene-
tration power, which allows studying thick materials. Scan-
ning transmission X-ray microscopy (STXM) in the soft X-ray
energy region (200-2000 eV) has been used extensively for
biological imaging and has been recently also introduced in
the field of materials chemistry, including heterogeneous
catalysis.””! STXM combines a high spatial resolution of
about 15 nm with chemical speciation by X-ray absorption
spectroscopy using focused soft X-ray light as a probe. The
sample thickness for soft X-rays must ideally be in the (sub-
)micron range but the gap of imaging larger particles at higher
pressures and temperatures remains an important drawback.
Full-field transmission hard X-ray microscopy (TXM)
appears to be an excellent method to counter the current
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limitations in view of its potential to image the nanoscale
features of thick objects because of a high penetration
power.’! Thanks to the advances in X-ray optics, synchro-
tron-radiation-based transmission hard X-ray microscopes
have already achieved a resolution of 30-50 nm from an
energy range of 4000-14000 eV.”! The advantage of TXM is
the possibility of working at higher pressures and reaction
temperatures and of implementing 3D imaging of larger
catalyst particles (10-60 microns).l*!) In addition, collecting
a stack of images at different energies across the absorption
edge makes it possible to obtain X-ray absorption spectra,
even under insitu conditions. X-ray absorption near-edge
spectroscopy (XANES) provides unique information on the
oxidation state and local environment of the absorber
element in complex multi-component materials and thus
provides crucial information on the nanoscale structure of
heterogeneous catalysts. Here, we show that TXM combined
with a specially designed in situ reactor makes it possible to
investigate the dynamic changes in morphology, porosity, and
chemical composition of a 20 um catalyst particle at 10-30 bar
and up to 600°C in a reactant stream with a spatial resolution
of 30 nm.

The combination of chemical information with high
spatial resolution is even more valuable when the system
under study has a marked dynamic character in the catalyti-
cally active phases, as is the case for Fe-based catalysts for
Fischer—Tropsch-to-Olefins synthesis!’?! (denoted as FTO).
The active sites of FTO catalysts are situated on nanoparticles
and the addition of promoters can improve the catalytic
activity and affect the selectivity towards light olefins. Study-
ing these Fe nanoparticles in situ allows the elucidation of the
active phases and their influence on the catalyst performance.
Therefore, we aim to investigate this industrially important
catalytic system using insitu TXM to gain fundamental
insight in their active phase and to relate phase distribution
changes to a specific catalytic performance.

The TXM reactor has been designed to allow treatments
of catalytic solids at 10-30 bar and up to 600 °C under gas flow
(see Figure S1 in the Supporting Information). The catalyst is
loaded into a quartz capillary (100 um in diameter and 10 um
of wall thickness). This capillary is placed on an adaptor,
which is mounted on the sample stage with x, y, z, and 0
motions and allows a 3D tomography study. The capillary is
heated using a heater gun controlling the air flow to avoid
undesired vibrations in the capillary. Because of the small size
of the capillary, the position of the thermocouple, and the
design of our reactor system an isothermal sample heating can
be assumed.
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The material under study is the Ruhrchemie catalyst,
selected as an important model system,”! which has been
applied in the Fischer—Tropsch industry. This catalyst consists
of a bulk iron oxide promoted with titanium, zinc, and
potassium oxides and has the following relative chemical
composition on a weight percentage basis: 70 Fe,05/20TiO,/
6Zn0/4K,0. Tomographic images acquired above and below
the absorption edge of Fe and Zn facilitates the determination
of the elemental distribution at the nanoscale.'! In other
words, it is possible to locate the main elements and map the
positions of the Zn promoter versus Fe-active sites in the
catalyst particle. In addition, it is also possible to study the
active Fe phase chemically by following the Fe-K edge in situ
with 2D TXM XANES imaging during the different treat-
ments. The working surface in FTO synthesis consists of
a complex mixture of different iron carbides (&-Fe,C/€'-Fe,,C,
Fe,C;, x-FesC,, and 0-Fe;C), iron oxide (Fe;0,), and metallic
iron (a-Fe).'1% In our experiment, the catalyst material is
imaged under working conditions during the FTO reaction at
350°C and 10 bar in synthesis gas (H,/CO =1). During this
treatment we can study the reduction degree and its
distribution by monitoring the Fe K-edge because the
Fe species are expected to change in the catalyst material
with increasing time on stream as different Fe species are
gradually formed. The XANES spectra acquired as images of
energy stacks can be fitted by using a least-squares method to
obtain the relative abundance of the different Fe species
present in the catalyst
sample (see Figure S1 in
the Supporting Informa-
tion).l1%!

