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ABSTRACT: Power-to-liquid processes are considered a crucial route to
substitute petroleum-based processes for the production of valuable chemicals
and liquid fuels, opening the possibility for the production of sustainable aviation
fuels. Two selected catalysts, 20wt.%Co/Al2O3 (CA) and 20wt.%Co/TiO2−SiO2
(CTS), were tested in the Fischer−Tropsch synthesis (FTS) reaction under
industrially relevant conditions. The CTS catalyst showed 10% higher activity,
improved C5+ selectivity, and lower methane formation than the CA catalyst. The
components of these complex catalysts were characterized, and the structural
evolution of cobalt during activation and reaction was monitored by various in-situ
and operando methods. H2 temperature-programmed reduction, X-ray diffraction,
magnetometry, and X-ray absorption spectroscopy revealed a decrease in the temperature of stepwise cobalt reduction in CTS
catalysts compared to CA. The reduction behavior of Co during activation was dependent on the support nature and strength of the
metal−support interaction. The formation of composites with the support was proposed based on the results obtained by bulk
probing XAS and more surface-sensitive NEXAFS methods. XRD, magnetometry, and XAS revealed that the size of the activated Co
particles was dependent on the support chosen. The DFT modeling results confirmed the higher affinity of cobalt for titania, which
might explain the smaller Co crystallite size and higher stability observed for the CTS catalyst. The difference in activity between the
two commercially relevant cobalt-based catalysts on different supports could be linked to the difference in pore sizes and the strength
of the metal−support interaction.

■ INTRODUCTION
Power-to-liquid (PtL) processes are considered as a crucial
route to substitute petroleum-based processes for the
production of valuable chemicals and liquid fuels,1−3 opening
the possibility for the production of sustainable aviation fuels
(SAF).4−7 Syngas, a mixture of H2 and CO, obtained from
renewable sources like water electrolysis, carbon capture
processes, or local CO2-emission sources, can be converted
via Fischer−Tropsch synthesis (FTS) into long-chain hydro-
carbons. In commercial applications, cobalt-based catalysts,
using high surface area materials like γ-Al2O3,

6 TiO2,
8,9 or

SiO2
10,11 are widely applied in order to obtain well-dispersed

metal particles and to prevent their sintering.12,13 In addition,
modifiers like Ti or Zr on SiO2 and Si/La/B on γ-Al2O3 are
used.14 From an economic point of view, high catalytic activity,
stability, and selectivity to C5+ products, as well as low
selectivity to byproducts like CH4, are desirable.

15,16 Product
selectivity can be tuned by the operating conditions (temper-
ature, pressure, syngas composition) or the catalyst composi-
tion.15 In particular, the atomic structure of the active particles,

morphology, and porosity of support grains, as well as the
strength of metal−support interaction, are decisive.14 The
interaction between the active Co nanoparticles and the
support is crucial, as weak metal−support interactions (MSI)
lead to stronger sintering,17 and strong MSI may hamper the
reducibility of the parent cobalt catalyst due to the formation
of CoAl2O4, CoTiO3, or Co2SiO4. In addition, the formation of
these metal−support compounds (MSCs) during FTS is
known to cause deactivation.18−20

Fischer−Tropsch synthesis (FTS) requires a thoughtful
catalyst design to improve performance, selectivity, and
stability by tuning the strength of the metal−support
interaction, the cobalt nanoparticle size, and the presence of
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specific cobalt phases formed during the reaction under
industrially relevant conditions.20−27 Such optimization has
often been approached by investigating the role of individual
aspects relevant to the performance of technical catalysts with
industrial complexity. In most cases, one parameter, like
nanoparticle size,28−30 support,17,31−33 or reduction pro-
moters,34 has been varied. It is known that Co particles
smaller than 8 nm favor methane formation,35 are more prone
to oxidation,36,37 are more difficult to reduce, and subsequently
require reduction promoters for milder reduction.14 In
addition, there are very few studies that focus on the direct
comparison of different supports. Storsaeter et al.33 reported
that the reduction of γ-Al2O3 and SiO2 depended on the pore
size, whereas sintering was observed in TiO2. A two-step
reduction process involving Co3O4 to CoO and CoO to Co0
transformation revealed both weak interactions (e.g., Co/SiO2)
and strong interactions (e.g., Co/Al2O3) with the support.

34

Promotion with ZrO2 or TiO2 on γ-Al2O3 and SiO2 has been
reported to improve the surface structures.38 Additionally,
often noble metals like platinum are added as reduction
promoters in cobalt-based Fischer−Tropsch (FT) catalysts.39
Industrial catalysts are not only dynamic but also have a

complex pore structure and grain morphology that influence
the cobalt particle size and strength of the MSI and often
contain a reduction promoter. A complementary pool of
techniques that allows insight under in-situ and operando
conditions is required. To show this endeavor, two catalysts
with significantly different catalytic activities were selected: (1)
a 20wt.%Co/Al2O3 catalyst (CA) with a microporous support
structure and good catalytic performance, and (2) a 20wt.%
Co/SiO2, where the support has been coated with titania
(CTS), which shows enhanced catalytic activity and lower
methane selectivity.
In this study, we compared these two commercially relevant

FT catalysts by using different complexity scales and
complementary advanced characterization methods. The
selected analysis tools are particularly designed to investigate
the active phases under industrially relevant reaction
conditions. Hence, the proposed approach bridges the gap
between industry and academia and documents the future
potential of in-situ and operando characterization of catalysts
for developing a deeper understanding with respect to the
metal−support interactions, long-term stability, and deactiva-
tion phenomena to improve commercially relevant catalysts in
the overall FT process to efficiently produce SAF.

