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We report a straightforward preparation method to synthesize hierarchical composite consisting of TiO,-
coated multi-walled carbon nanotubes (CNTs) decorating a macroscopic host structure of o-Al,03. The
obtained composite possesses moderate specific surface area and very open porous structure, as well
as moderate interaction with active sites, which significantly improve the cobalt nanoparticles dispersion
and the mass diffusion during the reaction. The Co/TiO,/CNT-0-Al,03 (CoTiCNTA) catalyst is then used in
the Fischer-Tropsch synthesis (FTS) process. This hierarchical catalyst achieves a FTS rate to Cs. of
0.80 gcs+ 8cae ' h™! along with a long-chain hydrocarbons (Cs.) selectivity of 85%, which can be pointed
out as the most outstanding noble promoter-free catalyst for the FTS process. The as-synthesized catalyst
also exhibits an extremely high stability as a function of time on stream which is also one of the prereq-
uisites for the development of future FTS catalysts, especially for the Biomass-to-Liquids process where
trace amount of impurities and/or moisture could have an impact on the catalyst stability. The present
work also introduces a new investigation methodology based on the use of zero field °®Co NMR, which
allows one to map in a precise manner the cobalt active phase distribution and to correlate it with the
FTS performance. It is expected that such technique would be extremely helpful for the understanding
of the catalyst structure-performance relationship and for future optimization in the FTS process as well

as in other fields of investigation where cobalt particles are involved.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The demands for energy and goods did increase sharply during
the last decades due to the fast industrial growth of the emergent
countries like China and India and also to the increase of the world
population. In the same time, the oil reserves are decreasing and
their production rate is close to reaching its maximum before fac-
ing a decline [1,2]. Thus, sustainable and environment friendly
energy production and consumption are becoming key challenges
of this century. The new developments of promoting low-CO,, foot-
print technologies need to consider the alternative feedstock, such
as natural gas, charcoal and biomass [3,4]. It is worth noting that
no pressure will come from natural gas and coal in the near future
as large resources of these raw materials still exist. The Fischer-
Tropsch synthesis (FTS) is a key technology in the more global
X-To-Liquids (XTL) processes which allow the transformation of
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synthesis gas (2H, + CO) into liquid hydrocarbons followed by a
hydrocracking of the heavy fraction into useful compounds such
as naphtha, diesel, jet fuel, and lubricant [5-10]. The liquid fuels
produced by FTS are aromatic, nitrogen, and sulfur-free which will
greatly contribute to reduction of the pollution resulting from the
transportation sector. In addition, FTS could allow the develop-
ment of a more environmental friendly process such as the Bio-
mass-to-Liquids (BTL) in regard to reduction of the carbon
footprint [11].

According to earlier studies, FTS activity and selectivity are
influenced by the support physical properties like specific surface
area, pore volume, and pore size distribution in addition to the
support material itself [12,13]. The nature of the support plays a
crucial role in the properties of the final Fischer-Tropsch catalyst;
indeed, the activity is indirectly affected by the support nature.
Moreover, under conditions favoring chain growth, site-time yields
and stability on supported cobalt catalysts are traditionally consid-
ered to be independent of cobalt dispersion and support identity
[14-20]. The selectivity of long-chain hydrocarbons (Cs.) depends
significantly on the reactor temperature profile, and thus, the


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2014.08.006&domain=pdf
http://dx.doi.org/10.1016/j.jcat.2014.08.006
mailto:yuefeng.liu@unistra.fr
mailto:cuong.pham-huu@unistra.fr
http://dx.doi.org/10.1016/j.jcat.2014.08.006
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat

180 Y. Liu et al./Journal of Catalysis 318 (2014) 179-192

selection for appropriate catalysts and carriers should obey several
rules: good thermal conductivity of the support [21]; low pressure
drop along the catalyst bed [22,23]; effective utilization of all
active sites present in the catalyst, along with appropriate macro-
scopic structure of the support that favors the evacuation of the
products and provides high accessibility to the reactants [22]. Pre-
vious results revealed that the opened porous structure of the
nanofibrous y-Al,05 could enhance the specific activity and stabil-
ity in FTS reaction by providing high metallic cobalt dispersion and
enhancing the CO diffusion to the active sites [24,25]. Thus, it is of
interest to develop new type of carbon-based support with high
accessibility and good thermal conductivity in the highly exother-
mal Fischer-Tropsch synthesis. Chin et al. [26] explored the FeC-
rAlY foam covered with aligned multiwall carbon nanotube
arrays as microchannel support containing Co-Re active sites for
FTS. The catalyst with such structure, especially resulting from
the hierarchical CNT, provided larger surface area for anchoring
active sites, high thermal conductivity and enhanced mass transfer
by the larger interstitials. Many studies have also demonstrated
that the growth of carbon nanotubes/nanofibers on macroporous
host structures could provide efficient contact between active sites
and reactants, improving thermal conductivity along with better
mass transfer throughout the catalyst body [27-30]. The carbon
nanofibers were grown onto carbon-felts (FB-CNF/carbon-felt) host
structure synthesized by Zarubova et al. [29] using the method of
chemical vapor deposition (CVD) leading to the formation of car-
bon composite support with high BET surface area (>280 m?/g)
and unique hierarchical structure. The cobalt supported on this
kind of composite (Co/FB-CNF/carbon-felt) showed a very uniform
reaction temperature during the FTS reaction [29]. This type of
composites were even coated by a layer of SiO,, presenting a rela-
tively uniform temperature through the reactor and stable cata-
lytic activity [31].

We have previously found that thermally conductive support
(B-SiC) matrix doped with TiO, exhibits a medium metal-support
interaction with cobalt nanoparticles and leads to the formation
of small cobalt particles with enhanced FTS activity compared to
the same catalyst supported on undoped SiC support [32]. It is
expected that the TiO, phase not only participates in the increase
of the cobalt dispersion [32-34], but also interacts with the active
phase to prevent the motion of the nanoparticles or even the deac-
tivation by sintering during FTS test [35,36]. However, to date,
there has been no reports on the utilization of TiO, promoted hier-
archically structured composite for the FTS reaction. Herein, we
explore an efficient strategy based on the use of hierarchically
structured composites promoted with TiO, in order to combine
high mass transfer and good thermal conductivity with highly dis-
persed cobalt catalyst. The FTS results obtained have shown that
the catalyst exhibits a relatively high FTS activity along with a high
selectivity toward long-chain hydrocarbons and also displays an
extremely high resistance toward deactivation.

2. Experimental section
2.1. Synthesis of hierarchically structured composites

The a-alumina support (Sasol) was crushed and sieved, and a
fraction of 150-400 pm was retained for catalyst preparation.
The catalyst was prepared using an aqueous solution of Fe
(Fe(NO3)3-9H,0, Aldrich) and Co (Co(NOs3),-6H,0, Aldrich) precur-
sor, respectively. The various metal mass loadings of either iron
or cobalt can be found in Table 1 to adjust the CNT growth yield.
The wet solid was dried in an oven at 110 °C and then calcined
in air at 350 °C for 2 h. The carbon nanotubes (CNTs) were synthe-
sized by a chemical vapor deposition (CVD) method [37,38]. The

residual catalyst was expected to be completely encapsulated
within a graphene overlayers according to our previous work
[37] and is no longer accessible to the reactants during the FTS
experiments.

