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ARTICLE INFO ABSTRACT

Article history: Co-KIT-6 mesoporous materials with Ia3d symmetry and Si/Co ratios of 50, 25, and 10
Received 8 September 2017 were prepared using hydrothermal one-pot synthesis. The Co-KIT-6 mesoporous mate-
Accepted 30 October 2017 rials were characterized by X-ray diffraction, N, adsorption—desorption isotherms,

Available online 28 November 2017 scanning electron microscopy, transmission electron microscopy, Fourier transform

infrared, and X-ray photoelectron spectroscopy. The physicochemical characterization

Keywords: results show that all of the samples have well-ordered cubic mesostructures and that the
Co-KIT-6 structural integrity is preserved for ns;j/nco ratios as high as 10. It was found that most of
Methylcyqopentane the cobalt ions exist as isolated framework species, but for Co-KIT-6 with an ns;/nc, ratio
:‘r;[g opening of 10, the presence of extra-framework species/small cobalt oxide clusters cannot be

excluded. The ability of these catalysts was tested by examining the conversion of the
reaction of methylcyclopentane with hydrogen at atmospheric pressure and tempera-
tures between 200 and 450 °C. The catalytic results show that their catalytic activity
increases significantly with increasing cobalt content. The active sites, tetrahedrally co-
ordinated Co and isolated atomic Co sites, were responsible for the endocyclic C—C bond
rupture between substituted secondary—tertiary carbon atoms, whereas the small
clusters serve as active sites for the successive C—C bond rupture. The ring-opening
selectivity can be improved by increasing the density of isolated cobalt atom sites at
low reaction temperatures.
©2017 Académie des sciences. Published by Elsevier Masson SAS. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Endocyclic C—C bond rupture

RESUME

Mots clé: Les matériaux mésoporeux Co-KIT-6, avec une symétrie Ia3d et des rapports Si/Co de 50,
Co-KIT-6 25 et 10, ont été préparés par voie directe en utilisant la synthese hydrothermale. Les

Méthylcyclopenthane matériaux mésoporeux Co-KIT-6 ont été caractérisés par sorption d'azote, DRX,
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Ouverture du cycle
n-H
Rupture endocyclique de liaison C—C
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microscopies MET et MEB, FT-IR et XPS. Les résultats de la caractérisation
physicochimique montrent que tous les échantillons ont une mésostructure cubique bien
ordonnée et que l'intégrité structurale est conservée pour des rapports nsj/nco, > 10. On a
constaté que la plupart des ions cobalt existent comme atomes isolés. En revanche, pour
Co-KIT-6 avec un rapport nsj/nc, de 10, la présence d'especes extra-charpentes/petits
amas d'oxyde de cobalt ne peut étre exclue. Les performances catalytiques de ces cata-
lyseurs ont été testées en examinant la réaction de conversion du méthylcyclopentane
(MCP) avec de I'hydrogene, a la pression atmosphérique et des températures entre 200 et
450 °C. Les résultats catalytiques montrent que leur activité catalytique augmente sig-
nificativement avec l'augmentation de la teneur en cobalt. Les sites actifs, le Co
tétraédriquement coordonné et les sites de Co atomiques isolés, sont responsables de la
rupture de la liaison C—C endocyclique entre les atomes de carbone secondaire—tertiaire
substitués, tandis que les petits amas de Co servent de sites actifs pour les ruptures
successives des liaisons C—C. La sélectivité pour l'ouverture de cycle peut étre améliorée
en augmentant la densité des sites d'atomes isolés de cobalt, a basse température de
réaction.