■ METHODS
For the alumina-supported system (CA): 20 wt.% Co supported on
Sasol Germany’s Puralox SCCa γ-Al2O3 catalyst was prepared by
SASOL S.A. on a laboratory scale, as described elsewhere.40 More
precisely, 20 wt.% Co was deposited on the alumina support via a
slurry-phase impregnation procedure with aqueous metal precursor
solutions. The resulting slurry was dried under vacuum and calcined
in static air at 250 °C. Sequential impregnation and calcination steps
were applied to achieve a 20 wt.% Co nominal loading. For the silica-
supported system (CTS), specific support modifications were done:
an appropriate amount of Ti-isopropoxide was added to anhydrous
EtOH in a round-bottom flask. Thereafter, the silica gel support was
added to the latter, and the sample was dried under reduced pressure
to obtain a free-flowing powder.41 The material was calcined in a
muffle oven in air at 500 °C for 2 h to provide a titania-modified silica
support. A 20wt.%Co/Ti-SiO2 catalyst was prepared by two-step
slurry impregnation of the modified support with aqueous cobalt

nitrate solution, followed by the appropriate drying and calcination
steps, as described previously.42

The surface areas of the samples were determined by N2-
physisorption at −196 °C with a BELSORP-mini II (Rubotherm)
and calculated using the Brunauer−Emmett−Teller (BET) method in
the p/p0 = 0.05−0.30 range (16 data points) (Belsorp Adsorptions/
Desorptions Data Analysis Software). Before each measurement, ca.
150 mg of the sample was heated for 2 h at 300 °C in a vacuum for
drying.
The cobalt phases in the calcined state were characterized via XRD

on a Bruker D8 Advance diffractometer. Measurements were
performed with a Co Kα source (Co Kα1 = 1.79026 Å; Co Kα2 =
1.792850 Å) between 5° and 129°, with an increment of 0.024° and a
measuring time of 2 h. The diffraction patterns were analyzed with the
X’Pert HighScore software, and Topas 5.043 was used for the Rietveld
refinements44 using the fundamental parameter approach. The full
pattern refinement technique was used to determine the average
crystallite size.
Temperature-programmed reduction (TPR) profiles of the

catalysts were recorded on an Autochem 2910 (Micromeritics Co.,
USA) instrument. Approximately 50 mg of the sample was placed in a
U-shaped quartz tube fitted with a thermocouple for continuous
temperature measurements. The sample was dried under helium flow
(50 mL/min) by increasing the temperature from room temperature
at 5 °C/min to 120 °C, where it was held constant for 10 min to
remove water. The sample was then cooled to room temperature,
subsequently heated to 900 °C at 10 °C/min in a flow (50 mL/min)
of 10%H2/Ar and kept at this temperature for 10 min. The water
formed during the reduction was trapped using a dry ice/acetone
bath. The amount of hydrogen consumed during reduction was
measured with a thermal conductivity detector (TCD).
FTS test runs at SASOL laboratory were performed in a slurry

phase in a continuously stirred tank reactor (CSTR) with a reactor
volume of 1000 mL. Catalyst samples (10−15 g) were prereduced at
425 °C under atmospheric pressure, as described in a recently
published patent.45 The sample was suspended in molten hydro-
genated wax inside the reactor. Realistic FTS conditions were used
(230 °C, 19 bar), and the synthesis gas conversion was kept constant
in each run by adjusting the GHSV. The synthesis gas flow was
regulated using Brooks mass flow controllers. As the CA catalyst is
prone to deactivation at higher water partial pressures, as
demonstrated earlier,41 it was run at lower conversion levels than
the CTS catalyst. A direct comparison of selectivity, thus, cannot be
done at iso-conversion levels.
The effect of the catalyst support on the Co3O4 nanoparticle

reduction pathway of the nanoparticles deposited on the supports in
an H2 environment was examined using an in-situ XRD reaction
cell.46,47 The sample (ca. 0.18 mg) was packed in a capillary cell
(quartz, OD 1.0 mm) and heated with an infrared heater. In-situ XRD
analysis was conducted using a Bruker D8 Advance diffractometer
equipped with a VANTEC position-sensitive detector and Mo source
(Kα1 = 0.709 Å). Scans were obtained at 5 min intervals in the
temperature ranges of 50 to 420 °C and 370 °C (and held for 6 h) for
the CA and CTS catalysts, respectively, with a heating rate of 1 °C/
min (a scan every 5 °C). Each scan was obtained with a step size of
0.018°, time/step of 0.2 s, and total scan time of 4 min. Rietveld
refinement analysis44 was conducted using the TOPAS 5.0 software
package43 to determine the phase composition and crystallite size as a
function of the reduction temperature.
An in-situ magnetometer37,48,49 (developed in collaboration

between UCT and SASOL) with a magnetic field strength of 2 T
(20 kOe) was utilized. The catalyst (150 mg) was diluted with 1000
mg of SiC and placed in the isothermal zone of the reactor; the
temperature was monitored with an N-type thermocouple positioned
in the catalyst bed. The temperature of the catalyst bed was increased
from 50 to 420 °C and 370 °C (and held for 6 h) for the CA and CTS
catalysts, respectively, at a heating rate of 1 °C/min under a H2 flow
of 8.5 mL/min. Magnetic saturation (Msat) measurements were
performed every 5 min. The degree of reduction (DoR) of Co3O4 to
Co0is obtained using eq 1
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M

M X m
DoR(%)

0.15 g
100sample

calibration loading unreducedsample
=

·
· ·

·
(1)

where Msample and Mcalibration are the magnetizations of the sample
and of the cobalt calibration sample (1 g) (in emu), respectively.
Xloading is the ICP-OES determined cobalt metal loading, and
munreducedsample is the mass of the unreduced sample loaded into the
reactor. During the in-situ magnetometer reduction, γ was recorded to
determine changes in the superparamagnetic fraction of the metallic
Co nanoparticle size distribution22 using eq 2

T
M T

M T
( )

2 ( )
( )

100 wt%rem

sat
=

·
·

(2)

where Mrem is the remnant magnetization (measured at 0 T), and Msat
is the saturation magnetization (measured at 2 T). An increase in the
γ values can be interpreted as an indication that sintering is occurring.
Sizing experiments were carried out by using in-situ magnetometry.

