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Active phase distribution changes within a catalyst
particle during Fischer-Tropsch synthesis as
revealed by multi-scale microscopy+

K. H. Cats,® J. C. Andrews,” O. Stéphan,© K. March,® C. Karunakaran,® F. Meirer,?
F. M. F. de Groot® and B. M. Weckhuysen*®

The Fischer-Tropsch synthesis (FTS) reaction is one of the most promising processes to convert alternative
energy sources, such as natural gas, coal or biomass, into liquid fuels and other high-value products. De-
spite its commercial implementation, we still lack fundamental insights into the various deactivation pro-
cesses taking place during FTS. In this work, a combination of three methods for studying single catalyst
particles at different length scales has been developed and applied to study the deactivation of Co/TiO; Fi-
scher-Tropsch synthesis (FTS) catalysts. By combining transmission X-ray microscopy (TXM), scanning
transmission X-ray microscopy (STXM) and scanning transmission electron microscopy-electron energy
loss spectroscopy (STEM-EELS) we visualized changes in the structure, aggregate size and distribution of
supported Co nanoparticles that occur during FTS. At the microscale, Co nanoparticle aggregates are
transported over several pm leading to a more homogeneous Co distribution, while at the nanoscale Co
forms a thin layer of ~1-2 nm around the TiO, support. The formation of the Co layer is the opposite case
to the “classical” strong metal-support interaction (SMSI) in which TiO, surrounds the Co, and is possibly
related to the surface oxidation of Co metal nanoparticles in combination with coke formation. In other
words, the observed migration and formation of a thin CoO, layer are similar to a previously discussed
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Introduction

The Fischer-Tropsch synthesis (FTS) process is a way to make
synthetic transportation fuels from fossil (i.e., natural gas and
coal) and renewable resources (i.e., biomass)."™* This cata-
Iytic process converts synthesis gas (i.e., syngas, a mixture of
carbon monoxide (CO) and hydrogen (H,)) into a range of
long-chain hydrocarbons, including waxes, from which S-free
diesel and other hydrocarbons can be produced. Industrially,
the FTS process is typically performed with either a Co- or a
Fe-based catalyst. Of these two elements, Co is more often
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reaction-induced spreading of metal oxides across a TiO, surface.

used for methane-based syngas conversion.'* Various Co-

based catalysts on different support oxides, including Al,O;,
Si0, and TiO,, have been made in the past.’>'® Despite being
very active and selective towards liquid hydrocarbons (Cs.),
the deactivation of Co-based FTS catalysts has consequences
for their industrial application.

The literature on deactivation of Co-based FTS catalysts
was recently reviewed by Tsakoumis and co-workers."” Several
different deactivation mechanisms are discussed.'® Some of
the mechanisms, such as poisoning by sulfur in the syngas
feed, can be prevented by carefully removing the poison from
the feed. Others are expected to play only a minor role during
typical FTS conditions. Examples are bulk oxidation, metal-
support solid state reactions and leaching of the active phase.
The most important deactivation mechanisms are metal
sintering and coke formation.

Sintering is the growth of Co nanoparticles in the catalyst
into larger (nano-) particles, resulting in a reduction of cata-
Iytically active surface area. The thermodynamic driving force
for sintering is the lower surface energy of larger particles.
There are two different mechanisms of sintering, namely Ost-
wald ripening and coalescence.'® In Ostwald ripening, large
crystals grow at the expense of the smaller crystals. The
smaller crystals evaporate more atoms that are transported to

This journal is © The Royal Society of Chemistry 2016
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larger crystals. This is explained by the Kelvin equation for
vapor pressure across the curved surface of the nanoparticle.
Coalescence involves the migration of intact nanoparticles
across the surface of the support. At a certain point, two
metal particles meet each other and they coalesce into a sin-
gle, larger nanoparticle.

Coke formation is the deposition of carbonaceous species
onto either the Co particles or the support. The formation of
long-chain hydrocarbons is the purpose of the FTS process;
however, the formation of hydrogen-poor graphitic or amor-
phous carbon species can permanently deactivate the cata-
lyst. The deactivation can be caused either by poisoning of
the catalyst or by physically blocking access to catalyst active
sites. Furthermore, it is possible that coke blocks the pores
of the support material, preventing diffusion of reactants and
reaction products. This will also cause a reduction in reaction
rate. Coke formation can lead to deactivation even in the ab-
sence of other deactivation mechanisms."’