To study the distribu-
tion of all components and
the porosity of the catalyst,
3D nanotomographic
reconstruction of an indi-
vidual FTO catalyst parti-
cle was performed (see
Movie S1 in the Supporting
Information and Figure 1).
The Fe and Zn distribu-
tions are reconstructed as
a difference in tomo-
graphic data taken above
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Figure 1. a, b) Snapshots of the X-ray nanotomography video of an

individual fresh FTO catalyst particle, Fe in red for the species Fe,Os,
Fe;0,, and Fe,TiOs, Zn in green for ZnO, and Ti+ K in white/yellow/
orange for TiO, and K,O (white used for the highest concentration).

mography and the Fe and Zn components (the presence of
these elements within the particle was confirmed by fluores-
cence prior to tomography). We note that the Zn particles are
mainly associated with Ti in the catalyst particle rather than
with Fe (Figure 1a and b), which is not in line with the
assumed role of ZnO, being only a structural promoter.!”
This result could explain why the positive effect is only
noticed when a certain loading of the promoter relative to the
amount of TiO, present is used in the catalyst formulation.

Before performing in situ TXM experiments, we have
analyzed the fresh FTO catalyst particle at room temperature
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Figure 2. 2D chemical composite maps showing the spatial distribution of different iron species over

a 21x21 um? particle in He and after 7 h of reaction (10 bar, H,/CO=1 and 350°C) as a function of the time
on stream; green for Fe,TiOs, red for Fe,O;, and blue for Fe;O,. For the maps after 6 h and 7 h under reaction
conditions: green for Fe,TiOs, red for FeC,, and blue for Fe;O,. a) Fe K-edge bulk XANES spectra of the whole
particle, b—d) Fe K-edge spectra on a 28 x28 nm? single pixel of three different regions. Experimental data is
noted by (@) and (—) indicates fitted data, respectively. Phase map distributions of Fe,TiOs (7.1), FeC, (7.2),
and Fe;O, (7.3) over the catalyst particle after 7 h of time on stream.
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in a He atmosphere by recording images at the Fe K-edge.
Figure 2 shows the 2D chemical maps of the FTO catalyst
particle under study, obtained from a linear combination
least-squares fit of selected reference spectra to the X-ray
absorption near-edge spectrum acquired at every pixel. The
experimental Fe K-edge spectrum of the fresh sample was
fitted to contributions of Fe,0;, Fe,TiOs, and Fe;0, reference
spectra (see Figure S2 in the Supporting Information) at every
30 x30 nm?> pixel, according to the method described by
Meirer et al.'” The Fe,TiOs, pseudo-brookite, is formed by
reaction of Fe,O; and TiO, as a result of the high calcination
temperature of the preparation procedure of the catalyst."5!]

The presence of the mentioned Fe oxides was confirmed
by the XRD pattern obtained from the fresh catalyst material
(see Figure S3 in the Supporting Information). Additionally,
we have used principal component analysis (PCA) to identify
spectral features, originating from different chemical species,
to establish the number of species required to achieve an
excellent fit quality of the spectra.?*?? In this way, we
identified by PCA three major iron components; that is,
Fe,0;, Fe,TiOs, and Fe;0,. The XANES spectrum obtained
for the bulk particle (Figure 2 a) in its fresh state indicates that
the iron phase is mainly present in the trivalent oxidized
phase (Fe,O; and Fe,TiOs), showing the absorption peak at
7123 eV and the pre-edge feature at 7114 eV originating from
the 1s-to-3d transition. The quantitative analysis of the bulk
spectra indicates that a-Fe,O; contributes with 42% to the
spectrum, while Fe,TiO; contributes with almost 54 %, the
remaining fraction being Fe;O, (Figure 2a).

