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The study of titania-supported cobalt nanoparticles is relevant for industrial Fischer-Tropsch synthesis
(FTS). Herein, we report about various deactivation pathways of cobalt supported on P25 titania (cobalt
loading 2-8 wt%) under simulated high conversion conditions using in situ Mdssbauer spectroscopy. A
fraction of metallic cobalt was oxidized under humid FTS conditions. The absolute amount of oxidized
cobalt was ~ 1.2 wt% independent of the cobalt loading, indicating that specific cobalt-titanol interac-
tions are involved in the oxidation process. The formation of cobalt-titanate-like compounds was only
observed under very high water-to-hydrogen ratios in the absence of carbon monoxide. Steam consider-
ably enhances cobalt sintering under FTS conditions. As such, deactivation under humid FTS conditions is
not only caused by cobalt oxidation but also by enhancing sintering of the active phase.

© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Fischer-Tropsch synthesis (FTS) is a surface-catalyzed polymer-
ization reaction that converts a feed of synthesis gas (CO + Hj) to
fuels and chemicals [1]. Cobalt catalysts are preferred in industry
when the synthesis gas is derived from natural gas and long-
chain paraffins are targeted [2]. Structure sensitivity of the FTS
reaction catalyzed by cobalt dictates that the optimum size of
cobalt nanoparticles is around 6-8 nm [3,4]. As such, it is impor-
tant to understand the stability of cobalt nanoparticles for success-
ful industrial applications [5].

One can distinguish short- and long-term deactivation of the
catalyst in cobalt-based FTS [6]. Short-term deactivation is well
studied [5,7,8] and can be reversed by mild hydrogen treatment
[9]. Long-term deactivation, on the other hand, is less reversible,
making it significant in industrial practice. Long-term deactivation
is not well understood, and several factors can contribute to the
loss of catalytic activity over time. The most common ones consid-
ered are oxidation of the active metal phase [10-13], strong-metal
support interactions (SMSI) [14-16], carbon deposition [17-19]
and cobalt sintering [20-22].
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Investigations on supported cobalt catalysts are typically done
using irreducible oxide supports such as SiO, [16,23,24] and
Al,03 [2,25,26]. Reducible oxides such as TiO,, are also of practical
interest [27-30]. The support reducibility can result in the forma-
tion of cobalt-support compounds [31,32]. The formation of such
compounds can lead to significant irreversible deactivation.

Water is a main product of the FTS reaction, because the main
pathway for O removal from the surface upon CO dissociation is
through the production of water. High partial pressures of steam
(humidity) can result in deactivation through oxidation as well
as enhanced sintering. Thermodynamics dictate that spherical
cobalt nanoparticles smaller than about 4 nm oxidize relevant
H,0/H, ratios during FTS conditions [11]. However, bulk oxidation
of supported cobalt catalysts under such (simulated) industrial FTS
conditions is often not observed in experiments, which can be due
to the fact that typical catalysts contain larger particles or due to
kinetic limitations of water dissociation [5,10,13,33,34]. The effect
of steam on sintering under FTS conditions has been investigated
[21,34,35]. The combination of high partial pressure of steam and
carbon monoxide accelerates agglomeration of the active metal
phase. The exact mechanisms at play are still a matter of discus-
sion. Kliewer et al. proposed that surface wetting by cobalt
oxide/hydroxide species forms a bridge between metallic particles
that promotes coalescence [29]. With the size of such bridges lim-

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2023.02.019&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jcat.2023.02.019
http://creativecommons.org/licenses/by/4.0/
mailto:e.j.m.hensen@tue.nl
https://doi.org/10.1016/j.jcat.2023.02.019
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat

L.M. van Koppen, A. Iulian Dugulan, G. Leendert Bezemer et al.

ited by the metallic particle size, indicating that initial dispersion is
key to resisting water induced sintering. Moodley et al. suggested
Ostwald ripening by sub-carbonyl species as the dominant mecha-
nism, which is enhanced by the presence of water [7].

In this work, we investigate the deactivation pathways of
titania-supported cobalt catalysts under humid FTS and model oxi-
dation conditions. The chemical state of cobalt is investigated
under conditions close to those encountered in industrial practice
using in situ Mossbauer emission spectroscopy (MES) [36]. Here,
we expand on previous °’Co MES studies that showed the effect
of steam on the sintering of cobalt catalysts supported on carbon
nanofibers [34,35] by studying cobalt supported on a titania sup-
port. The MES measurements are supplemented by ICP, XRD,
TEM and STEM-EDX, while the catalytic performance was deter-
mined during the MES measurements as well as separately in a
microflow reactor.

2. Experimental methods
2.1. Catalyst preparation

Supported cobalt catalysts were prepared by incipient wetness
impregnation of P25 titania (Evonik Degussa, pore volume 0.3 mL/
g, BET surface area 50 m?/g, Anatase/Rutile 85:15) followed by dry-
ing in air at 120 °C for 6 h. The impregnation solutions were
obtained by dissolving the appropriate amount of Co(NOs3),-6H,0
(>98.0 %, Sigma Aldrich) in dehydrated ethanol. Four catalysts
were prepared with a cobalt loading between 2 and 8 wt%. The
resulting samples are denoted by Co(x)/TiO,, where x represents
the intended weight loading. Two more catalysts were later pre-
pared for additional studies following the same approach. Follow-
ing impregnation and drying, the samples were calcined at 350 °C
for 2 h in stagnant air (rate 5 °C/min). Part of these prepared cata-
lysts was spiked with radioactive 3’Co by pore volume impregna-
tion using a solution containing 90 MBq °’Co in 0.1 M HNOs.
These radioactive samples were dried at 120 °C for 12 h and subse-
quently used for Mossbauer spectroscopy.

2.2. Characterization

2.2.1. Inductively coupled plasma-optical emission spectrometry

Inductively coupled plasma-optical emission spectrometry
(ICP-OES) spectrometer (Spectroblue, AMETEK Inc.) was used for
elemental analysis. For analyzing the cobalt content of the cata-
lysts, approximately 25 mg of the sample was dissolved in a mix-
ture of 2 mL of concentrated HNOs (65 %) and 5 mL of concentrated
H,S04 (95-98 %). The mixture was heated by a heating plate set to
250 °C until fully dissolved. After cooling to room temperature,
demineralized water was added through a reflux and homoge-
nized. The solutions were subsequently diluted for ICP-OES mea-
surements with demineralized water using volumetric flasks.
ICP-OES analysis was conducted in duplo. A calibration line was
prepared using a standard Co solution with concentrations
between 0 and 6 mg/L. The cobalt concentration was determined
using the 228.616 and 238.892 nm wavelengths and the average
was reported.

