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Abstract: A state-of-the-art operando spectroscopic technique
is applied to Co/TiO2 catalysts, which account for nearly half of
the worldQs transportation fuels produced by Fischer–Tropsch
catalysis. This allows determination of, at a spatial resolution of
approximately 50 nm, the interdependence of formed hydro-
carbon species in the inorganic catalyst. Observed trends show
intra- and interparticular heterogeneities previously believed
not to occur in particles under 200 mm. These heterogeneities
are strongly dependent on changes in H2/CO ratio, but also on
changes thereby induced on the Co and Ti valence states. We
have captured the genesis of an active FTS particle over its
propagation to steady-state operation, in which microgradients
lead to the gradual saturation of the Co/TiO2 catalyst surface
with long chain hydrocarbons (i.e. , organic film formation).

Heterogeneous catalytic reactions such as the Fischer–
Tropsch synthesis (FTS) of long-chain hydrocarbons are
dynamic and complex, often comprised of inorganic (catalyst)
and organic parts (reactants and products). Conventional and
widely applied spectroscopic techniques often focus on either
the organic part (e.g., vibrational spectroscopy) or on the
inorganic part (e.g., X-ray spectroscopic techniques). The
combination of both inorganic and organic information shows
great promise to answer long-standing questions about
complex catalytic reactions. The FTS propagates through
a complex surface polymerization process of adsorbed C1

reaction intermediates derived from synthesis gas (a mixture
of CO and H2).[1–7] Cobalt-based FTS catalysts are an integral
part of this gas-to-liquid (GTL) process because of their high
wax selectivity and relatively high stability.[8, 9] The activation
and deactivation of these cobalt nanoparticles supported on

an inorganic oxide, such as Al2O3 or TiO2, is believed to occur
through a multitude of mechanisms, however consensus in
literature is often still lacking. While the literature is imbued
with proposed deactivation mechanisms,[5, 10,11] the equally
interesting catalyst activation period is often overlooked.[12,13]

During the day(s)-long activation or induction period (which
is highly dependent on reaction conditions and the catalyst),
FTS catalyst particles are believed to be gradually saturated
by a film of long-chain hydrocarbons, followed by pore filling
through which further reactants must diffuse.[12,14, 15] The
complexity of the FTS process is also captured in the
myriad of proposed deactivation mechanisms, which are
generally related to the conversion of the active phase,
considered as metallic cobalt, into an inert phase. For
example, cobalt reoxidation or carburization,[16, 17] the forma-
tion of support oxide–cobalt species occurring through strong
metal–support interactions (SMSI),[8,18, 19] the loss of active
cobalt surface area arising from crystalline growth (i.e., metal
sintering),[11,20–22] and finally fouling for example by hydro-
carbon deposition in the form of various carbon species
formed at the cobalt surface.[11,23–25]

The dynamic interplay of these different activation and
deactivation mechanisms necessitates studies under—or
approaching—true reaction conditions. Passivation, or for
example, changes in the sampleQs gaseous environment can
significantly alter the state of a FTS catalyst, and hence have
to date prevented a complete understanding of the catalyst
material under relevant conditions.[26–29] Operando character-
ization studies can greatly advance our knowledge of working
catalyst systems providing nanoscale chemical information on
both the organic (products and reaction intermediates) and
the inorganic (metal and support) constituents of the catalyst
material under operating conditions (i.e., high temperatures
and pressures and reactants).[30] The development of scanning
transmission X-ray microscopy (STXM), which is a combina-
tion of microscopy and X-ray absorption spectroscopy, under
operating conditions and with on-line activity data, presents
the imperative qualities necessary for understanding complex
catalytic systems.

