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The introduction of a thin layer of TiO, on B-SiC allows a
significant improvement of the cobalt dispersion. This
catalyst exhibits an excellent and stable catalytic activity for
the Fishcher-Tropsch synthesis (FTS) with high Cs.
selectivity, which contributes to the development of new
active catalysts family in the gas-to-liquid process.

Fischer-Tropsch synthesis (FTS), which converts synthesis gas (a
mixture of CO and H,) derived from coal, natural gas (also shale gas)
or biomass, into synthetic liquid fuels and chemicals, continues to
attract more interests as a result of diminishing petroleum reserves
and a seck for clean fuel.'® The FTS reaction is strongly
exothermic,*” i.e. AH = -204 kJmol o and thus, a large amount of
heat was generated during the course of the reaction. In the case of
insulator supports, the heat generated on the catalyst surface leads to
the formation of local hot spots on the catalyst surface which
significantly affects the overall selectivity towards liquid
hydrocarbons production.

Silicon carbide (B-SiC) has been recently reported to be an
efficient support for fixed-bed FTS reaction due to its intrinsic
medium thermal conductivity which facilitate heat dissipation
throughout the catalyst body and thus, avoided the formation of local
hot spots which are detrimental for the liquid hydrocarbons
selectivity.®!! The large porosity of the support also allows a rapid
escaping of the intermediate liquid hydrocarbons and water and thus,
significantly contributes to the improvement of the liquid
hydrocarbon selectivity as well.'> However, the metal-support
interaction between the cobalt phase and the SiC surface is relatively
weak, leading to the formation of medium to large cobalt particles
which are less efficient for the FTS reaction. In our previous
attempts to improve SiC-based catalyst performance for the FTS
reaction, the SiC surface was modified by introducing dopant which
exhibits a higher metal-support interaction in order to achieve the
better dispersion of the deposited cobalt phase.'® However, on such
composite support some large cobalt particles remaining in contact
with SiC phase which could lower the overall FTS performance of
the catalyst.'" '* It is of interest to develop new doping method to
homogeneously decorate the SiC surface with a thin layer of TiO, in
order to efficiently disperse the cobalt particles which in turn,
improves the FTS performance. It is expected that the future
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development of the FTS requires the introduction of active and
stable catalysts. Herein, we report on the development of a highly
active and stable FTS catalyst based on titania coated (TS-Cx where
x is the TiO, weight percent) high porosity industrial B-SiC
containing well dispersed cobalt particles. The high dispersion of the
cobalt particles on the thin TiO, layer leads to a significant
improvement of the catalyst activity for the FTS reaction compared
to the undoped SiC and TiO, doped SiC (TS-D) catalysts. According
to our best knowledge, the FTS activity of this SiC-based catalyst is
the most active one among the different cobalt-based catalysts, either
pure or doped with trace amount of noble metal.
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Fig. 1 Characterization of the TiO, coated SiC (TS-C10) support. (a)
Pore size distributions measured by mercury intrusion of the TiO,
coated SiC composite, (b) Pore size distribution by BJH method of
the SiC and TiO, coated SiC. (c) 2D TEM image of TiO, coated SiC
and (d) corresponding EFTEM image of the classical 2D TEM map
which clearly shows the well distribution of TiO, on the topmost
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surface of SiC. (TiO, (red), SiC (green)).

The SiC is mostly consisting of large amount of meso-, and
macropores (Figure 1la). The transformation of the titanium
precursor, deposited through an incipient wetness method on the SiC
surface, into TiO, crystalline phase is performed by calcination of
the sample in air at 600 °C for 5 h. The obtained TiO, layer is well
crystallized in a single anatase phase as confirmed by XRD and XPS
analysis (Figures S1 and S2, ESI{).'* ' The specific surface area
(Sger) of the TiO, coated SiC is in the range of 39-41m*/g (Tabel S1,
ESIY), which is close to the pure SiC (40 m*/g). Such results could
be attributed to the meso-and macropore of the support which
contributes to the homogeneous coating of the TiO, layer on the SiC
surface. The pore size distribution curves in the range of 2 -150 nm
derived from adsorption branches of the N, isotherms using BJH

Journal Name

method is presented in Figure 1b. TiO, coated SiC and SiC supports
display irregular and broad pore size distribution which is different
from those reported for SiO, and Al,O5 supports.'®'” The TEM and
energy filtered TEM (EFTEM) of the TiO, coated SiC composite
presented in Figure 1c and d clearly show the presence of a thin and
homogeneous TiO, layer covering the surface of the SiC support.
The similar trends of morphologies and elemental distribution
(Figure S3, ESIT) confirm the homogeneous coating of the support.
The specific surface area of the catalyst, after depositing 10 wt. % of
cobalt, is remains unchanged (ca. 40 m%g) (Table 1) which indicate
that the cobalt phase is relatively well dispersed on the support
surface and no pore plugging is encountered.