© 2017 Académie des sciences. Published by Elsevier Masson SAS. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

For the petrochemical industry, the ring opening of
methylcyclopentane (MCP) can be performed with atom
efficiency (100% selectivity) on noble metal catalysts. This
reaction is a key factor for increasing the cetane number of
diesel fuel [1—6] and producing fuel of high quality with
minimal harmful emissions. The ring opening of MCP is
one of the most-used model reactions for exploring the
structural sensitivity of hydrocarbon conversion catalyzed
by noble metals [1—7]. More exactly, taking into account
that each dearomatization reaction followed by a
hydrogenation step leads to a cyclopentane, the MCP
chemistry is very important [8]. Although MCP is not a
component of diesel fuel, the ring opening of MCP must
first be understood because it serves as a model molecule
and provides the basis for understanding the behavior of
all other molecules [1—8]. The noble metals capable
of opening MCP with atom efficiency are Pt, Rh, Ru, and Ir
[4—7,9—11], although it is very important to stress that not
all of these metals exhibit ring-opening products with
high cetane numbers. The ring-opening products of MCP
are branched (2-methylpentane, 2-MP; 3-methylpentane,
3-MP) and linear paraffins (n-hexane, n-H), with the latter
having the higher cetane number and therefore being the
desired product. Pt catalysts can open MCP by breaking
either the substituted or the unsubstituted C—C bond of
MCP [9]. The difference between the two directions of
opening is governed by the dispersion of Pt metal on the
Al,03 support. On highly dispersed Pt/Al,03(d < 2 nm), the
rupture of substituted C—C bonds is favored due to a
m-allyl mechanism, which requires a flat adsorption of
three neighboring carbon atoms interacting with a single
metal site on the catalyst surface. Thus, the products
obtained from opening of MCP on highly dispersed
catalyst were 2-MP, 3-MP, and n-H. On poorly dispersed
Pt/Al;03 (d > 2 nm) the preferential rupture of the
unsubstituted C—C bond takes place. This can be
attributed to a dicarbene mechanism where two
endocyclic carbon atoms are involved with adjacent metal

atoms. In this case, the reaction products are only 2-MP
and 3-MP, not n-H. Opposite behavior was observed on
Ir catalysts, which were found to be insensitive to the
dispersion of particles (2-MP and 3-MP products only)
[9,11—-15]. In addition, Ir catalysts exhibited the tendency
to break the endocyclic C—C bonds of MCP on unsub-
stituted secondary—secondary carbon atoms [9]. In this
case, the ring opening of MCP is mainly via a dicarbene
mechanism in which the intermediate products adsorb
perpendicularly to the metal surface. Nevertheless, these
results are not absolute because other catalytic results on
Ir catalysts of different dispersions [13] broke the
endocyclic C—C bond of MCP on the substituted C—C
bonds when the catalysts became covered with carbon
species [16—18]. In this case, a plausible explanation was
the presence of carbon species that could suppress the
dicarbene mechanism. Contrary to alumina support
making the breakage of endocyclic C—C bonds on
substituted positions possible, the prevailing dicarbene
mechanism was observed on Ir catalysts when silica was
used as the support [19]. The aim of this study was to find
a Pt—Ir/Al,03 bimetallic catalyst with the ability to convert
molecules with low cetane numbers, such as MCP, to
higher value cetane number molecules (e.g., 2-MP, 3-MP,
and n-H) at low temperature and with good atom
efficiency for diesel fuel applications.

However, new generation ring-opening catalysts are a
necessity due to increasing stringent regulations. Many
approaches have been pursued to achieve this challenging
task, among which the testing mesoporous catalysts with
much interest is an important one [8,20—24]. The discovery
of mesoporous materials has attracted intense interest
because of their high-specific surface area, uniform
pore size distributions, and their highly valuable
potential applications in catalysis, separation, and
adsorption [25—32]. Cobalt-mesoporous catalyst sieves
have received intense interest because of their high
potential to catalyze various reactions. Is a necessity to
prepare uniformly distributed and preferably isolated sites
on silica surfaces, which is crucial for high activity and
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selectivity but the controlled synthesis of well-defined
cobalt species in amorphous silica supports remains a
challenge.

The aim of this study was to find a Co-KIT-6 catalyst
with the ability to convert molecules with low cetane
numbers, such as MCP, to higher value cetane number
molecules (e.g., 2-MP, 3-MP, and n-H) at low temperature
and with good atom efficiency for diesel fuel applications.

