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ABSTRACT

Herein we present a comparative study on the water-induced formation of metal-support
compounds from metallic cobalt in a simulated high conversion Fischer-Tropsch environment.
Literature on the deactivation of supported cobalt catalysts via oxidation to cobalt(Il) oxide or
cobalt-support compounds is contradictory due to a lack of use in suitable model catalysts and
insufficient direct characterization of the metallic cobalt phase under reaction conditions. The
particular carrier materials stabilize the active cobalt nanoparticles, but also dictate the likelihood
of the formation of non-active cobalt-support compounds. In this study, well-defined cobalt
nanoparticles of 5 nm were deposited on alumina, silica, and three titania carriers. The stability of
the reduced nanoparticles against water-rich H> atmospheres during exposure to simulated high
Fischer-Tropsch conversion levels was monitored in an in situ magnetometer. Co/Si02 was shown
to be the most stable model catalyst, while various Co/TiO2 model systems readily formed large
amounts of cobalt-support compounds at low ratios of the Fischer-Tropsch product H>O to reactant
H> or even during the preceding reduction of the oxidic precursor. Co/Al2O3 displayed a
surprisingly high stability at industrially relevant conditions, in contradiction to thermodynamic
predictions. However, cobalt aluminate forms at increased concentrations of water. The existence
of hard-to-reduce metal-support compounds in the spent catalysts was confirmed and characterized
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by means of X-ray absorption near edge structure spectroscopy and high-resolution scanning
transmission electron microscopy of the exposed and passivated model catalysts.
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INTRODUCTION

The Fischer-Tropsch (FT) process describes the conversion of synthesis gas to hydrocarbons.
However, the actual main product is H2O as one molecule is formed for every carbon atom in the
paraffinic and olefinic product spectrum (Equation 1). Paradoxically, the in situ formed mildly
oxidizing molecule is reported to be the major cause for intrinsic catalyst deactivation in the Co-
based Fischer-Tropsch synthesis (FTS). Hydrothermal sintering resulting in a loss of active surface
area™ or oxidation of FT active metallic Co to inactive oxidic phases may be at play.>® An
Ostwald ripening sintering mechanism on Al,O3 hydroxylated by H>O has recently been suggested
by Claeys et al., which requires a combination of high concentrations of H2O and CO in order to
facilitate a CO-assisted transport of Co subcarbonyl species over the hydroxylated Al,Os surface.*
The high mobility of different Co subcarbonyl species has recently been demonstrated in a
theoretical study applying density functional theory (DFT),” which supports the hypothesized
sintering mechanism for Al,Os-supported Co catalysts. Aside from a participation of the support,
the surface oxidation/reduction cycle upon CO cleavage and the formation of H»O, which
represents a basic step in the FT mechanism, has been hypothesized to result in a continuous
structural re-arrangement.® This local oxidation and reduction of the Co surface consequentially
leads to a higher mobility of the Co atoms facilitating crystallite growth via particle coalescence.?

2H> + CO — ¢CHy; + H20 (1)

Deactivation via H,O-induced oxidation to CoO and cobalt-support compounds® is discussed
robustly in literature.>®!° The discrepancies can mostly be ascribed to a variety of applied
conditions, sizes of cobalt particles ranging from the lower nanometer range up to micrometers,'!
as well as the utilization of various support materials. Inadequate characterization techniques that
cannot monitor the metallic phase directly contribute to the confusion.!! Recent in situ studies have
elucidated the H,O-induced oxidation of Co to Co0.'*'* Oxidation of Co via H>O splitting
forming H> and CoO has been identified to be kinetically hindered'>!* due to the high stability of
the intermediate hydroxyl groups on the Co surface.”>”!” The direct oxidation of Co to CoO by
H,O was previously identified to be hindered even in the absence of H».!® In contrast, H,O-induced
oxidation via CO-derived oxygen is intrinsically embedded in the FT mechanism. The facile
dissociation of CO on the Co surface provides an increased concentration of adsorbed oxygen
atoms.>!” The regeneration of the Co surface via removal of said atoms by activated H> forming
the product H>O may be hindered under high conversion levels due to the associated high
concentration of H>0.>"” Such a deactivation mechanism has been reported to result in rapid



oxidation for sufficiently high partial pressures of CO and is the dominating oxidation process of
Co during the FTS.'

From a thermodynamic point of view, oxidation of Co to CoO by H»O is feasible if the energetic
state of CoO plus Hx is favored over metallic Co plus H20. For bulk fcc-Co, a partial pressure ratio
of H20 to Ha (pr20/prz) exceeding 128 is required to initiate this oxidation reaction.!®!* However,
commercial CO conversion levels are limited as to not exceed a threshold partial pressure of H,O?
and are typically in the range of 60-80% corresponding to pr2o/pu2 ratios of 0.75-2. It has to be
noted that the partial pressure of H2O is one of the major reasons for a limited upper conversion in
commercial processes? as even such relatively low ratios may be sufficiently high to oxidize nano-
sized Co.” A size dependent oxidation behavior to CoO has been demonstrated for such widely
applied Co nanoparticles,'>'*?! which is facilitated by the drastically increased relative
contribution of the surface energy to the overall energy in the case of nanoparticles,'® i.e.
nanoparticles experience a pronounced drive for the minimization of their surface energy via
oxidation to CoO, which has a lower surface energy than Co.'” A thermodynamic assessment of
this size dependency by van Steen et al. resulted in the prediction of a critical diameter for
oxidation of 4.4 nm for fcc-Co at commercially relevant conditions (pr20/pr2 = 1.5; T= 220 °C),"
but did not take the highly relevant partial pressure of CO into account.

Another deactivation pathway via oxidation of Co is the formation of cobalt-support compounds
such as cobalt aluminate or cobalt silicate in a solid-state reaction with commonly used metal oxide
carriers. The physicochemical properties of the carriers dictate the likelihood of the formation of
such cobalt-support compounds, but also beneficially stabilizes the active Co phase. The formation
of metal-support compounds (MSCs) is typically associated with high temperatures and/or the
exposure to high concentrations of H0.!%1213-22 Thermodynamically and for bulk hep-Co, MSCs
are expected to form on various supports at significantly lower pm2o/pr2 ratios than those required
for the formation of CoO (Figure 1a). For the selected support phases and at 220 °C, a typical
temperature for the Co-based FTS, cobalt aluminates are predicted to form at low ratios below 0.1,
while titanates are less likely to form. The formation of silicates can be expected to require ratios
above 10, which exceeds industrially relevant conversion levels. However, the widely applied
amorphous SiO> may display a different behavior than quartz, the assumed SiO> phase in our
calculations.
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Figure 1. (a) Thermodynamic equilibria and (b) Gibbs free energies for selected oxidation
reactions of bulk hep-Co by gaseous H>O, as well as (c) Gibbs free energies of selected solid-state
reactions of CoO with common metal oxide carriers calculated with thermodynamic data from
Knacke et al.>* The thermodynamic equilibria for the oxidation of hep-Co to CoO, C0,SiOs4, Co
titanates ex rutile, and CoAl,O4 were adapted from Wolf et al.'?

The Gibbs free energies of the solid-state reactions of the metallic Co phase, H>O, and the
particular carrier material describe the feasibility for a CO conversion level of 66.67% (Figure 1b),
which corresponds to a 1:1 ratio of H2O to Hy (pm2o/pr2 = 1) according to the generalized FT
reaction (Equation 1). The formation of cobalt aluminates has previously been hypothesized to be
kinetically hindered,'® while the negative Gibbs free energy for this particular reaction strongly
suggests a spontaneous reaction. Other crystal structures of Al,Os3 are reported to show a higher
tendency towards the formation of aluminates than the here considered y-Al,03.*?* The high
Gibbs free energies for the oxidation of Co by H>O forming CoO and Co02Si0s4 indicate a low
feasibility of formation, while the negative values for CoTiO3 at lower temperatures suggest the
formation of cobalt-support compounds for anatase and for rutile, with the latter being less likely.
The formation of cobalt-support compounds from CoO is thermodynamically feasible for all
supports in the considered systems (Figure 1c). Besides a strong dependency on the metal oxide
and the crystal structure, the morphology of the supports such as porosity and the reducibility can
be expected to alter the likelihood of the formation of MSCs.