The 10 wt.% TiO, nanoparticles loaded on the structured mate-
rials were prepared by pore volume impregnation. Typically, 5 g of
as-synthesized materials were impregnated with 5 mL absolute
ethanol containing 1.97 g Ti(i0OCsH7)4 (Aldrich). After impregna-
tion, the samples were allowed to dry at room temperature for
4 h and then dried in an oven at 110 °C in air for 8 h. The transfor-
mation of the precursor into TiO, crystalline phase was performed
in argon at 600 °C for 5 h with a heating rate of 2 °C/min.

2.2. Catalyst preparation

The cobalt loading was set at 10 wt.% for all catalysts. The real
cobalt mass content was analyzed by inductively coupled plasma
(ICP) technique and the results can be found in Table 2. In this pro-
cess, the cobalt phase was deposited onto the supports via pore
volume impregnation method using an ethanol-water (50:50
v:v) solution containing cobalt nitrate. The as-prepared materials
(typically 5¢g), either with TiO, or not, were impregnated by
7 mL of ethanol-water solution to which 2.74 g Co(NOs),-6H,0
was added. After impregnation, the solid was allowed to dry at
room temperature for 2 h and then oven-dried at 110 °C for 8 h.
The solid was calcined in air at 300 °C for 2 h in order to decom-
pose the nitrate into its corresponding oxide. The oxide form was
further reduced in flowing hydrogen (30 mL gzt min~!) at 350 °C
for 6 h. In order to prevent excessive air oxidation during the expo-
sure of the catalyst, a passivation process was performed before
discharging of the catalyst (surface passivation was carried out
with a mixture of 1 vol.% O, diluted in helium at room tempera-
ture). The obtained reduced catalysts are noted as CoTiCNTA and
CoCNTA for the one supported on the TiO,-promoted and TiO,-free
hierarchical structure of alumina decorated with carbon nano-
tubes, respectively, and CoTiA and CoA for the one supported on
alumina promoted with TiO, or pure alumina, respectively.

2.3. Characterization techniques

Thermogravimetric analysis (TGA) was carried out on a Setaram
apparatus with an air flow rate of 25 mL min~' and a heating rate
of 10 °C min~!, from room temperature to 1000 °C. The textural
properties of materials were characterized on a Tristar Micromer-
itics sorptometer using nitrogen as adsorbent at —196 °C. The
morphology of the solid was examined by scanning electron
microscopy (SEM) on a JEOL 6700-FEG microscope. X-ray diffrac-
tion (XRD) measurements were carried out on a Bruker D-8
Advance diffractometer (260 =10-80°) with a Cu Ko radiation.
X-ray photoelectron spectroscopy (XPS) measurements of the
support were performed on a MULTILAB 2000 (THERMO VG)
spectrometer equipped with Al Ko anode (hv =1486.6eV) with
10 min of acquisition. Temperature-programed reduction (TPR)
profiles were carried out at atmospheric pressure in a U-shaped
tubular quartz reactor in an Autochem II (Micromeritics). The
calcined catalysts (100 mg) were exposed to a diluted hydrogen
flow (5 vol.% H, in argon) with a heating rate of 10 °C min~' from
room temperature to 900 °C.

Conventional and scanning transmission electron microscopy
analyses were performed on a JEOL 2100 F (S)TEM electron micro-
scope operating at 200 kV beam voltage and equipped with a Cs-
corrected condenser allowing to reach a resolution of 0.11 nm in
STEM. The STEM mode is based on scanning a sample by a focused
electron probe and detecting high-angle scattered electrons using
an annular dark-field detector (HAADF) [39]. Indeed, in the
HAADF-STEM technique, the proportionality between the intensity
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Table 1

Synthesis conditions and physical characteristics of the CNT-decorated a-Al,O3 composites with various CNT loadings.

Sample Catalyst Syn. temp. (°C) Yield (%) Surface area (m? g™ ') Total pore volume (cm>g~!) Average pore diameter (nm)*
A - - - 5.0 0.011 8
B 2wt.% Co 750 4 11.1 0.053 19
C 2 wt.% Fe 750 12 184 0.051 11
D 4 wt.% Fe 750 26 27.0 0.106 16
E 2wt.% Co +2 wt.% Fe 750 73 76.0 0.199 11

? Dpore = 4V/S, where S is surface area and V is pore volume.

Table 2

Structure and textural properties of cobalt supported on hierarchically structured composites.

Catalyst Co° loading (wt.%) * Sger (M?/g) Viotal (cm?[g) Dpore (nm)” dxgp (Co®) (nm)° dymr (C0°%) (nm)*
CoA 104£05 7 0.02 - 3543 18

CoTiA 9.6+0.6 9 0.03 - 30:3 -

CoCNTA 10.7 £ 0.5 62 025 16 20+3 14

COTiCNTA 103£05 71 0.25 14 2343 12

2 Cobalt mass content is confirmed by inductively coupled plasma (ICP) technique.

b Dpore = 4V/S, where S is surface area and V is pore volume.

¢ dyrp(C0®) = 0.75 x d(Co304), the cluster size of cobalt oxides was calculated from XRD peaks at 20 = 36.9° by using the Scherrer formula for Co30,4 on the calcined catalysts

[50,51].

94 Particle size was calculated based on the *°Co NMR results of the cobalt atoms fraction engaged in the different blocking temperature ranges.

and nuclear charge is typically equal to Z!® which allows obtaining
a good contrast in the corresponding images, in order to investigate
elements with large difference between their atomic number, such
as metallic nanoparticles deposited on a lighter element support.
For (S)TEM analysis, several droplets of powdered material sus-
pended in ethanol by sonication were deposited onto a cooper grid
covered by a holey carbon membrane. The camera length used in
HAADF mode was 10 cm, corresponding to inner and outer diame-
ters of the annular detector of 60 mrad and 160 mrad.

9Co zero field nuclear magnetic resonance (*°Co NMR) experi-
ments were performed in a homemade zero magnetic field spec-
trometer. Detailed description of the technique can be found in
the literature [40,41]. The integrated spin-echo intensity was
recorded every 1 MHz using broadband pulsed NMR spectrometer
with phase-sensitive detection. NMR spectra were taken at five dif-
ferent values of the excitation RF field power, covering a range over
more than one order of magnitude. The analysis was performed on
the tested catalyst covered with a homogeneous solid wax layer in
order to prevent any surface oxidation of the cobalt phase during
air exposure.