2. Experiment section
2.1. Materials

All chemicals were used as received without further
purification. Millipore water was used in all the
experiments.

Pluronic P123 [poly(ethylene glycol)—poly(propylene
glycol)—poly(ethylene  glycol)  triblock  copolymer,
EO20P070EO29, MW 5800, Sigma—Aldrich] and 1-butanol
(BuOH, 99.5%, Fluka) were used as the structure-directing
agents. Tetraethyl orthosilicate (Si(OCyHs)4, 98%, Sigma—
Aldrich) and cobalt acetylacetonate (99%, Aldrich) were
used as the silicon and cobalt precursors, respectively.
Hydrochloric acid (HCI, 35%, Sigma—Aldrich) was used as
the acid source.

Hydrogen, helium, nitrogen, carbon dioxide, and air
were purchased from Air Liquide. MCP was supplied by
Aldrich (purity >99.99%).

2.2. Synthesis of Co-KIT-6 mesoporous materials

Co-KIT-6 mesoporous materials with different nsj/nc,
ratios were prepared by an adapted version of a direct
hydrothermal synthesis procedure for Si-KIT-6 [23,33].
The synthesis procedure involved adding 3 g of the
amphiphilic triblock copolymer Pluronic P123 and 108.5 g
of distilled water to 5.9 g of concentrated HCI (35%). When
P123 was completely dissolved, 3 g of butanol was added
under stirring at 35 °C. After 1 h of stirring, 6.45 g of tet-
raethyl orthosilicate and the required amount of cobalt
acetylacetonate in 1.5 ml ethanol were added dropwise to
the clear homogeneous solution. The resulting gel was
stirred at 35 °C for 24 h and subsequently warmed at
100 °C for 24 h under static conditions in a closed poly-
propylene bottle. The products obtained from the hydro-
thermal treatment were filtered and dried for 30 h at room
temperature. To remove the template, the dried materials
were extracted in an ethanol-HCl mixture and then
calcined in a programmable oven for 5 h in air (25—550 °C;
heating rate 1 °C/min).

2.3. Catalyst characterization

The nsj/nc, molar ratios of the solids were determined
by inductively coupled plasma (ICP) atomic emission
spectroscopy at the Service Central d'Analyse of CNRS-
Solaize. Powder X-ray diffraction (XRD) measurements
were performed in an ambient atmosphere using a Bruker
D8 Advance powder diffractometer operating in the
reflection mode with Cu Ko (A = 1.5418 A) radiation, a 40 kV
beam voltage, and a 40 mA beam current. The samples

were scanned from 0.5° to 4° for the small-angle mea-
surements and from 10° to 90° for the wide-angle mea-
surements using a step size of 0.02° and step time of 10 s.
The textural properties, including the BET (Brunauer—Em-
mett—Teller) specific surface area (Sggr), specific pore vol-
ume (V;), and pore diameter (Dp), were determined from
low-temperature N, adsorption—desorption measure-
ments collected using an ASAP 2010 Micrometrics appa-
ratus. Before the analysis, the samples were degassed
under vacuum at 130 °C. Scanning electron microscopy
(SEM) images were obtained using a Philips XL 30 FEG
electron microscope operating at 200 kV. The sample was
dispersed as a thin film on a holly carbon grid and sput-
tered with a thin gold film (5 nm thick) to minimize
charging effects. Transmission electron microscopy (TEM)
images were obtained using a TopCon 2100 FCs microscope
operated at 200 kV.

The Fourier transform infrared (FT-IR) spectra of the
samples were recorded in the mid-infrared (IR) region
(4000—400 cm™') using a Nicolet Impact 400 spectrom-
eter. The resolution was 4 cm~ !, and 128 scans were
collected using the KBr pellet technique. X-ray photoelec-
tron spectroscopy (XPS) spectra were recorded using a
Multilab 2000 spectrometer equipped with Al Ko X-ray
radiation (1486.6 eV) at an anode current of 20 mA and
10 keV. The XPS analyses were performed in a static system,
and the base pressure during the analysis was 10~° Pa. The
binding energies obtained from the Co, O, and Si photo-
electron peaks were corrected for charging effects by
referencing them to the C 1s peak at 284.6 eV.