Following the reduction, a 32 min magnetization vs field strength
measurement (M−H measurement) was conducted, varying the field
strength from 2T to −2T and back to 2T. This data was used for
magnetometry-based sizing by applying a linear combination fit of the
Langevin equation50,51 (eq 3) as a function of particle size to obtain a
size distribution that fits the experimental data. The Langevin
equation is applicable only to superparamagnetic materials, which
display zero remanent magnetization. Previous work has shown that
the Langevin equation remains applicable for γ < 10% without
significant errors.29,50,52

M
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k T

k T
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jjjjj

y
{
zzzzz (3)

where Ms is the saturation magnetization, ρ is the density, σs is the
mass-specific saturation magnetization of the bulk material, H is the
field strength, d is the particle diameter, kB is the Boltzmann constant,
and T is the temperature.
Above a certain critical size, these particles display nonsuperpar-

amagnetic behavior, where they exhibit remanent magnetization. The
percentage of particles greater than this critical size can be estimated
using γ (eq 2). The critical size is also known to be dependent on
temperature, where Dc ∝ T1/3.53 To apply the Langevin equation to
samples that do not display superparamagnetism, we propose to
utilize the temperature dependence of the critical diameter by
conducting measurements at higher temperatures to decrease the
remanent magnetization. In these experiments, the measurement
temperature was increased from the reduction temperature of 370 °C
to 400 °C, 500 °C, and 600 °C, with M−H measurements being
conducted before ramping to temperature, at the temperature, and
after the temperature ramp to perform the sizing experiments and to
confirm that no changes in the size of the material were observed.
For the fit of the Langevin equation, an increment size of 0.05 nm

was used to generate the required theoretical curves. The best fit of a
linear combination of these curves was then identified using two
methods: first, by RSS optimization using a sequential quadratic
programming algorithm,54,55 and second, by fitting a log-normal
distribution by optimizing μ and σ parameters of the log-normal
distribution function (eq 4).

f x
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FTS test runs at University of Cape Town laboratory were
performed in a similar type of reactor as at the SASOL site for 3 h (10
mg of catalysts,p = 19 bar, T = 230 °C, H2/CO = 2.0) and under the
same constrains.41

X-ray absorption (XAS) measurements at the Co K-edge (7709
eV) were carried out at the CAT-ACT beamline56 of the KIT Light
Source57 in transmission mode using high-energy ionization chambers
(Ohyo Koken Kogyo Co. Ltd., Japan). The energy of the X-ray
photons was selected by a double-crystal monochromator with

Si(111) crystal pairs. The beam size for the measurements was set
with slits to 1.0 × 2.0 (horizontal × vertical) mm2. Data reduction and
extraction of the μ(k) function (with a Rbkg value of 1) were
performed using the Athena code, and EXAFS data were fitted with
the corresponding crystalline phases using the Artemis package of
IFFIT Software (version 0.9.26).58 Linear combination analysis
(LCA) was performed using the reference spectra measured on Co
foil, CoO and Co3O4 powders in pellet form. Operando XAS
measurements were performed in a continuous flow high-pressure
reactor developed at KIT.59 A fixed-bed reactor with an inner volume
of about 0.1 mL was used for in-situ temperature-programmed
reduction (TPR) and operando FTS. 10 mL/min pure hydrogen was
used as a reducing agent during TPR. The temperature was increased
with a ramp of 1°C/min from room temperature to 370−450 °C. FTS
catalysts were diluted with the corresponding support material at a
ratio of 1:6. The reaction conditions are P = 20−25 bar, T = 200−250
°C, and H2:CO = 2.0. The gas phase was analyzed using an online
μGC (Inficon GmbH, Germany).
The reducibility of cobalt in the CA and CTS catalysts near the

solid/gas interface was compared by using in-situ near-edge X-ray fine-
structure (NEXAFS) at the Co L3-edge (778 eV) in the near-ambient
pressure high-energy X-ray photoelectron spectroscopy (NAP-HE-
XPS) endstation, developed by the FHI/MPI-CEC for the ISISS
beamline located at the BESSY II light source operated by the
Helmholtz-Zentrum Berlin für Materialien and Energie GmbH
(HZB).60 For this, 0.5 g of CA and CTS catalysts were prereduced
at 1 bar under 20 mL/min of pure H2 flow, heating at 2.5 K/min from
25 °C up to 380 °C, holding for 3 h, and cooling fast back to 25 °C.
The purpose of this treatment is to preserve the achieved degree of
reduction for the CA and CTS catalysts, which requires a pure H2
flow at 1 bar, as in the other methods. After cooling, the samples were
purged with Ar and then transferred to an Ar glovebox to be
pelletized, mounted on sapphire sample holders, and brought to ISISS
inside an Ar transfer box. In-situ NEXAFS was carried out in total
electron yield (TEY) mode, illuminating a 100 × 80 μm2 spot
(horizontal × vertical) on the pellet under 0.25 mbar H2 during
heating CTS up to 325 °C and CA up to 375 °C. Linear combination
analysis of the Co L3-edge NEXAFS spectra was performed using the
Athena program (Demeter version 0.9.26),58 using divalent CoO and
Co(0001) single crystals as reference materials. Further details are
provided in the SI, Figure S1. Au 4f was measured on a gold foil with
a photon energy of 774 eV, i.e., in the pre-edge region of the Co L-
edge, for energy calibration. The energy resolution was about 0.15 eV.
Spin-polarized DFT calculations were performed using the software

VASP version 6.261,62 with the GGA functional BEEF-vdW63 and the
projector-augmented wave (PAW) method with standard PAW
potentials.64 Gaussian smearing with a width of 0.1 eV was used in
all calculations, and the sampling of the Brillouin zone was carried out
in a Monkhorst−Pack grid with a k-point linear spacing of
approximately 1.78 Å−1, that is, a (14 × 14 × 1) grid for the (1 ×
1) fcc-Co (111) surface. Bulk calculations were carried out with an
energy cutoff of 600 eV, which was changed to 400 eV for all other
calculations. The convergence of the SCF cycle was set at an energy
difference of 10−6 eV, while ionic convergence was achieved when the
atomic forces were below 0.01 eV/ Å. A vacuum of at least 15 Å was
used in all of the calculations. In order to mimic the interactions
between Co and the different supports, we calculated the adhesion
energies (Yadh) between the metal and the support slabs. The (111)
surface of fcc-Co was chosen for the interface models, as this is the
most stable facet65,66 and thus more likely to be found at the interface.
The employed procedure was similar to the one described in a
previous work by our group.67