2.2.2. X-ray diffraction

X-ray diffraction (XRD) patterns were recorded on a Bruker D2
Phaser using a Cu Ko radiation source and a 2 mm slit. Data was
collected using a time per step of 0.15 min and a step size of 0.1°
in the 20 range of 10-60°. Background subtractions were applied,
and reference spectra were obtained using the Diffrac.Eva software
by Bruker.
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2.2.3. Electron microscopy

Surface averaged particle sizes and particle size distributions
were determined using transmission electron microscopy (TEM).
TEM measurements were performed on a FEI Tecnai 20 electron
microscope operated at an electron acceleration voltage of
200 kV with a LaB6 filament. Typically, a small amount of the sam-
ple was ground and suspended in pure ethanol, sonicated, and dis-
persed over a Cu grid with a holey carbon film.

The nanoscale distribution of elements in the samples was stud-
ied using scanning transmission electron microscopy — energy-dis
persive X-ray spectroscopy (STEM-EDX). Measurements were car-
ried out on a FEI cubed Cs-corrected Titan operating at 300 kV.
Samples were crushed, sonicated in ethanol, and dispersed on a
holey Cu support grid. Elemental analysis was done with an Oxford
Instruments EDX detector X-MaxN 100TLE.

2.2.4. In situ Mossbauer emission spectroscopy

Mossbauer emission spectroscopy (MES) was carried out at
various temperatures using a constant acceleration spectrometer
set up in a triangular mode with a moving single-line K Fe(CN)g-
-3H,0 absorber enriched in °’Fe. The velocity scale was calibrated
with a >’Co:Rh source and a sodium nitroprusside absorber. Zero
velocity corresponds to the peak position of the K4Fe(CN)g-3H,0
absorber measured with the °’Co:Rh source, positive velocities
correspond to the absorber moving towards the source. To be able
to measure under in situ Fischer-Tropsch conditions, a high pres-
sure MES cell is used [36], which is described in detail in litera-
ture [35].

Mossbauer spectra were fitted using the MossWinn 4.0 program
[37]. The spectra of very small superparamagnetic species were fit-
ted using the two-state magnetic relaxation model of Blume and
Tjon, which assumes the presence of a fluctuating magnetic field
which jumps between the values of + H and -H along the z-axis
with an average frequency t [38]. Here, H typically equals 500
kOe and t can vary between 10° and 107" s~!. The Mé&ssbauer
spectra of larger particles were fitted using a hyperfine sextuplet,
resulting from the local magnetic field experienced by bulk metal-
lic particles. The experimental uncertainties in the calculated
Mossbauer parameters, estimated using Monte Carlo iterations
by the MossWinn 4.0 program and including experimental uncer-
tainties were as follows: IS and QS + 0.01 mm s~ for the isomer
shift and quadrupole splitting, respectively; + 3 % for the spectral
contribution; + 3 kOe for the hyperfine field.

Typically, 300 mg of radioactivity-spiked and 100 mg of non-
radioactive catalyst (sieve fraction 250-500 pm) was loaded into
two separate compartments of the reactor cell. FTS experiments
were performed in situ following reduction at 340 °C for 2 h in
100 mL/min flow of pure H,. Reactions were done at 200 °C and
20 bar, while the H,/CO was kept at 4 throughout and steam was
fed to vary the relative humidity. Water was evaporated and mixed
with the incoming feed gas using a Bronkhorst controlled evapora-
tor mixer (CEM). The reported relative humidity are determined
solely by the fed steam, excluding the steam produced by the
Fischer-Tropsch reaction. Wax products were collected in a down-
stream hot catch pot, and water was retrieved in a subsequent cold
catch pot. An online Trace GC Ultra from Thermo Fisher Scientific
equipped with a RT-Silica bond column and a flame ionization
detector as well as a Stabilwax column and a thermal conductivity
detector was used to analyse the gaseous products. Model oxida-
tion experiments were performed in situ following a reduction
treatment at 340 °C for 2 h in 100 mL/min of pure Hs. Such reac-
tions were done at a temperature of 220 °C and a pressure of
20 bar with a constant relative humidity (RH) of 25 % and a varying
H, partial pressure.
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2.3. Catalytic activity measurements

The catalytic performance was determined in a single-pass flow
reactor system (Microactivity Reference unit, PID Eng&Tech) oper-
ated at a temperature of 220 °C or 240 °C, a total pressure of 20 bar
and a H/CO ratio of 4. In a typical experiment, 50 mg of catalyst
(sieve fraction 125-250 pm) mixed with SiC particles of the same
sieve fraction to a total volume of 3 mL was placed in a tubular
reactor with an internal diameter of 9 mm. The temperature was
controlled via a thermocouple, located in the centre of the catalytic
bed. Reduction was first performed in a flow of H, at 350 °C for 2 h
after heating at a rate of 5 °C/min. Subsequently, the reactor was
cooled to 220 °C and the gas feed composition was changed to
reaction conditions. A constant space velocity (SV) of 60 L gca
Th~1, was applied for all catalysts, which resulted in a CO conver-
sion between 1 and 5 %. A TRACE1300 GC instrument from Thermo
Fisher Scientific equipped with a RT-Silica bond column and a
flame ionization detector as well as a Porabond-Q column and a
thermal conductivity detector was used to measure the gas compo-
sition of the reactor effluent. The Weisz — Prater criterion was cal-
culated to confirm operations did not run under internal mass
transfer limitations. At the applied reaction conditions, no CO,
was observed and the selectivity toward oxygenates on a molar
carbon basis was less than 1 %. Liquid products and waxes were
collected in a cold trap placed after the reactor. Ar was used an
internal standard in the CO/H, feed mixture. The CO conversion
(Xco) was determined in the following manner:

FAr.inFCO out
Xco = 1 — Avin- COoout 1
© FCO,inFAr,out ( )

where Fa; i is the volumetric Ar flow in the reactor feed, Fco iy is the
volumetric CO flow in the reactor feed, Fa; oy and Fcooue are the
respective volumetric flows of Ar and CO out of the reactor system.