2.4. Catalytic testing

MCP was reacted under atmospheric pressure in the
temperature range of 200—450 °C using a pulse method.
Before the catalytic tests, the catalysts were reduced in situ
under an Hy flow (40 ml/min) for 4 h at 500 °C (heating rate
5°C/min). The gas flow used for the catalytic tests was fixed
at 40 cm® min~. The catalyst mass was 200 mg, and the
volume of MCP injected into the reactor was 5 ul. The C;—Cg
products were analyzed by online gas chromatography
(GC-2010 Plus, Shimadzu) using a capillary column and
flame ionization detector.

3. Results and discussion
3.1. Synthesis of Co-KIT-6. Effect of the ngj/n¢, ratio

The morphologies of the Co-KIT-6 catalysts with
different nsj/nc, ratios were analyzed using SEM (Fig. 1).
The SEM images of the Co-KIT-6 samples with low (nsi/
nco = 50) and high cobalt (nsj/nce = 10) loadings are similar,
suggesting that incorporating a large amount of cobalt into
the structure does not affect strongly the catalyst
morphology. All the catalysts are composed of dense, rock-
like aggregates.

Fig. 2 shows TEM images of Co-KIT-6 (Si/Co = 25). Uni-
form pores in KIT-6 are clearly visible and no damage has
been incurred in the pore arrangement by isomorphous
substitution.
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Fig. 1. SEM images of Co-KIT-6 catalysts with nsj/nc, =50 (a) and ns;i/
ngo = 10 (b).

Fig. 2. TEM images of Co-KIT-6 catalyst with ns;/nc, = 25.

The nsj/nc, molar ratios of the calcined materials are
listed in Table 1 and compared to the nsj/nc, values of the
synthesis gel. The nsj/nc, molar ratios in the calcined ma-
terials, obtained from the ICP and XPS analysis, are higher

than those in the synthesis gel. However, a slight increase
in the Si/Co ratio, from XPS, was observed compared with
the chemical analysis.

Fig. 3 shows the small-angle powder X-ray diffracto-
gram of Co-KIT-6 samples with different nsj/nc, ratios after
calcination. All the samples have two well-resolved re-
flections, (211) and (220), which are associated with the
Ia3d symmetry of the cubic-ordered pore structure. The
small-angle XRD patterns of the Co-KIT-6 (nsj/nco=50)
samples have strong first-order reflections, which are
characteristics of KIT-6 materials [23,33], confirming that
the cubic structure is preserved after the addition of cobalt.
However, the first-order d»17 peak intensities of the Co-KIT-
6 (nsi/nco = 25) and Co-KIT-6 (nsij/nco = 10) samples, which
have higher cobalt contents, decrease relative to that of Co-
KIT-6 (nsij/nco=50). These results indicate that the re-
flections are not highly ordered and these samples are
structurally distorted due to interactions between the co-
balt and silica species when cobalt is incorporated into the
framework. X-ray absorption of the cobalt species might
also contribute to this effect. Increasing the amount of co-
balt in the materials leads to a shift in the reflection peak
position of the Co-KIT-6 (nsij/nco = 10) catalyst to a lower
angle than that of Co-KIT-6 (nsi/nce = 50). The shift in the
d>11 peak to a lower angle and its broadening with
increasing cobalt content reveal that the lattice expands
and the d-spacing increases when cobalt is incorporated
into the KIT-6 framework. The unit cell parameter increases
from 3.96 for Co-KIT-6 (nsj/nco=50) to 4.29 for Co-KIT-6
(nsi/nco = 10) as more cobalt is introduced into the KIT-6
framework. The increase in the unit cell parameter with
decreasing nsj/nc, ratio is consistent with tetrahedrally
coordinated cobalt atoms in the KIT-6 silica framework. It is
expected that the unit cell parameter will increase when
metal cations are incorporated into the structure because
the ionic radius of cobalt is larger than that of Si, resulting
in a longer Co—O bond than Si—O bond. Thus, the larger
ionic radius and longer Co—O bond lead to an increase in
the unit cell parameter (ap) (Table 1). Similar results have
also been reported for metal-substituted mesoporous ma-
terials [34,35].