Since Tsakoumis' review, many methods have been used
to study the deactivation of FTS catalysts. Recently, Thiine
et al. used electron microscopy on planar silica wafers to
study the effects of realistic operating conditions on the deac-
tivation of Co FTS catalysts.”® A recent development is high-
throughput and automated screening of different catalysts
for stability.”" Advances in synchrotron-based in situ charac-
terization of catalyst materials have resulted in detailed stud-
ies of the evolution of alumina-supported Co FTS catalysts
under reaction conditions.?” The behavior of Re-promoted
Co/(Zx/Si0,) FTS catalysts*® and Mn-promoted Co/TiO, cata-
lysts>?*® under reduction conditions has also been investi-
gated. Jacobs et al. have studied the reduction behavior of a
range of FTS -catalysts using temperature programmed
reduction-X-ray absorption near-edge structures spectroscopy
(TPR-XANES).>® A similar methodology has been used to
study the thermal activation of silica-supported Co FTS cata-
lysts.>” Rochet and co-workers used synchrotron radiation to
study an alumina-supported Co FTS catalyst under working
conditions, finding a slight further reduction of Co during
the first hours of FTS.*® More recently, Tsakoumis et al. ex-
plicitly tried to study the deactivation of a Re-promoted,
alumina-supported Co catalyst.>

Limitations of commonly used -characterization tech-
niques are at least partly responsible for the current lack of
understanding of catalyst deactivation. For example, trans-
mission electron microscopy (TEM) suffers from a lack of
contrast between Co and the support oxide. This makes
quantification of cobalt particle sizes difficult. Furthermore,
TEM usually only gives 2-dimensional information and it is
thought that the 3-dimensional distribution of Co over the
support particles can play a large role in the deactivation.
Furthermore, almost all synchrotron radiation studies so far
have used bulk techniques, as opposed to spatially resolved
techniques. An important drawback of bulk characterization
studies is that changes at the single particle level cannot be
observed. Finally, in situ synchrotron radiation studies are
limited because the time on stream that can be practically
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followed during a few days of synchrotron beam time is too
short to investigate the long-term deactivation of catalytic
solids.>*>°

Here we present a unique combination of three micro-
spectroscopy methods bridging four orders of magnitude in
length scales - ie., spanning the 50 pm-0.5 nm range, for
studying the physicochemical processes taking place within a
single catalyst particle. This multi-length scale chemical im-
aging approach, in principle applicable to a wide variety of
catalyst systems, has been used to investigate the deactiva-
tion of an industrially relevant Co/TiO, FTS catalyst. An over-
view of the combination of chemical imaging techniques
used is illustrated in Fig. 1. First, we used nano-tomographic
transmission X-ray microscopy (TXM)**?! to give 3D insight
in the structure, aggregate size and distribution of cobalt
nanoparticles within a 30 pm-sized catalyst particle in a non-
invasive manner. Second, we applied scanning transmission
X-ray microscopy (STXM)*>** to obtain chemical information
about the supported Co nanoparticles with 30 nm spatial res-
olution. For this purpose, thin slices were prepared using an
ultra-microtome to study the internal structure of the cata-
lyst. Finally, we acquired high-resolution elemental data from
scanning transmission X-ray microscopy-electron energy loss
spectroscopy (STEM-EELS), where we created 0.5 nm spatial
resolution maps with elemental sensitivity. We illustrate this
multiple-technique characterization approach for both fresh
and deactivated 15 wt% Co/TiO, catalysts. We will use this
new approach to show that there is seemingly another, differ-
ent mechanism operative that may play a role in the deactiva-
tion of Co/TiO, FTS catalysts, which is related to the previ-
ously reported reaction-induced spreading of metal oxides on
a TiO, surface.®

Experimental

Fresh catalyst samples were prepared by impregnating about
2 g of vacuum dried TiO, (P25) powder with a saturated
Co(NO3), solution (Sigma-Aldrich, >99%) until the pores of
the support were filled. The powder was then dried at 60 °C
and calcined at 350 °C. This process was repeated to reach a
final loading of 15 wt%.>> XRD analysis (Fig. S11) shows that
the catalyst consists of Co;0, crystallites of about 18 nm. The
catalytic activity of the catalyst was tested in a fixed-bed reac-
tor. About 20 mg of catalyst was diluted with about 80 mg of
SiC and loaded into a U-shaped reactor. The catalyst was first
reduced using 20 mL min~" of H, (Linde, >99.999%) for 2 h
at 350 °C (heating ramp of 5 °C min™"), completely reducing
the catalyst to metallic Co.*® The catalyst was then exposed to
4 mL min™" of H, and 2 mL min™" of CO (Linde, >99%) at at-
mospheric pressure and 250 °C. The product stream was ana-
lyzed every hour by on-line gas chromatography (Varian 430
GC, CP sil-5). The test was stopped after 200 h. The catalyst
was then put under argon atmosphere and cooled down. Fi-
nally, the catalyst was slowly exposed to air, by opening the
reactor and letting air diffuse into the reactor. This sample is
denoted as the spent catalyst. XRD analysis (Fig. S11) shows
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Fig. 1 Schematic overview of the multi-scale chemical imaging approach. Fresh and spent Co/TiO, FTS catalysts were imaged in 3D by transmis-
sion X-ray microscopy (TXM, voxel size: ~50 nm), scanning transmission X-ray microscopy (STXM, spatial resolution: 30 nm) and scanning trans-
mission electron microscopy-electron energy loss spectroscopy (STEM-EELS, spatial resolution: 0.5 nm). In TXM, TiO, is shown in red, Co is shown
in blue. In STXM, TiO; is shown in red, CosOy4 is shown in blue and Co?* is shown in green. In STEM-EELS, TiO, is shown in red, Co is shown in blue

and carbon is shown in green.