The carbon-based selectivity of hydrocarbon compound C; (S¢;)
was calculated using:

FAr.inFCi U

Soi=—F—v—
FAr,outFCO,inXCO

(2)
where F; is the volumetric flow of hydrocarbon compound C; out of
the reactor, and v; is the stochiometric factor of the hydrocarbon
compound.

The cobalt time-yield (CTY) was determined using the following
equation:

CTY = FCO.inXCO (3)
Mco

where mc, is the weight of cobalt used in the catalytic reaction
determined through ICP analysis.

3. Results and discussion
3.1. Fresh catalyst characterization

A set of four Co/TiO, catalysts was prepared by incipient wet-
ness impregnation with intended cobalt loadings of 2, 4, 6 and

Table 1
Cobalt loading and average metal particle of Co/TiO, catalysts.

Catalyst Co loading (wt%)* Particle size (nm)”
Co(2)/TiO, 3.0 133 +64
Co(4)/TiO, 5.0 134+ 6.6
Co(6)/TiO, 5.6 12.0+ 4.8
Co(8)/TiO, 7.4 11.0 + 4.6

¢ Determined by ICP analysis.
b Determined by TEM analysis of reduced and passivated samples.
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8 wt%. The actual cobalt loadings determined by ICP analysis are
given in Table 1, which point to some deviations from the targeted
values.

Fig. 1 shows representative TEM images of the catalysts after
reduction at 340 °C for 2 h in pure H;, and subsequent passivation
at room temperature in a flow of 5 % O, in He. The average size and
size distribution of the cobalt nanoparticles was determined by
analysing approximately 150 particles in ca. 8 images per sample.
The TEM images show that cobalt is well dispersed over the surface
in all catalysts without any large agglomerated forms of cobalt. The
average particle sizes given in Table 1 show that the size of the
reduced cobalt particles does not depend on the cobalt loading
within the accuracy limits. This agrees with findings reported by
Van Deelen et al. [39] that reduction of size-controlled cobalt par-
ticles, which were obtained through colloidal methods and loaded
on P25 titania by impregnation, leads to nearly similar sizes of the
final metallic cobalt particles.

The X-ray diffractograms of the calcined precursors are given in
Fig. 2. The samples show only diffraction lines due to anatase and
rutile TiO,, which is expected for P25 TiO, [40]. Features due to
cobalt oxide are not observed, indicative of the high dispersion of
cobalt oxide in the calcined precursor. The X-ray diffractograms
of the reduced and passivated samples were similar to those of
the calcined samples.

3.1.1. In situ Mdssbauer spectroscopy of reduced catalysts

Mossbauer spectra of the catalysts after reduction at 340 °C for
2 h are given in Fig. 3. The Mossbauer fit parameters of the reduced
catalysts are listed in Tables S3-S6. A sextuplet with an isomer shift
(IS) of —0.1 mm s~ ! and a hyperfine field (HF) of ~ 323 kOe
observed for all catalyst samples is due to metallic cobalt. This sex-
tuplet points to the presence of magnetically ordered metallic
cobalt particles, which is common for cobalt particles larger than
6 nm [34]. The absence of a singlet feature of superparamagnetic
metallic cobalt means that the fraction of very small cobalt
nanoparticles with a size smaller than 6 nm in these samples is
below the detection limit. This result is in line with the TEM anal-
ysis of the reduced catalysts. This aspect is important, as it has
been well established that the FTS reaction on cobalt is structure
sensitive with the CO conversion strongly decreasing for particles
smaller than 6 nm [4]. In addition to the dominant metallic cobalt
phase, all spectra contain a doublet with an IS of 1.0 mm s~ ' and a
quadrupole splitting (QS) of 2.0 mm s~!, which can be assigned to a
dispersed Co?*-oxide phase. The contribution of this oxidic phase is
largest (47 %) for Co(2)/TiO,. When the reduction is prolonged to
10 h, the oxide phase spectral contribution decreased to 22 %.
The requirement of a longer reduction is likely the result of the
increased cobalt-titania interaction on this sample, and the
reduced hydrogen spill over from metallic cobalt particles onto
the support. The catalysts with a higher cobalt loading have a smal-
ler contribution of cobalt-oxide. The presence of a certain fraction
of cobalt oxide species that are more difficult to reduce can be due
to the relatively strong cobalt-titania interactions as will be dis-
cussed below [41]. Despite these differences, the spectral parame-
ters of the metallic contribution following reduction are the same
for all samples, which confirms that the cobalt loading on titania
cannot be used to obtain metallic cobalt particles of different size
upon reduction at 340 °C. This is in line with the nearly similar
sizes of the metallic cobalt particles as determined by TEM analysis
(Fig. 1).

3.2. In situ Mdssbauer emission spectroscopy during the FTS reaction
In situ Mossbauer spectra were recorded as a function of the

steam partial pressure at a temperature of 200 °C, a total pressure
of 20 bar, and a H,/CO ratio of 4. The steam content in the feed is
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Fig. 1. Representative TEM images of (a) Co(2)/TiO,, (b) Co(4) [TiO,, (c) Co(6)/TiO, and (d) Co(8)/TiO, following reduction at 340 °C for 2 h and passivation in 5 % O, in He at

room temperature. A few particles have been highlighted to assist the viewer.

expressed as the relative humidity (RH) at the applied conditions.
Table S1 details the feed compositions for the different RH mea-
surements. The actual RH during the Mdssbauer measurements
are slightly higher, as additional steam is produced by the FTS reac-
tion. However, in a typical experiment with a CO conversion of
approximately 15 %, the amount of produced steam is small com-
pared to the amount of steam in the feed. When no steam is added,
the RH due to the FTS reaction is ca. 1.5 %, which is substantially
lower than the RH of 7.5 % of the first humidity step. Spectra were
recorded for at least 48 h at each humidity step, except for RHs of
25 % and 57 % where the steam treatment was prolonged to 5 days
and 11 days, respectively. This was done to understand the influ-
ence of prolonged exposure as encountered in industrial practice.
We started by measuring MES spectra at 200 °C without steam
added. The results in Table S3-S6 show that the cobalt distribution
is very similar to the distribution obtained during room-
temperature measurements after reduction in Hj.