In this work, we present an operando STXM study of
a Co/TiO2 FTS catalyst operated under various FTS con-
ditions (493 K, 1–4 bar and 1:1, and 2:1 H2/CO feed) over
extended periods of time (i.e., 3 days). The technique allows
mapping of single catalyst particles (i.e., several Co nano-
particles supported on grains of TiO2, schematic in Figure 1
and STEM-EDX in Figure S2) at a spatial resolution of
approximately 50 nm in the soft X-ray regime (200–2000 eV),
which offers the unique ability to detect both the full range of
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reactants and intermediates (through the C K-edge), and the
inorganic constituents of the catalyst (through both the Co
and Ti L2,3-edges) including their chemical state. Along with
on-line product analysis by mass spectrometry (MS), this
approach is highly suitable for an in-depth operando nano-
spectroscopy study. The main challenge that arises with the
use of STXM is the strong absorption of the relatively low-
energy synchrotron photons needed to study for example, the
C K-edge, limiting the thickness of samples that can be
analyzed. For this reason we used a micro-electromechanical
systems (MEMS) reactor, which allows measurement of
individual catalyst particles at both elevated temperatures
and pressures[26, 31] (Figure 1).

The Co/TiO2 FTS catalyst was characterized and tested by
XRD, H2-TPR, SEM-EDX, and N2-sorption, and details of
these characterization data can be found in the Supporting
information. Furthermore, the catalysts were extensively
tested in a classical fixed-bed reactor setup (high-throughput
setup by Avantium). Figure 2 shows the activity data for the
15 wt % Co/TiO2 catalyst samples tested at 1:1 H2/CO ratio.
Every hour, the reaction products were analyzed by on-line
gas chromatography (Varian 430 GC; Figure 2 a–d summa-
rizes the activity, selectivity, paraffin to olefin ratios, chain-
growth probability and Co time-yield (CTY, moles
COgCo

@1 s@1)) versus time. Industrial FTS catalysts often run
for weeks or months on end, yet in the first few days of
catalytic testing we can already see a drop in activity and

a change in selectivity
(Figure 2). Though technically
a loss in activity such as that
observed can be described as
deactivation; this initial loss in
activity can also be seen as
activation; “breaking-in” of the
catalyst particle,[14,15] or the
propagation of the catalyst
system to steady state operation
as evidenced by a decline of the
slope in activity in Figure 2a (up
to 90 hours), and Figure S20 for
275 h. The selectivity to meth-
ane (C1), C2–C4, and C5+ FTS
products stabilize in the steady-
state at 10%, 15% and 75 %,
respectively (Figure 2b). Deac-
tivation rather, is the irreversi-
ble formation of for example,
carbides, graphite, or for exam-
ple white coke,[1] which further
decreases the catalytic activity
from steady-state operation to
lower, or no activity.

As this activation period is
often overlooked or incorrectly
assumed to be deactivation, it
can provide clues to the overall
working state of the industrial
FTS catalyst. We thus set out to
investigate this up to 50–60 hour

period with operando STXM; over the onset of steady-state
catalysis during the first few days of FTS operation.

In the Supporting Information (see section “Supplemen-
tal results of particles X and Y”), a set of tests are presented
that determine the setupQs responsivity and to verify whether
the conditions we apply are those of a working catalyst by
performing operando STXM measurements with several

Figure 1. Overview of the operando MEMS reactor and related data acquisition method by STXM for
measuring a 15 wt % Co/TiO2 catalyst material. Top: schematic representation of the MEMS reactor used
in this work. Bottom-left: optical microscopy photograph of heating spiral with 0.1 mm overall thickness,
with SiNx windows of 15 nm thickness containing the single Co/TiO2 catalyst particles. Bottom: data
acquisition method, the focused soft X-ray beam is changed in energy by the monochromator to measure
an X-ray absorption spectrum for each pixel as a function of time-on-stream. The Co nanoparticles are
well distributed over the TiO2 support as can be seen from the Ti and Co maps.

Figure 2. Activity and selectivity for the 15 wt % Co/TiO2 catalyst tested
in a classical plug-flow reactor setup for 90 h of FTS under 1:1 ratio of
H2/CO.
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catalyst particles. Feedstock switches between 2:1 and 1:1 H2/
CO are shown to correspond to spectral features, and mass
spectrometry data. Furthermore, an indication of a correlation
between a slightly higher Co valence state and C buildup was
found.