Tsakoumis et al. recently observed the formation of cobalt aluminates in an impregnated Co/Re/y-
AlLOs catalyst at approximated CO conversion levels of 60-65% by monitoring the cobaltous
phases during FTS via in situ X-ray absorption near edge structure (XANES).!*> When all phases
were in equilibrium, the concentration of CoO was marginally increased when compared to the
reduced catalyst, while 8% of CoAl,Os were identified.”> Based on the hypothesised size
dependent re-oxidation of Co to CoO,'” a mechanism for the formation of cobalt aluminate via a
multilayer re-oxidation of Co crystallites below 5.3 nm to CoO was proposed, which is followed



by spreading of the nanoparticle over the support and the subsequent formation of the MSC.!* Such
a formation of aluminates from CoO, which either originates from re-oxidation or is present as un-
reduced CoO after reduction representing a spectator species, but slowly diffuses into the support
in a kinetically hindered solid-state reaction upon exposure to high concentrations of H>O, has
previously been hypothesized.'%°

In the present study, separately synthesized Co3O4 nanoparticles were deposited on commonly
applied metal oxide support materials. The resulting physical mixtures represent the parent
catalysts and no further treatment such as calcination is required. Thus, this model catalyst system,
in combination with mild reduction temperatures in H», is expected to prevent the formation of
MSC:s prior to reduction and/or exposure to H>O-rich environments, i.e. during catalyst preparation
or activation. In addition, the absence of CO allows for the almost exclusive characterization of
the formation of cobalt-support compounds as the oxidation of Co to CoO by H»O is kinetically
hindered.'?!* Indirect oxidation by H>O, that is the hindering of surface regeneration via O*
removal following CO dissociation on the Co surface and resulting in the formation of CoO, is
avoided by the absence of CO.'>!* Lastly, the magnetic in situ characterization of the model
catalysts exposed to H»O-rich environment provides a direct quantitative information on the
amount of metallic Co present, i.e. only monitors the potential formation of MSCs from the
metallic phase. The formation of MSCs was tested at various ratios of FT product H>O to reactant
H> and compared to the stability of Co nanoparticles in a similar model catalyst system utilizing
SiO, Stéber spheres as support material presented elsewhere.!> A subsequent complementary
characterization of the exposed and passivated catalysts by means of XANES spectroscopy and
high-resolution scanning transmission electron microscopy (HRSTEM) allows for the analysis of
formed oxidic cobalt species.

METHODS AND EXPERIMENTAL DETAILS

Materials. Acetone (>99.3% purity), aqueous ammonium hydroxide solution (min. 25 wt.%),
diethyl ether (>99.0% purity), and ethanol (>99.9% purity) were purchased from Kimix (South
Africa), benzyl alcohol (ACS reagent, >99.0% purity), cobalt(Il) acetate tetrahydrate (reagent
grade), silica gel (grade 923, 100-200 mesh), anatase-TiO., and rutile-TiO2 were purchased from
Sigma-Aldrich, P25-TiO, was supplied from Degussa (Germany, now Evonik), and Puralox-Al>0O3
from Sasol Germany. All chemicals were used as received, while the metal oxide supports were
dried at 120 °C in air for >24 h prior to use.

Synthesis of Co304 nanoparticles. Co;O4 nanoparticles were synthesized via a surfactant-free,
nonaqueous heat treatment of dissolved cobalt acetate tetrahydrate in benzyl alcohol in the
presence of ammonium hydroxide.!*!*?"28 In short, an amount of 1600 mg of cobalt acetate
tetrahydrate was dissolved in 70 mL benzyl alcohol under magnetic stirring (500 rpm) in a round
bottom flask. After 2 h of stirring, 70 mL of a 25 wt.% NH4OHaq) solution were added dropwise
to the pink to purple solution forming a brown emulsion. Once the addition of NH4OHq) was
completed, the flask was transferred to a preheated oil bath of a rotary evaporator set-up and heated
for a total of 3 h at an overall pressure of 900 mbar while the flask was rotated at 180 rpm. Air was
bubbled through the reaction emulsion during the synthesis in the rotary evaporator to provide
adequate mixing.?’

Anchoring of the nanoparticles on the supports. Co3O4 nanoparticles were dispersed in ethanol
in an ultrasonic bath until the nanoparticles were in dispersion. The particular amount of Puralox-
AL O3, P25-TiO;, rutile-TiO», or anatase-TiO> support material targeting a loading of 0.5 wt.%



metallic Co were sonicated in ethanol under mechanical stirring via an overhead stirrer. After 4 h,
the dispersion of Co0304 nanoparticles in ethanol was added dropwise under continuous
ultrasonication and mechanical stirring. After another 4 h, the dispersion was transferred to a rotary
evaporator and further mixed for 1 h at 240 rpm and 80 °C. Lastly, ethanol was evaporated from
the parent catalyst at 462 mbar.'>!* A very low catalyst loading was chosen for these model
catalysts so as to minimize effects of sintering, which may cloud observations, i.e. to isolate the
formation of MSCs from other deactivation mechanisms.

Methodology of the in situ magnetometer. An in situ magnetometer, which is based on the Weiss
extraction method and was developed at the University of Cape Town in cooperation with Sasol,
was utilized for the in situ characterization of the supported cobalt-based model catalysts (Figures
S6-S7).4122129 The 4 stainless steel fixed bed reactor is heated via infrared heaters and
temperatures of up to 900 °C can be realized. Reactor pressures exceeding 50 bar can be applied.
A resistance temperature detector (Pt100) placed inside the catalyst bed measures the temperature
allowing for an accurate control of the reactor temperature (Figure S8). In this set-up, a current-
controlled electromagnet provides external magnetic field strengths of up to £2 T (20 kOe).

In the present study, the low Néel temperatures of oxidic cobalt species and the high Curie
temperature of metallic Co lead to the latter being the only species displaying magnetic
susceptibility and remnant magnetization (M,.,) upon removal of an external magnetic field (see
supporting information and Table S1 for an extended introduction to magnetism of cobaltous
species). Thus, the measured magnetization at maximum external field strength is directly
proportional to the amount of metallic Co in the reactor and approximates the saturation
magnetization (Ms). As the amount of loaded Co in the reactor is known, the obtained saturation
magnetization of the sample can be compared to the saturation magnetization of 100 mg metallic
bulk Co of a calibration curve (Ms.q) to obtain a degree of reduction (DOR) for the metallic Co
phase (Equation 2).The remnant magnetization is herein obtained by interpolation of four
measured magnetization readings between 0.03 and -0.01 T to 0 T upon removal of the external
magnetic field.*

Ferromagnetic materials behave superparamagnetic below a certain material specific crystallite
size, i.e. these materials cannot retain a remnant magnetization upon removal of an external field.’!
The exact critical size for superparamagnetism in metallic Co is still under debate®>
(approximately 15-20 nm for fcc-Co at room temperature).*®*>** The mass fraction of material
with “large crystallite sizes” displaying remnant magnetization (y) can be calculated from the
saturation magnetization (Ms) and the remnant magnetization (Myen; Equation 3).’° The y value
describes the relative mass of ferromagnetic domains larger than the critical diameter for
superparamagnetism. Hence, an increase in y can be interpreted as an increased mean crystallite
size and/or a decreased overall fraction of smaller crystallites in the metallic phase.