Table 1. Characteristis and FTS performance of SiC and TiO,-SiC supported cobalt catalysts.™

Sger Viotal chO Sel. (%) [c] [d]
Sample Xco (% CoTY o
P g (emVy  @mt  Xeo D) CH, CO,  Crs  Csr
10Csk 33 0.14 20 32.3 45 0 24 93.1 4.8 0.92
10CTS-DI! 25 0.08 18 43.4 4.5 0 1.9 93.6 6.5 0.92
10CTS-C10'€ 40 0.11 10 61.0 5.8 0.1 2.9 91.2 12.1 0.91

[a] All data were collected after 20 h time-on stream with stable catalytic performance. Reaction conditions: Co loading = 10 wt. %,
H,/CO =2, 225 °C, 40 bar. [b] Particle size was calculated based on the **Co NMR results of the cobalt atoms fraction engaged in the
different blocking temperature ranges. [¢] Cobalt Time Yield (CoTY, 10~ mole,-ge, s, molar CO conversion rate per gram of Co
per hour). [d] Chain growth probability factor (a). [e] 10CS: 10 wt % of cobalt on SiC; 10CTS-D: 10 wt % of cobalt on SiC doped
with TiO, (with 17 wt% loading), gas velocity of 60 mL-g, " min™. [f] SiC doped with TiO, supported catalyst, data from ref.'’. [g]
SiC coated with TiO, supported catalyst (10 wt% of cobalt on SiC coated with 10 wt% TiO,). Gas velocity of 80 mL-g.,-min’
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Fig. 2 **Co NMR spectra of the (a) 10CS and (b) 10CTS-C10 catalysts after FTS test covered with solid wax. Recorded temperatures are 2,
4.2 and 77K. (c) Co fraction atoms engaged in the different blocking temperature ranges (size ranges). (d) Total number of cobalt particles
(left panel) and distribution of cobalt particles as a function of the blocking temperature (right panel) produced in the samples. (e) Total Co
particles surface area (left panel) and the relative particles surface area as a function of the blocking temperature ranges (right panel). The
data in (d) and (e) are normalized to the sample showing the largest available number of particles and surface area (assuming the same initial

atomic cobalt content), respectively.
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The TEM and the corresponding energy-dispersive X-ray
spectroscopy (EDX) spectra of 10CoTS-C10 in different areas of the
sample are presented in Figure S4 (ESIt). The EDX spectra reveal
that cobalt and titanium are localized in the same area, confirming
the fact that cobalt is well dispersed on the surface of TiO,. Next, nil
field spin-echo *Co NMR is performed to understand the
relationship between the structures of active sites and FTS activity.
Figures 2a and b show the *Co NMR spectra recorded on the cobalt
supported on SiC (10CS) and TiO, coated SiC (10CTS-C10) at 3
different temperatures. A significant contribution can be observed at
217 MHz in the NMR spectrum of the 10CS catalyst, showing the
presence of a large number of Co atoms forming large face centered
cubic (fec) particles with a size larger than 60 nm.” '* ' 1° Such
contribution is not observed in Figure 2b showing that the Co
particles are significantly smaller in the presence of TiO, coated
catalyst. From the temperature dependent NMR spectra, the fraction
of cobalt atoms with different blocking temperature ranges
(equivalent to different size ranges), as well as the relative
percentage of cobalt nanoparticles (Co NPs) sizes and surface area,
are presented in Figures 2c-e. On the other hand, on the 10CTS-C10
catalyst, 74 % of cobalt atoms are engaged in the smallest cobalt
particles (< 10 nm, blocking temperature 2-4.2 K and 4.2-77K),
which is significantly higher than that of 10CS (28 %) and 10CTS-D
(37 %) catalysts. It is expected that the high FTS performance (Table
1) obtained on this TiO,-coated catalyst is directly linked with the
presence of small cobalt particles in strong interaction with the TiO,
coating layer.”* 2! The average crystallite size of the cobalt is about
20 nm for the 10CS, and about 10 nm for the 10CTS-C10 (Table 1),
the later being predicted to be the most active particle size for the
FTS process (see discussion below).”> According to such result one
can state that the introduction of the TiO, phase onto the SiC matrix
significantly decreases the particle size of cobalt, probably by
generating a higher chemical interaction with the metal salt
precursor without modifying the reduction behavior of the sample.
Such evidence is also found in the carbon-based supported cobalt
catalyst.”