metallic Co nanoparticles of about 10 nm. This size estima-
tion does not take into account the passivation layer around
the Co nanoparticles upon exposure to air. The presence of
other, amorphous Co species cannot be ruled out using this
method.

Hard X-ray TXM was carried out at beamline 6-2c of the
Stanford Synchrotron Radiation Lightsource (SSRL).>* Mono-
chromatic X-rays were focused by a condenser lens onto the
sample, which was mounted in a capillary on an x, y, z, 0
stage. The transmitted image was formed by a Fresnel zone
plate onto a CCD camera. The recorded 2D images cover a
field of view of ~25 x 25 um at ~30 nm 2D spatial resolu-
tion.*" Tomographic data were obtained by rotating the sample
and recording the transmission image at different angles.*

4440 | Catal Sci. Technol.,, 2016, 6, 4438-4449

This was done below and above the Co K-edge (7709 eV).
Data pre-processing and tomographic reconstruction
were performed with the TXM-Wizard software package.’”
Data visualization was done using the FEI Avizo software. 3D

elemental maps were formed by subtracting the
reconstructed data below the edge from the data above the
edge.

In situ TXM experiments were conducted using a specially
designed reactor.'”*> The spent catalyst was crushed using a
mortar and pestle and loaded into a quartz capillary. The
capillary was glued to the in situ holder using high-
temperature epoxy. The sample was first characterized under
He atmosphere at room temperature. Next, the catalyst was
reduced using H, at 350 °C for about 2 h. TXM XANES

This journal is © The Royal Society of Chemistry 2016
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spectra were measured during the reduction treatment. Then,
the catalyst was cooled down to 250 °C, for about 20 min.
The gas flows were then switched to 2:1 H, and CO, at a
pressure of 10 bar. Continuous XANES scans were carried out
for about 9 h.

Soft X-ray STXM experiments were performed at beamline
10 ID-1 of the Canadian Light Source (CLS). 100 nm slices of
the catalyst samples were obtained by ultramicrotomy.*® The
slices were introduced into the STXM chamber, which was
then evacuated to about 0.1 mbar and backfilled to about
0.15 bar with He. The monochromatic X-ray beam was fo-
cused on the sample by a Fresnel zone plate to a spot size of
about 30 nm. Spectral image sequences (stacks) were
obtained by recording images at different photon energies
around the Ti L, ; edges (460 eV) and Co L, ; edges (780 eV).
Data analysis was performed with the aXis2000 software. Af-
ter aligning the image sequence, elemental maps were
constructed by comparing images below and above the X-ray
absorption edge. X-ray absorption spectra (XAS) were
extracted from the image sequences. Single pixel spectra were
fitted using reference spectra obtained from high-purity
Co;0,4, CoO and metallic Co.

High-resolution characterization of the samples was
performed using STEM-EELS in a NION USTEM 200 (probe
corrected) microscope. The samples were sonicated in etha-
nol and a small droplet was deposited on a copper TEM grid
with an amorphous carbon layer. The samples were intro-
duced into the microscope after evaporating the ethanol. An
operating voltage of 60 kV was used during the experiments.
EELS data were acquired in the Spectrum Imaging mode so
that a full spectrum was acquired at each position of a 2D
scan. To minimize beam damage, the sample area was only
measured once. Data analysis was performed using custom
plugins for the Gatan DigitalMicrograph software. Elemental
maps were created by selecting three windows in the EELS
spectra; two were placed before the edge of the element of
interest for background correction. The other one was placed
over the edge. The elemental map was then obtained as
the difference between the edge and the background.
Where necessary, the signal-to-noise ratio was improved by
principal component analysis using the Hyperspy software
(www.hyperspy.org).