2.4. Fischer-Tropsch synthesis (FTS)

The FTS reaction was performed in a tubular fixed-bed stainless
steel reactor (7 mm id.) with circulating silicon oil as heating
source. Typically, reduced catalysts (i.e., 2.5 g with a macroscopic
size ranged between 0.15 and 0.40 mm) were deposited between
quartz wool plugs in the middle of the reactor. The reactor pressure
was slowly increased from 1 to 40 bar (ramping rate of 10 bar h™!)
under argon via a back pressure regulator (MFI Ltd.). At 40 bar, the
reactor temperature was raised from room temperature to the ini-
tial reaction temperature (215°C), with the heating rate of
2 °Cmin~!. Then, the argon flow was replaced by a 50:50 v:v mix-
ture of synthesis gas (syngas, H,/CO molar ratio of 2) and argon.
The catalyst was activated under a syngas-argon mixture with dif-
ferent syngas concentrations before being evaluated under pure
syngas condition. The catalyst bed temperature was monitored
with a thermocouple (@ 0.3 mm) inserted inside a stainless steel
finger (@ 1 mm) passing through the catalyst bed. The products
were condensed in two high pressure traps maintained at 85 °C
and 15 °C, respectively. The outlet gases (C;-Cg hydrocarbons,

and CO, as well as Ar and unconverted CO) were analyzed on-line,
both by thermal conductivity detector (TCD) and flame ionization
detector (FID), by a gas chromatography (GC). The GC Varian
3800 equipped with a Carbobond capillary (TCD, 30 m x 0.53 mm,
thickness of stationary phase of 10 um) and DP-1 (FID, thickness of
stationary phase of 1.5 um) columns. C;-C4 hydrocarbons and CO-,
were quantitative analyzed, the Cs. selectivity (Scs+) is calculated
as follows:

4
Se,. =1= S, — Sco,

i=1

The liquid phase and water were condensed in the high and low
temperature (85 °C and 15 °C) traps and were analyzed off-line at
the end of the test. A known amount (100 mg) of the organic phase,
liquid hydrocarbons, and waxy products was dissolved in 3 mL of
dichloromethane under sonication during 30 min. Then 20 mL of
CS, (Acros) was added to the solution in order to ensure complete
dissolution of the organic phase. For analysis, 1 pL of the solution
was injected in a GC apparatus equipped with a Simdist column
operated at 400 °C, which allows the detection of hydrocarbons
from Cq to Cyo.

3. Results
3.1. Preparation of hierarchically structured composites

The SEM micrographs of a-Al,05 loaded with different weight
of CNTs are presented in Figs. 1 and S1. The yield of CNTs on the
alumina host matrix is confirmed by thermogravimetric analysis
(Fig. 1D). The results indicate that the a-Al,05 surface is not com-
pletely covered by the CNT network when the CNTs yield is below
26 wt.% (Figs. 1 and S1). As it can be seen in Fig. 1C, the o-Al;03
composite with CNTs loading of 73 wt.% is constituted by a thin
shell of homogeneous, highly entangled, and structure-opened car-
bon nanotubes network that exhibits full accessibility and rela-
tively high specific surface area of 76 m? g !. The corresponding
N, adsorption-desorption data are listed in Table 1. The results
show that the BET surface area increases as a function of the CNTs
yield. We also found remarkable growth rate of the CNTs on the
Co-Fe alloy (2 wt.% Co + 2 wt.% Fe). The CNTs growth rate over this
catalyst is almost three times higher than that obtained on the
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Fig. 1. (A)-(C) SEM micrographs of a-Al,05; with different CNT mass loading and (D) corresponding TGA curves of the composites. The insets of (A) and (C) are global

micrographs of a-Al,05; and CNT-decorated o-Al,O3 grains.

catalyst with only 4 wt.% Fe. The surface area of pure a-Al,0s is only
about 5m? g~!, and thus, it is expected that CNTs (CNTs surface
area is about 189 m? g~! after purification [42]) are the primary
contributor to the overall surface area of the final composite. Thus,
for the 12 wt.% CNTs yield the surface area associated with the
CNTs can be estimated to be 0.11 x 189 =20 m? g~!, which gener-
ally matches the measured value (18.4 m? g !). Similarly, the the-
oretical value of surface area should be 79.8 m? g~ ! with 73 wt.%
CNTs yield. The difference between the real and estimated specific
surface area of the CNT-decorated o-Al,03 composite should result
from the closed caps on the synthesised composite, while most of
them should be opened in the purified CNT during acid treatment
[43]. It is expected that a large part of the cobalt particles will be
deposited on the CNTs surface due to the presence of oxygenated
functional groups [37] which play the role of anchoring sites.

The higher catalytic activity along with an extremely high selec-
tivity toward liquid hydrocarbons is obtained on the CNT-deco-
rated alumina (CNTs-o-Al,03) catalyst compared to pristine
a-Al,03 or CNTs supported cobalt catalysts, according to the
results of our previous work [30]. In this study, the CNT-decorated
alumina composite with 73 wt.% yield of CNTs, grown from the
Co-Fe bimetallic catalyst, is applied as the support for synthesizing
the TiO,-based catalyst. The N, adsorption-desorption results are
detailed in Fig. 2A and Table S1. The specific surface area of
alumina undergoes huge increase after the introduction of CNTs
as mentioned above, from 5m?g~! for a-Al,05 to 76 m? g~! for
CNTs-a-Al,0s. Titania addition causes a slight change of the sur-
face area and pore diameter, i.e., 72m?g ! and 15 nm for TiO,/
CNT-o-Al,05 instead of 76 m?g~! and 11 nm for CNT-0-Al,Os3,
respectively (Table S1). The enhancement of the interparticle mass
transport is mostly linked with the presence of large pores in the
alumina-based support. The formation of carbon nanotubes inside

these macropores will provide anchorage sites for dispersing the
cobalt metal nanoparticles but will not modify in a large extend
the average macropore size. The macroporosity of a-Al,0; and
TiO,-a-Al,03 supports was carried out by mercury intrusion poros-
imetry and the results are presented in Fig. 2B. As it can be seen in
Fig. 2B, the volume of macropores (50-1000 nm) measured by Hg
intrusion of o-Al,03 and TiO,-o-Al,05 supports is 0.46 and
0.37 cm®/g, respectively. The total pore volume determined by N,
sorption is less than 10% of the total pore volume measured by
Hg intrusion. It is expected that these macropores will participate
in a large extend to the enhancement of the mass transport during
the FTS reaction [24].

XRD patterns of the supports are presented in Fig. 2C, which
confirm the presence of both CNTs and TiO,, in the composites,
along with diffraction lines corresponding to the alumina support.
The XRD patterns presented in Fig. 2C(b and d) only show crystal-
line anatase phase which indicates high selectivity toward forma-
tion of anatase phase during the thermal treatment process.
Typical XPS survey of TiO,/CNT-a-Al,03 composite and high-reso-
lution spectrum of TiO, (inset) are displayed in Fig. 2D. The survey
scan of the TiO,/CNT-a-Al,0O3 reveals the presence of elements
such as Ti, C, and Al, corresponding to the different phases in the
composite. The photoelectron peak for Ti 2py/; and Ti 2p3); in the
hierarchically structured TiO,/CNT-a-Al,03 composite is clearly
located at binding energies of 465.6 and 459.7 eV, respectively.
The peak separation of 5.9 eV between the Ti 2p,, and Ti 2ps; sig-
nals can be assigned to a normal state of Ti*" in the anatase TiO,
which is in excellent agreement with the reported literature values
[44].