After confirming that the FTS operando STXM system
worked, we further performed in situ measurements on a new
catalytic reactor in order to examine the gradual activation of
the FTS catalyst. Before catalysis, the state of Co in the
catalyst was characterized by STXM at room temperature
under He flow (fresh and reduced particles in Figure 3).
During catalysis, the C K-edge, Co L2,3-edges (Figures S13–16,
S22–24) and Ti L2,3-edges (Figure S26 and S27) were recorded
consecutively. The catalyst was reduced at 723 K for 16 h
under 1 bar of H2.

The catalyst particle hereby produced will be referred to
as Z, shown in Figure 1–4 and elaborated on in the Supporting
Information “Supplemental results of particle Z”. Temper-
atures and pressures were chosen to mimic those employed
for the classical fixed-bed study, although it must be noted
that the gas hourly space velocities will inherently be different
because of the small volume of the nanoreactor employed in
the STXM study.

Based on the measured Co L2,3-edge spectra of catalyst
particle Z in Figure 3 a, it can be concluded that the catalyst
particle is reduced with respect to the initial state. However, it
also contains some features which relate to slightly higher Co
valence states as can be seen in the reference spectra
(Figure 3a) but is not unusual based on previous work on
Co/TiO2 FTS catalysis.[27,29, 32–34] We believe uncertainties in

normalization of the soft-XAS (e.g., unknown contributions
of metallic and Co2+ and the required knowledge thereof to
properly normalize) are prone to misrepresentation of the
observed spectral features making a true quantitative analysis
of the oxidation states impossible. However, qualitative
features such as for example, the narrow L3-edge with
a tripeak edge feature allow us to discern the presence of
a high degree of metallic Co in catalyst particle Z, but with
a higher amount of Co2+ species than particles X and Y. The
reduction behavior of Co/TiO2 catalysts follow a two-step
process. The first step consists of the reduction of Co3O4 into
CoO, followed by the reduction from CoO to metallic Co.
This second step only starts when all the Co3O4 is converted.
Thus no Co3+ is present in the catalyst.

The cobalt and carbon XANES for particle Z are
displayed in Figure 3. These spectra were averaged over the
whole catalyst particles, and thus contain no spatial informa-
tion. However, from Figure 3, it already becomes clear that
the overall amount of C species (edge-jump) is increasing
which is an indication of the gradual saturation of the catalyst
particle pores with hydrocarbons (hydrocarbon film).[14, 15]

Table S1 lists important observed features and their
spectral assignment as used in this work. For example,
conjugated or unsaturated carbonaceous species (with a char-
acteristic X-ray absorption feature at 285 eV), increase with
increasing reaction time. It is important to note here that the
gradual build-up of hydrocarbon deposits correlates well to
the time period for what has been defined as the activation, or
“breaking-in” period, where the gradual saturation of the
different catalyst particles with hydrocarbon deposits occurs
(Figure 2, and Figure 3).[14] Furthermore, we observe an
overall increase of a multitude of hydrocarbon species with
C@C bonds (characteristic spectral features in the range of
291–293.5 eV). From the ratio between the C=C p* features
at 285 eV and the C@H s* features around 288 eV, we know
that with increasing time-on-stream these hydrocarbon
deposits vary greatly in degree of saturation (Figure 3). In
the following we discuss the effect of localized heterogeneities
in the degree of reduction/oxidation in Co/TiO2 FTS catalysts
by examining the C K-edge spectra in more detail. Figure 4
shows the sequence of the chemical maps generated from
PCA and subsequent clustering evaluated at the C K-edge
recorded for the particle under working conditions, adding
spatial information to the C K-edge spectra displayed in
Figure 3b. The first carbonaceous species, detected after
0.5 h, are O-containing ones, as evidenced by the distinct
feature at 290 eV. Precursors to olefinic species seemed to be
more in the shell of the catalyst particle (that is, the outer part
of the porous, 1 mm large Co/TiO2 particle) after 17 h time-on-
stream. Particles of this size are not expected to be limited by
(reactant) diffusion,[35, 36] however slight heterogeneities in the
distribution of Co nanoparticles on the TiO2 support are likely
to cause localized long-chain hydrocarbon deposit build-up.
The relatively low pressure of these experiments is in
agreement with this explanation, as higher pressure would
facilitate their solubility in the film. Furthermore, the C K-
edge peaks at 288 and 290 eV become increasingly pro-
nounced, indicating the presence of more aliphatic CHx