X-ray photoelectron spectroscopy (XPS) measurements
were carried out on an Axis NOVA DID spectrometer from
Kratos Analytical Ltd. Spectra were acquired using monochro-
matic Al-K,, radiation (photon energy of 1486.6 eV). The X-ray
source was operated at 150 W (15 kV, 10 mA). The analysis
area was about 0.3 x 0.7 mm. The analyzer was used in FOV1
mode with a pass energy of 40 or 80 eV for the narrow scans
(spectra of only Co 2p, O 1s, Ti 2p and C 1s peaks) and 160 eV
for the survey scan (complete spectrum). A charge neutral-
izer was used to prevent the sample from charging. The
pressure in the analysis chamber was in the low 10~ mbar
range during measurement. Spectra were analyzed using the
CasaXPS software (version 2.3.17). Peak areas were deter-
mined after Shirley-type background subtraction. Relative
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concentrations were calculated using the determined peak
areas.

Results and discussion

Fig. 2 summarizes the catalytic activity of the Co/TiO, cata-
lyst, tested over an extended period of 200 h of FTS at 250 °C
with a 2:1 H, to CO ratio.>® The catalytic activity decreased
markedly within this testing period. The methane (C;) and
Cs. selectivities were mostly stable around 40% and 30%,
respectively.>®

The fresh Co/TiO, catalyst, as imaged by TXM tomogra-
phy, is shown in Fig. 3, as well as in Movie S1.j Here, the
TiO, support is visualized in red, while Co is in blue. In the
case of the fresh catalyst, we observe that the Co nano-
particles were not homogeneously distributed, but were clus-
tered in catalyst particle regions (blue spots indicated by ar-
rows in Fig. 3A and B and visible in Movie S17). Red spots
are also visible in Fig. 3A and B, which indicate areas with a
lower Co concentration.

The formation of nanoparticle aggregates has previously
been shown for Co/Al,O; and Co/SiO, FTS catalysts.>****! we
demonstrate here that aggregates of Co nanoparticles are also
formed using TiO, as support. The formation of aggregates
of nanoparticles is most probably related to the drying tem-
perature of the catalyst. It was recently shown for Co/SiO,
FTS catalysts that drying at 60 °C, as used in the preparation
of the catalyst under study, results in pronounced aggregate
formation.*® More recently, the formation of aggregates of
nanoparticles on a TiO, support has been shown to depend
on drying conditions (in static air vs. a flow of air) and prepa-
ration method (IWI vs. homogeneous deposition
precipitation).*>

We performed similar TXM tomography experiments on
the spent Co/TiO, catalyst (after FTS at atmospheric pres-
sure). These results are shown in Fig. 3C and D, as well as in
Movie S2.} Interestingly, the distribution of Co now appears
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Fig. 2 Catalytic activity and selectivity towards methane (C;) and
liquid hydrocarbons (Cs,) during the first 200 h of FTS reaction (250 °C,
1 bar, H,/CO = 2).
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Fig. 3 Snapshots from a TXM tomography movie of the fresh 15 wt%
Co/TiO, catalyst (A and B, arrows point to signs of aggregation of Co
nanoparticles) and the spent 15 wt% Co/TiO, catalyst (C and D).
Representative slices through the particle volume are shown on top of
the particle volume itself. TiO, is shown in red, Co is shown in blue. E)
Nanoparticle aggregate size (as equivalent diameter) distributions of
fresh and spent Co/TiO, FTS catalysts as measured by transmission
X-ray microscopy. Vertical dashed lines indicate the median of the
distribution.

to be more homogeneous, as the imaged slices are more
evenly colored purple. This demonstrates that the aggregates
of Co nanoparticles have dispersed during FTS. The distribu-
tion of Co appears to be almost homogeneous at the present
spatial resolution, which can only be explained by the exis-
tence of small Co nanoparticles, or even isolated Co atoms. It
is remarkable to see that the redistribution of Co nano-
particles during FTS at atmospheric pressure took place over
a length scale of multiple micrometers.

4442 | Catal Sci. Technol, 2016, 6, 4438-4449
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In order to obtain statistical insight into the changes in
the distribution of Co nanoparticle aggregates during FTS we
performed a detailed size analysis of the nanoparticle aggre-
gates from the TXM data of both the fresh and spent Co/TiO,
catalyst particles. First, separation of background and nano-
particle aggregates was performed by top-hat segmentation.
Next, overlapping aggregates were separated with a watershed
separation on a distance map, where each Co-containing
voxel was assigned a value based on the shortest distance to
the background. The total volume of each aggregate was de-
termined by counting the number of voxels of each aggregate
and multiplying it with the voxel volume. The volume was fi-
nally converted into the equivalent diameter (i.e. the diame-
ter of a sphere with the same volume). For the fresh catalyst
7144 aggregates were identified, while in the spent catalyst
14 238 nanoparticle aggregates were identified.