The low-resolution TEM micrograph of CNT-a-Al,03 composite
(Fig. S2) demonstrates that the synthesis method was extremely
selective toward the formation of carbon nanotubes and neither



Y. Liu et al./Journal of Catalysis 318 (2014) 179-192 183

a 160+

—o—0-Al203
——TiO2/a-Al203
—o—CNT-0-Al203
—a—TiO2/CNT-0-Al203

120

40

Quantity absorbed (cm®g, STP
0]
Q

Relative pressure (P/Po)

0.0 0.2 0.4 0.6 0.8 1.0

C + 0-Al203

e TiO2
o Griphite-2H

* ¢ ¢

e | Lo 0L s
| Y

[IN NN

Intensity (a.u.)
o
-
\___

20 30 40 50 60 70 80

2 Theta (degree)

B 1.2
mQ) —o— 0-Al203
g 1.0 —o—TiO2/0-Al203
°
€ 0.8
=}
E
o 0.6
o
o
2 04
s
=} .
2 0.2
3
0.04, : , . e
0.01 0.1 1 10 100 1000
Pore diameter (um)
D Ti2p
g Cis
g O1s
’:-5-\ 468 464 460 456
(ﬂ. Binding Energy (eV)
P
[z
[0
£
i Al2p
1000 800 600 400 200 0

Binding Energy (eV)

Fig. 2. Structure and surface characteristics of the hierarchically structured materials. (A) N, adsorption-desorption isotherms, (B) Macropore size distribution of
macroporosity supports derived from mercury intrusion porosimetry. (C) XRD patterns of o-Al,03 (a), CNTs-a-Al,05 (b), TiO,/a-Al;05 (c), and TiO,/CNTs-0-Al,O5. (D) General
scanning XPS spectrum of TiO,/CNT-a-Al,05, the inset is the high-resolution XPS spectrum of Ti 2p peaks in (D) showing the present of anatase TiO, nanoparticles.

carbon nanoparticles nor amorphous carbon was observed inside
the composite [38]. The a-Al,03 matrix (indicated by the white
arrow) is covered by a highly entangled CNT network as shown
in Fig. S2A. High-resolution TEM micrograph of CNT-a-Al;O3 in
Fig. S2B shows the residual catalyst particles (indicated by the
red arrows) which were embedded within several graphene layers.
These metallic particles are inaccessible, neither to the acid med-
ium during the purification process, nor to any gaseous reactants
during the subsequent use of the composite, due to the presence
of the graphene layer wrapping their surface [38]. Thus, these
residual Fe-Co particles are expected to barely influence the FTS
reaction performance [30]. In order to ascertain that these particles
will not influence the NMR data, we also analyzed by NMR the
grown nanotubes without the FTS catalysts. °®Co NMR spectra
are compared with those of the cobalt-based catalysts. The *°Co
NMR spectra of the CNT-o-Al,03 support and reduced catalysts
are presented in Fig. 3. The NMR peaks located at higher frequency
(>280 MHz) on CNT-a-Al,03 support and on the different catalysts,
either promoted by TiO, or not (CoOCNTA and CoTiCNTA), are attrib-
uted to the cobalt particles embedded by graphene layers (Fig. 3).
For comparison, at the same experimental conditions, the NMR
spectrum of a-Al,03-supported cobalt catalyst (CoA) is also pre-
sented in Fig. 3b. However, no NMR spin echo peak higher than
270 MHz is observed, which confirms that the NMR peak at high
frequency was directly associated with the encapsulated growth
catalyst (Co-Fe alloy) or Co?* ions as mentioned in Ref. [45]. Since
no NMR peak in the frequency range of the FTS catalysts (200-
240 MHz) has been observed in the CNT-o-Al,Os support, it

260 280 300 320
Frequency (MHz)

Spin echo x Temperature (a.u.)

[Y)

160 200 240 280 320
Frequency (MHz)

Fig. 3. °°Co NMR spectra of grown carbon nanotube and cobalt on o-Al,03 recorded
at liquid helium temperature (4.2 K). (a) CNT-o-Al,05, (b) CoA, (c) CoCNTA, and
(d) CoTiCNTA.

ascertains that our NMR data interpretations will not be influenced
by the presence of the CoFe catalysts used to grow the CNTs.

As shown in the SEM image (Fig. 4A), as-prepared hierarchical
TiO,/CNT-a-Al,03 is composed of bare rocky mountain-like o-
Al,03 matrix and a thin shell of a homogeneous vegetation-like
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Fig. 4. (A) SEM micrograph of the hierarchical structure TiO,/CNT-0-Al,03 composite presents open structure of as-synthesized supports, and (B)-(D) TEM micrographs of the

composite show the high dispersion of the TiO, nanoparticles on the CNTs surface.

carbon nanotube decorated with TiO, nanoparticles. This open
structure will play an efficient role to enhance the diffusion of reac-
tants (CO and H;) toward the active site and also facilitate the
products evacuation from the catalyst to the gas phase medium,
which will greatly contribute to an increase in the liquid hydrocar-
bon selectivity [20]. The TEM image of the TiO,/CNT-0-Al,03 com-
posite is shown in Fig. 4B. It can be seen that the surface of the as-
grown CNTs and o-Al,03 are well covered by TiO, nanoparticles
with a relatively homogeneous size. The TEM micrograph in
Fig. 4C clearly evidences the high coverage of CNT network by
the TiO, nanoparticles, which could be attributed to the high effec-
tive surface area of the CNTs and defect sites present on the CNT
surface. The medium-resolution TEM of TiO, nanoparticles on the
CNT surface also clearly shows that the TiO, nanoparticles
anchored on the CNT wall possess homogeneous dispersion. The
corresponding lattice fringes are clearly observed in Fig. 4D, and
the interplanar spacing is around 0.35 nm for the TiO,-promoted
hierarchically structured composite, corresponding to the (101)
crystal face in the anatase phase.

3.2. Characteristics of the cobalt-containing catalysts

The reducibility of the cobalt-based catalysts has been investi-
gated by temperature-programed reduction (H,-TPR), and the cor-
responding results are displayed in Fig. S3. After the addition of
TiO,, the reducibility of cobalt-based catalyst barely changes. The
reduction peak located at around 310-330 °C is attributed to the
reduction of Co304 to CoO [46,47], which is overlapped with the
other reduction peak. The following reduction peaks of CoA and
CoTiA catalysts, located around 367 °C and 370 °C, respectively,
are mainly originating from the reduction of CoO to Co® [48]. The
hierarchically structured catalyst displays broader and overlapped
reduction peaks. The peak located at around 400 °C could also be
attributed to the reduction of CoO. The reduction peak around
500 °C could be assigned to the gasification of carbon nanotubes

that is partly catalyzed by the presence of the cobalt particles. Sim-
ilar results have already been reported by Khodakov and co-work-
ers [49] over the cobalt deposited on multi-walled carbon
nanotubes.

The main textural properties of the ex-situ reduced catalysts
are listed in Table 2, which displays different tendencies for both
the surface area and pore volume compared to the bare supports.
The specific surface area of the alumina-based catalysts (CoA and
CoTiA) remains almost unchanged after cobalt deposition, due to
the presence of large pores inside the support that are hardly
affected by the deposited cobalt particles. The BET surface area
of the CoCNTA catalyst slightly decreases from 76 m*g~! to
62m?g~! (Table 2) after deposition of the cobalt active phase.
The slight decrease in the surface area of the CoCNTA catalyst
after cobalt addition could be attributed to the high effective sur-
face area of the CNT network and the complete absence of any
ink-bottled pores within the composite material. Indeed, it has
been reported that for supports with micropores or small mesop-
ores a large surface area loss can be observed after depositing an
active phase due to the problem of pore plugging by the cobalt
active phase [52]. The TiO;-added catalyst with hierarchical
structure shows slightly higher specific surface and the same
total pore volume compared with TiO,-free hierarchically struc-
tured catalyst.