Mg(T) . _lo0mg
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Where mcq: is the amount of catalyst loaded in mg and xc, is the Co mass loading.
The size distribution of superparamagnetic metallic Co crystallites can be obtained by a
combination of size-specific Langevin equations on the measurement of the magnetization as a
function of the external field strength.’® However, relatively high y values of above 10 wt.%



preclude a reasonable application of the Langevin equation as the broadening of the sigmoid-type
curve resulting in a hysteresis behavior cannot be described by the Langevin equation. For this
reason, the Langevin equation was applied on the anhysteretic magnetization curve only and this
was modelled via the Jiles-Atherton method*>-¢ (see supporting information and Figures S1-S2
for further details). This processing of the raw data allows for the calculation of the size distribution
of the magnetic Co domains displaying superparamagnetic behavior only, i.e. magnetic
domains/crystallites below the threshold size for superparamagnetism excluding larger ones.'*
Experimental procedure in the in situ magnetometer. A total amount of 2003.6 mg of the oxidic
parent catalyst was placed in the reactor and reduced in a 50% H> in Ar atmosphere at a gas hourly
space velocity (GHSV) of 6000 mL/(gcatalysh) and a heating rate of 1 °C/min. The reduction
temperature was increased stepwise from 300 to 340 to 360 °C with a holding time of 8 h each to
minimize thermal strain with possibly accompanied sintering during reduction.'> The onset
temperature of the reduction was defined as the first change of sign in the first derivative of the
sample magnetization (obtained at 2 T) as a function of temperature to positive values. After cool-
down to 220 °C, the flow rates of H> and Ar were adjusted to obtain a GHSV of 369
mLu2/(Zeatalys'h) and 2126 mLas/(geatayst'h), respectively, and kept constant throughout all
consecutive steps. Subsequently, the partial pressure of H,O was incrementally increased to
simulate a range of FT conversion levels in order to initiate water-induced oxidation of Co to
MSC:s (Figure 2), while only minor oxidation of Co to CoO can be expected due to a kinetically
hindered direct oxidation by H>O.!* The amount of co-fed H>O was regulated via an HPLC pump
and mixed with the inlet gas stream in a vaporizer, while the absolute pressure was increased
accordingly (Table 1). All levels were monitored for at least two hours before applying the
subsequent conditions. The reversibility of a potential loss in magnetization representing oxidation
was tested in a last step in a dry Ho/Ar atmosphere upon removing H>O from the feed stream, while
the overall pressure was kept constant for up to 2 h before decreasing to atmospheric pressure. To
distinguish between reducible cobalt oxide and possibly formed hard-to-reduce cobalt-support
compounds, the samples were re-reduced while heating at 1 °C/min to the maximum reduction
temperature of 360 °C with a holding time of 0.5 h (Figure 2). After cool-down to room
temperature, the catalysts were passivated in 1% O2/Nz at a GHSV of 1500 mL/(gcatalyst'h) for
several hours®’ to protect potentially accessible metallic Co surface from violent oxidation upon
exposure to air by forming a thin layer of CoO (Figure 2). Lastly, the spent and passivated samples
were collected for additional post-run ex sifu analysis. The sample magnetization at high external
field strengths and the remnant magnetization were measured every 6 min (“quick test”) and a 65
point M-H measurement was taken during the last 30 min of each step (Figure S9).
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Figure 2. Graphical depiction of the expected cobaltous phases during the experimental procedure
in the in situ magnetometer: 1. as prepared parent Co3O4/Me O, model catalyst, 2. metallic
Co/Me,O, catalyst after reduction with a fraction of not fully reduced CoO nanoparticles, 3.
exposed catalyst after simulating high Fischer-Tropsch conversion levels in water-rich
atmospheres potentially inducing the formation of metal-support compounds and, to a minor
extent, surface oxidation of Co nanoparticles, 4. re-reduced model catalyst after hydrogen
treatment at moderate temperatures in order to reverse partial oxidation of Co to CoO, and 5.
passivated catalysts with a thin CoO oxidation layer on accessible Co nanoparticles protecting the
pyrophoric metallic core from violent oxidation by air.



Table 1. Applied conditions for the incremental increase of the simulated Fischer-Tropsch
conversion levels during in situ magnetic measurements upon reduction.

HxO level  pmo/bar  pm2/bar  pa/bar  pmolpmz  Xcosim/ %  p/bar

1 0.02 0.15 0.85 0.15 25.93 1.02
2 0.22 0.15 0.85 1.50 77.78 1.22
3 0.73 0.15 0.85 5.00 92.11 1.73
4 1.45 0.15 0.85 10.00 95.89 2.45
5 2.90 0.15 0.85 20.00 97.90 3.90
6 4.35 0.15 0.85 30.00 98.59 5.35
7 5.80 0.15 0.85 40.00 98.94 6.80
8 7.25 0.15 0.85 50.00 99.15 8.25
- - 0.15 0.85 0.00 - 1.00

X-ray absorption spectroscopy (XAS). The cobalt oxide standards CoO and C0304,” as well as
the standards for the cobalt-support compounds cobalt aluminate*®>° and cobalt titanate®® were
synthesized in benzyl alcohol according to reported sol-gel methods. Cobalt silicate was prepared
in a hydrothermal synthesis described in literature.** XANES spectra were obtained at the Co K-
edge at beamline B18 (beamtime number sp15151) of the Diamond Light Source*' in Harwell,
United Kingdom. Measurements of the standards were performed in transmission mode (3
repetitions), while the exposed and passivated model catalysts were measured in fluorescence
mode (12 repetitions). All spectra were acquired with a Co foil placed before the reference detector.
The raw data was processed in Athena of the open-source software package Demeter,** which is
based on the IFEFFIT library.*’ Linear combination fitting (LCF) of the samples with the particular
standards was conducted in the first derivative of the normalized XANES spectra in the energy
range from -20 to 50 eV relative to the edge using Athena. Additional extended X-ray adsorption
fine structure (EXAFS) spectra were modeled in Artemis, which is also part of the software
package Demeter.*?

Transmission electron microscopy (TEM). The bare support materials were dispersed in acetone
via ultrasonication for 5 min and deposited onto carbon-coated copper grids. The as prepared
Co304 nanoparticles were dispersed in ethanol for 30 min prior to deposition. TEM analysis was
conducted using a Tecnai F20 microscope (Philips) equipped with a field emission gun and
operated at 200 kV (Gatan). Imaging was done with a US4000 4kX4k CCD camera (Gatan). The
exposed and passivated model catalysts were dispersed in acetone via ultrasonication for 5 min
and deposited onto Quantifoil holey carbon film grids. Analysis of the samples via high-resolution
scanning transmission electron microscopy (HRSTEM) was conducted at atomic resolution using
a double spherical aberration corrected JEM-ARM200F microscope (JEOL). The samples were
studied with bright field and dark field imaging. A GIF electron spectrometer with dual electron
energy loss spectrometry (EELS) imaging capabilities and an XMax 100 TLE high collection
angle, ultra-sensitive detector (Oxford Instruments) was applied for analysis by means of energy-
dispersive spectrometry.

X-ray diffraction (XRD). XRD was conducted at 35 kV and 40 mA in a Bruker D8 Advance,
equipped with a Co source (k. = 1.78897 A) and a position sensitive detector (LYNXEYE XE,
Bruker AXS) from 20-120° at a step size of 0.025° with an exposure time of 1 s per step. The



diffraction patterns were compared to reference patterns of the Powder Diffraction File of the
International Centre for Diffraction Data (PDF-2 Release 2008; Co0304: 00-043-1003, anatase-
TiO2: 01-086-1157, rutile-TiO2: 01-089-0554, y-Al,O3: 00-025-0251, y-AIOOH: 01-072-0359).44
The crystallite size and weight fraction of identified phases were determined by Rietveld
refinement of the XRD patterns (TOPAS 5, Bruker AXS).* Diffraction line broadening analysis
via the Scherrer equation*® with correction for the instrumental line broadening and a shape factor
of 0.9 was applied as a second method*’ to gain information on the crystallite size of the
unsupported Co3O4 nanoparticles using the 311 reflection.

BET surface area and BJH pore volume. Analysis of the surface area and the pore volume of
the supports was conducted in a Micromeritics TriStar II 3020 with N> as analysis adsorptive and
a degassing temperature of 200 °C. Errors for obtained BET surface areas represent the uncertainty
of measurement, which depends on the mass of loaded sample, the correlation coefficient of the
fit to the Brunauer-Emmett-Teller equation, and the blank error of the physisorption
measurements.

Inductively coupled plasma optical emission spectrometry (ICP-OES). The samples were pre-
treated overnight in a 4:1 molar ratio of aqua regia:HF. Subsequently, the sample was heated at a
heating rate of 6.4 °C min™! to 180 °C for 40 min during microwave digestion (1600 W) in order
to obtain the cobalt loadings or metal concentrations via elemental analysis in a Varian ICP-OES
730.