■ RESULTS
In this study, a commercial benchmark 20wt.%Co/alumina
catalyst (CA) and a newly developed commercially relevant
20wt.%Co/modified silica catalyst (CTS) are compared. The
CTS catalyst was ca. 10% more active during FTS than the
benchmark CA catalyst, with a significant shift in selectivity
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toward higher hydrocarbons, as shown in Figure 1. The C5+
selectivity of the CTS catalyst was 3−5% higher than that of

the CA catalyst, while the methane selectivity was about 20%
lower (see open circles and squares in Figure 1, respectively).
Toward the end of the runs, there were some changes in the
H2/CO inlet ratio (the syngas supply was from an autothermal
reformer), which caused some natural fluctuations in the data
unrelated to catalyst deactivation. The difference in the
catalytic performance of the CA and CTS catalysts may be
linked to the difference in their atomic structure, in the
chemical state of the active phases, or in the morphology/
structural properties of the support, i.e., the porosity, the shape,
and the surface roughness of support grains. To understand the
structure−performance (selectivity/activity) relationship for
these two selected systems, a number of complementary
characterization methods were applied.
The textural properties of both supports and the resulting

CA and CTS catalysts, as determined by N2 physisorption, are
shown in Table 1. The alumina support has a higher surface

area and a smaller average pore size compared with the silica
support. The specific surface area decreased by about 30% in
both cases when 20% cobalt was deposited by slurry phase
impregnation, indicating that cobalt oxide occupied some of
the pore volume. Nevertheless, the size of the mesopores
hardly changed after Co impregnation.
XRD measurements confirmed that the support for the CA

catalyst remained in a crystalline phase of a mixture of γ- and
α-alumina,68 whereas the support for the CTS catalyst
contained an amorphous silica (Figure 2). The reflection

pattern corresponding to the spinel Co3O4 was observed in
both calcined samples, and no additional crystalline cobalt
phase was present. The average crystallite size of the Co3O4
particles was estimated by Rietveld refinement. The cobalt
oxide particles were larger (about 30%) in the calcined CTS
catalyst (20 nm) than in the CA catalyst (15 nm).
Figure 3 shows the H2−temperature-programmed reduction

(TPR) profiles of the two catalysts. It is well-known that the

reduction of Co3O4 to Co0 occurs in a two-step process via the
CoO intermediate.34 The onset of Co3O4 conversion to Co2+
(first sharp peak) occurred at lower temperatures in the case of
CTS catalyst (with the peak maximum at 181 °C) compared to
the slightly higher temperature for CA (188 °C). The
reduction to metallic Co (second broad feature) is also more
facile for the CTS catalyst (occurring at about 226 °C)
compared to the behavior of the CA catalyst (335 °C). This
indicates that the Al2O3-based support hinders CoO reduction,
compared to the titania-modified SiO2 support, which has been
reported41,69,70 and was ascribed to differences in the
interaction of Co3O4 particles with the supports. The peaks
in the region between 600 and 1000 °C normally indicate the
presence of metal−support composites.68 In previously
reported catalysts prepared on alumina, the amount of cobalt
aluminate present in the calcined catalyst was usually small and
difficult to detect with X-ray-based characterization methods,71

but they are expected to be present at the interface.72 In line
with this, the TPR profiles indicate that there are likely small

Figure 1. Comparison of the catalytic activity from slurry phase
testing for the two selected CA and CTS catalysts conducted over 2
weeks (230 °C, 19 bar, reactor H2:CO = 2.0) with relative catalytic
activity (circles), C5+ selectivity (open circles), and methane
selectivity (open squares).

Table 1. Specific Surface Areas (SBET), Average Pore
Diameters (dpav), and Pore Volumes (Vp) of the Supports
and Calcined Catalysts

samples SBET, m2/g dpav, nm Vp, cm3/g

Support CA 136.5 12.7 0.44
Catalyst CA 95.0 10.6 0.25
Support CTS 91.2 30.2 0.69
Catalyst CTS 65.9 25.6 0.42

Figure 2. XRD patterns of the pure alumina (red dotted line) and
silica (black dotted line) supports and the corresponding calcined CA
and CTS catalysts (solid lines).

Figure 3. H2-TPR profiles of the calcined CA (red line) and CTS
(black line) catalysts (temperature ramp rate of 10 °C/min in 10%
H2/Ar).
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amounts of metal−support composites present in both
systems, being more susceptible in the CA system. However,
these may also form due to exposure to high temperatures
during the TPR.
In-Situ Studies

In-situ XRD measurements during heating in pure H2 (TPR,
Figure 4, a−d) confirmed that both the CA and CTS catalysts
are reduced to metallic Co in two steps via CoO as an
intermediate phase, supporting the H2-TPR results (Figure 3).
The support once again influenced the onset temperature of
reduction: the first reduction (Co3O4 to CoO) occurred at 240
°C and at 190 °C, while the second (CoO to Co0) onset
temperature was at 300 °C and at 260 °C for CA and CTS
catalysts, respectively, in agreement with the H2-TPR results.
Moreover, the support influenced the degree of reduction, as
indicated by the presence of the crystalline CoO phase in the
CA and CTS catalysts (Figure 4, c and d, respectively). The

average fcc/hcp ratios were 1.30 and 0.95 for CA and CTS,
respectively. This indicates that the CTS support favors the
formation or stabilization of hcp metallic cobalt. The crystallite
sizes of Co3O4 were 21.5 and 20.0 nm for the CA and CTS
catalysts, respectively. Upon Co3O4 reduction to CoO, the
Co3O4 crystallite size decreased to 17 and 16 nm in CA and
CTS, respectively. At the end of the reduction process, the CA
catalyst consisted of CoO, fcc-Co0, and hcp-Co0 with Co
crystallite sizes of 14, 6, and 6 nm, respectively, while in the
CTS catalyst, only fcc-Co0 and hcp-Co0 were detected with
crystallite sizes of 5 nm. The crystallite size of Co0 was below
10 nm in the CA and CTS catalysts, indicating that during the
reduction process, the Co3O4 particles shrank and broke up,
resulting in smaller metallic Co crystallites. It is important to
note that thermodynamically, the fcc allotrope is the stable
allotrope below the size of 20 nm, while the hcp allotrope is
stable above 20 nm.73,74 Although both catalysts consisted of
relatively high levels of the hcp phase, the crystallite size of

Figure 4. In-situ XRD during H2 reduction (1 °C/min): 2D plot of the evolution of the XRD patterns (a, b) and the distribution of different Co
phases (c, d) as a function of temperature and time on stream.