SEM image and EDX mapping (Fig. S4) confirm the uniform
deposition of promoter (Ti) and active species (Co) onto the hierar-
chical structure. TEM images of the hierarchically structured CoT-
iCNTA catalyst reveal that cobalt particles interact with the TiO,
phase on graphene wall of CNTs (Figs. 5 and S5). The resolved
inter-planar distance is 0.34 and 0.35 nm, which correspond to
the (002) plane of carbon and the (101) plane of TiO,, respectively
(Fig. 5C). High-resolution HAADF-STEM (Fig. 5D) and energy dis-
persive X-ray spectroscopy (EDS) (Fig. S5C) further confirm the
cobalt nanoparticles location on the surface of TiO,. The typical
particle size of cobalt situated on the TiO, surface is around 2 nm.
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Fig. 5. (A) and (C) Typical TEM images and (B) and (D) HAADF-STEM images of CoTiCNTA (the cobalt oxide on TiO, surfaces are marked with white circles).

The cobalt particle size was determined by two techniques, XRD
line broadening and °°Co NMR, and the results are presented in
Table 2. As one can see a relatively large discrepancy is observed
in the cobalt particle size determined by XRD and NMR techniques.
Such discrepancy could be attributed to the fact that the XRD tech-
nique is mostly sensitive to the large cobalt particles, and thus, in a
sample with a large particle size distribution, the average particle
size is not very accurately determined by such technique. Indeed,
while NMR line width is not sensitive to the size of the particles,
XRD line width is strongly sensitive to the size of the crystallites.
For narrow size distribution, XRD and NMR would result in similar
particle sizes but this is not the case in the samples under investi-
gation. In XRD of the smallest particles will almost not contribute
to the sample XRD line width (wide and low amplitude contribu-
tion) while they fully contribute to the NMR spectra. Therefore
the XRD particle average size can only be an overestimate of the
average particle size, and the broader the size distribution the lar-
ger the overestimate. The analyses reported in the NMR section
show that at most 60% of the total Co mass is engaged in less than
1% of the large cobalt particles. These very few particles will dom-
inate the XRD pattern (XRD is a mass average) while the 40% of the
mass split into much smaller particles will almost not be included
in the XRD analyses. In NMR, all Co atoms are taken into account
whatever the size of the particles in which they are embedded. This
is why we believe that the discrepancy between XRD and NMR
techniques can be very significant and usually results to an overes-
timate of the particle size by XRD line width analyses.

3.3. Fischer-Tropsch synthesis

The catalytic performance under steady-state conditions over
macroporous and hierarchically structured catalysts is presented
in Table 3. The CO, detection limit of our GC is about 0.1% accord-
ing to the calibration using a diluted CO, in helium. The CO, selec-
tivity for all the catalysts is less than 0.2%, indicating that the
water-gas shift reaction does not occur over these cobalt-based
catalysts. The selectivity to Cs. hydrocarbons of all catalysts fall
in the range of 92-95% (Tables 3 and S2). Ti-promoted cobalt cat-
alysts are much more active in FTS than the un-doped ones.
Besides, the TiO, based hierarchically structured catalyst exhibits
the highest activity among all the tested catalysts (Table 3). Carbon
monoxide conversion increases from about 17.7% over conven-
tional Co/a-Al,03 (CoA) to 33.4% on the Co/TiO,-0-Al,03 (CoTiA)
macroporous catalyst. The TiO,-promoted hierarchically struc-
tured catalyst (CoTiCNTA) exhibits a carbon monoxide conversion
of 44.3%, which is also much higher than that obtained over the
conventional hierarchical catalyst (28.2%, CoOCNTA). The results of
catalytic evaluation are consistent with the characterization data,
indicative of the much better cobalt dispersion when TiO, was
introduced to the hierarchical composite support. The carbon bal-
ance of the different experiments is 90 + 4 wt.%. The difference
between the theoretical and experimental carbon balance could
be explained from several facts: (i) the error margin of the CO flow
rate which could be accounted to about 5 * 2 wt.%, and (ii) the
liquid hydrocarbons, especially those in the range of Cg to Cg, that
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Table 3

Comparison of the FTS catalytic performance of the hierarchically structured Titania/Carbon Nanotubes/a-Al,03 composites-supported cobalt catalysts.”
Catalyst CO conversion (%) Product selectivity (%) CoTY" TOF! o

CHy C-Cy Css

CoA 17.7 33 1.9 94.8 2.6 28.8 0.92
CoTiAP 334 3.7 2.2 94.1 5.0 - 0.92
CoCNTA 28.2 4.2 3.6 92.1 4.2 37.2 0.91
CoTiCNTA 44.3 33 2.0 94.7 6.6 48.7 0.92

2 All data were obtained after 20 h of time on stream where stable catalytic performance under testing conditions was achieved. Reaction conditions: reaction temper-
ature = 215 °C, GHSV (STP) = 3600 mL gzt h™!, H,/CO = 2, pure syngas, total pressure = 40 bar. The catalysts tested have already been evaluated in the FTS reaction at 215 °C

for about three days.
b 2.5 g of catalysts were diluted with 2.5 g of SiC (150-400 pm).

¢ Cobalt Time Yield (CoTY, 10~ mol, gcd s~ ', molar CO conversion rate per gram of Co per hour).
4 Turnover frequency (TOF), 103 s~!, moles of converted CO per surface atom of cobalt particles and per second. The cobalt dispersion (D, %) [53] based on the cobalt

average particles size (d, nm) from °Co NMR by the formula: D = 96/d.
€ Chain growth probability factor ().

were lost during the waxes recovery which were accounted to
about 5*2 wt%. Indeed, part of these hydrocarbons was con-
densed inside the traps and the totality was not detected by the
gas chromatography while for the liquid analysis only hydrocar-
bons higher than Cg were detected. The relatively low carbon bal-
ance in the present work is due to the lost of the Cs—Cg fractions
during the heating of the trap. The amount of the Cg—Cg fractions
was monitored by GC analysis of the trap during the depressuriza-
tion and heating, and the value of 5 wt.% is obtained. The chain
growth probability reported in the present work is determined
from Cyo to Cso, and thus, it is expected that such distribution is
hardly impacted by the Cg to Cg fractions (ca. 5 wt.%) which is
partly lost during the wax recovery process. We have also re-calcu-
lated the ASF plot, with and without the Cg—Cg fractions lost during
the heating of the trap, and the results were hardly changed
(Table 3). In addition, the selectivity in the present article is
reported on the basis of Cs., and thus, it is expected that such selec-
tivity will be even higher than the one reported if all the Cs—Cg
fractions are included in the calculation.