RESULTS AND DISCUSSION

Characterization of the parent catalysts. The bare supports were characterized by means of
XRD (Figures S10-S11) to identify the phase compositions, as well as by physisorption according
to the BET and BJH methods (Figures S12-S13) and TEM (Figure S14) to obtain information on
the morphology of the support materials (Table 2). The BET surface areas can also be considered
as a representation of the surface areas of the supported catalyst as the low targeted Co-loading of
0.5 wt.% can be expected to not impact on these. Stober spheres are amorphous, while the Al2O3
Puralox (Sasol), the mixed-phase TiO, P25 (Degussa, now Evonik), and single-phase anatase and
rutile (TiO2; Sigma-Aldrich) are crystalline with P25 consisting of 81 wt.% anatase and 19 wt.%
rutile. No crystalline impurities were detected in the anatase and rutile supports by means of XRD,
while Puralox required a calcination at 500 °C in order to transform impurities of aluminum oxide
hydroxide (boehmite, AIOOH) into Al2O3. XRD analysis only allows for the identification of y-
Al>0Os3 in the Puralox carrier after calcination, but other Al>O3 phases may be present as well.

Table 2. Characterization of the supports and the parent catalysts.

Support M@tal Crystal BET surzface BJH pore . BJ H pore Co in parent
oxide structure(s) area/m?/g  volume/cm’/g size/A  catalyst/ wt.%

Puralox AlL,O3 v-Al,O3 151 +£0.6 0.46 96 0.42

Stober  SiO2  Amorphous 19+0.1 0.08 148 0.43

P25 TiO2  4:1 anatase:rutile 49 +0.2 0.18 147 0.41

Anatase TiO, Anatase 98 +£0.5 0.26 85 0.42

Rutile  TiO, Rutile 27+0.1 0.11 160 0.40
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The synthesized Co3O4 nanoparticles were previously analyzed (Figure S15) resulting in a volume
mean crystallite size of 5.0 nm, 5.5 nm, or 3.8 + 0.7 nm according to Scherrer equation, Rietveld
refinement, and TEM analysis, respectively.'? Elemental analysis of the parent catalysts after
deposition of the separately synthesized Co304 crystallites via ICP-OES resulted in actual Co
loadings between 0.40 and 0.43 wt.% (Table 2). The low concentration of Co prohibits analysis of
the supported cobaltous phase in the catalysts by means of conventional XRD after deposition of
the nanoparticles on the support materials.

In situ magnetic characterization during reduction. The model catalysts (2003.6 mg) were
loaded in the fixed bed reactor of the in situ magnetometer and reduced in 50% H>/Ar at stepwise
increasing temperatures to minimize thermal strain and possibly accompanied sintering. The
reduction behavior of the catalysts is strongly affected by the support material (Figure 3; see
detailed discussion and Figures S3-S5 in the supporting information). The DOR of the Co0304
nanoparticles to metallic Co on the various supports after reduction decreases in the order rutile-
TiO2 > SiO2 > P25-Ti02 > AlbO3 > anatase-TiO; resulting in final values ranging from 35-70%.
The latter catalyst demonstrates a particularly intriguing reduction behavior as the magnetization
initially increases due to the reduction of cobalt oxide to metallic Co, but subsequently decreases
sharply at temperatures exceeding 280 °C. Hence, previously reduced Co is transformed into a
non-magnetic phase even though the catalyst is exposed to a reducing 50% Ha/Ar atmosphere at a
high GHSV, i.e. the concentration of formed H>O during reduction can be expected to be rather
low. Almost half of the initially formed metallic cobalt phase is transformed within 2 h at 300 °C
with a presumably underlying ongoing reduction of unreduced cobalt oxide. The final DOR (in
terms of ferromagnetic Co) of 35% is only marginally higher than the DOR of 30% at 280 °C.
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Figure 3. Degree of reduction to metallic cobalt of the model catalysts as a function of time on
stream and the temperature (dashed) during reduction in 50% H»/Ar. The reduction of the Co/S10>
model catalyst is adapted from Wolf ez al.'?

A partial reduction of the surface of anatase-TiO; has been reported for impregnated catalysts
containing platinum group metals at 200 °C.*3~>2 The reduction takes place in close vicinity of the
metal particles, but more isolated surface ions can also be (partially) reduced at increased
temperatures. A H* spillover type mechanism>>¢ from the Co to the TiO, support has been
suggested, which catalyzes the reduction of TiO> in Co-based catalysts.*® In contrast to anatase,
no such a partial reduction has been reported for rutile-supported catalysts. This process is
presumably accompanied by an increased mobility of Ti ions.*” Aside from partial (surface)
reduction of the anatase support, a H>O-induced mechanism forming cobalt titanate-type species
is supported by literature. Jongsomjit et al. co-fed up to 10% H>O during reduction of a Co/anatase-
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Ti0; catalyst in H», which induced a shift of the reduction temperature by 10-20 °C as observed
via temperature programmed reduction (TPR) indicating pronounced metal-support interaction.>’
Further, a delayed reduction of an anatase-supported Co catalyst was observed via TPR when
compared to Co on a single-phase rutile support.”>> A temperature shift was not observed for a
rutile concentration of 19 wt.% in a TiO2 support,”’ i.e. the composition of P25. A beneficial effect
of the presence of rutile in a Co-based catalyst with a mixed-phase TiO> support is also reported
for CO hydrogenation.’’>° A concentration of at least 3 wt.% of rutile drastically facilitated the
reduction process of cobalt oxide species and in turn increased the activity of the catalyst. Further,
higher concentrations of the anatase polymorph induced a more pronounced deactivation when
comparing the initial activity to the steady-state conditions.>

In summary, literature and the present results suggest a phase dependency of the stability of Co on
TiO2 during reduction, which is either originated in the relatively high surface reducibility of
anatase-Ti02**2 or in the formation of H,O oxidizing the metallic Co phase.’” The latter is
predicted by thermodynamics (Figure 1) even though low concentrations of H,O are expected due
to the high GHSV. Either way, the formation of a non-ferromagnetic phase via a solid-state
reaction of (partially reduced) anatase with metallic Co is expected and observed during reduction
of the Co/anatase-TiO; catalyst in the present study (Figure 3). Both, oxidation to a cobalt titanate-
type species or the formation of a cobalt-titanium alloy are plausible as both phases cannot be
magnetized and hence not be detected in the magnetometer at the given conditions.®* 63

Different trends for the reducibility of supported cobalt oxide on metal oxide carriers have been
reported in literature.%* % Comparison of the reduction behavior of the AlOs-supported catalysts
with the other metal oxide supports reveals a hindered reduction of Co30O4 nanoparticles to Co
(Figure S4). Strong interaction of cobalt oxide with Al,Os is well accepted in literature.%® In
contrast, Co/Ti0: catalysts have been reported to have the highest reducibility of cobalt oxide in
several comparative studies,®*®” while the group of Davis reported the best reducibility for SiO»-
supported catalysts.®*® However, comparison of the impregnated and calcined catalysts
comprising different crystallite sizes and probably different morphologies of Co30O4 on the
supports is challenging and may be misleading. Further, various conditions during calcination may
induce varying metal-support interaction for the different supports prior to reduction.”® Lastly,
reduction promoters potentially contribute to the contradiction and, as demonstrated in the present
study for the TiOz-supported catalysts, the reduction behavior also changes for polymorphism of
the support material.

In situ magnetic characterization during simulated FT conversion. After reduction, the model
catalysts were exposed to H>O/H»/Ar atmospheres. The partial pressures of H, and Ar were kept
constant while the amount of co-fed H.O was incrementally increased to obtain partial pressure
ratios of H2O to Hz (pu20/pm2) of 0.15-50 (Table 1). Such an environment simulates FT conversion
levels as CO 1is absent and hence excludes potential effects from an actual formation of
hydrocarbons on the Co surface. These model conditions may induce oxidation of Co to CoO, but
the direct oxidation of Co by H>O (water splitting) has previously been identified to be kinetically
hindered'*'* as OH* groups originating from H,O dissociation on the Co surface are rather
stable.!>!7 In turn, a pronounced oxidation to CoO in a FT environment requires the presence of
CO, which is absent in this study, as CO increases the concentration of O* upon adsorption and
dissociation on the Co surface.'* Hence, a rapid and significant decrease in the magnetization can
be mostly ascribed to oxidation of ferromagnetic Co to non-ferromagnetic MSCs (Figure 2). The
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influence of the supports on the limited oxidation to CoO can be expected to be rather small, i.e.
only differences in the exposure time of the catalysts to the particular H>O levels may affect the
amount of formed CoO. Comparable Co nanoparticles on carbon spheres were previously exposed
to H2O-rich atmospheres in a similar manner and only lost 4% of the magnetization when
compared to the magnetization upon reduction (Figure S16),'* which can be considered as a
baseline case as the formation of MSCs with the carbon support are highly unlikely.