When exposed to a relatively low partial pressure of steam (RH
7.5 %), the spectra of all catalysts contain the same metallic and
oxidic features as observed directly after reduction (Fig. 4a). The
predominant sextuplet has an IS of —0.2 mm s~! and a HF
of ~ 310 kOe as measured at 200 °C and is independent of the
cobalt loading, implying that the samples still contain magnetically
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ordered metallic cobalt particles. The oxidic doublet has an IS of
0.8 mm s ! and a QS of 1.8 mm s~ '. The parameters point to a high
dispersion of the Co?*-oxide species, the large quadrupole splitting
reflecting the low coordination of the cobalt atoms. While the con-
tribution of this doublet is the same as under dry FTS conditions for
Co(6)/TiO, and Co(8)/TiO,, the contribution has increased for Co
(2)/TiO; (from 23 % to 33 %) and Co(4)/TiO;, (from 5 % to 13 %),
pointing to cobalt oxidation. As the spectra do not show a signifi-
cant change in the HF field for the metallic particles, these findings
are likely not due to preferential oxidation of large or small parti-
cles, which would shift the average magnetic field to lower or
higher values, respectively. Moreover, we can exclude a mecha-
nism where only the surface of the metal particles is oxidized, as
the fraction of oxidic cobalt formed in the Co(2)/TiO, and Co(4)/
TiO, catalysts (10 % and 8 % respectively) exceeds the contribution
of surface cobalt at the dispersion determined by TEM (daverage
13 nm, dispersion 6 %). This will be further supported by the cat-
alytic activity measurements presented below. Taken together,
these results suggest mobility of cobalt species under the given
conditions, leading to the formation of oxidized cobalt species in
close interaction with the support as schematically shown in Fig. 5.

When the humidity is increased to RH values of 14 % and 20 %,
further oxidation is observed. The spectral contribution of the oxi-



L.M. van Koppen, A. Iulian Dugulan, G. Leendert Bezemer et al.

Journal of Catalysis 420 (2023) 44-57

|
H
I
|
Co(2)ITiO2 A , A o
e NN N

i

- 1 A

= Co(4)ITiO i / “A(w

© /| A

:>./ Mﬂwmmwww M’MNM M WWNMMWN‘/ \N A

2

(V]

=
|
I
|
il

Co(8)/TiO &
- @102 J Ao Al M/\ Y
| 1 !
! I . I | . I . 1
10 20 30 40 50

20 (°)

Fig. 2. X-ray diffractograms of Co(2)/TiO,, Co(4)/TiO,, Co(6)/TiO,, and Co(8)/TiO; after calcination at 350 °C. The strongest diffraction lines of anatase TiO,(orange), rutile TiO,
(cyan) and Co304 (dark purple) are indicated at the bottom. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

dic cobalt phase is given in Table 2 for all catalysts, while the Moss-
bauer fit parameters can be found in Tables S3-S6. Unfortunately,
the spectral contribution for the Co(4)/TiO, catalyst after 48 h at
RH 25 % and 57 % are not available due to a malfunction of the
hardware during the long-term measurements. The spectra
obtained at a relative humidity of 25 % are shown in Fig. 4b. At this
RH, the Co(2)/TiO, sample contains an additional cobalt oxide state
with an IS of 0.4 mm s~! and a QS of 0.2 mm s~'. The parameters
can be assigned to Co>*. The observation of Co>* is most likely an
artifact of the Méssbauer effect for >’Co, where Co>* is formed dur-
ing the Auger cascade following the decay of the >’Co probe [42-
45]. Such a Co®* signal is even present in the Méssbauer emission
spectrum of >’Co-doped CoO, which only contains Co?* [42]. Sur-
rounding Co?* atoms can stabilize the Co>* state, which is formed
during the Auger cascade, long enough to be measured. As >’Co
probe atoms with more direct Co* neighbours are more likely to
show this stabilized Co>* state, the observation of Co>* species by
MES can be used as a qualitative indication for the dispersion of
oxidic cobalt [46-48]. Thus, the data suggests that a larger amount
of oxidic cobalt in the Co(2)/TiO, catalyst was present as slightly
aggregated cobalt oxide than in the other catalysts at RH 25 %. Nev-
ertheless, such a contribution becomes visible for the samples con-
taining more cobalt upon increasing the humidity to 57 % (Fig. 4c).
These findings indicate that, at elevated steam pressure, the
amount of oxidic cobalt increases and the domain size of these oxi-
dic structures becomes larger as schematically shown in Fig. 5.
Since the measured HF of the metallic cobalt did not change, it is
unlikely that higher humidity leads to oxidation of the larger
metallic cobalt particles. Such a mechanism would have resulted
in a change of the HF, because the HF is an average of the HFs of
the metallic particles with different sizes. As such, we can conclude
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that the increasing amount of oxidic cobalt formed at higher
humidity results in the growth of a cobalt oxide phase. It is likely
that this phase is still highly dispersed as initially the Co®* after-
effect was absent.