Figure 2b and c shows the single pixel XANES spectra
obtained from pixels selected within the regions where the
two main components are present in the fresh FTO catalyst
particle. The linear combination of both spectra results in
97 % Fe,0s, 3% Fe,TiOs, 4% Fe,0;, and 96 % Fe,TiOs, in
regions b and c, respectively. Note that the experimental
spectrum obtained on a single pixel allows a high-quality
fitting of the standards (average R-squared and R-factor
values of 0.26 and 0.0015, respectively).

The system was then pressurized with He and heated up to
relevant FTO conditions (350°C and 10 bar). After such
conditions were reached the He flow was switched to a syngas
stream with a H,/CO ratio of 1:1. The evolution of Fe species
at different times on stream is given in Figure 2 (see also
Movie S2 in the Supporting Information). The Fe K-edge
spectra of the pixel in region (d) of the particle under FTO
conditions is shown in Figure 2d, being the quantitative
analysis by a linear combination fit of 95% Fe;O, and 5%
Fe,TiOs. The presence of Fe and FeO in the linear combina-
tion fits did not improve the spectral fits in any of the images
suggesting that both species are not stable intermediate
phases during reduction and carburization of Fe,O;, in
agreement with literature.’® We note that during reduction
Fe,O; is first reduced to Fe;O, before the reduction of
Fe,TiOs, which is still present after 7 h of reaction. It is clear
that after 7h of time on stream (Figure 3) the catalyst is
almost fully transformed into the reduced iron species, that is,
Fe;0, and FeC.,. In the case of the iron carbides, we have used
the 6-Fe;C reference (considered to be the most stable
carbide phase) to estimate the total amount of iron carbides,
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Figure 3. Relative contribution of Fe species resulting from a linear
combination fit of the bulk XANES spectra of reference compounds as
a function of the time on stream corresponding with the images
shown in Figure 2.

because the different types of iron carbides have similar near-
edge structures.”*?) The quality of the fit is clearly improved
when the iron carbide standard is included in the case of the
last 2D chemical maps. As it can be seen in Figure 2 (7.2) the
iron carbide phase is dispersed in very small clusters where
the Fe,O; was originally present in the fresh catalyst particle.
Furthermore, the presence of iron carbide is confirmed after
5 h of time on stream, which does not implicate its absence
during the previous hours, but the amount and particle size of
the carbide is assumed to be too small to be detected
accurately.

To establish a relationship between the spatiotemporal
changes in the iron phases, as measured by TXM, and the
catalytic performance of the catalyst material we have
conducted catalytic testing experiments under similar con-
ditions as those employed for the TXM measurements. It is
important to stress that these conditions are demanding for
the catalyst material as high space velocities have been used.
The catalytic performance results are summarized in Fig-
ure4a and b as well as in Figure S4 of the Supporting
Information. It was found that after 7 h on stream the CO
conversion reached a value of 7.1x107°*molCOg 'Fes™,
while the selectivity towards C,—C, olefins ranges from 16 %,
7%, and 3% for propene, ethylene and butane, respectively.
Comparison between Figure 4a and b leads to the conclusion
that the maximum olefin production matches with the time
needed to reach the maximum CO conversion, which is after
2 h on stream. In other words, the most selective FTO catalyst
material is formed at the same time, which corresponds with
a catalyst material composed of a growing amount of Fe;O,,
next to Fe,O; and Fe,TiOs. This observation is illustrated in
Figure 2.