In a previous study,'? the SiO»-supported Co nanoparticles have been demonstrated to display a
high stability against the formation of cobalt silicate as only 6% of the magnetization after
reduction was lost after exposure to pm2o/pu2 ratios of 0.15-50 (Figure 4). High puro/pu2 ratios of
>20 were required to initiate the oxidation process.'? In the present study, the magnetization of
Co/ALxO; is stable at low pmro/pu2 ratios (Figure 4) even though thermodynamic predictions
suggest a formation of cobalt aluminates at very low concentrations of H O (Figure 1). A first
decrease can be observed at a pr2o/pr2 ratio of 5, i.e. outside commercially relevant FT conversion
levels (pu2o/pu2 = 0.75-2). The decrease of the sample magnetization is rather constant below a
pr20/pr2 ratio of 30. Hence, the potential formation of MSCs is not a function of the partial
pressures unless exposed to high pmo/pu: ratios. This behavior suggests a kinetically hindered
oxidation process, while oxidation of the Co phase apparently exacerbates when exposed to ratios
of 40-50. It has to be noted that significantly more metallic Co is transformed than for Co/SiO>
indicating an enhanced formation of MSCs.
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Figure 4. Magnetization at maximum field strength (2 T) relative to the magnetization after
reduction of the model catalysts at 220 °C as a function of time on stream with stepwise increase
of the ratio of the partial pressures of water to hydrogen (solid) simulating various carbon
monoxide conversion levels in the Fischer-Tropsch synthesis. The data of the Co/SiO2 model
catalyst is adapted from Wolf et al.'?

In contrast to the Si02- and AlO3-supported Co nanoparticles, the potential formation of MSCs
starts at the lowest pr2o/pn2 ratio of 0.15 for anatase- and P25-TiO», while a ratio of 1.5 is required
for rutile-TiO> (Figure 4). Further, the oxidation process on these supports is seemingly
thermodynamically controlled as the decrease in sample magnetization clearly is a function of
pH20/pm2, i.e. the solid-state reaction is accelerated when exposed to increasing amounts of co-fed
H>O. Remarkably, the magnetization of the Co/rutile-TiO> catalyst decreases to less than 50% of
the magnetization after reduction within 10 min upon exposure to pmro/pu2 = 1.5. These
observations confirm a higher stability of Co against H0O when supported on rutile-TiO2 as
compared to the anatase-TiO or mixed-phase TiO» supports. This is in agreement with literature®’
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and the thermodynamic predictions (Figure 1). Even though the presence of rutile-TiO» in the P25
support stabilizes the Co nanoparticles during reduction, no significant increase of the stability
against oxidation can be observed during exposure to the mildly oxidizing conditions at H,O level
1 (pm20/pr2 = 0.15). The formation of MSCs in the TiO2-supported model catalysts is seemingly
decelerated at high pu2o/pm> ratios, but this observation may originate from diffusion limitations
of the solid-state reaction, i.e. unreacted, metallic Co and TiO; are not in close vicinity anymore
due to the formation of an isolating (oxidic) intermetallic phase. Diffusion of one or both of the
reactants is inevitable for further formation of MSCs. Hence, the Co-TiO; interface may be
considered as saturated with cobalt titanate type species.

In summary, the model catalysts demonstrated a resistance against increasing concentrations of
H>0 in the order SiO> > AlbO3 > rutile-TiO2 > P25-TiO> = anatase-TiO; regarding the required
ratio of pr2o/pa2 for initiation of the decrease in sample magnetization (Figure 4). Neglecting the
different exposure times of the model catalysts, the overall decrease in the magnetization is
comparable for Co/Al>O3, Co/anatase-TiO2, and Co/P25-TiO; and approximately 70% of Co
present in the sample after reduction is oxidized. The decrease in the sample magnetization of
Co/anatase-TiO> is lower than for the other TiO2-supports, but said catalyst already formed a non-
ferromagnetic cobaltous species during the reduction (Figure 3). Hence, direct comparison is
misleading. Over 80% of the initially reduced Co on rutile-TiO; oxidizes during exposure to H.O
levels 1-8, therefore representing the most strongly oxidized model catalyst.

All catalysts recover a small fraction of the lost magnetization (<5%) when H>O is removed from
the feed stream (Figure 4). Reversible oxidation can mostly be ascribed to re-reduction of CoO to
metallic Co.'>!'* MSCs typically require reduction temperatures exceeding 220 °C significantly.’®
72 Hence, the low reversibility at 220 °C confirms the expected limited formation of CoO due to
kinetically hindered oxidation of Co by H20 to CoO.!* It has to be noted that a potential formation
of MSCs via CoO as a fleeting species is regarded as negligible. The formation of CoO via the
kinetically hindered direct oxidation of Co by H2O is expected to be initiated at similar partial
pressure ratios of HoO/H, for all applied support materials.!>!* A subsequent solid-state reaction
of CoO and the particular support would be favourable according to thermodynamic predictions
for all studied metal oxide carriers (Figure 1c). However, the decrease in magnetization observed
during exposure of the model catalysts to the various pm20/pn2 ratios is dependent on the support
material (Figure 4). Thus, a significant contribution of a CoO mediated formation of MSCs can be
ruled out in the present study.

The sample magnetization was measured as a function of the external field strength after reduction,
at the end of each H>O level, after removing H>O from the feed stream, and after re-reduction.
Hysteresis behavior was obtained in all samples (for examples see Figure S2) and the analyses
thereof allow for the calculation of the size distribution of the smaller superparamagnetic Co
nanoparticles via a combined application of the Jiles-Atherton method*=® and the Langevin
equation.’® Note that the obtained average size and size distribution exclude the larger Co
crystallites displaying normal ferromagnetic behavior, i.e. displaying remnant magnetization upon
removal of an external magnetic field. Further, the calculation of y, the weight fraction of Co
displaying remnant magnetization, provides a qualitative indication of size changes in the metallic
Co phase as it describes the fraction of Co nanoparticles larger than the threshold size for
superparamagnetic behavior. A decrease in the superparamagnetic Co crystallite size (dy,s) may
indicate partial oxidation of the Co phase, that is either surface oxidation to CoO, oxidation via
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solid-state reaction with the support at the Co-support interface, or a combination of both. Besides
at the initial interface, MSCs may be formed at the surface of the crystallites if either mobile
support species allow for creeping onto the Co surface or Co atoms diffuse onto the surface of the
support. All suggested mechanisms can be expected to be sensitive to the accessible surface area
of Co and hence are size dependent.

Only little oxidation is observed for Co/SiO; during exposure to the various H>O levels (Figure 4),
which does not alter the fraction of Co displaying remnant magnetization and the size of the
superparamagnetic Co crystallites (Figure 5).'> In contrast, the y value of the P25- and rutile-
supported catalysts decrease during exposure to the various H>O levels (Figure 5a). The decrease
in y is more pronounced when the sample magnetization drops by approximately 70% upon
exposure of the single-phase rutile-supported Co crystallites to a pu2o/pu> ratio of 1.5, which
strongly suggests a correlation between the decrease in y and oxidation of Co to MSCs. In contrast,
the y value of Co/anatase increases upon first exposure to H>O-rich atmospheres when compared
to the fraction after reduction. A subsequent decrease during exposure to increased ratios of
pH20/pH2 suggests a preferential oxidation of smaller, superparamagnetic Co crystallites at lower
pm20/pm2 ratios, while larger ones are (partially) oxidized at ratios exceeding 10. The volume-mean
size decreases on the TiOz-supported catalysts as soon as oxidation of Co by H>O is detected
(Figure 5b). This observation, in combination with a decreasing y value and a loss in magnetization
for rutile- and P25-supported Co, indicates a pronounced loss of Co crystallites larger than the
threshold size for superparamagnetism when compared to smaller ones, i.e. a size dependent phase
change from metallic Co to most likely cobalt titanate. This partial oxidation of the crystallites
decreases the size into the superparamagnetic regime. At the same time, superparamagnetic
crystallites are partially oxidized resulting in a decrease in both, the y value and dy,s. These two
processes are identified separately for the Co/anatase catalyst at H>O level 1. The mean crystallite
size of superparamagnetic Co decreases, while the y value increases (Figure 5a). Hence, oxidation
of the larger Co crystallites on anatase requires an increased pu2o/pr2 ratio when compared to the
smaller ones.
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Figure 5. (a) Fraction of cobalt displaying remnant magnetization upon removal of the external
field and (b) average cobalt crystallite size of the superparamagnetic fraction, obtained via
measurement of the magnetization as a function of the external field strength after reduction,
exposure to the particular ratios of the partial pressures of water to hydrogen, and re-reduction at
220 °C. Several magnetic hystereses of the model catalysts with a low overall magnetization
display a low signal-to-noise ratio, which makes a calculation of the crystallite size unfeasible.
The data of the Co/SiO2 model catalyst is adapted from Wolf et al.!?