Catalytic performance for the reaction temperature of 215 °C
suggests that TiO, addition significantly enhances the FTS activity
of catalyst under the same reaction conditions. The FTS activity
improvement in the presence of TiO,, regardless of the support
nature, i.e., o-alumina or o-alumina decorated with CNTs, could
be directly attributed to the improvement of the dispersion of
the cobalt particles leading to the formation of more small cobalt
particles consecutive to the high metal-support interaction with
the deposited TiO, phase. The high improvement of FTS activity
on the CoTiCNTA catalyst could also be attributed to the combining
effect between TiO, and CNTs with high effective surface area and
short diffusion length. The impact of reaction temperature on the
catalytic behavior for the FTS reaction will be investigated in detail
in the following work.

The CO conversion and Cs. selectivity obtained on the CoTiA
and CoTiCNTA catalysts as a function of the reaction temperature
under a relatively high GHSV, 4800 mL g.,.~' h™! (STP), are dis-
played in Fig. S6. The FTS rate steadily increases over both catalysts
with increasing reaction temperature, whereas Scs. selectivity
remains relatively high at more than 90% on both catalysts. The
FTS rate on the CoTiCNTA catalyst remains higher than the one
obtained on the CoTiA catalyst and steadily increases as the reac-
tion temperature rises. The excellent FTS catalytic performance of
the TiO,-promoted hierarchically structured catalyst could be
attributed to the better dispersion of cobalt particles in the pres-
ence of TiO, nanoparticles according to >°Co NMR (see below)
and HR-TEM analysis, and also to the high accessibility of the com-
posite surface area according to the N, adsorption-desorption.

Fig. 6 presents the FTS reaction performance over 120 h on the
hierarchically structured CoTiCNTA catalyst. It is mentionable that
the catalyst had already run for more than 200 h under different
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Fig. 6. Catalytic performance of CoTiCNTA catalyst as a function of time on stream
under severe reaction condition. Reaction conditions: H,/CO molar ratio = 2, pure
syngas, total pressure = 40 bar, T =230 °C, GHSV (STP)=7200 mL gzt h™ .

reaction conditions before the present test. The CO conversion
(Xco) remains stable at around 47% for the whole duration of the
test which confirms the excellent stability of the catalyst over pro-
longed reaction time. The high stability of the FTS activity indicates
that deactivation linked to cobalt surface oxidation and excessive
sintering are unlikely to occur over the current materials under
the reaction conditions used in the present work [8,54]. The Cs.
selectivity is also extremely high at around 90%, demonstrating
that the nature of the active phase is not modified during the
reaction.

3.4. Cobalt microstructure analysis by >°Co NMR technique

To get a deeper insight into the relationship between the FTS
activity and the microstructure of the cobalt active sites, zero field
spin-echo >°Co NMR analysis is carried out on the tested catalysts
[32,40,41,55]. It is worth noting that particle sizes measured from
XRD and low-resolution TEM are not reflecting the real crystal
sizes of the active phase. In addition to the comments given in
the previous paragraph about the XRD and NMR determined aver-
age particle size, it can also be remarked that small cobalt crystals
could aggregate to a large particle with big voids, which cannot be
detected by the techniques mentioned above. In case of broad size
distribution, as for the samples under investigation, the X-ray pat-
tern will be dominated by the few big particles that will involve a
large part of the total mass of Co. These particles have a small sur-
face-to-volume ratio and will therefore not be very efficient for the
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FTS reaction. Moreover, for the crystalline atomic arrangement in
microstructures, a considerable number of defects and stacking
faults might be present inside the metal structure without being
accurately detected by XRD technique. Indeed, some direct infor-
mation about the real cobalt crystal particles size and structure
could be obtained by high-resolution TEM analysis. However, due
to the limitation of visual field, only a small part of the active phase
is analyzed by this technique. In addition, the statistical analysis by
HRTEM is a time-consuming experiment and is not representative
of the whole microstructure of the active phase in the catalyst. The
real advantage of NMR technique is that it is a bulk technique
allowing one to get access to the total metallic phase of cobalt
inside the catalyst at a macroscopic scale.

The 5°Co NMR spectra are measured at 2, 4.2, and 77 K on differ-
ent catalysts and the corresponding results are displayed in Figs. 7
and S7. The NMR intensity is multiplied by the measurement tem-
perature in order to take into account the regular 1/T dependence
of the NMR intensity. Therefore, the decrease of the NMR signal
with the increase of the measurement temperature directly shows
a decrease of the amount of measured ferromagnetic Co atoms.
Indeed, if superparamagnetic Co particles (particles for which the
magnetization direction is not fixed within the NMR measurement
time) are present in the sample at a given measurement tempera-
ture, the signal of these superparamagnetic particles vanishes from
the NMR spectra [41,56]. As such NMR intensities versus tempera-
ture give identical information as the one obtained through ther-
moremanent measurements as described by Denardin et al. [57].
This is a standard procedure for analyzing the size distribution of
magnetic nanoparticles. What makes our methodology specifically
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Fig. 7. °°Co zero field NMR spectra recorded at 2, 4.2, and 77 K, respectively, (A) CoA
and (B) CoTiCNTA catalysts after FTS test decorated with solid wax.

useful is that since when the NMR measurement temperature
increases the size limit below which the Co particles become
superparamagnetic increases also, it is therefore possible to select
the size of the measured particles through the NMR measurement
temperature: the higher the NMR measurement temperature, the
larger the observed particles. Thanks to the NMR sensitivity to
the Co local crystallographic structure, it is therefore possible to
analyze the evolution of the particles structure within their size
(see Supplementary information for the detailed relationship
between measurement temperature and particle size).

Fig. 7 shows that the NMR intensity decreases for most of the
frequency range. However, it can be noticed that the intensity close
to 217 MHz does stay unchanged with the increase of the NMR
measurement temperature. This resonance frequency corresponds
to bulk (>60 nm) face centered cubic (fcc) Co crystals [56,58]. This
suggests that a large number of Co atoms are situated in large fcc
particles. The resonance frequency shows that the particles have
magnetically a multi-domain structure. This can be obtained only
if their size is typically larger than about 60 nm. The fact that the
NMR intensity in the 217 MHz range is identical for all the mea-
surement temperatures is consistent with the presence of magnet-
ically multi-domain particles since such large particles cannot
become superparamagnetic at any of the NMR measurement tem-
peratures. There is no pronounced NMR peak at 217 MHz for the
cobalt deposited on hierarchically structured catalysts, neither
for CoCNTA nor for CoTiCNTA catalysts. Therefore, one can con-
clude that these catalysts do not possess any fcc Co particles larger
than 60 nm. In addition, it can be noted that the NMR intensity
decreases also much faster when the measurement temperature
is increased for the samples containing CNTs. These qualitative
observations show by themselves that the Co particles in the hier-
archically structured catalysts are much smaller than in the CNT-
free catalysts. This could be attributed to the fact that the CNT-
based composite, pure and doped with TiO,, offered higher specific
area and medium metal-support interaction leading to a higher
cobalt dispersion with smaller cobalt particles. As it can be seen,
the NMR spectra have a similar shape for both the hierarchically
structured TiO,-promoted and TiO,-free catalysts (Figs. 7B and
S7). These results indicate that TiO, has no influence on the cobalt
particles crystallographic structure, but only participates in the
enhancement of the cobalt nanoparticles dispersion (see below)
and even introduces defect sites in the metal particles [59,60].