Figure 5. Reduction of the CA and CTS catalysts in H2 monitored by in-situ magnetometry: the evolution of the degree of reduction of
ferromagnetic Co (a, b) and of the γ value (c, d) with temperature and time on stream.
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hcp-Co0 is below 7 nm. This could be due to the intergrowth
of the two phases (i.e., fcc and hcp), stabilizing the hcp
allotrope with a crystallite size below 20 nm.75−78 The smaller
size of the Co3O4 crystallites in the calcined CA catalyst, which
is thermodynamically harder to reduce, may further contribute
to the observed lower reducibility.
The degree of reduction of Co3O4 to Co0 in the CA and

CTS catalysts was monitored using in-situ magnetometry
(Figure 5). The onset of Co0 formation (the ferromagnetic
phase only) was at 250 °C and 185 °C for the CA and CTS
catalysts, respectively, which is lower than that in the in-situ
XRD reduction study (Figure 4) due to the higher sensitivity
of magnetometry to small crystallites compared to XRD. The
degree of reduction (DoR) of the CA and CTS catalysts
reached a maximum of 71% and 95%, respectively. No phase
other than the metallic Co phase was observed in the XRD
patterns. Both the higher onset reduction temperature and
lower DoR in CA catalysts compared to the CTS catalysts
underline the stronger interaction between the Co3O4
crystallites and the Al2O3-based support compared to the
silica-based one. Upon the formation of the Co0 phase, the γ
values were recorded to be 5 and 25 % for the CA and CTS
catalysts, respectively, and remained constant during the 6 h
holding step at the maximum temperature, indicating no
sintering during the reduction of Co3O4 to Co0, regardless of

the support nature. The smaller γ value for the CA catalyst
compared to the CTS is indicative of smaller crystallites and/
or a lower fraction of the hcp-cobalt allotrope, which is in line
with the crystallite size estimated by XRD.77

XAS measurements at the Co K edge were performed to
unravel the reduction of both the amorphous and crystalline
cobalt phases during heating in a H2 atmosphere. During the
reduction process, pronounced changes in the shape of the Co
K X-ray absorption near-edge structure (XANES) spectra were
observed (Figure 6a): the initial spectral characteristics of
Co3+/2+ in Co3O4 oxide with the absorption edge at about
7717.5 eV and the white line at about 7729.3 eV transformed
to the typical ones for octahedral Co2+ in CoO oxide with an
absorption edge at about 7716.3 eV and the white line at about
7726.3 eV at temperatures above 220 °C. After that, the Co2+
was reduced to Co0, resulting in a Co K XANES spectrum
typical of metallic Co with an absorption edge at 7709.0 eV.
The temperature at which Co3O4 started to reduce to Co2+
(marked with the black arrow I in Figure 6b) and at which
about 50% of Co2+ reduced to Co0 (marked with the black
arrow II in Figure 6b) is about 50 °C and 30 °C lower for the
CTS catalyst compared to the CA catalyst, respectively. The
maximum amount of Co2+ (marked with green arrows in
Figure 6b) and final reduction degree of Co0 (marked with
blue arrows in Figure 6b) are about 7 and 15% higher in the

Figure 6. Evolution of the Co K XANES spectra of calcined CA catalyst during reduction in H2 as a function of temperature (a) and the results of
the linear combination analysis of the in-situ Co K XANES data for the CA (solid circles) and CTS (open circles) catalysts (b). The red, green, and
blue curves/markers correspond to the data for Co3O4, CoO, and Co, respectively.

Figure 7. In-situ Co L3-edge NEXAFS spectra of prereduced CA and CTS catalysts obtained in TEY mode during heating under 0.25 mbar of H2.
(a) Results of the linear combination analysis as a function of temperature: assuming a thermally activated process, the evolution of the quantified
compositions was fitted with exponential functions. (b) More details are provided in SI, Section S2.
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CTS catalyst compared to those in CA, respectively. The
results are in agreement with the H2-TPR, in-situ XRD, and
magnetometry results discussed above, but allow additional
quantification of the Co2+ and Co3+ phases. Moreover, the XAS
results showed that not all cobalt was reduced under the
applied conditions.
The analysis of the shape of the Co K XANES spectra and

the fitting of the Co K extended X-ray absorption fine-structure
(EXAFS) data of the CA and CTS catalysts (cf. SI, Section S1)
in the calcined and reduced state further revealed a slight
deviation in the spectroscopic features from the spectra of the
reference oxides for both materials, but with more pronounced
deviations in the data of the CTS catalyst. This suggests the
formation of a cobalt phase different from stoichiometric
Co3O4 in the calcined state. In the reduced state, a higher
degree of reduction is seen for the CTS catalyst. The similarity
in the spectral shape of the CA catalyst to that of the CoO
reference hints at the presence of unreduced Co in the Co2+
oxidation state.
Surface-sensitive in-situ near-edge X-ray absorption fine-

structure (NEXAFS) spectroscopy at the Co L3-edge of
prereduced CA and CTS catalysts using total electron yield
(TEY) was conducted, showing that Co was in principle
completely reduced when approaching 325 and 375 °C,
respectively (Figure 7). The initial state of the prereduced
catalysts at low temperatures is a mixture of CoO and metallic
Co. The presence of CoO is denoted by its spectral features
(i), (ii), and (iii), which fade during heating under 0.25 bar of
pure H2 (Figure 7a). A comparison between the Co L3 spectra
at the maximum temperature (red curves) and the Co L3
spectrum of a clean Co(0001) single crystal (gray dashed
lines) indicates a practically complete reduction of cobalt in
both catalysts. The linear combination analysis (Figure 7b)
showed that initially, cobalt in the CTS catalyst was more
reduced than that in CA, which completed the reduction at a
higher temperature. As the probing depth in TEY mode for Co
is about 2.5 nm,79 which is significantly smaller than the Co
crystallite size for these materials, as confirmed by XRD, it
appears plausible to ascribe the unreduced Co present in Co2+
oxidation state, detected by the bulk sensitive XAS method
(Figure 6), to mixed oxides at the metal−support interface that
anchors the Co nanoparticles, but that the particles themselves
are indeed metallic at the solid−gas interface.
EXAFS data after reduction were analyzed to uncover the

local structure of cobalt (cf. additional information in the SI,
Section S1). In the Fourier-transformed (FTF) Co K EXAFS
data, no backscattering contributions corresponding to CoO
(Co−O at 1.7 Å and Co−O−Co at 2.7 Å) were detected,