The crystalline cobalt phases are not detected in the
wide-angle XRD patterns (Fig. 4) of Co-KIT-6 (nsj/nco = 50),
Co-KIT-6 (nsj/nco=25), and Co-KIT-6 (nsj/nc,=10) cata-
lysts, suggesting that either the metal species are homo-
geneously dispersed on the support or their compositions
are below the X-ray scattering coherence length.

The N, adsorption—desorption isotherms of calcined
catalysts with different nsj/nc, ratios are shown in Fig. 5. The
samples exhibit an Hy-type hysteresis loop and a sharp ni-
trogen capillary condensation step in the P/Py range of 0.7—
0.8, which is typical for large, uniform mesopores with a
narrow pore size distribution. A parallel hysteresis loop,
which is characteristic of large, highly ordered mesopores
with a uniform pore size distribution, is observed for the Co-
KIT-6 (nsi/nco =50) and Co-KIT-6 (nsi/nco =25) samples.
These results clearly indicate that the catalysts have a uni-
form textural porosity. The catalysts have type IV isotherms,
which is characteristic of ordered mesoporous materials
according to the IUPAC classification. However, the height of
the Co-KIT-6 (n1si/nco = 10) hysteresis loop is smaller due to
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Table 1
Effect of the nsi/nc, ratios on the structural and textural properties of the calcined Co-KIT-6 catalysts.
Sample nsifnco T(°C) t(h) a"(nm)  Sger? (m%g)  V,°BJH (cm?/g)  D,BJH (nm)  w¥ (nm)
Gel  Calcined®  XPS°
Co-KIT-6 (nsj/nco =50) 50 62 69 100 24 20.52 800 1.08 6.3 3.96
Co-KIT-6 (nsi/nco = 25) 25 29 36 100 24 21.00 690 1.03 6.5 4.00
Co-KIT-6 (nsi/nce=10) 10 14 22 100 24 21.78 408 0.75 6.6 429

2 Obtained from ICP analysis.
b Obtained from XPS analysis.

€ Unit cell parameter was calculated based on the XRD results corresponding to the 3D cubic pore structure with a Ia3d space group,
aop = dpin/ (h? + k2 + 12), where dpy diffraction values were evaluated using the interplanar spacing of the (211) XRD peak.

d Specific surface area obtained from N sorption isotherm studies.
¢ Pore volume obtained from N, sorption isotherm studies.

f Mesopore diameter obtained from N, sorption isotherm studies.
& Pore wall thickness calculated from formula: (ao/2) — Dy,
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Fig. 3. Small-angle XRD patterns of Co-KIT-6 catalysts synthesized at 100 °C for 24 h with ns;/nc, = 10 (a), nsj/nc, = 25 (b), and nsj/nc, = 50 (c).

high metal loading in the mesopores. The inflection point
shifts slightly to higher relative pressures as more metal is
incorporated in the structure, indicating that the pore size
increases. The specific surface area (Sggr), cumulative pore
volume (V}), and pore diameter (D;) of the Co-KIT-6 cata-
lysts are listed in Table 1. The smaller values for the Co-KIT-6
(nsi/nco = 10) sample might be due to the decrease in its
structural ordering. However, the reduction in the pore
volume with increasing Co content might be due to the
obstruction of some of the Co-KIT-6 mesoporous channels
with cobalt oxide species during calcination. It should be
noted that these parameters do not vary much with cobalt

content for the Co-KIT-6 (nsi/nco =50) and Co-KIT-6 (ns;j/
nco = 25) samples. These parameters only decrease signifi-
cantly for the Co-KIT-6 (nsj/nc, = 10) sample, presumably
because of the presence of a significant amount of cobalt.
These data were combined with the XRD results to estimate
the wall thickness of the Co-KIT-6 catalysts. The wall
thickness of the Co-KIT-6 catalysts increases with increasing
cobalt content (Table 1).