Despite the similar initial cobalt particle size in the reduced
samples, the evolution of cobalt oxide following exposure to steam
under FTS conditions is seemingly different. Fig. 6 shows the abso-
lute amount of oxidic cobalt formed as a function of the RH for the
various samples. Within the experimental error, the samples con-
tain a comparable amount of oxidic cobalt, which indicates that
the extent of oxidation does not depend on the cobalt loading.
The amount of oxidic cobalt increases with the steam pressure.
Already at a low oxidizing potential (H,O/H, 0.25, RH 7.5 %), signif-
icant oxidation of metallic cobalt is observed for all prepared cata-
lysts compared to the small contributions of cobalt oxide after
reduction. The amount of oxidic cobalt increases to approximately
1.2 wt¥% cobalt under the harshest applied conditions (RH 57 %). We
tentatively propose that this is due to the interaction of Co®* with
support hydroxyl groups, i.e., titanol groups. P25 titania contains
about 5 titanol groups per nm? [49]. Assuming a Co?*:titanol stoi-
chiometry of 2, the complete coverage of such surface groups
would result in a cobalt loading of 1.2 wt%. The data can thus be
interpreted in terms of oxidation of cobalt species under humid
FTS conditions and their migration to stable locations at the sup-
port. When more cobalt is oxidized, these species might lead to
highly dispersed cobalt oxide particles as suggested by the obser-
vation of a Co®* signal. Nevertheless, we should also mention that
there might be a role of the exposed anatase and rutile surfaces of
titania with the P25 titania containing about 15 % rutile [40]. In the
past, the impact of different titania phases on cobalt sintering and
the formation of metal-support compounds has been suggested
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[50-52]. The important corollary of these findings is that oxidation
of cobalt is a possible pathway in the deactivation of titania-
supported cobalt nanoparticle catalysts during the FTS reaction.
Thermodynamic considerations showed that cobalt oxidation
under FTS conditions is not favorable for cobalt metal particles lar-
ger than 4 nm [11]. The present results show that oxidation of
cobalt can occur under industrially relevant conditions for cobalt
particles larger than 6 nm. The observed oxidation does not involve
oxidation of metallic cobalt particles and, following the discussion
above, also not from oxidation of a surface layer of the metallic
cobalt nanoparticles as found for cobalt on silica [53]. Kliewer
et al. mentioned that oxidation of cobalt on titania results in cobalt
oxide/hydroxide species that anchor to the titania support [29].
Based on the latter suggestions and the current findings, we pro-
pose that the mobility of metallic cobalt species in combination
with the oxidizing conditions due to water play a role in oxidizing
cobalt forming dispersed cobalt oxide interacting with titanol
groups as sketched in Fig. 5. Thus, whilst bulk oxidation did not
occur under humid FTS conditions in line with the conclusions of
Van Steen et al. [11], our findings show that dispersed oxidic cobalt
can be formed in titania-supported cobalt catalysts under realistic
FTS conditions. It is likely that the strong cobalt-titania support
interactions play a critical role here, as oxidation was not observed
for cobalt nanoparticles supported on carbon nanofibers treated
under similar reaction conditions [35]. Beck et al. [54,55] found
that metallic platinum particles enhance the formation of oxygen
vacancies in titania at a relatively low reduction temperature.
Although we did not study the reduction of the titania surface
for our catalysts, we argue that, even if oxygen vacancies would
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have formed under reducing conditions, these would be hydroxy-
lated in the presence of steam. For instance, an STM study reported
that H,O dissociates on oxygen vacancies of titania already at
120 K by donating a proton to an adjacent oxygen and forming a
bridged hydroxyl group [56-58]. The reducibility of small oxidic
cobalt particles in synthesis gas can be affected by the presence
of oxygen vacancies. Recent work by Qiu et al. indicated that oxy-
gen vacancies in the titania support material enhance the
reducibility of especially relatively small cobalt oxide particles
[59]. Thus, the presence of steam, which keeps the surface in an
oxidized/hydroxylated state, might inhibit reduction of the small
cobalt oxide particles. The work by Kliewer et al. [29] reported that
the presence of oxidic cobalt on titania can enhance the sintering of
the active phase. If significant sintering of metallic cobalt occurred
under humid FTS, an increase of the HF parameter would be
observed. However, this parameter remains constant throughout
the humid treatments for all catalyst samples (Tables S3-S6). Upon
reduction of the oxidic cobalt formed during FTS, an increased
metallic cobalt content is observed for all catalyst samples. This
increased degree of reduction indicates growth of the oxidic cobalt
domains, as small oxidic particles are typically more difficult to
reduce [15]. This is in good agreement with the observation of
after-effect Co>* species, as its observation can be attributed to lar-
ger oxidic agglomerates. So, whilst no increase in the measured HF
is observed between the freshly reduced and spent reduced state
(Tables S3-S6), the improved reducibility points towards the
agglomeration of oxidic cobalt during humid FTS. We also consid-
ered the alternative deactivation pathway under simulated high
CO conversion conditions through formation of metal-support
compounds [52,60]. Such studies have shown before that cobalt
titanate readily forms at high humidity, especially for a pure ana-
tase titania support. We did not even observe cobalt titanate spe-
cies under our harshest humid FTS conditions of RH 57 %.
Compared to literature where a H,O/H, ratio of 70 was used in
the absence of CO, our highest HO/H, ratio of 1 can nevertheless
explain this difference.

3.2.1. Sintering under humid Fischer-Tropsch conditions

Our findings indicate that the active cobalt phase in titania-
supported FTS catalysts can sinter upon partial oxidation under
humid FTS conditions and subsequent reduction. Under the given
measurement conditions, the HF parameter does not allow picking
up such sintering of the metallic cobalt nanoparticles. Our previous
work on carbon-supported cobalt, however, showed very clearly
enhanced sintering of cobalt nanoparticles upon steam treatment
in the presence of CO [34]. Accordingly, we studied the sintering
of cobalt on titania in more detail by reducing Co(2)/TiO, at a lower
temperature of 300 °C in order to obtain initially smaller metallic
cobalt particles. The resulting MES spectra are given in Fig. 7 and
the corresponding Mdssbauer parameters are listed in Table S7.
Compared to reduction at 340 °C, the spectra contain a much larger
contribution of oxidic cobalt, both in the form of Co?* (36 %) and
Co>" (39 %) next to a metallic cobalt contribution of 25 %, character-
ized by the usual sextuplet for larger than 6 nm cobalt nanoparti-
cles. To study sintering, we recorded MES spectra at a higher
temperature of 200 °C. The higher measurement temperature can
result in the loss of magnetic ordering for relatively small cobalt
nanoparticles. This is evident from the spectra recorded at 200 °C
(Fig. 7) after heating in a flow of inert argon, where the metallic
cobalt phase is now characterized by a singlet with an IS of
0.0 mm s7!, in addition to the sextuplet representative of bulk
metallic cobalt particles. The loss of magnetic ordering of a fraction
of the cobalt nanoparticles at a higher measurement temperature
implies that their size is smaller than 6 nm [34]. We refer to these
particles as superparamagnetic (SPM) cobalt. The contribution of
SPM cobalt is 29 %, while the contribution of bulk cobalt is 16 %.
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Fig. 4. (a) In situ Mossbauer spectra of the Co/TiO, catalysts under FTS conditions at a relative humidity of (a) 7.5%, (b) 25% and (c) 57%. The black lines represent the
experimental spectra, the blue ones the fitted metallic cobalt sextuplet and the orange and green ones the fitted cobalt oxide doublets. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Schematic representation of the different cobalt species present in the
catalyst and their evolution during the FTS reaction under changing conditions.