which suggests the absence of a defined or long-range order in
the CoO species remaining after the reduction of the CA
catalyst. The intensity of the peak at 2.2 Å, corresponding to
the first Co−Co coordination shell in metallic cobalt, allowed
to estimate the size of the metallic particles: after reduction,
the metallic cobalt particles are larger in the CTS catalyst
compared to the metallic particles in the CA catalyst, as a
higher amount of cobalt can be reduced in the CTS catalysts.
Changes in the position and intensity of the peaks
corresponding to the higher coordination shells of cobalt in
the reduced catalysts compared to the reference cobalt are
observed: peaks at 3.1 and 4.0 Å are shifted by 0.1 Å to lower
values and the peak at 4.7 Å becomes less pronounced in the
reduced catalysts, and the corresponding modification of the
profile of the imaginary part of the Fourier transformed data
between 2.5 and 3.0 Å is more pronounced in CA catalyst. A
detailed analysis of the EXAFS data of Co foil at higher k
values (Figure 12a) and fits to the hcp- and fcc-Co structures,
on the one hand, demonstrates the challenge of fitting the bulk
structure of cobalt with high precision, aiming to include
coordination shells up to 6 and taking into account
multiscattering effects. On the other hand, the experimental
EXAFS data on the CA and CTS catalysts can be better fitted
with the hcp structure than with fcc, although the number and
position of the coordination shells do not differ significantly in
these two phases, and mainly, multiscattering effects become
visible in this case. Nevertheless, the significant contribution of
the hcp-Co phase in the CA and CTS catalysts in the reduced
state can be concluded, which is in agreement with the findings
from in-situ XRD (see Figure 4). The changes observed in the
EXAFS data of the CA and CTS catalysts (Figure 12b and c)
can be attributed to the formation of fcc-domains after
reduction and their preservation after cooling down to the
room temperature, which may indicate an additional stabilizing
role of the support for the fcc-domains of cobalt.80 The effect is
stronger in the CA catalyst compared to the CTS catalyst,
similar to the findings from in-situ XRD.
Operando Studies

Operando magnetometry studies were performed for 2 h during
the FTS, and Figure 8 shows the evolution of the DoR and γ
values for the CA and CTS catalysts under industrially relevant
conditions (T = 227 °C, p = 20 bar, H2/CO = 2.0). Although
the DoR and γ values remained constant for the CTS catalyst,
a slight increase of the DoR (from 71 to 75%) and γ value
(from 22 to 25%) was observed for the CA catalyst, indicating
additional reduction under Fischer−Tropsch synthesis con-
ditions, likely due to the presence of CO, which is a stronger

Figure 8. Operando magnetometry study under FTS conditions (T = 227 °C, p = 20 bar, H2:CO = 2.0) to determine the effect of the support
nature on the stability of CA (a) and CTS (b) catalysts: the degree of reduction (□) and of the γ value (°) with the time on stream.
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reducing agent than H2. In addition, some mild sintering has
been reported previously.49

Operando magnetometry was employed for the determi-
nation of crystallite size distributions from magnetic measure-
ments conducted after the reduction of the catalysts. This can
be achieved by the application of the Langevin equation to the
magnetic measurements, when the material displays super-
paramagnetic behavior (experimentally valid when γ <
10%29,50,52). The results of the reduction studies show γ
values of 5% and 25% for the CA and CTS catalysts,
respectively, at 370° (see Figure 5). The temperature
dependency of γ53 can be utilized by conducting magnetic
measurements at higher temperatures, resulting in lower γ
values and the applicability of the Langevin equation. For the
CTS catalyst, this novel approach was used to lower γ and
enable magnetic-based particle sizing. The saturation magnet-
ization and γ were recorded during this study at the
measurement temperature and after cooling to 370 °C to
ensure that no changes were induced in the catalyst during the
measurement procedure. The effect of ramping temperature
from 370 to 600 °C on the γ and magnetization of the samples
can be seen in Figure 9, which shows a decrease in γ of about

10% upon increasing the measurement temperature, thus
enabling the magnetic measurements for crystallite size
distribution determination. After returning to the reduction
temperature (370 °C), there were small changes in both γ and
saturation magnetization, indicating no significant changes in
the catalyst during the measurement process. The crystallite
size distributions are presented in Figure 10, and the average
sizes are summarized in Table 2. The least-squares data
provides marginally better fits to the data, with similar residual
sums of squares obtained for both samples; however, the
physical relevance of the log-normal fits makes these data a
more likely representation of real catalysts. The average sizes
obtained for the log-normal fits were 7.7 ± 2.9 nm and 9.2 ±
4.0 nm for the CA and CTS catalysts, respectively. It should be
noted that the magnetic sizing will only include the reduced
Co0 material, and a lower degree of reduction for the catalyst

CA will influence the magnetic sizing. These results provide a
size measurement of the catalytically active phase, whereas
other techniques, such as TEM, would present difficulties in
distinguishing between metallic Co and unreduced cobalt
oxides.

Operando Co K XAS measurements after 3 h under FTS
conditions close to industrial relevance (T = 227 °C, p = 20
bar, H2:CO = 2.0, identical to the magnetometry study) were
conducted, revealing a different behavior of the Co particle CA
and CTS catalysts (Figure 11). Cobalt continuously reduced
further from 77% to 80% and 88% to 89% for CA and CTS,
respectively. This was more pronounced for the CA catalyst, as
seen in the modification of the XANES spectra toward metallic
Co and an increase of the intensity of the Co−Co peaks at 2.2
Å in the Fourier-transformed EXAFS data. The amount of
additionally Co reduced in the CA catalyst after the reaction
was estimated to be about 3%, which is in agreement with the
results of operando magnetometry. Note that only a low
amount of material suitable for the transmission measurements
can be loaded into the XAS microreactor; the reaction was
performed under rather high space velocity conditions (63 N
mL/gcat/s) and, as a consequence, a low conversion rate of
CO (XCO below 2%) and a low yield of gaseous CH4 (XCH4
below 2%) for both the CA and CTS catalysts were achieved,
confirmed by the activity tests in a small-scale reactor with a
similar catalytic setup (3 N mL/gcat/s, XCO ca. 30%, XCH4 ca.
12%).
Theoretical Considerations on Cobalt−Support
Interactions