The impact of the exposure to H2O-rich conditions on y and dy,s for the Co/Al>O3 model catalysts
differs from the TiO2-supported catalysts. The y value increases significantly when oxidation of
Co is identified (pu20/pr2 = 5) and increases further to almost 60 wt.% during the subsequent H>O
levels (Figure 5a). The average superparamagnetic Co crystallite size also increases with the partial
pressure of H,O (Figure 5b), but the remnant magnetization remains constant during the exposure
to simulated high FT conversions (Figure S17). Hence, the increase of the y value is seemingly
related to a preferential oxidation of the smaller superparamagnetic Co crystallites only, while the
larger ones display an increased stability against oxidation by H>O. Relatively large particles are
formed in catalyst Co/Al,O3 via sintering during reduction. In turn, aggregates are most likely
situated on the outside of the porous support seeing the small average pore size of 9.6 nm (Figure
S13).7® Hence, the interface area between these large sintered particles and the support is
significantly smaller than that for small crystallites situated inside the pores. In turn, the larger
particles may only form a limited amount of MSCs, which may explain the different trend in the y
value for the Al2O3-supported nanoparticles.
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Removing H,O from the feed stream decreases the y value in the anatase- and Al,Osz-supported
catalysts (Figure 5a) indicating a preferential re-reduction of smaller cobalt oxide crystallites,
which were previously formed during exposure to H>O-rich environment due to a preferential
oxidation of smaller crystallites.!*!"7* No significant change was observed for supports containing
the rutile phase, potentially due to the low reversibility of oxidation.

In situ magnetic characterization during re-reduction. In a final step, the samples were re-
reduced in Ho/Ar in order to recover the fraction of oxidized Co, which did not show a
thermodynamically controlled reversibility, i.e. to fully differentiate between reducible CoO and
hard-to-reduce MSCs. Limiting the re-reduction temperature to the final temperature of the initial
reduction (360 °C) together with a short holding time can be expected to prevent significant
reduction of spectator cobalt oxide species that did not reduce in the initial reduction process

(Figure 2).

As some metallic Co was recovered upon removal of H2O from the feed stream and/or decreasing
the pressure (Figure 4), the recovery rate (M,..; ratio of recovered magnetization in the re-reduction
over the lost magnetization during exposure to H>O-rich atmospheres) takes the previously re-
reduced Co into account (Equation 4). Less than 7% of oxidized Co could be recovered during re-
reduction of the Al,Os-, P25-, and rutile-supported model catalysts (Figure 6). The recovery of
magnetization is pronounced at lower re-reduction temperatures for the Co/Al2O3 model catalyst
demonstrating the formation of a cobalt oxide species, which are easier to reduce or less stabilized
than in the TiO-supported catalysts. The overall recovery rate is less than 20% for all catalysts,
i.e. more than 80% of the observed loss during exposure to H2O levels 1-8 can be most likely
assigned to the formation of MSCs. This preferential formation of MSCs was expected as the
oxidation of Co by H>O forming CoO is a kinetically hindered process.!* The anatase-supported
catalyst displays the highest recovery rate (Figure 6). However, exposure to H>O-rich environment
only oxidized a small fraction to non-ferromagnetic phases in said catalyst due to the conversion
of metallic Co during reduction and the resulting low DOR prior to testing of the stability (Figure
3). A segregation of potentially formed cobalt-titanium species is unlikely due to the low
temperatures and would have taken place during the initial reduction as well.®*

Myee = 2" - 100% (4)

lost

Where M., is the fraction of magnetization recovered when H>O was removed from the feed
stream and during re-reduction due to reversible oxidation and M. is the magnetization lost
during co-feeding of H2O.
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Figure 6. Recovered magnetization at maximum field strength (2 T) during re-reduction relative
to the overall loss in magnetization between reduction and the highest water level as a function
time on stream and the temperature (dashed). Note that the recovered magnetization upon removal
of H>O from the feed stream and depressurizing of the reactor is given at 708 =0 h.

An observed decrease in the mean crystallite size of superparamagnetic Co crystallites and the y
value upon re-reduction (Figure 5) may be originated in a further re-reduction of smaller cobalt
oxide crystallites, but the temperature dependency of the threshold size for superparamagnetism is
underlying in these data points as the magnetic hystereses upon re-reduction were measured at 50
°C instead of 220 °C. This temperature dependency can be further demonstrated by comparing the
y values obtained from the magnetic hystereses after reduction at 220 °C (Figure 5a) to the values
obtained during reduction at the final holding temperature of 360 °C (Figure S5). While
approximately 14-17 wt.% of Co in the model catalysts display remnant magnetization at the end
of the reduction at 360 °C, a range of 14-32 wt.% is obtained at 220 °C. As expected, the samples
with a larger volume-mean size of superparamagnetic crystallites (Figure 5b) display a pronounced
increase in y. This arises in the correlating temperature dependency of the critical size for
superparamagnetism and is more pronounced for wider crystallite size distributions.

In situ magnetic characterization during O: titration. Monitoring the magnetization during the
final passivation treatment in 1% O2/Ar*’ can be considered as a titration of the accessible metallic
surface in the spent model catalysts (Figure 2). Even the formation of a thin layer of CoO will
cause a significant decrease in magnetization.?’ Surprisingly, the magnetization only decreases to
a small extent for all model catalysts (<11% of the magnetization prior to passivation) indicating
little oxidation by O2 (Figure S18). Hence, the formation of oxidic species on the surface of the
nanoparticles during the preceding exposure to H>O-rich atmospheres is highly likely. Such
species are not expected to reduce during the conducted re-reduction and hence can be expected
to represent hard-to-reduce MSCs.

Co/rutile-Ti0; and Co/Al;0O3 experience the most pronounced decrease in magnetization during
passivation (10-11%). The extent of oxidation approximately matches the amount of Co recovered
during re-reduction. However, as all catalysts were re-reduced, a layer that is stable under air
atmosphere and hence limits the effect of oxidation during passivation must be protecting the
remaining metallic phase in the other catalysts. For example, MSCs may have formed not only at
the (initial) interface between the support and the nanoparticle, but also on the Co surface via
creeping onto the nanoparticle as observed for SiO»-supported catalysts'®?? or related diffusion
phenomena. Such a formation of cobalt silicates has been reported for Co/Re/SiO> catalyst forming
needle type structures on the nanoparticles during hydrothermal treatment or high conversion
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FTS.” More recently, we were able to confirm such a formation on Stober spheres, which were
decorated with different sizes of Co nanoparticles including the Co/SiO; model catalyst discussed
herein.?> Needle or platelet type structures were associated to (partially) encapsulated
nanoparticles after exposure to simulated high conversion FT environment and identified as cobalt
silicates.

The magnetization of the Co/anatase-TiO; catalyst decreases by less than 2% during passivation
supporting a similar encapsulation of the nanoparticles resulting in a protection of the metallic
phase from oxidation, which may be associated with an increase in the mobility of titanium atoms
from the support. A pronounced mobility potentially initiated the phase transformation of metallic
Co during reduction as well. An increased mobility of metal atoms of the support material has been
reported for TiO carriers when compared to the other metal oxide carriers.**? However, the
recovered ferromagnetic phase during re-reduction is seemingly not accessible for the O:
molecules during passivation, which cannot be explained at the current stage.