The combined spectral contribution of bulk and SPM cobalt is 45 %,
which is significantly larger than the metallic contribution of 25 %
derived from spectra recorded at room temperature. When mea-
suring at elevated temperatures, difference in the Debye tempera-
ture of the different phases can lead to over- or underestimation of
the spectral contributions [61]. Accordingly, we explain the differ-
ence in spectral contribution between the room-temperature and
200 °C measurements under inert conditions to the higher Debye
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temperatures of the metallic phases in comparison with the oxidic
cobalt phases. Additionally, the contribution from Co>* declined
significantly from 39 % to 14 %, whilst the Co?* contribution
increased from 36 % to 41 %. This suggests that the above-
discussed Mdssbauer after-effects are less pronounced at elevated
temperatures. Nevertheless, despite the differences between
room-temperature and 200 °C measurements, the Mdssbauer data
at the higher temperature can still be used for a qualitative analysis
of sintering as will be done in the following.

Upon introduction of dry synthesis gas, the SPM cobalt feature
in the spectrum recorded at 200 °C remains with an IS of
—0.1 mm s~ ! and a spectral contribution of 26 %. Under these con-
ditions, the Co>* doublet is no longer present, and the spectral con-
tribution of the Co?* doublet has increased from 41 % to 45 %. The
combined spectral contribution of oxidic cobalt thus decreased
from 55 % to 45 % whilst the temperature remained the same, indi-
cating some reduction occurs under these conditions, likely of the
largest oxidic cobalt species. The remaining spectral contribution
of 29 % is made up by relatively large, magnetically ordered metal-
lic cobalt particles. Upon addition of steam to the feed, the SPM
cobalt contribution is immediately lost, even at a low RH of
7.5 %. Under these slightly humid FTS conditions, the bulk metallic
contribution increased from 29 % to 74 % with the residual 26 %
corresponding to Co®". These results clearly show that the addition
of steam to the synthesis gas feed leads to mobility of cobalt on the
titania surface, resulting in further reduction of dispersed oxidic
cobalt as well as sintering of small metallic particles. These find-
ings support the previous hypothesis that carbon monoxide and
steam have a synergistic effect towards sintering [21,34,35] and
that this also occur on titania. Kliewer et al. [29] suggested that
the presence of oxidic cobalt on the titania facilitates sintering of
the metallic phase due to coalescence following reduction. The pre-
sent findings support such a mechanism as both an increased
reduction degree and particle growth are observed simultaneously.
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Contribution of cobalt oxide phase (Co?* and Co>* species) as determined from MES spectra recorded at 200 °C under varying FTS conditions.

Treatment H,0/H, Treatment length (hrs) Spectral contribution cobalt oxide (%)
Co(2)/TiO, Co(4)/TiO, Co(6)/TiO; Co(8)/TiO,
RHO % 0 48 23 5 9 8
RH75% 0.25 48 33 13 11 10
RH 14 % 0.50 48 34 14 12 11
RH 20 % 0.75 48 35 14 13 13
RH 25 % 1.0 48 36 N/A 14 13
1.0 120 37 16 14 14
RH 57 % 1.0 48 37 N/A 17 16
1.0 120 40 N/A 19 17
1.0 264 43 20 22 17
1.4 < T
—~ 1.2 4 T +
X
-
= 4 o5 (]
7] o i
2 [
© 1.0 Py ® L
© T ¢ -
k]
2 4 L
o -
£ 0.8 - ks L 2 A
o
S 4
ks ] ® 4 §
g 1
% 0.6 4 T
£ { a 2 1
< 1
0.4 t
1
h ® Co(2)/TiO,
0.2 Co(4)/TiO,
’ A Co(6)TiO,
4 @ Co(8)TiO,
0.0 T T T T T T 1
0 20 40 60

Relative humidity (%)

Fig. 6. Amount of cobalt oxide in Co/TiO, catalysts under humid Fischer-Tropsch conditions (200 °C, 20 bar, H,/CO = 4) as determined by Mossbauer spectroscopy at 200 °C as
a function of the relative humidity (red: Co(2)/TiO,, green: Co(4)/TiO,, blue: Co(6)/TiO,, magenta: Co(8)/TiO.). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

The improved reduction is likely also facilitated by hydrogen spill-
over, which is facilitated by the presence of steam [62,63]. Overall,
these phenomena can contribute to cobalt sintering and a higher
cobalt reduction degree, despite the increasing oxidizing potential
due to the higher steam pressure.

3.3. Characterization used catalysts

To complement the Mossbauer data obtained under humid FTS
conditions, STEM-EDX measurements were performed on reduced-
passivated and used Co(4)/TiO,. The term ‘used catalysts’ refers to
the non-radioactive catalyst samples obtained from the Mdssbauer
cell under the same humid FTS treatments as the Mdssbauer sam-
ples. As such, these measurements provide ex situ information
about the state of the catalyst following the deactivation studies.
For each sample, 8 EDX maps were obtained on different areas of
the sample. Two representative maps of the reduced and passi-
vated Co(4)/TiO, are shown in Fig. 8a-b. These are broadly in keep-
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ing with the earlier bright-field TEM measurements discussed
above, showing the presence of cobalt particles with sizes in the
range of 10-16 nm dispersed over the titania support.
Representative maps of used Co(4)/TiO, following high humid-
ity FTS conditions are given in Fig. 8c-d. The cobalt particles are lar-
ger than in the reduced-passivated sample with sizes in the 16-
22 nm range. This is despite the fact that the HF of the metallic
cobalt phase during humid FTS did not increase, highlighting again
that this parameter is not sensitive enough to detect the sintering
occurring under these conditions. This supports the earlier conclu-
sion that steam addition to the synthesis gas feed leads to cobalt
sintering. However, some small cobalt particles (5-8 nm) can still
be observed in some of the STEM-EDX maps. These small particles
may be due to the small amount of cobalt that was not reduced
according to MES (Table S4), even after re-reduction following
exposure to high humidity FTS conditions. Based on the particle
size distribution shown in Table 1, this could correspond to rela-
tively small cobalt particles with a size smaller than 8.5 nm.
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Fig. 7. In situ Mossbauer spectra measured of Co(2)/TiO, following reduction at
300 °C and exposure to different FTS conditions: black lines represent the
experimental spectra, blue ones the fitted metallic bulk cobalt sextuplet, red ones
the small metallic cobalt singlet, and the orange and green ones the fitted cobalt
oxide doublets. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Regardless, this data shows that, besides the evident oxidation, sin-
tering is also a significant deactivation pathway on titania-
supported cobalt catalysts during humid FTS.