Interestingly, in this material we can find by using separate
in situ X-ray diffraction (XRD) measurements the formation
of an iron carbide phase (Figure S5 in the Supporting
Information). Recently, detailed physicochemical studies
have shown that the surface areas of Fe;O, and FeC, control
the conversion rates, irrespective of the residual iron oxides,
and those catalysts with high yields towards olefins have
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Figure 4. Catalytic activity data of the FTO catalyst material under
study at 10 bar, 350°C, and H,/CO=1. a) Carbon conversion as

a function of the time on stream and b) normalized product yield,
specifically the selectivity towards propene, ethylene, butene, carbon
dioxide, and methane.

better reduction and carburization properties. The low
carburization degree of our catalyst because of the overall
presence of Fe,TiOs, could explain the lower FTO activity. It
is very likely that FeC, is formed as soon as Fe;O, is in contact
with syngas, but in our experiments the FeC, crystallites could
be too small to be readily detected by TXM, although already
visible in the bulk XRD measurements. With increasing time
on stream the FeC, crystallites become bigger and/or increase
in their amount, which goes hand in hand with an increasing
selectivity towards methane as well as a decreasing CO
conversion. Boudart and co-workers?” already found a rela-
tionship between the iron particle size and its selectivity,
indicating that large iron particles were more active for
methane production showing lower selectivity for C,,. Our
TXM and catalytic performance data confirm these observa-
tions by Boudart and co-workers, which were based on CO
titration experiments of pretreated Fe-based FTO catalysts. It
is generally assumed that water (a product of the Fischer—
Tropsch reaction) has a strong inhibiting influence on the
reaction rate.’®! In the case of a higher concentration of
water on the surface of the catalyst and/or a slight decrease in
temperature (reported for 20-40°C)P” because of possible
temperature deviation induced by the gun heater, the further
reduction of magnetite to form FeC, would not be favored.
This could also explain the high amount of Fe;O, and the low
FTO activity observed.
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We have demonstrated that full-field hard X-ray trans-
mission microscopy provides unprecedented possibilities for
in situ 3D characterization of an individual catalyst particle
with nanometer spatial resolution and elemental sensitivity
under realistic reaction conditions; that is, high temperatures
and pressures. This innovative approach allows unravelling
the complex interplay of different chemical components and
their related spatial distribution, as shown here for a Ruhrch-
emie Fe-based FTO catalyst. This approach is not only
relevant for scientists working in the field of heterogeneous
catalysis, but also for those active in other fields, such as
environmental science, energy storage and geology.

Experimental Section

The Fe,05/TiO,/ZnO/K,O catalyst material was prepared by mixing
the corresponding oxides. The resulting brown material was pelletized
(about 5 kNm2), crushed, and sieved to collect the desired particle
size before it was loaded into the quartz capillary. TXM experiments
were performed on the Xradia nano-XCT full-field transmission X-
ray microscope (TXM) at beamline 6-2 (BL6-2c) of the Stanford
Synchrotron Radiation Facility, USA. The TXM, developed at the 54
pole wiggler beamline, is based on zone plate optics using absorption
contrast over a wide energy range from 5-14 keV and Zernike
contrast at 8keV. A Vortex detector is employed to collect the
fluorescence signal and subsequently to determine the elements that
are present in the sample prior to TXM imaging. The TXM makes use
of a Fresnel zone plate with 200 pm in diameter and 30 nm for the
outermost zone width to achieve a magnification factor of around 50
depending on the configuration of the incident X-ray energy. A 2048 x
2048 pixels Peltier-cooled charge-coupled device (CCD) is used to
collect the projection images with spatial resolution as good as about
30 nm over a field of view of about 32 x 32 um?® as confirmed using
a Siemens calibration standard. It is useful to note that the energy of
the incident X-rays is tuned over a considerably wide range to
perform elemental/chemical sensitive TXM imaging. As a result, the
zone plate position needs to be adjusted accordingly. The data
collected was analyzed using the TXM_Wizard BL6-2 package
software, which includes the TXM-XANESWizard. This program has
been used for the magnification correction, image alignment,
determination of edge energy, and for the least-squares linear
combination fitting. Details on the software can be found at: http://
sourceforge.net/projects/txm-wizard.
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