X-ray absorption near edge structure. XANES analysis of the passivated model catalysts at the
Co K-edge provides insight into the different Co phases present. The normalized spectra of the
standards for potentially formed MSCs, cobalt oxides, and metallic Co (foil) demonstrate the
variety of features associated to the different coordination of Co atoms in the various samples
(Figure 7a). Metallic Co has a distinct shoulder on the main edge at 7702 eV, with the main edge
at 7709 eV. The oxide references, CoO, Co304, and cobalt aluminate, have a pre-edge feature at
7701 eV, due to the 1s — 3d transition, this feature is most intense for samples with Co in a
tetrahedral environment such as for CoAl>O4 and weaker for Co in an octahedral environment as
in CoO (Table 3).7® A linear dependency of the edge shift to higher energies with increased valency
of the metal”’ has also been reported for Co**’®’ and can be confirmed for the cobalt oxide
standards.>® The edge shift of the standards for cobalt silicate and titanate are comparable to the
shift in CoO as the valency of Co can be expected to be close to two in both standards.*® However,
cobalt aluminate has a less pronounced edge shift. This is in contrast to an increased valency due
to a Co-rich composition of the reference sample resulting in a Co:Al ratio larger than 1:2
(Co1+xAl+04).%° The pre-edges, the edge shifts, the different intensities and broadenings of the
white line for oxidic phases, and unique post-edge features allow for a facile differentiation of the
spectra of the standards.
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Figure 7. Normalized X-ray absorption near edge structure spectra of (a) standards and (b) spent
and passivated model catalysts, as well as passivated model catalyst Co/anatase-TiO> after
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Table 3. Characteristics of the X-ray absorption near edge structure spectra of spent and passivated

model catalysts and standards.

Sample Normalizeq pre- Edge I\.Iorr'nalize.d white
edge intensity shift / eV line intensity
CoO 0.04 4.6 1.62
Co304 0.07 5.7 1.57
Co1+xAl2xO4 0.09 1.0 1.43
Co/AlLLO;3 0.11 1.3 1.29
C02S104 0.06 4.8 1.49
Co/S102 0.22 1.4 1.28
CoTiO3 0.06 3.2 1.47
Co/P25 0.10 2.9 1.34
Co/anatase 0.07 2.2 1.42
Co/anatase, reduced 0.07 3.0 1.44
Co/rutile 0.06 3.0 1.46

Strong differences in the intensity of the pre-edge and the white line can be observed in the XANES
spectra obtained for the spent and passivated model catalysts (Figure 7b). The shoulder on the
main edge in the spectrum for the Co/SiO; catalyst overlaps well with the spectrum of the Co foil.
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Further, the reduction in white line intensity when compared to CoO and Co30O4 indicates a certain
concentration of metallic Co.?? In contrast, a pre-edge feature can be identified for the TiO,-
supported samples and the white line intensity is more similar to that of the oxide references. These
samples also feature a broad white line characteristics similar to the one of the standard for cobalt
titanate. Hence, the Co phases in the Co/T10> catalysts can be expected to be mostly oxidic.

Linear combination fitting (LCF) in the first derivative of the normalized absorption is conducted
to obtain a quantification of the phase composition for the spent model catalysts (Figure 8). Plotting
the spectra and the particular fits in the first derivative improves the visualization of the
characteristic features when compared to the normalized absorption. The pronounced shift of the
white line of the standard for Co3;O4 around 7723 eV?®® cannot be identified in any of the samples.
Therefore, Co304 is not present in the passivated samples as reported for the applied passivation
technique’” and in line with the XANES analysis of the spent Co/SiO2 sample.?? Nevertheless,
Co0304 has been included in additional LCFs, which result in none of the Co atoms being associated
to Co304 demonstrating the absence of this oxide phase in all samples. The presence of CoO can
be expected as a fraction of the cobaltous phase was never reduced in the initial reduction and
represents a spectator phase during the experiments (Figure 2). Further, additional CoO is
exclusively formed during the passivative treatment in 1% O»/Ar.?” Hence, CoO, metallic Co, and
the particular MSC were selected for LCF of the spent model catalysts (Figure 8).
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Figure 8. First derivatives of the normalized X-ray absorption near edge structure spectra of the
spent and passivated model catalysts with (a) Al,Os, (b) Stober SiO» adapted from Wolf et al.??,
as well as (c¢) P25-TiO, anatase-TiO2, rutile-TiO2 as support material together with the reduced
Co/anatase-TiO2 catalyst and the particular standards. The spectra of the spent catalysts are
superimposed with the linear combination fits in the range of -20 to 50 eV relative to the edge
(dashed) with the particular standards, while R-factors are given next to the fit.
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All characteristics of the first derivative of the experimentally obtained and normalized absorption
of Co/ALLO3; can be accommodated in a fit with the cobalt aluminate, CoO, and metallic Co
standards (Figure 8a) suggesting the absence of additional phases. The fit results in more than half
of the Co atoms being associated to cobalt aluminate, while 27% of the Co atoms are present as
metallic Co (Table 4). Magnetic measurements during passivation result in a final DOR of 17%,
which represents the maximum Co content in the sample as no reduction of oxidic cobalt species
is expected during storage of the passivated catalyst under air. In contrast, the metallic fraction in
the catalyst may undergo slow, diffusion limited oxidation to CoO.?’ The discrepancy between the
DOR upon passivation from the highly sensitive magnetic measurements and the fraction of
metallic Co according to the analysis of XANES spectra may demonstrate the semi-quantitative
character of the analysis of XANES spectra via LCF. Fitting the derivative with CoO, metallic Co,
and a bulk-sized cobalt aluminate with a 1:2 ratio of Co:Al results in a worse fit (Figure S19)
indicating the formation of Co-rich cobalt aluminate during exposure to H>O-rich environment,
which seemingly has a composition similar to the utilized standard.

Table 4. Degree of reduction of the spent and passivated model catalysts according to magnetic
measurement and phase compositions according to the linear combination fitting of X-ray
absorption near edge structure spectra with the particular standards in the range of -20 to 50 eV
relative to the edge.

Support Metal oxide Treatment DORyed DORpass /- Co CoO  MSC

/ % % /% 1% %

Puralox ALO3 H>O level 1-8, re-red. 44 17 268 19.8 534
+16 +£15 +£22

Stober®  SiO; H>O level 1-8 62 53 43.1 39.1 178
£07 +£12 14

P25 4:1 a-TiO2:  Hz0 level 1-8, re-red. 61 32 335 235 43.0
r-TiO» +1.7 +24 +2.9

Anatase a-TiO» - 35 25 223 41.0 36.7
+2.5 +3.6 +4.4

Anatase a-TiO» H>O level 1-8, re-red. 35 32 264 38.1 356
+2.5 +3.5 +4.3

Rutile  r-TiO; H>O level 1-8, re-red. 68 25 11.8 259 623

+1.6 +2.3 +2.8

2 Data for the Co/SiO2 model catalyst adapted from Wolf et al.??

Fitting the TiO2-supported catalysts with the standards for cobalt titanate, CoO, and metallic Co
results in high fractions of cobalt titanate (Table 4), but also in rather large errors (Figure 8c). An
unfitted peak in the derivative at 7716 eV indicates the presence of an additional phase in the
Co/anatase catalysts, which may be present to a lower extent in Co/rutile and Co/P25 as well. No
significant difference is identified between the passivated Co/anatase catalysts upon reduction and
upon exposure to H>O-rich environment via LCF of XANES spectra. The differences in said
samples are potentially limited to the unidentified cobaltous species. The fit of the first derivative
of the spent Co/Si02 only deviates marginally from the experimental spectra (Figure 8b) and
results in 18% of Co atoms being coordinated as cobalt silicate (Table 4).2?
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Comparing the amount of CoO from LCF with the amount of CoO present after the initial reduction
provides insight into the role of non-reduced CoO during exposure to H>O-rich environment.
Passivation of the catalysts resulted in little oxidation of the samples (Figure S18), while the solid-
state reaction of CoO with the metal oxide carriers is highly likely (Figure 1c) and decreases the
CoO content in the catalysts. For the Co/SiO; catalyst, the amount of CoO from LCF (39.1% of
Co atoms are associated to CoO) matches the fraction of cobalt oxide species present after the
initial reduction (100% - DOR;.a = 38%; Table 4). LCF for the other catalysts results in
significantly lower fractions of CoO than after reduction. Hence, the unreduced CoO fraction
cannot be considered a spectator species during exposure to H»O-rich atmospheres. This
observation strongly supports the formation of MSCs from CoO aside from to the identified
formation of MSCs from the metallic phase (Figure 2). The latter direct formation of MSCs has
previously been hypothesized to be kinetically hindered for the formation of cobalt aluminates,
which was suggested to proceed via CoO as an intermediate only.!? Several studies adopted said
hypothesis, which may have resulted in erroneous conclusions.!>26:648182 Begsides the relative high
pH20/pH2 ratios, the absence of a calcination step may have been the key allowing for the
observation of formation of MSC from the metallic Co phase. The formation may be hindered in
a calcined catalyst due the formation of MSCs during the catalyst preparation. A relatively thick
oxidic layer between the metallic Co and the support providing pronounced metal-support
interaction may also prevent significant diffusion of Co into the support. Such a (mixed) metal
oxide layer, if present at all upon reduction of the anchored nanoparticles, can be expected to be
thinner in the present study as no strong metal-support interactions have been induced during the
preparation of the catalyst.