The FT-IR absorption spectra of the calcined meso-
porous Co-KIT-6 samples are shown in Fig. 6 as a function of
the cobalt loading. In the hydroxyl region, all the samples
exhibit a broad absorption band centered at approximately
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Fig. 5. N, adsorption—desorption isotherms of Co-KIT-6 catalysts synthesized at 100 °C for 24 h with ns;j/nc, = 10 (a), nsi/nco = 25 (b), and nsj/nc, = 50 (c).

1 3455 cm™! attributable to the O—H stretching vibrations of

1 a) water molecules adsorbed on the mesoporous Co-KIT-6
1 surfaces. The weak band at approximately 1635 cm™' is
1 assigned to the bending vibrations of adsorbed water

1 b) molecules. In the framework region, absorption bands are
b detected at 1100 (the shoulder at 1215 cmfl), 960, 812, and
1 455 cm™! for all the samples. The presence of these bands
1 confirms that the mesoporous Co-KIT-6 framework is
1 formed and the structural properties are unchanged
1 despite the isomorphous substitution of Co for Si up to an
T T T 1 nsi/nco ratio of 10. The absorption band at 1100 cm™, the

0 1000 2000 3000 4000 shoulder at 1215 cm~!, and the band at 812 cm™! are
Wavenumber (¢cm-1) assigned to the asymmetric and symmetric stretching vi-

Fig. 6. FT-IR spectra of Co-KIT-6 catalysts synthesized at different ng;/n brations of the ‘structural siloxane (Si~0-Si) group,
rati0s. (2) Co-KIT-6 (s — 10), (b) Co_KIT-§ (s = 25).and (€) Co-KIT- whereas the band at 455 cm ™" is attributed to the Si-0—Si
6(nsi/nco — 50). and Si—0—Co bending vibrations in the mesoporous

Transmitance (a.u.)
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framework (i.e., the SiO4 tetrahedron vibrations) [36]. The
band at 960 cm™! is usually attributed to silanol (Si—OH)
groups in the mesoporous solid framework or to a
stretching mode of a [SiO4] unit bonded to cobalt atoms
[37]. However, for the Co-KIT-6 (nsj/nco = 25) and Co-KIT-6
(nsi/nco = 10) samples, this band can be attributed to the
presence of Si—O—Co groups and indicates that the cobalt
atoms are incorporated into the mesoporous Co-KIT-6
framework. These results show that high cobalt loadings
do not affect the Co-KIT-6 framework structure.

The oxidation state of cobalt was investigated by XPS
(Fig. 7). The nsj/nco, molar ratios calculated from the integral
intensities of the Si 2p and Co 2p photoelectron spectra are
included in Table 1. The surface nsj/nc, molar ratios are
slightly higher than the bulk ratios calculated from the
chemical analysis. The binding energy of Co 2p3/, of Co-KIT-
6 was 780.5 eV, and the cobalt species can be assigned to
Co(Il) in an isolated state [38,39].

3.2. Catalytic reactivity

The MCP conversion of Co-KIT-6 catalysts with different
nsi/nco ratios is presented as a function of the reaction
temperature in Table 2. The conversions of all the studied
catalysts are temperature dependent. The catalysts are
active in the temperature range of 200—450 °C and have
similar product distributions. The dominant products are
methane (C1) and n-H, and Bz is observed only at high
temperatures for Co-KIT-6 with high cobalt content (Si/Co
of 10).

The total conversion increases with increasing reaction
temperature. It should be noted that at a given tempera-
ture, the catalytic activity increases with increasing cobalt
content. The Co-KIT-6 (nsi/nco=10) and Co-KIT-6 (nsy/
nco = 25) catalysts exhibit MCP conversions of 3.7% and
0.93%, respectively, at 200 °C. These results suggest that the
catalytic activity is an inherent property of the Co-doped
mesoporous structure and is strongly dependent on the
active site density in the mesoporous matrix, as previously
observed in other catalytic systems [20—24].