Quantitative information can be obtained from the analyses of
the NMR integral intensity versus the measurement temperature,
such as the fraction of Co atoms involved in particles with different
blocking temperature ranges (different size ranges can be com-
puted in Fig. 8A). The blocking temperature range linked to a spe-
cific size of particle is strongly dependent on the shape of the
particle that is chosen (spheres, half-spheres, flat rafts. ..), but this
does not affect the relative distributions as given in Fig. 8C and D.
An order of magnitude of these sizes can be given: 3-4 nm for the
blocking temperature between 2 and 4.2 K; 4-10 nm for blocking
temperature between 4.2 and 77 K and more than 10 nm for the
blocking temperature above 77 K (Fig. 8B). In Fig. 8A, the sum of
the contribution of all the temperature ranges add up to 100% for
all the samples, since in all the samples, the total amount of Co
atoms is identical. Assuming that all particles have the same shape,
it is then possible to work out the size distribution of the particles
(see Supplementary information for details). This is the traditional
way of analyzing such particle distributions. In Fig. 8C, we have to
take into consideration that the total amount of Co particles in
each sample will depend on the size of particles that is obtained
by the fabrication process. Indeed, for the same amount of Co
atoms, the number of particles produced is much smaller if the
Co atoms are clustered in large particles than in small particles.
This is taken into account in Fig. 8C. The number of particles
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the same cobalt loading.

produced is normalized to 100% only for the sample producing the
largest number of particles. The same normalization factor is then
used for the other samples so that Fig. 8C allows not only compar-
ing the shape of the size distribution of the samples but also the
absolute number of particles obtained in each sample. Indeed, in
Fig. 8C, we can obtain the following information: the left panel
shows the total number of particles obtained for each sample, nor-
malized to CoTiCNTA since it is the sample showing the largest
number of particles, and the right panel shows how these particles
are split into the 3 temperature ranges. The left panel of Fig. 8C
shows that the presence of CNT produces about 3 times more par-
ticles (for the same mass of Co atoms) than CoA. The right panel
shows that the size distribution does look completely different
from the atom distribution. Indeed, from the atom distribution in
Fig. 8A, one can see that about 30-60% of the Co atoms are involved
into large particles (blocking temperature >77 K), but it is worthy
to note that these large particles represent less than 1% of the num-
ber of particles produced in the catalyst. A careful look at right
panel of Fig. 8C also shows that both samples containing CNTs have
similar size distributions. However, CoTiCNTA that shows the larg-
est total number of particles actually presents a larger amount of
particles of the small size (4-10+1 nm, 4.2-77 K temperature
range) than CoCNTA.

The catalytic reaction generally occurs at the surface of the par-
ticles, therefore we believe that the real information needs that to
be considered is the surface area offered by the Co particles for the
reaction as shown in Fig. 8D. The normalization process is similar
to the one used for the particle size distribution in Fig. 8C. The con-
clusions in Fig. 8 C and D show that the CNTs significantly increase
the amount of available cobalt particles and surface area, which in
turn leads to a higher FTS activity [30,61]. The large particles
(blocking temperature higher than 77 K corresponding to particles
from 10 nm to 30 nm or larger) only offer less than 20% of activity
sites in total cobalt particles (Fig. 8D). The advantage of CoTiCNTA

over CoCNTA in the average size range (4-10 + 1 nm) is even more
evident in Fig. 8D, where it can be seen that in this range the avail-
able surface is about 10% larges in CoTiCNTA than in CoCNTA.

Since determining particle size distribution through tempera-
ture dependent NMR measurements has been performed for the
first time, for sake of comparison, size distribution from high-res-
olution TEM is also performed on the CoCNTA sample and the
results are displayed in Fig. 9. The size distribution shows that
the sizes of most cobalt particles in this sample are around 2-
8 nm. This result is in consistent with the result from >°Co NMR
measurement. It has to be mentioned that for TEM measurement,
the size distribution of the metal nanoparticles is essentially based
on high-resolution TEM images, due to the fact that at low-resolu-
tion smaller cobalt particles are difficult to identify. Therefore sta-
tistical analysis has only been performed on restricted areas of the
sample (Fig. S8). The small cobalt particles around 5 nm can be
identified by high-resolution TEM images (as shown in Fig. S8C
and D). Statistical TEM analysis has been performed in several
areas of the sample and the cobalt particle size distribution was
calculated from more than hundred particles. According to the
results, one can conclude that the Co particle size distribution
derived from the >°Co NMR is very similar to that was determined
by HR-TEM with an advantage of being a macroscopic technique
for this former one.

3.5. TiO,-promoted hierarchical catalyst under severe FIS reaction
conditions

The catalytic performance of the CoTiCNTA catalyst is further
evaluated under more severe FIS reaction conditions, i.e., high
reaction temperature (T = 245 °C), high pressure (40 bar), and high
space velocity (GHSV (STP)=9600mLgoth'). As shown in
Fig. 10, the TiO,-promoted hierarchical catalyst gives approxi-
mately 84.5% selectivity to Cs. at 47.4% CO conversion. The cobalt
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CNTs are not accounted for the size distribution since they are irresponsible for the reaction as previously discussed.
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Fig. 10. Catalytic activity as a function of time of hierarchical cobalt-based catalyst
(CoTiCNTA) under severe FTS reaction. Reaction conditions: T=245°C, GHSV
(STP)=9600 mL gt h™!, total pressure =40 bar, 2.5 g catalyst diluted with 7.5 ¢
SiC, Ho/CO = 2.

time yield (CoTY) is 18.8 x 10 > mole, gcd s™! and FTS rate
expressed in terms of the weight of long-chain hydrocarbon
formed per gram of catalyst per hour (gcs. gcat h™!) is around
0.80 gcs: gk h™1, which is the best result among all the noble-free
cobalt-based catalysts previously reported in the literature, includ-
ing the cobalt on CNF and CNT catalysts [17,43]. It is also worthy to
note that the Cs. selectivity remains relatively high under these
severe reaction conditions, especially with the high reaction tem-
perature, thus highlighting the fact that CNTs introduced in the
skeleton of support in the FTS reaction allow the catalyst to main-
tain high selectivity toward long-chain hydrocarbons.

The products distribution is expressed as chain growth proba-
bility factors (o) calculated from the linear portion of the hydrocar-
bons using the Anderson-Schulz-Flory (ASF) model [51,62]. The
product distribution is obtained from mass balance after FTS reac-
tion by analyzing the solid wax phase products. The chain growth
factor is calculated according to the following equation:

W, /n = (1—o)?am?

where W, is the weight fraction of hydrocarbon molecules contain-
ing n carbon atoms. o is the chain growth probability. When « is
equal to 0, all the CO molecules are converted to CH4; while when
o is equal to 1, all the CO molecules are converted to liquid
hydrocarbons.

The ASF plots show that the CoTiCNTA catalyst provides a rela-
tively high o value of about 0.89 (Fig. 11), even under severe con-
ditions. The relative high o value is in good agreement with the
relatively low methane selectivity (<10%) obtained on the CoTiC-
NTA catalyst. This high o value on TiO,-promoted hierarchically
structured catalyst could be attributed to the open structure of
tested catalyst that favors the diffusion of reactant toward the
active site, and also to the thermal conductivity of the CNTs on
the support that prevents local hot spot formation [24,32,63].