In order to shed light on the differences observed for CA and
CTS catalysts, a series of density functional theory (DFT)
calculations with respect to composite formation energies and
adhesion of Co onto various oxide surfaces was performed.
The formation energies of three composites, namely CoTiO3,
CoAl2O4, and Co2SiO4, were calculated (see Table 3). The
formation of CoAl2O4 under FT reaction conditions (235 °C,
20 bar, and H2:CO ratio of 2.0 at a CO conversion of 80%,
thus having pH2 = 2.0 bar and pH2O = 5.3 bar, see SI, Section
S3, Tables S1−S9 and Figure S2) is strongly exothermic with a
formation energy of −26 kJ/mol, similar to the observations
from earlier experimental81 and theoretical82 studies. This is in
strong contrast to the formation of Co2SiO4, which is very
endothermic (41 kJ/mol). The formation of cobalt titanite,
envisioned to occur on the TiO2-coated SiO2 (and thus the
CTS catalyst), is about thermoneutral under FT conditions
(−2 kJ/mol). Although there is a strong driving force toward
cobalt aluminate formation, this is basically absent for cobalt
titanate, thus explaining the better reducibility and long-term
stability of the CTS catalysts in comparison to CA. The
adhesion energy of Co particles on various oxide and
composite surfaces was further investigated (see results
summarized in Table 3 and SI Section S3 for details about
the calculations). As shown in Table 3, the adhesion on γ-
Al2O3 and α-SiO2 is rather small with values of −39.5 and
−41.7 meV/Å2, respectively, explaining the rapid sintering of
Co on SiO2 supports. Note that the formation of cobalt
aluminate results in a higher adhesion energy of −76.3 meV/
Å2, thus preventing sintering to some degree, although at the
expense of CoAl2O4 composite formation (see above).
Interestingly, the adhesion of Co to TiO2 surfaces (both
anatase and rutile) is somewhat higher, being −45.6 (anatase)
and −65.3 meV/Å2 (rutile), while that on CoTiO3 is as high as

Figure 9. Effect of temperature on γ (a) and saturation magnetization
(b) of CTS as a function of measurement temperature. The
measurement procedure and temperature measurement points are
described in the Methods section.
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−101.7 meV/Å2. The conclusion can be made that TiO2-
coated SiO2 increases the adhesion of Co onto the oxide
support while at the same time not being prone to composite
formation to the extent observed for Al2O3. This increases the
stability of Co/TiO2−SiO2 against sintering while at the same
time preventing CoTiO3 composite formation and thus the
transformation of Co into an inactive phase, as evidenced by

Figure 10. Crystallite size distribution of the CA and CTS catalysts determined by applying the Langevin equation to magnetic measurements.

Table 2. Summary of Average Crystallite Sizes Obtained
from Magnetic-Based Crystallite Size Measurements for the
CA and CTS Catalysts

CA CTS

Least-squares size (nm) 8.5 ± 5.7 9.9 ± 6.1
Log-normal Size (nm) 7.7 ± 2.9 9.2 ± 4.0

Figure 11. XANES spectra (a) and the corresponding k3-weighted Fourier-transformed EXAFS data at the Co K-edge (not phase-corrected) (b) of
CA and CTS catalysts in calcined and reduced states and after 3 h under FTS reaction conditions; the data of reference materials are shown for
comparison.

Table 3. Calculated Composite Formation Energies (ΔGf)
under FTS Reaction Conditions (T = 235 °C, p = 20 bar,
and H2:CO = 2.0 at a CO Conversion of 80%; Thus, pH2 =
2.0 bar and pH2O = 5.3 bar) and Adhesion Energies Yadh of
Co on Various Oxide Surfaces

composite ΔGf, kJ/mol Yadh, meV/Å2

TiO2 (anatase) −45
TiO2 (rutile) −64
CoTiO3 −2 −103
γ-Al2O3 −39
CoAl2O4 −26 −76
α-SiO2 −41
Co2SiO4 41 −66
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the higher degree of Co reduction as well as the higher stability
during FT synthesis observed experimentally for the CTS
catalyst compared to CA (Figure 8).

The calculated Yadh and Gibbs free energies (ΔGf) thus
suggest that Co binds to the support in the order TiO2 > SiO2
> γ-A2O3. Cobalt can be stabilized on alumina by the
formation of CoAl2O4. Note that once Co reacts with the
support, it is likely to remain in the Co2+ state. The calculations
indicate that Co-support composite formation is more
favorable in the order of CoAl2O4 > CoTiO3 > Co2SiO4.

■ DISCUSSION
The study showed that the distinct differences in the activity,
stability, and selectivity of the two selected industrial catalysts
with a similar cobalt loading can probably be traced back to the
morphology/porosity of the support grains and to the strength
of the metal−support interaction, which defines the atomic
structure of the active sites. For instance, although the sizes
(Figure 8) of the cobalt oxide nanoparticles are similar in both
catalysts, most of the Co is reduced in CTS, whereas about
20% of the cobalt remains oxidized in the case of the CA
catalyst. The size of the metallic cobalt particles in the
activated catalysts is still similar, below 10 nm (as observed by
XAS, magnetometry, and XRD), which indicates a comparable
dispersion of cobalt over both supports. The influence of Co
nanoparticle size on catalytic activity is well established;2

accordingly, magnetometry, XRD, and EXAFS analyses were
employed to estimate the particle dimensions under in-situ
conditions. Given the varying sensitivities of these techniques
and the potential impact of support interactions on the cobalt
particle size, these results highlight the complexity of accurately
assessing this parameter. The identified differences in the
reducibility of the two catalysts, which are directly related to
their activity, can be mostly linked to the varying interactions
with the two supports. Even though the initial crystallite sizes
of Co3O4 differ, large sizes are expected to effectively suppress
the effects of the structure-dependent reduction in H2.
Relatively small differences were previously observed for Co/
Al2O3 model systems with Co3O4 sizes below 10 nm.47