The resulting histogram of the distribution of aggregate
sizes (Fig. 3E) shows that the Co aggregates in the spent cata-
lyst have a more homogeneous size distribution than in the
fresh catalyst. The median aggregate size decreased during
FTS from 0.46 pm for the fresh catalyst to 0.40 um for the
spent catalyst. Furthermore, we see in the histograms that
there are two maxima, the separation between the peaks be-
ing more pronounced in the fresh catalyst. The peaks at
small aggregate sizes in both catalysts are most likely caused
by single Co nanoparticles and/or small aggregates of nano-
particles (less than ~200 nm). We are not able to accurately
determine the size distribution of these particles or aggre-
gates, because of limits in sensitivity (i.e., small, isolated par-
ticles are only weakly absorbing and might stay undetected)
and spatial resolution (i.e., we cannot determine sizes that
are close to the spatial resolution) inherent to the used tech-
nique. However, the presence of this peak does indicate that
there are many particles with sizes less than ~200 nm, which
is in line with the crystallite sizes determined by XRD that
were found to be about 18 nm for the fresh catalyst and 10 nm
for the spent catalyst. The main broad peak in the histo-
gram at larger aggregate size clearly suggests nanoparticle ag-
gregate formation with aggregate sizes that are much larger
than those of individual crystallite sizes. To account for this
bi-modal distribution in the histogram we used the median
to compare aggregate sizes of the two catalysts.

In the second step of our multi-scale catalyst particle in-
vestigation we performed STXM on the micro-tomed fresh
and spent Co/TiO, catalysts. The results of this STXM investi-
gation are summarized in Fig. 4. The thickness of the fresh
sample is nearly constant over the imaged area because of
the ultramicrotomy, as can be seen in Fig. 4A. However, the
fit results, summarized in Fig. 4B, show that the elemental
distribution of Co is not homogeneous, as seen at this higher
spatial resolution. The blue spots indicate areas of high Co
concentration. There are also red-colored regions where there
is little Co. The chemical phase of Co is Coz30,4, as expected
for a calcined Co/TiO, catalyst.”*>>

On the other hand, the results for the spent sample
(Fig. 4C and D) indicate that the Co distribution is much

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 STXM images of fresh 15 wt% Co/TiO, (A and B) and spent 15 wt%
Co/TiO, catalyst (C and D). Left: Transmission image below the X-ray
absorption edge. Right: Color-coded image of the stack after the
fitting procedure using Co reference compounds. TiO5 is shown in red,
Co30, is blue and Co?* is green.

more homogeneous, in agreement with the TXM results. Fi-
nally, the averaged spectrum shows that Co is in a Co**
phase, as either CoO or CoTiO;. It is not possible to distin-
guish these two phases based on soft X-ray absorption spec-
tra because the spectra are very similar (Fig. S27).

Next, we used STEM-EELS to study the catalyst materials
with the highest spatial resolution. An overview of STEM-
EELS images of the fresh Co/TiO, catalyst is shown in Fig. 5.
In the elemental maps it can be seen that the Co is present
in aggregates of nanoparticles (Fig. 5A). The aggregates have
sizes up to ~100 nm, but the individual nanoparticles are
much smaller. Similarly, in the high-magnification STEM-
EELS images (Fig. 5B) we note Co nanoparticles formed in
the crevices of the TiO, particles. There are also Ti-rich re-
gions without any Co visible in the left and right parts of the
color-coded elemental maps in Fig. 5A and B. This suggests
that the Co nanoparticles have grown into the pore network
around the TiO, particles, similar to what has been reported
for Co/Al,O; and Co/SiO, FTS catalysts.****

Similar STEM-EELS experiments were performed on the
spent Co/TiO, catalyst. An overview image (Fig. 5C) shows
that the Co nanoparticles are much better separated, and no
longer in between the TiO, particles. A layer of Co has
formed around the TiO, particles, even far away from any Co
nanoparticle. This is also visible in the Co elemental map
(right column of Fig. 5C). Finally, we recognize that carbon
deposits have formed around and in between the Co nano-
particles, and some of the TiO, particles. A thin layer of Co
around the TiO, particle is clearly visible in the high-
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Fig. 5 STEM-EELS results. Left images: Color-coded elemental maps
(red: titanium, blue: cobalt, green: carbon). Right images: Cobalt ele-
mental maps. A) Fresh catalyst. B) High-resolution image of the fresh
catalyst. C) Spent catalyst. D) High-resolution image of the spent cata-
lyst. E) Particle size distributions of fresh and spent Co/TiO, FTS cata-
lysts. Vertical dashed lines indicate the median of the distribution.
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magnification elemental map, and particularly in the Co map
on the right (Fig. 5D). The thickness of the layer was esti-
mated to be 1-2 nm. Remarkably, the formation of a Co layer
is the opposite of the “classical” strong metal-support inter-
action (SMSI) effect, where a layer of TiO, is formed around
the Co nanoparticles.* It is also notable that carbon (green)
is also present near the Co (blue).