3.4. Oxidation in the absence of CO

To study the oxidation behaviour of Co/TiO, at higher oxidizing
potential in the absence of CO, we subjected Co(4)/TiO, to model
oxidation conditions (Fig. 9). This sample was selected, because it
combines a relatively low cobalt loading with good cobalt
reducibility. The Mdssbauer spectra were measured in situ at
220 °C and 20 bar at a constant RH of 25 %, while varying the
H,0/H; ratio in the feed. The compositions used in these model
oxidation measurements are given in Table S2. The Mdssbauer
parameters obtained during these experiments are collected in
Table S8. Following 2 h reduction in pure hydrogen at 340 °C, a
bulk metallic cobalt phase (83 %) was observed with an IS of
—0.1 mm s~ ! and a HF of 309 kOe measured at 220 °C. The residual
spectral contribution belongs to dispersed Co®*-oxide with an IS of
0.8 mm s~! and a QS of 1.7 mm s~ . The spectra obtained at a H,O/
H, ratio of 10 contains the same two cobalt features, but the spec-
tral contribution of the bulk metallic cobalt was lower at 65 % with
the other 35 % corresponding to the dispersed Co?*-oxidic phase.
Increasing the H,O/H, ratio to 50 by reducing the H, partial pres-
sure resulted in a further increase of the cobalt oxide content to
55 %. When the ratio was further increased to 70, a new cobalt
oxide doublet was observed (55 %) with an IS of 0.5 mm s~! and
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aQSof 1.2 mm s~ !, which corresponds to a second Co?* feature dis-
tinctively different from the other Co?* species. At such a high H,0/
H, ratio, the formation of cobalt titanates can be envisioned. In
CoTiO3, Co also has a formal 2 + oxidation state but a different
coordination environment than in CoO. The Mossbauer parameters
of this Co?* phase are very similar to those reported for ferrous tita-
nate (FeTiO3) [64]. Thus, we infer that cobalt titanate phase was
formed. When hydrogen is fully removed from the feed, full oxida-
tion is observed with the cobalt-titanate feature, having a high
spectral contribution of 76 % and dispersed cobalt oxide making
up the remainder. Following these lengthy model oxidation treat-
ments, the reduction of the fully oxidized catalyst was investi-
gated. Notably, a degree of reduction of only 18 % was obtained
following reduction at 340 °C for 2 h. The dominant Co?* feature
could only be removed by reduction at 450 °C, further strengthen-
ing the hypothesis that this doublet corresponded to cobalt tita-
nate [65]. Contrary to the previous humid FTS measurements, no
Co>* features were observed during model oxidation. These find-
ings suggest that, in the absence of CO, the agglomeration of the
oxidic cobalt domains is significantly less pronounced. The slight
gradual decrease of the HF from 309 kOe in the reduced state to
307 kOe at the highest H,O/H, ratio of 70 also indicates that the
metallic particles are becoming smaller, as the measured HF fol-
lows from the average particle size. This either suggests that larger
metallic particles are oxidized before smaller ones or that gradual
oxidation of the surface of cobalt particles occurs. Both mecha-
nisms can explain the observed drop in HF. Contrary to humid
FTS conditions, under the highly oxidizing conditions in these mea-
surements the oxidic cobalt species react with the titania support
to form metal-support compounds as previously reported by Wolf
et al. [52]. This is also shown schematically in Fig. 5. So, although
the inclusion of cobalt in CoTiOs-like surface compounds would
represent a significant deactivation pathway, these compounds
are only formed under unusual conditions of very high H,O/H,
ratio (>70), which are less relevant to practical FTS.

3.5. Deactivation pathways on the titania support

Based on the present findings we sketched a deactivation mech-
anism for Co/TiO, in Fig. 10. We propose that, under low oxidizing
potential (RH = 7.5-20 %, H,O/H; < 1), the presence of steam during
FTS conditions results in sintering of small metallic particles as
well as the formation of dispersed oxidic cobalt on the titania sup-
port. The formation of oxidic cobalt complexes with the titania
support has been earlier observed following deposition of cobalt
on titania in aqueous media [66]. Whilst we cannot determine
the exact nature of the oxidic cobalt observed in this work, it is
very likely that such structures are formed. The cobalt oxidation
degree increases with at higher oxidizing potential of the reaction
mixture. Depending on the presence of carbon monoxide, different
deactivation pathways are followed. With carbon monoxide pre-
sent, it is likely that mobile cobalt carbonyl species contribute to
further growth of the oxidic cobalt species into larger domains
and facilitate sintering of the metallic cobalt via Ostwald ripening
as has been previously observed [7]. A density functional theory
study showed that the formation of cobalt carbonyl species is ener-
getically favourable under practical FTS conditions, even in the
presence of adsorbed water [67]. The loss of metallic cobalt lowers
the FTS activity, while re-reduction can result in the loss of the
metallic cobalt surface area due to sintering through coalescence.
Due to the relatively low oxidizing potential (H,O/H, = 1) under
our humid FTS conditions, no formation of cobalt-titanate com-
pounds is observed. However, without CO, the mobility of cobalt
seems hampered, as no larger oxidic cobalt domains are observed
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Fig. 8. EDX mappings of (a-b) a reduced and passivated and (c-d) a used Co(4)/TiO, catalyst: the cobalt mapping is shown in red and the titania mapping in dark green. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in the form of Co>* despite the high degree of oxidation. When the
oxidizing potential is significantly increased (H,O/H; = 70) the for-
mation of CoTiOs-like structures is observed, formed by the strong
interaction of the dispersed oxidic cobalt with the titania support.
Reduction of these structures requires much higher temperatures,
meaning that a larger amount of cobalt is no longer accessible for
catalysis.

3.6. Catalytic performance

The catalytic activity continuously measured on-stream during
the Mossbauer measurements is given in Fig. 11. The results of the
sample with the lowest cobalt loading (Co(2)/TiO,) are not shown,
as the conversion was too low. The other catalysts show very sim-
ilar activity trends in terms of a slow decrease of the CO conversion
with increasing humidity. It is important to note that the opposite
has also been reported, namely that water co-feeding can increase
FTS activity [68,69]. Additionally, the introduction of steam to the
reactor feed results in a small decrease of the CO and H, partial
pressures, which can affect the catalytic activity due to the nega-
tive reaction order in CO and positive order in H, [70,71]. There-
fore, additional measurements were performed under dry
conditions following the 5-day treatment at RH = 25 %. This did
not lead to significant activity differences. As such, the observed
deactivation can be linked to the gradual oxidation of the active
metallic cobalt along with mild sintering, resulting in a decrease
of the cobalt specific activity of approximately 20 % for all catalysts
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when comparing dry and RH 57 % conditions. This activity loss
exceeds the loss of metallic cobalt between dry and high humidity
conditions for all catalysts, indicating that oxidation of metallic
cobalt can only explain part of the deactivation. It underlines that
sintering, as observed by STEM-EDX (Fig. 10), also significantly
contributes to deactivation. Full surface oxidation of metallic
cobalt particles can be excluded as a mechanism, as the formation
of a (thin) surface oxide layer on metallic cobalt particles would
render the active catalytic sites completely inaccessible for cataly-
sis, resulting in a far greater activity loss already at relatively low
oxidizing potential (RH = 7.5 %).