Further, when using graphitic carbon as a support with
minimized interaction with Co3O4 nanoparticles, a mildly size-
dependent reduction in H2 was observed, which was most
pronounced for small crystallite sizes below 6 nm.83 The cobalt
particle size in the catalysts studied in this work is within the
range, where this value is supposed to influence the activity to
a lesser extent.2 The structural and performance parameters
obtained by in-situ/operando H2-TPR, NEXAFS, XRD,
magnetometry (MM), and XAS on CA and CTS catalysts
are summarized in Table 4.
The key factors defining the catalytic performance of Co-

based catalysts are the textural properties of the support grains
(for instance, pore size and tortuosity, defining the mass
transportation of the reactants and products)84,85 and the
reducibility of the cobalt nanoparticles21,22 related to their
interaction with the support12,20 during activation and under
reaction conditions. An oxidic support with optimal porosity
and a sufficient surface area can disperse cobalt particles well,
but may affect their reducibility/stability if stable but nonactive
species are formed on the support with a strong MSI. The CA
catalyst has pores smaller than the average Co3O4 crystallite
size, in contrast to the CTS catalyst, which might govern the
catalytic performance of these two catalysts, as it defines the
dispersion of cobalt over different supports and their mobility
during the reaction. On supports with larger pores, which are
less likely to suffer from diffusion limitations and allow better
access to the active sites for reactants and easier transport of
longer hydrocarbons, larger Co particles can form, which are
easier to reduce. Supports with high pore volumes also allow
higher Co loading with high dispersion (up to 30 wt.%)
without the danger of agglomeration.
Various studies have reported that the degree of reduction of

cobalt oxides on different oxidic supports decreases in the
order γ-Al2O3 > TiO2 > SiO2.

33,70,86,87 In this work, larger
portions of cobalt remained unreduced, and the reduction
temperature of both reduction steps was higher for the CA
catalyst than for the CTS catalyst, unraveled independently for
different Co phases by in-situ XAS, XRD, and magnetometry.
This suggests a stronger MSI for the CA catalyst than for the
CTS. About 10−20% of cobalt remained unreduced, which
might indicate the formation of an inactive solid-state phase
between the cobalt and support, as the surface-sensitive
NEXAFS in TEY mode studies ruled out the formation of an
oxidic shell on the surface of the Co nanoparticles. The
specification of the structure of the eventual solid phase is
difficult, as it seems to be formed in minute quantities with
short-range order and only after a long operation time.88,89

The MSI between different supports and cobalt estimated in
the present study is, at first glance, in disagreement with
experimental observations that are generally reported. These

Figure 12. k3-weighted Fourier-transformed EXAFS data at the Co K-
edge (not phase-corrected) (marks) and fits (solid lines) to hcp-Co of
(a) Co foil, (b) CA, and (c) CTS catalysts in the reduced state, the fit
to fcc-Co (dashed line) of Co foil is shown for comparison.
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empirical findings can be explained by considering that Co
interacts three times more strongly with Co-containing than
with Co-free oxidic supports, as confirmed experimentally by
data collected for liquid Co droplets by Campbell et al.90,91

and summarized by Rahmati et al.92

The formation of CoAl2O4 over long FTS operation times
has already been demonstrated59 and is considered as one of
the deactivation mechanisms for Co-based FT catalysts,
although this solid-state reaction is characterized by relatively
large energy barriers and the Gibbs free energy of formation of
CoAl2O4 from Co0 is negative under FTS conditions. CoTiO3

and Co2SiO4 are unlikely to form during FTS because of their
close to zero and positive ΔGf values, respectively. The
formation of the Co-support solid phase is more favorable
from CoO at low operating temperatures, and the presence of
H2O during the FTS might further promote the MSI. Further
long-term studies and theoretical considerations are necessary
to elucidate these effects.
Based on the results reported here, combined character-

ization structural models for CA and CTS catalysts were
developed, and the key parameters defining the activity/
selectivity are depicted in Figure 13.

■ CONCLUSIONS
The higher CO conversion and higher selectivity toward C5+
for the silica-supported cobalt-based Fischer−Tropsch catalyst
compared to the alumina-based catalyst can be traced back to
the optimal porosity of the silica-based titania-modified
support structure and weak cobalt−silica interaction, causing
sufficient reduction and dispersion of the cobalt particles. The
application of a combination of advanced characterization
methods helped obtain a complete picture of the complex
cobalt-support systems. One important aspect is the
applicability of various characterization methods to trace
specific parameters during the reaction process. Some of these
methods are challenging to perform even under in-situ
conditions, and certain information, like the formation of
intermediates, might be difficult to quantify. Other methods
provide information from the bulk of the material, not
specifically probing the surface structure of the cobalt particles
and supports, which are usually considered as active parts of
powdered catalysts. Surface-sensitive methods, like NEXAFS,
can provide complementary information. Imaging methods like
X-ray tomography and its further developed synchrotron
counterparts, including ptychography, can provide insights into
the microstructure of the support at different stages of the
reaction. By applying electron microscopy, high spatial
resolution can be achieved, and the dynamics of the active

Table 4. Comparison of Particle Size, Degree of Co Reduction, and Reduction Temperature for the Co/Al2O3 (CA) and Co/
TiO2−SiO2 (CTS) Catalysts Obtained by Various Methods

particle size, nm

Co3O4 Co0 Co0, % Tonset, °C
method state CA CTS CA CTS CA CTS CA CTS

H2-TPR calcined 335 226

XRD calcined 15.0 20.0 0 0 0 0

in-situ calcined 21.5 20.0 0 0 0 0
XRD activated 0 0 6.0 5.0 88 100 300 260

in-situ calcined
NEXAFS activated 100a 100a 325b 375b

operando activated 7.7 9.2 71 95 250 185
MM spent 75 95

operando calcined >10 >10 0.0 0.0 0 0
XAS activated 0.0c 0.0c 8.3c 9.3c 77 88 317d 276d

spent 0.0c 0.0c 8.4c 9.2c 80 89
aSurface sensitive. bTemperature extrapolated to 100% reduced state. cCo−Co 1st shell coordination number, ±0.2; S02 = 0.70; Debye−Waller
factor = 0.0065. d50% of Co is present in the Co0 state.

Figure 13. Schematic representation of the structures of the CA and CTS catalysts developed based on the results of the combined studies.
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sites and their interactions with the oxidic promoter can be
studied in more detail.
An additional pathway to clarify the evolution of Co during

FTS might be the characterization of model catalysts with
simplified but industrially relevant structures. Attractive
structure- and size-controlled synthesis methods include, for
example, the surfactant-free benzyl alcohol route method93 and
flame spray pyrolysis.94

The use of the combined characterization approach
introduced in this work will be beneficial to understand the
evolution of cobalt and, in the future, the role and structure of,
in most cases, oxidic promoters under industrially relevant
operating conditions using challenging X-ray-based operando
methods and to understand the stability and deactivation of
catalysts over a long time scale.
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