The size distribution of the Co nanoparticles from the
STEM-EELS images is shown in Fig. 5E. The Co (oxide) nano-
particles have about the same size in both samples, but the
size distribution of the fresh catalyst has a longer tail on the
large particle side. The size of the particles (~18 nm) is in
broad agreement with the XRD results (Fig. S11). From the
STEM-EELS results, we can conclude that there is also a
nanoscale redistribution of Co (formation of a thin Co layer),
in addition to the microscale redistribution we observed with
TXM and STXM.

To get a more quantitative understanding of the redistri-
bution of Co at both the micro- and the nanoscale we
performed a statistical analysis of the data from the three
microscopy techniques, as described in Fig. S4-S12.f First,
correlation plots of the data were made by plotting each pixel
according to its intensities in the Co and Ti elemental maps,
on a scale of 0-255. The plots were manually segmented into
4 quadrants, numbered 1-4. An example of the clustering
into 4 quadrants is given in Fig. 6A. Quadrant 1 (blue) is low
in contributions from both Co and Ti, hence it represents the
background of the image. Quadrant 2 (green) is high Co but
low in Ti. Pixels in this quadrant have a relatively high Co
concentration. Quadrant 3 (red) represents pixels that belong
to a mixed Co/Ti phase. Finally, quadrant 4 (cyan) is almost
purely Ti. All clustered correlation plots and histograms of
the distributions of pixels over quadrants 2-4, as well as clus-
tered images are given in the ESL}

In the clustered images of the fresh catalysts from both
X-ray imaging techniques (Fig. S8A and S11Af), there are

100 CObalt 150 200 250
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regions that contain the mixed phase (quadrant 3, red) and
regions that contain only Ti (quadrant 4, cyan). This is a con-
firmation of the aggregation of the Co nanoparticles, as there
are pixels that contain no Co. Hence, there is a heteroge-
neous distribution of Co over the TiO,. In the images of the
spent catalyst (Fig. S8B and S11Bf), a large majority of the
pixels is clustered in quadrant 3, the mixed phase. There is a
strong correlation between pixels that contain Co and those
that contain Ti. In other words, the distribution of Co over
the TiO, support is more homogeneous. These observations
have been quantified in the comparison of the percentage of
pixels present in quadrant 3 (Fig. 6B). For both TXM and
STXM this is much higher in the spent catalyst (~95% of the
pixels) than in the fresh catalyst (~60%).

On the other hand, in the STEM-EELS data the percentage
of pixels in the mixed phase (quadrant 3) is lower in the
spent catalyst than in the fresh catalyst. This is because the
spatial resolution is higher than for the X-ray microscopy
techniques, so the individual Co nanoparticles become visi-
ble. In the fresh catalyst a good portion of pixels (~50%) are
high in both Co and Ti. These are Co nanoparticles that are
(partially) overlapping with TiO, particles because the Co par-
ticles are present in the pores of the support. In the spent
catalyst, the Co nanoparticles are better separated and more
discrete, hence the fraction of pixels in quadrant 3 is less
than in the fresh catalyst (~10%).

To get an idea about the rate at which Co redistribution
takes place, we have performed 2D in situ TXM experiments
on the spent catalyst (the complete data set is shown in Fig.
S13-S15%). The above-discussed statistical analysis was also
applied to these TXM data, as well as to the in situ TXM data
of the fresh catalyst that were published earlier.> The results
are summarized in Fig. S16.f Although we performed these
measurements in 2D, averaging the contribution of Co and
Ti for each pixel over the full depth of the particle, we still
find a difference between the fresh and the spent catalysts.

A . . . B 100-
= 90-:

80 I Fresh

o 07 [ Spent
o 2 = 60
e E g s0;
§ © 'q 404
100} 8 QN 30-.
£ l—(,D 204
Z O 10+

04 , . '

TXM STXM STEM-EELS

Fig. 6 A) Example of a correlation plot of the STEM-EELS data of the spent Co/TiO, catalyst, showing clustering into 4 quadrants. B) Comparison
of the number of pixels in quadrant 3 (mixed Co-TiO, phase, red pixels in A) for the three microscopy techniques.
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Importantly, the number of pixels in quadrant 3 stays more
or less constant during the in situ experiment. This is an indi-
cation that the redistribution of Co takes place on a longer
time scale than the ~10 h of in situ TXM beam time, which
is already a long acquisition time at a synchrotron beamtime.
Thus, we conclude that the microscale redistribution of Co is
a relatively slow process.