4. Discussion

The introduction of a layer of CNTs on the a-Al,053 leads to a sig-
nificant increase in the effective surface area of the composite sup-
port which contributes both to the improvement of the cobalt
dispersion compared to the low surface area a-Al,03 and also to
the accessibility of the reactant to the active site. The characteriza-
tion and catalytic results show that the introduction of both CNTs
and CNTs promoted with TiO, have a pronounced effect on the FTS
activity of the catalysts. The cobalt turnover frequencies (TOF, reac-
tion rates normalized by the total number of cobalt atoms on the
surface of the cobalt metal particles) of the different catalysts are
presented in Table 3. They confirm the high activity of the
CoTiCNTA (10wt.% of TiO;) catalyst compared to that of the
TiO,-free alumina-based catalyst, i.e, 48.7 x 1073s~! versus
37.2 x 1073571, It seems that the TiO, promoter plays an impor-
tant role to allow the formation of small cobalt particles with
metal-support interaction not too high to allow the complete
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Fig. 11. Anderson-Schulz-Flory plot for TiO,-promoted hierarchical cobalt-based
catalyst (CoTiCNTA) under severe FTS reaction conditions.
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reduction of the cobalt particles but also high enough to prevent
cobalt diffusion and subsequence agglomeration. Similar results
have already been reported by Venezia et al. [35] who showed
the benefit of TiO, to prepare cobalt-based catalyst in which high
dispersion and better long-chain hydrocarbon selectivity were
observed. In the present work, the strong metal-support interac-
tion (SMSI) between TiO, and cobalt seems not to be present
according to TEM analysis, where no trace of TiO, overlayers was
observed on the cobalt surface.

The correlation between the small cobalt particle size and the
FTS performance was investigated in detail in the present work
through the extensive use of >°Co NMR technique. In the samples
containing CNTs, all the particles are single domain, so the main
line can be easily attributed to fcc Co. The higher frequency shoul-
ders also evidence the presence of hexagonal close-packed (hcp) Co
as well as stacking faults [58,64]. The spectrum of the CoA sample
is much more complex since contributions of single domain and
multi-domain particles are superimposed. However, from the ratio
of the high to low frequency NMR intensities, it can be inferred that
the particles have a more hcp-like structure than in the samples
containing CNTs. Finally, Figs. 7B and S7 indicate that NMR spectra
have very similar shapes over whole the blocking temperature
range considered. This means that the crystallographic structure,
as well as the number of stacking faults, are similar for the particles
whatever their sizes. Therefore, one can conclude that the FTS
activity is solely influenced by the size distribution of the Co parti-
cles on these two hierarchical catalysts (COCNTA and CoTiCNTA).
As mentioned above that the total cobalt particles surface area
increases by about 10% after introduction of TiO,, which highlights
the efficiency of the TiO, phase on the dispersion of the cobalt
phase (Fig. 8C and D). The largest increase in total particles and
atoms surface area is due to the particles ranging from 4 to
10 + 1 nm, which means that such small particles (4-10 nm, >°Co
NMR blocking temperature range from 4 K to 77 K) play key role
in the enhancement of the FTS activity after the introduction of
TiO, NPs.

The results obtained in the present work about the direct
influence of the cobalt particle size on the FTS performance are
relatively close to those reported previously by de Jong and co-
workers [17]. Indeed, de Jong and co-workers [17] have come
to the conclusion that the activity and selectivity in the
Fischer-Tropsch reaction are strongly dependent on cobalt parti-
cle size for catalysts using carbon nanofibers as support. They
have suggested that, for low pressure conditions (1 bar), average
cobalt sizes smaller that 6 nm are less efficient, while at high
pressure conditions (35 bar), the upper average size limit is
8 nm. Prieto et al. [65] demonstrated by in situ spectroscopic
measurements that the catalytic activity decreased when cobalt
metallic particle size was smaller than 10 nm on the surface of
functionalized zeolite supports. According to our NMR results,
we speculate that the small particles (4-10 nm) have multiple
active sites depending on the preparation and materials used as
support. Goodman and co-workers [66] have also mentioned that
Co particles in the range 3.5-10.5 nm show higher catalytic activ-
ity and low methane selectivity in the FTS process. They proposed
that the divergence in particle size range compared to the previ-
ous research work [65] was due to the difference in catalyst prep-
aration and complexity of the FTS process itself. Indeed, the
results reported by den Breejen et al. [67] are issued from cobalt
nanoparticles deposited on carbon nanofibers with peculiar pris-
matic planes, and thus, some specific interaction could also influ-
ence the FTS performance compared to the results reported on
cobalt supported on other supports such as silica, alumina, or
titania. Johnson et al. [68] have reported that FTS can be struc-
ture-insensitive under certain reaction conditions and the FTS
activity and selectivity were function of the chemical nature of

the support instead of the cobalt dispersion and size. Similar
results have also been reported by Borg et al. [69] who observed
no direct relationship between the FTS activity and the cobalt
particle size. From these results, one can stated that cobalt parti-
cle size in the range of 4-10 + 1 nm could significantly contribute
to an improvement of the FTS activity despite some additional
investigations are needed to clarify this fundamental issue.

5. Conclusion

In summary, we have reported the synthesis of a hierarchical
TiO,/CNT-a-Al,03 composite consisting of single crystal TiO, nano-
particles deposited on macroscopically shaped a-Al,03 decorated
with a layer of carbon nanotubes. The obtained composite pos-
sesses high specific surface area and fully accessible effective sur-
face, which significantly improve the cobalt nanoparticles
dispersion and accessibility of the reactant toward the active site,
exhibiting high and stable FTS performance. The FTS rate toward
long-chain hydrocarbon (Cs.) on the Co/TiO,/CNT-a-Al,05 (CoTiC-
NTA) can reach 0.64 gcs. gcat h™! along with a selectivity toward
Cs. as high as 90%. Moreover, under severe FTS reaction conditions
(high reaction temperature, high pressure and flow rate), the CoT-
iCNTA catalyst achieves a FTS rate to Cs, of about 0.80 gcs. gk h™,
along with a long-chain hydrocarbon selectivity of 85%, which can
be pointed out as the most outstanding noble promoter-free cata-
lyst for the FTS reaction.

The high catalytic performance in the FTS reaction is attributed
to the presence of TiO,-promoted surface which displays a high
interaction with the deposited cobalt phase leading to the forma-
tion of small cobalt particles in the range of 4 to 10 nm. The high
activity is also linked to the effective surface area of CNT network
on the catalyst surface that provides high accessibility of the reac-
tant toward the active sites. On the other hand, the nanoscopic size
of the carbon nanotubes also supplies short diffusion pathway for
product escaping. The cobalt particle size and structure are also
extensively characterized by a °Co NMR technique and the com-
parison of the catalytic results and the NMR data allows us to
clearly evidence a direct relationship between the cobalt particle
size and the FTS performance.

The hierarchical catalyst developed in the present work also
exhibit an extremely high stability, compared to other traditional
FTS catalysts, as a function of time on stream, thanks to the med-
ium interaction between the TiO, promoter and cobalt NPs. Such
stability is an advantage when the catalyst is applied for the BTL
process, where some impurities or moisture could be detrimental
to the catalyst life-time in normal cases.
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