species. The presence of more unsaturated, either aromatic

Figure 3. a) In situ bulk C K-edge spectra of 15 wt% Co/TiO2 FTS
particle X followed with STXM as a function of increasing time-on-
stream in MEMS reactor 1. b) Same as (a) for catalyst particle Z in
MEMS reactor 2. Shown in blue is the method used to determine the
relative carbon content in non-normalized spectra (shown here are
normalized spectra). c) In situ bulk Co L2,3-edge spectra of catalyst
particle Z as a function of increasing time-on-stream. The relative
carbon content is based on the intensity of the edge-jump as indicated
above in (b). The colored bars indicate the different characteristic
regions, A: olefinic carbon or p-transitions, B: aliphatic carbon or s*-
transitions, C: O p* of oxygenated carbon, and D: general hydrocarbon
for the carbon K-edge. E: pre-edge region, F: tri-peak edge, and G: L2-
edge for the Co L-edges.
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or olefinic in nature, carbon-containing species are more
marked in the core of the Co/TiO2 catalyst particle, whereas in
the shell of the catalyst particle, saturated C@C s-transitions
arise. The presence of a second feature at 286.5 eV, which is
already visible at 17 h, becomes more pronounced after 26 h
time-on-stream, and indicates the presence of polynuclear
aromatic, or highly unsaturated hydrocarbon species.

After 26 h time-on-stream, the shell-like structure of the
hydrocarbon speciesQ distribution becomes even more visible.
As also previously noted by our group, operando Raman
spectroscopy can show that the nature of hydrocarbon
deposits clearly changes over the first days of FTS.[32] Addi-
tionally, a larger edge-jump towards the inner core of the
catalyst particle indicates the formation of more C-containing
species at this location as can be seen in the carbon intensity

maps in Figure 4. These maps
were based on the edge-jump
magnitude of each pixel, for
each chemical image sequence.
Interestingly, after 45 h of FTS,
an intermediate state of hydro-
carbon species is observed,
where all-aliphatic C@H species
are consumed in the production
of unsaturated and saturated C@
C carbonaceous species. Fur-
thermore, this “transition
phase”, where most carbona-
ceous species are unsaturated,
is shown to be primarily located
within the inner core of the
catalyst particle. Interestingly,
thus it appears that reduction
of the higher Co valence state
(suboxide species), based on Co
spectra in Figure 3c is corre-
lated to the hydrocarbon tran-
sition phase. That is, the particle
contains more Co0 (that is, met-
allic or carbidic Co, as no dis-
tinction can be made from Co
L2,3 spectra alone) between 40–
50 h, and subsequent saturation
of hydrocarbon species on the
particle may bolster findings in
that literature that suggest sub-
oxide species are promotors for
olefinic hydrocarbon synthesis
in FTS·[32] However, it is also
plausible that the gradual satu-
ration of the hydrocarbon
“film” on the catalyst surface
emerges from the inside out-
wards leaves more time for the
reinsertion and hydrogenation
of unsaturated hydrocarbons on
the outside of the particle.[14,15]

The relative amount of
hydrogen in the hydrocarbon

species after 45 h is low, as the corresponding aliphatic C@
H, and COOH features between 287–289 eV are absent. The
ratio of olefinic to aliphatic species is plotted in Figure S24.
Here, this transition phase can also clearly be seen to emerge
at around 45 h time-on-stream. It should be noted that in
STXM analysis, I0, which is used to determine the OD of the
sample, is obtained from the area without sample in the same
field of view. Contributions to absorption that are not caused
by the sample (e.g., from reactor windows, surrounding gases,
etc.) are therefore removed. Thus we expect no contribution
of for example, gaseous CO to the C spectra.