The 10CS (cobalt on SiC), 10CTS-D (cobalt on SiC doped with
Ti0,) and 10CTS-C10 (10 wt. % cobalt on SiC coated with 10 wt. %
Ti0O,) catalysts have been tested in FTS reaction, and the catalytic
results are listed in Table 1. The doping or coating of SiC leads to a
considerable improvement of the FTS performance compared to that
of un-doped one (Table 1). The CO conversion increases from
32.3% to 61.0% after coating a layer of TiO, (10 wt. %) on the SiC
support. The increase of the FTS catalytic activity is only
accompanied by a slight decrease of selectivity for liquid
hydrocarbons (Cs, selectivity of 10CTS-C catalyst remains as high
as 91%). The selectivity of CO, for the tested catalysts is less than
0.2% (Table 1). It could be concluded that the water-gas shift
reaction is not side reaction over such cobalt-based catalysts. The
carbon balance of the different experiments is > 90 + 4 wt %, which
can be ascribed to the difference between the theoretical and
experimental carbon balance with the error margin of the CO outlet
flow rate and the liquid and solid hydrocarbons recovery. The
relatively low carbon balance in the present work is due to the lost of
the C4-Cy fractions (estimated to about 5 wt. %) during the heating
of the trap according to our previous works. It is thus expected that
the Cs. selectivity will be even higher than the one reported if all the
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C4-Cy fractions are included in the calculation. The chain growth
factor (o) determined on various tested catalysts (Table 1) which is
calculated by using the Anderson-Schulz-Flory (ASF) model,’ is
relatively high on the TiO, coated SiC catalysts (0.91).

The different TiO, mass loading (from 0 to 15 wt%) is also
investigated, and results (Figures S5 and S6, ESIf) show that the
FTS rate increases significantly with the increasing TiO, from 0 to
10 wt%. However, the FTS rate goes down when the TiO, mass
loading is up to 15 wt% which could be attributed to the stronger
metal-support interaction between the TiO, and the cobalt precursor
as the thicker TiO, layer is introduced (XRD results in the Figure S5,
ESI¥). It is also worthy to note that the catalyst exhibits a relatively
high stability and no deactivation was observed under the operated
reaction conditions.
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Fig. 3 FTS rate and products selectivity as a function of time on
stream on the 30CTS-C10 sample. The catalyst has already been
tested in the FTS reaction under different conditions during 240 h on
stream before performing this rest.

Moreover, one should expect that the FTS activity is mostly
related to the amount of exposed cobalt surface area rather than to
the distribution of cobalt atoms. It is known that surface cobalt active
sites (atoms surface area) are most probably activating the reaction
by direct contact with the reactant molecules. As can be seen in
Figure 2e, the 10CTS-D catalyst for example contains 60% of cobalt
atoms forming large particles (measured blocking temperature
higher than 77 K with particle diameter ranging from 10 nm to 30
nm or even more) but they only represent less than 2% in term of
particles fraction, or only offer less than 20 % of the total atoms
surface (active sites). It means that small particles (< 10 nm) play the
key effects for FTS activity improvement. In the 10CTS-C10
catalyst, about 80% of cobalt atoms formed > 90 % of the fraction of
the particles in the range of 3-4 nm and 4-10 nm, which contribute
for more than 90% to the particles surface area (3-4 nm and 4-10 nm
offered 43% and 50 % of atoms surface area fraction). According to
our NMR results, we speculate that the small particles (3-10 nm)
have multiple active sites depending on the preparation and materials
used as support and are directly involved in the improvement of the
FTS catalytic performance.’* These results are different from the
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results reported previously on cobalt supported on carbon nanofibers
where low FTS activity is observed when the cobalt NPs size is
smaller than 10 nm 2" ** * The peculiar interactions between the
cobalt particles and the prismatic planes of the CNFs could be
advanced to explain such discrepancy.

We also run the experiment using the cobalt loading up to 30
wt. % under the realistic FTS reaction conditions (240 °C, 40 bar,
and at a relatively high space velocity of 320 mL-g. ' min™).
According to the results the thermal conductor TiO,-SiC-based
catalyst exhibits a high and stable FTS performance for about 100 h
on stream (Figure 3). The specific rate is about 1.22 gc5+~gcamlys{l-h'1
with a relatively high Cs. selectivity, i.e. 85.8 % and high chain-
growth factor (Table S2 and Figure S7, ESIt), which confirms the
potential industrial interest of this catalyst in the FTS reaction.

In conclusion, the introduction of a thin coated layer of TiO, on
the SiC surface significantly improves the metal-support interaction
between the cobalt precursor and the support leading to a better
dispersion of the cobalt active phase. The catalysts, either with low
(10 wt %) or high (30 wt %) cobalt loading, exhibit a high and stable
FTS activity and long chain hydrocarbons selectivity along with a
long-term stability. The high dispersion of the deposited cobalt
particles leading to the formation of small cobalt particles is
advanced to explain the high FTS performance of the catalyst while
the medium thermal conductivity of the support is expected to be at
the origin of a high Cs, selectivity even at a relatively high reaction
temperature. The meso- and macroporosity of the support is also
responsible for the long-term stability of the catalyst by reducing the
problem of pore plugging by liquid hydrocarbons produced during
the reaction. The combination of the catalytic and the NMR results
allow us to clearly evidence a direct relationship between the cobalt
particle size and the FTS performance. It is expected that this
catalyst could significantly promote the development of the FTS in
the near future where the supply of high quality liquid fuels becomes
the core process in several sectors.
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