At low temperatures between 200 and 300 °C, the ring-
opening selectivity is 100%, and n-H is the only product for
all the catalysts, except for Co-KIT-6(nsj/nc, = 10), which
has a ring-opening selectivity of 80%. Furthermore, the
ring-opening selectivity decreases at 350 °C, but ring

o 9 'E
Calp Co2p 32}
X
Co2p1/2
3 v
s
z
g
c
I
£
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Fig. 7. XPS spectra of Co-KIT-6 (nsj/nco = 10) catalysts.

Table 2
Effect of the nsi/nc, ratios and temperature on the conversion of MCP.

Sample T(°C) Xr(%) Sron-H(%) SoCi(%)  Sge Bz (%)
Co-KIT-6 (nsi/nco = 50)
200 045 100 0 0
250 097 100 0 0
300 247 100 0 0
350 820 100 0 0
400 162 69 31 0
450 232 29 71 0
Co-KIT-6 (nsi/nco = 25)
200 093 100 0 0
250 3.7 100 0 0
300 6.6 100 0 0
350 147 74 26 0
400 269 30 70 0
450 406 11 89 0
Co-KIT-6 (nsi/nco = 10)
200 37 100 0 0
250 6.4 100 0 0
300 142 80 20 0
350 27 59 41 0
400 38 24 76 0
450 56 9 84 7

Xr, total conversion of MCP; Sgo, ring-opening selectivity; Sc, cracking
selectivity; Sgg, ring enlargement selectivity. The catalyst samples were
reduced under an H; flow (40 ml/min) for 4 h at 500 °C (heating rate 5 °C/

min); Meaalyse = 200 mg; Viycp injected =5 pl. The gas flow used for the

catalytic tests was fixed at 40 cm® min—".

opening is still the dominant conversion pathway. The
selectivity to n-H at this low temperature and the low
conversion observed in the absence of secondary reactions
demonstrate the intrinsic ability of the catalysts to break
endocyclic substituted C—C bonds. It appears that the C—C
bond rupture primarily produces n-H. However, n-H for-
mation is observed between 200 and 450 °C, which sug-
gests that the isolated, tetrahedrally coordinated cobalt
active sites preferentially induce the rupture of endocyclic
substituted C—C bonds in the temperature range studied. At
high temperatures and high cobalt loadings, the ring-
opening selectivity decreases as the cracking selectivity
(Cq) increases. Cq is formed by the successive rupture of
C—C bonds through the subsequent reactions of interme-
diate products. At high temperatures, all the catalysts
actively convert MCP, but they are not selective for the ring-
opening reaction. Most likely, the heat of adsorption on the
Co-KIT-6 active sites is large, favoring multiple C—C bond-
breaking reactions.

These results show that at low reaction temperatures,
all the catalysts are active and selective for MCP ring
opening to form n-H exclusively. As the cobalt loading in-
creases, the activity and selectivity of the studied catalysts
also decrease in the following order: Co-KIT-6(nsy/
nco = 10) > Co-KIT-6(nsi/nce = 25) > Co-KIT-6(nsi/nco = 50).
The formation of large amounts of n-H might require a high
density of isolated tetrahedral cobalt active sites for endo-
cyclic C—C bond rupture.

4. Conclusions

Highly ordered mesoporous Co-KIT-6 with a bicontin-
uous cubic Ia3d structure was successfully synthesized
using a hydrothermal approach. The physicochemical
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characterization shows that the structural integrity is pre-
served for cobalt loadings of up to an nsj/nc, ratio of 10.

The catalytic studies indicate that Co-KIT-6 with various
Si/Co ratios exhibited outstanding ring-opening selectivity.
Among the ring-opening products, n-H was formed exclu-
sively. The ring-opening selectivity can be improved by
increasing the density of atomically isolated cobalt sites.
The cobalt loading governs the cobalt coordination envi-
ronment, that is, the nature and structure of the cobalt
species. Low temperatures favor high selectivity (100%) to
n-H by endocyclic C—C bond rupture.
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