Furthermore, at 45 h of FTS it is clear that unsaturated
hydrocarbon species occur more towards the outside of the
Co/TiO2 catalyst particle, while the particle core contains
unsaturated as well as C@C single bonds.

Figure 4. Sequence of chemical maps of particle Z, based on C K-edge spectra obtained via PCA and
clustering, and corresponding C intensity maps (based on the intensity of the edge-jump in each pixel of
the map), of a single Co/TiO2 FTS particle evolving over 3 days as imaged by in situ STXM at a reaction
temperature of 493 K, atmospheric pressure and a H2/CO ratio of 1:1. A: olefinic carbon or p-transitions,
B: aliphatic carbon or s*-transitions, C: O p* of oxygenated carbon, and D: general hydrocarbon.
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Finally, at a reaction time of 45 h and beyond, there is an
indication of O-containing aromatic species, such as benzo-
quinone-type species,[37–40] in the shell of the catalyst particle,
which are commonly linked to an X-ray absorption edge-
shoulder feature at 284.2 eV, although the true origin of this
species cannot yet be provided. This trend is further noticed in
all subsequent spectral image sequences up to 65 h. Further-
more, at and after 45 h of reaction we observe two clear core–
shell-like features, which are consequently clustered in the
same or similar location on the catalyst particle (i.e., the two
dark circular areas on the clustered chemical maps). Fur-
thermore, the fact that this intensity is present both in
clustered data, and in the carbon K-edge-jump intensity maps
plotted in Figure 4, tells us that these species are not only
chemically different, but there is also more carbon present
where these species are located. Interestingly these spots are
also seen in the Co chemical images from the start of the FTS
reaction, and they correlate to a higher edge-jump, or more
cobalt (Figure S24). The fact that these spots merge after
51.5 h can indicate the redistribution of cobalt, which is linked
to the formation of carbon in Figure 4, consistent with
previous findings from our group.[27]

Additionally, in Figure 4 a small feature at 288.3 eV
emerges inwards, from the particle shell to the particle core,
which is continued at 47 h in Figure 4. Thus it seems that
hydrogenation of the unsaturated carbon-containing species
occurs from the outside inwards, that is, from the particle
surface to the particle core. One may argue that the two spots,
which continue to appear after 45 h of FTS onwards may be
due to a thickness effect or an attenuation length issue as
these features both appear near the core of the particle.
However, no pre-edge oversaturation was observed and
optical density was corrected for (see section “Data Analysis”
in the Supporting Information).

In summary, from this operando nanospectroscopic study
of chemically speciated carbonaceous deposits of a working
Co/TiO2 Fischer–Tropsch catalyst, we can conclude that
hydrocarbon deposits (differing in their chemical composi-
tion) form a film on the surface of the catalyst particle, with
inter- and intraparticle heterogeneities. These heterogeneities
can be correlated to slight changes in the local Co oxidation/
valence states. Furthermore, the gradual build-up and shift
from short-chain hydrocarbons to longer-chain hydrocarbons
is shown to occur. Furthermore, as evidenced by particles X
and Y (discussed in the Supplementary information), com-
pared to particle Z (discussed in the main text), the catalyst
particle with slightly higher Co valence state, hydrocarbon
build-up becomes significant. This suggests slight oxidation is
closely related to catalyst a, as previously suggested.[14, 15] In
fact, the presence of higher Co valence state can be correlated
to the degree of saturation in the observed carbon species.
Further investigation is necessary to determine whether this
relationship is causal or merely correlative. Our data further
suggest that much of the ongoing debate in literature with
respect to location and type of coke species can be sparked by
slight changes in the local oxidation state of cobalt, even
within one catalyst particle and sample.
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