In order to further investigate the potential formation of a cobalt-titanium alloy, additional EXAFS
spectra were modelled in Artemis.*> Various compositions were taken into account resulting in
similar spectra (Figure 9). However, comparison of the modelled and experimentally obtained
spectra for Co demonstrates the prominent characteristics in the modelled spectra featuring narrow
peaks. Nevertheless, LCF of the XANES spectra of the spent and passivated catalysts was
conducted from -20 to 20 eV relative to the edge including one of the cobalt-titanium alloy
compositions in addition to the previously utilized standards. Only LCF including CosTi resulted
in viable fits (Figure S20). Between 3 and 13% of the Co atoms were associated to the alloy (Table
S2) improving the residual of the fits significantly. As expected, the highest fractions of the alloy
were observed for the anatase support, followed by rutile and P25, i.e. the trend in the three
different catalyst systems strengthens the hypothesized presence of CosTi.
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Figure 9. Modelled and normalized X-ray absorption near edge structure spectra for cobalt-
titanium alloys and fcc-cobalt with the experimentally obtained spectra of cobalt foil.
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High-resolution scanning transmission electron microscopy. The spent and passivated model
catalysts were analyzed by HRSTEM with elemental mapping via EELS imaging. The low Co
loading and the crystalline support materials complicate the identification of formed MSCs or even
Co crystallites in the Al2O3- and TiO;-supported samples. Needle- or platelet-type cobalt silicate
structures have been previously identified on the Co/SiO> catalyst*? being in line with literature.”
MSCs with a much higher concentration have been identified in the other samples via XAS as
well. However, the high conversion of metallic Co into oxidic phases in the present study and the
special morphology of formed MSCs with highly dispersed Co atoms may result in low
concentrations of metallic Co atoms and thus a low contrast between the support and MSCs. Such
a morphology has been successfully identified in the Al,Os-supported sample (Figure 10). An
elemental map for Co, as obtained via EELS imaging, follows the contrast observed in the high
angle annular dark field micrograph suggesting the formation of a dispersed Co phase on or within
the AbO3 support. The small scale of the Co-rich areas (< 2 nm) strengthens this hypothesis.
Tsakoumis et al. recently suggested a similar formation of a highly dispersed cobalt aluminate
phase for small Co crystallites, which firstly oxidize to CoO prior to formation of MSCs.'* Such a
process via wetting of the nanoparticles followed by diffusion into the support structure may have
been at play in the herein characterized model catalysts as well. In contrast to the suggested
mechanism by Tsakoumis ef al., a (mostly) direct formation of MSCs from the metallic Co phase
has been observed in the present study. Elemental mapping strongly suggests the formation of flat
nano-sized cobaltous domains on the support (Figure 10). Hence, the direct solid-state reaction of
metallic Co with the support material in the presence of H,O is suggested to result in such
structures (Figure 11).
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Figure 10. High-resolution (a) bright field and (b) high angle annular dark field scanning
transmission electron micrographs of the spent and passivated alumina-supported model catalyst
with (c) elemental mapping as obtained via electron energy loss spectroscopy with separate maps
for the particular elements.

Co

H,0

Co

Me, O

H,O

Me,O,

Figure 11. Schematic of the proposed mechanism of the direct transformation of metallic cobalt
to cobalt-support compounds by water for titania- and alumina-supported nanoparticles via wetting
and diffusion into the support structure.
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Analysis of the TiOz-supported catalysts after exposure to HoO-rich environment by means of
HRSTEM coupled with EELS imaging exhibits similar structures of a highly dispersed Co phase
within a relatively large area surrounding a Co-rich domain (Figure 12; Figures S21 and S22).
Exposure of the model catalysts to pr20/pu2 ratios up to 50 may also induce complete oxidation of
the larger Co nanoparticles via continuous diffusion of the oxidized cobalt into the support to form
MSCs within the said structure (Figure 11). Concentration gradients can be expected for such
structures with a Co-rich MSC in close vicinity to the (former) center of the nanoparticle and lower
concentrations of Co within the structure of the MSC surrounding this highly saturated area. Such
gradients may provide an explanation for the challenging LCF of XANES spectra with standards
as more than one standard would be required, i.e. at least a Co-rich and a Co-poor standard for the
particular MSCs. In contrast to the amorphous SiO2 Stober spheres, the diffusion of Co atoms into
the support lattice structure would then be the dominating process during the H>O-induced
formation of MSCs in the utilized TiO; and Al,O3 supports.

Figure 12. High-resolution (a) bright field and (b) high angle annular dark field scanning
transmission electron micrographs of the spent and passivated P25-supported model catalyst with
(c) elemental mapping as obtained via electron energy loss spectroscopy with separate maps for
the particular elements.

SUMMARY AND CONCLUSION
In a comparative study, well-defined Co3;O4 nanoparticles were deposited on Puralox Al2O; and

three TiO> carriers, namely the commercial mixed-phase TiO2 support P25, as well as single-phase
anatase and rutile. The stability of the nanoparticles during reduction to Co and subsequent
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exposure to simulated high FT conversion levels was monitored using an in situ magnetometer
and compared to the same nanoparticles supported on SiO> Stéber spheres from a previous study
on the size dependent oxidation behavior of nano-sized Co.

In accordance with conducted thermodynamic predictions for the bulk-phase solid-state reactions
between Co and the support materials, Co/SiO> was found to be the most stable system. However,
creeping of SiO2 species has been identified resulting in coverage of metallic Co nanoparticles.
Ti0O;-supported Co nanoparticles readily formed high amounts of cobalt-support compounds at
low partial pressure ratios of H>O to H» corresponding to industrially relevant conversion levels of
the FTS. Furthermore, in the case of anatase, such MSCs even formed during reduction in Ha/Ar.
Even though thermodynamic predictions suggest such a high instability of metallic Co on TiO; at
low concentrations of H>O, the vast formation of MSCs was unexpected due to a successful
application of TiO: as carrier material in the commercial FTS. However, the herein prepared and
tested model catalyst cannot be compared to a fully engineered commercial FT catalyst with
promoters and additives for both, the active Co phase and the support material. Commercial
Co/TiOz catalysts potentially tolerate the formation of a small amount of MSCs during preparation
and/or operation as significantly larger Co loadings are applied. In contrast to the Co/TiO; sample,
the Co/Al2Os model catalyst was stable at industrially relevant conditions. Cobalt aluminates
formed in a kinetically hindered process at increased simulated conversion levels. This observation
is contradictory to thermodynamic calculations, which suggest a spontaneous oxidation at low
concentration levels of H>O.

The hard-to-reduce MSCs were characterized by means of XANES and HRSTEM. In accordance
to the in situ magnetic measurements, large fractions of cobalt aluminate and titanate were
identified. Interestingly, the spent titania-supported catalysts seemingly feature another species,
potentially a cobalt-titanium alloy, which may have formed during reduction of oxidic cobalt on
anatase as well. Elemental mapping via EELS suggests a wetting of the nanoparticles over the
support followed by formation of the MSCs.

The herein presented results show a high significance for fundamental research on the FTS, FT
catalyst design, and industrial application of Co-based catalysts in the FTS alike. The observed
formation of MSCs from the metallic phase can be considered as the maximum potential for such
phase transitions as the catalysts, aside from the Co/anatase sample, do not comprise such MSCs
upon reduction and oxidation to CoO during exposure to H>O-rich atmospheres was limited by the
absence of CO. Hence, impregnated and calcined catalysts are expected to form less MSCs, while
realistic FT conditions including the reactant CO may result in deactivation of Co via oxidation to
CoO prior to the formation of MSCs. Nevertheless, the presented results suggest utilization of
AL O3 as the carrier of choice in the FTS for conversion levels below 75% in order to minimize
potential deactivation of Co via water-induced direct formation of MSCs.
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