Besides catalytic activity measurements in the in situ MES cell,
the performance of the cobalt catalysts was measured in a high-
pressure fixed-bed plug-flow reactor at 220 °C, 20 bar, a H,/CO
ratio of 4, and a space velocity of 60 L g:}:h~'. The corresponding
results for fresh and used catalysts are collected in Table 3. Note
that the fresh catalysts were reduced at 340 °C for 2 h, while the
used catalysts retrieved after the in situ MES measurements were
re-reduced according to the same procedure. The activity normal-
ized on the amount of cobalt (CTY) was in the range of 1.7-2.2 10 °
molco g, 5! for the fresh reduced catalysts. The Co(2)/TiO, cata-
lyst shows a substantially higher CTY after exposure to humid
Fischer-Tropsch conditions. This strong increase is likely the result
of the higher cobalt reduction degree, following the harsh humid
FTS conditions employed. We previously showed that 47 % of
cobalt remained oxidic when the fresh catalyst was reduced for
2 h at 340 °C, whereas only 18 % remained oxidic after 2 h at the
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same reduction temperature for the used catalyst. As the catalysts
for these activity measurements were reduced in situ for 2 h, one
would expect significant differences in the amount of metallic
cobalt and, thus, the catalytic performance. This higher degree of
reduction for the used catalysts counteracts the negative impact
of sintering on the activity. In good agreement with this, the CTY
of the used Co(2)/TiO, catalyst is approximately 50 % higher than
that of the fresh catalyst. The relatively strong increase in activity
suggests that deactivation due to sintering was minimal. However,
the used catalyst shows a significantly larger contribution of
C5 + hydrocarbon products at the expense of methane. It has been
previously shown that an increase in the cobalt particle size results
in an increased C5 + selectivity under high pressure FTS conditions
[4], although this effect becomes much less pronounced for cobalt
particles larger than 10 nm. Therefore, this change in selectivity
can be in part explained by sintering of metallic particles. The
increase in CO conversion likely leads to an increased selectivity
towards C5 + products. The used Co(4)/TiO, catalyst is less active
than the fresh one, as expected since the STEM-EDX maps clearly
show significant sintering of the cobalt particles. In this case, there
was no benefit for the increased reducibility of the used catalyst
compared to its fresh state. However, contrary to the Co(2)/TiO,
catalyst, the used Co(4)/TiO, catalyst shows a higher selectivity
towards methane compared to the fresh one. This shift in selectiv-
ity could be the result of the lower CO conversion, as lower CO con-
version typically shifts the selectivity towards C1 products due to
the lower coverage of the surface with chain-growth monomers.
The two catalysts with the highest weight loadings show almost
identical CTY values, which are comparable to what was observed
for the fresh Co(4)/TiO, catalyst. This underlines the structural
similarity between these catalysts with the comparable particle
sizes resulting in similar catalytic performance. The two fresh cat-
alysts exhibit a similar selectivity towards C5 + hydrocarbons, but
lower than for the Co(4)/TiO, catalyst, despite the higher CO con-
version. Nevertheless, the observed changes are relatively small
and the obtained product distributions are typical for the FTS reac-
tion under our hydrogen-rich conditions.

Reduction treatment

———

Further oxidation of metallic cobalt
CO enhanced mobility leads to
growth of metallic and oxidic cobalt

Coalescence of metallic cobalt
resulting in decreased surface area

Reduction treatment

Further oxidation of metallic cobalt
Formation of cobalt-titanate

Irreducible cobalt-titanate leads to
irreversible loss of metallic cobalt

Fig. 10. Schematic representation of deactivation mechanisms observed for Co/TiO2 catalysts. Shown are small metallic SPM cobalt (red), bulk metallic cobalt (dark blue),
dispersed oxidic cobalt (magenta), aggregated oxidic cobalt (orange), cobalt-titanate (dark purple), and titania (grey). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Table 3
Catalytic performance data for the cobalt catalysts (plug-flow reactor operated at 220 °C, 20 bar and H,/CO = 4, SV = 60 L gcl:h ™).
Catalyst Conversion (%) C; selectivity (%) C,-Cy selectivity (%) Cs. selectivity (%) CTY
(10 molco g s™')
Co(2)/TiO, 2 12 7 81 1.6
Co(2)/TiO, used 4 5 3 92 2.5
Co(4)/TiO, 3 7 7 86 2.1
Co(4)/TiO, used 1 14 10 76 1.2
Co(6)/TiO, 5 11 9 80 1.9
Co(8)/TiO, 5 15 9 76 1.9

4. Conclusion

By combining Mdssbauer spectroscopy with TEM, we showed
that reduction of a calcined cobalt on titania precursor led to sin-
tering. Independent of the initial cobalt loading in the 2-8 wt%
range, the final size of the reduced cobalt metal particles was the
same (ca. 12 nm). In situ Mdssbauer spectroscopy demonstrated
partial oxidation of metallic cobalt under humid FTS conditions.
The extent of cobalt oxidation increased with the steam partial
pressure. Comparing the different catalysts, it was found that the
absolute amount of oxidized cobalt was the same for all samples.
This could be linked to cobalt oxide strongly interacting with tita-
nol groups of the support. The formation of cobalt-titanate-like
compounds was only observed under very high oxidizing potential
and in the absence of CO. As such, our results indicate that such
compounds do not readily form under practical FTS conditions.
The data point to a strong impact of humid FTS conditions on the
sintering of small metallic cobalt particles, where oxidic cobalt
wets the titania support, facilitating cobalt sintering in synthesis
gas and under reduction conditions. STEM-EDX maps confirmed
the much larger cobalt particles in catalysts employed under
humid FTS conditions in comparison to reduced samples.
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