To study the dispersion of Co over the support on a bulk
(non-microscopic) level, we performed X-ray photoelectron
spectroscopy (XPS) on the fresh and the spent catalysts, after
exposure to air. The spectra are shown in Fig. 7. In the cobalt
spectra (Fig. 7A) we can see a shift to higher binding energies
in the peaks when we compare the fresh and the spent sam-
ples. The peak at low binding energy shifts from 778.5 eV for
the fresh catalyst to 781 eV for the spent catalyst. The peak at
higher binding energy shifts from 793.5 eV for the fresh cata-
lyst to 796 eV for the spent catalyst. Both peaks shift 2.5 eV.
This is caused by the change in oxidation state between the
fresh catalyst (Co;0,) and the spent catalyst (CoO or
COTi0;).*® The shoulder in the spectrum of the spent catalyst
is a charge transfer satellite peak. The XPS spectra for CoO
and CoTiOj; are equivalent, like the XAS spectra.*®

On the other hand, the titanium spectra (Fig. 7B) are simi-
lar for the fresh and the spent catalyst, with only a small
change in peak position. The peaks shift only ~0.5 eV. This
makes sense because a change in oxidation state is not
expected for TiO,. However, we do see that the intensity of
the TiO, peaks is much lower in the spectra of the spent cata-
lyst. This difference was quantified by integrating the peak
areas. In the fresh catalyst, a surface Co/Ti atomic ratio of
0.268 + 0.022 was found. In the spent catalyst the atomic ra-
tio was determined to be 0.78 + 0.03. The increase in the
atomic ratio at the surface of the catalyst samples during FTS
is explained by the spreading of Co over the TiO, surface and
indicates that the TiO, particles are to a large extent covered
with a thin Co layer. This provides a non-microscopic confir-
mation of the obtained STEM-EELS results. Finally, we note
that there is no peak belonging to Ti** (a shoulder at lower
binding energy®”*®), which would point to the traditional
SMSI effect, usually thought to be caused by partially reduced
Ti species.**"’

In the C 1s XPS spectra of the spent Co/TiO, catalyst (red
curve in Fig. 7C) there is a peak at 284 eV. This peak is com-
monly associated with amorphous and polyaromatic carbon
species.”® This is a confirmation of the layer of carbon that
was seen with STEM-EELS. This result also shows that the
carbon most probably consists of graphitic, and/or coke-like
species. After a calcination treatment at 300 °C in stagnant
air for 4 h, the blue XPS spectrum in Fig. 7C is obtained,
showing a peak at about 283 eV. This peak can be associated
with carbidic carbon at the surface of the cobalt nano-
particles.”™*> The formation of this surface Co,C has been
observed earlier in Co foils after exposure to CO and H,,””
spent Co/AL,O; catalysts® and catalysts supported on acti-
vated carbon.® In the latter report, bulk Co,C was also found
in the spent catalysts using XRD. However, we cannot exclude

This journal is © The Royal Society of Chemistry 2016
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284 eV

that the carbide is formed during the calcination treatment,
although this is not very likely.

The findings as reported so far are illustrated in Fig. 8.
Fig. 8A shows the microscale redistribution of Co over the
TiO, particles. The formation of a layer of Co is also shown
(Fig. 8B and C). We can now propose a hypothesis for the
nanoscale redistribution. The spectral resolution of the EELS
spectra was not sufficient to determine the valence state of

Catal Sci. Technol., 2016, 6, 4438-4449 | 4445
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Fig. 8 A) Top view schematic representation of the microscale redistribution of Co. Cobalt in the fresh catalyst (on the left) is present in
aggregates of nanoparticles. After reaction (shown on the right), Co nanoparticles are distributed more homogeneously over the support particles.
In addition, a layer of cobalt has formed around the TiO, particles. B) Side view schematic representation of the formation of a thin Co layer linked
to Co surface oxidation during the FTS reaction. C) Side view schematic representation of the formation of a thin Co layer linked to cobalt carbide

and/or coke formation during the FTS reaction.

the Co. However, the XPS data indicate that the Co layer is
oxidic, but this is most likely caused by the passivation layer
upon exposure to air. Several studies did not find evidence
for Co oxidation under FTS conditions, making bulk Co oxi-
dation rather unlikely.>**>>*>> However, in these studies any
possible oxidation effects at the surface of otherwise metallic
Co nanoparticles were not investigated. On the other hand, it
was recently thermodynamically calculated that oxidation of
the surface of Co is possible, and even likely under typical
FTS.>® According to these calculations, a significant fraction
of Co surface atoms can be partially oxidized under reaction
conditions. Surface oxidation of Co FTS catalysts has also
been suggested as a deactivation mechanism.’”*® More re-
cently, surface oxidation has been directly observed experi-
mentally.”® Of importance is to mention here the recent work
of Kliewer and co-workers, in which a re-oxidation model has
been proposed on the basis of environmental TEM data for a
Pt-supported TiO, catalyst, leading to sintering due to the
wetting of the formed oxide.®® Assuming that the partially ox-
idized CoO, species is indeed mobile,*" Co atoms can diffuse
from the Co nanoparticle onto TiO,, exposing fresh, reduced
Co atoms at the surface of the nanoparticle. The result is a
net flux of Co atoms from the surface of the Co

4446 | Catal Sci. Technol, 2016, 6, 4438-4449

nanoparticles to the TiO, particles, where a thin Co layer is
formed. The consequence of this process is a loss of Co me-
tallic surface area, hence a lower catalytic activity. Further-
more, it is well known that Co nanoparticles smaller than 6-
8 nm are less active in FTS than larger Co nanoparticles,*
and therefore it is likely that the ~1-2 nm Co layer is also
less active. This possible deactivation mechanism is illus-
trated in Fig. 8B. The formation of a surface layer of oxidic
material was previously described as “reaction-induced
spreading”.** It was shown that different oxidic materials can
spread over TiO, surfaces under the influence of reaction
products. Simple alcohols, such as methanol or ethanol, pro-
mote the effect. Also water, the main by-product of FTS may
induce the spreading of an oxidic material on a TiO, surface.
The driving force for reaction-induced spreading is a de-
crease in overall surface free energy or a concentration gradi-
ent of the metal oxide, similar to the driving force of thermal
spreading.®® However, we can exclude thermal spreading of
CoO because the Tammann temperature (the temperature
above which thermal processes take place, generally taken
as half the melting point in K (ref. 34)) of CoO is 779 °C,*
i.e. much higher than the 250 °C where our catalytic tests
were performed.

This journal is © The Royal Society of Chemistry 2016
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Another, and most probably one of the most intriguing
observations of this characterization study is the formation
of a layer of Co embedded in carbon deposits, most likely
coke and/or residual waxes. The XPS experiments suggest
that coke is the most likely form of carbon in the spent cata-
lyst. The carbon deposits could also point to coke formation
as a possible deactivation mechanism. The presence of car-
bon in the Co layer makes bulk Co oxidation even less likely
because carbon species in general cause a reducing environ-
ment. We can speculate about two possible explanations for
the correlation of C and Co. The first is that coke is formed
on the Co nanoparticles and then grows along the TiO, parti-
cles, while transporting some Co along with it. The coke
forms a layer of carbon with atoms of Co embedded in the
coke. The nucleation of carbon deposits combined with
growth along catalyst support particles was recently reported
for Co/AlL,O; FTS catalysts.®® Second, it is possible that not
the surface oxide, but surface carbide is the mobile species.
The likely formation of surface carbide species in relation
with coke formation has been investigated experimentally®®
as well as theoretically.®® The XPS experiments on the spent
Co/TiO, catalyst after calcination suggest that surface carbide
can be formed during FTS. The formation of a mobile cobalt
carbide phase is illustrated in Fig. 8C. Recently, it was shown
that Co/Al,O; catalysts undergo more rapid sintering when
exposed to both H,O and CO.°® This was explained by Ost-
wald ripening with cobalt sub-carbonyls moving across a hy-
drated alumina surface. However, much lower H,O and CO
partial pressures were used during our FTS experiments as
they are performed at atmospheric pressures. As a result, it is
not possible (yet) to extrapolate our current findings to those
encountered under more realistic FTS conditions (i.e., high
partial pressures of H,O and CO). Finally, it is also possible
that the Co layer forms first, and the layer is a very good cata-
lyst for coke formation, which grows around the Co layer. Of
course, a combination of these mechanisms is also
conceivable.

Conclusions

Making use of a powerful multi-scale microscopy approach
we have found significant differences in the Co nanoparticle
distribution over a TiO, support before and after FTS reaction
as conducted at atmospheric pressures. Based on our obser-
vations, we conclude the following:

e In the fresh Co/TiO, catalyst, Co is present in aggregates
of nanoparticles that are much larger than the nanoparticles
themselves. On the other hand, in the spent Co/TiO, catalyst,
Co is distributed more homogeneously, meaning that the
nanoparticles are better separated and no longer form aggre-
gates. Hence, there is a redistribution of Co nanoparticles oc-
curring over multiple micrometers during FTS.

e There is also nanoscale redistribution of cobalt forming
a ~1-2 nm Co layer around the TiO, particles. This thin layer
is probably formed by atomic transport of Co and interest-
ingly C is also present in this layer. The formation of the thin

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

layer of Co is the opposite of the “classical” SMSI effect,
where a layer of TiO, forms around the Co nanoparticles.

e A plausible hypothesis for the formation of this Co layer
is related to the surface oxidation or surface carbide forma-
tion of Co, resulting in a partial monolayer of CoO, or Co,C,
respectively. This mobile species then gradually spreads over
the surface of the TiO, support during the FTS process. Fu-
ture experiments under more realistic FTS conditions (ie.,
high CO conversion, hence high partial pressures of steam)
have to validate the generality of these intriguing findings oc-
curring at different length scales.
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