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functionalized silicon carbide
phases as heterogeneous epoxidation catalysts†

Léa Gonçalves, Olinda Gimello, Karim Bouchmella, Peter Hesemann
and Johan G. Alauzun *

We report silicon carbide (SiC) based epoxidation catalysts constituted of a silicon carbide core and a silica/

titania (SiO2/TiO2) shell. The catalysts were obtained via surfacemodification of SiCmicroparticles and were

used as heterogeneous catalysts for the epoxidation of cyclohexene using tert-butyl hydroperoxide or

cumyl hydroperoxide as the oxidant. Conversions up to 83% and selectivities of more than 90% were

obtained.
1. Introduction

Alkene epoxidation is a chemical process of considerable
academic and industrial relevance because epoxides are valuable
intermediates in the production of various important pharma-
ceuticals, agrochemicals, and industrial chemicals.1 Alkene
epoxidation is therefore a key process in synthetic organic
chemistry, in the chemical industry, and in process engineering.2

Epoxidation reactions can be promoted by different types of
either homogeneous or heterogeneous catalysts.3 As heteroge-
neous catalysis benets from easy catalyst recovery and product
separation together with limited metal leaching,4 huge atten-
tion has been paid to the development of heterogeneous epox-
idation catalysts. Among the various heterogeneous catalyst
systems that have been reported,4–6 Ti-based formulations
represent the most important class. Since the discovery of the
TS-1 zeolite by researchers of EniChem in the early 1980s,7

considerable effort has been made to develop efficient and
selective titanosilicate based heterogeneous epoxidation cata-
lyst systems.8,9 A variety of titanosilicates featuring different
characteristics in terms of porosity, architecture or morphology
have been reported, in particular Ti-containing zeolites such as
Ti-ZSM-5,10 Ti-UTL,11 Ti-MWW12 and mesoporous materials
such as Ti-MCM-41 (ref. 13 and 14) or Ti-SBA-15.15,16

Our paper describes titanium dioxide (TiO2) graed silicon
carbide (SiC) as novel heterogeneous epoxidation catalysts. Due to
its physicochemical, chemical, and morphological properties,
silicon carbide recently emerged as an interesting support material
for heterogeneous catalysis.17,18 SiC displays high chemical inert-
ness, a relatively high specic surface area, good thermal conduc-
tivity, and high oxidation resistance. SiC therefore combines
9, Route de Mende, Montpellier Cedex 05

ntpellier.fr

tion (ESI) available. See DOI:

8–6364
unique physicochemical properties for the elaboration of advanced
heterogeneous catalysts. As the surface of SiC is covered by
a nanometric layer of oxidized silicon species such as silicon oxy-
carbide (SiOxCy) and/or silica (SiO2),19 it offers sufficient anchorage
sites for the dispersion and stabilization of deposited active phases,
in particular allowing the surface graing of titanium alkoxides
and the formation of SiC-supported TiO2 phases.20–23

Here, we report the synthesis and detailed characterization
of TiO2-functionalized SiC microparticles via surface graing of
titanium tetraisopropoxide (Ti[OiPr]4) onto SiC surfaces. The
resulting TiO2/SiO2@SiC phases were then used as heteroge-
neous catalysts for the epoxidation reaction of cyclohexene.
2. Experimental section
2.1 Materials

The catalytic carrier (powder, SiC4-P80/125-HP, polytype 3C-SiC
with phase b-SiC) was purchased from SiCAT (France).

The surface of SiC-based supports was modied using tita-
nium tetraisopropoxide Ti[OiPr]4 (97%, Sigma-Aldrich) and
hexamethyldisilazane (99%, Sigma-Aldrich). The reagents for
the cyclohexene epoxidation tests, such as tert-butyl hydroper-
oxide (5–6 M in nonane), cumyl hydroperoxide (80% in
cumene), n-decane (99%, anhydrous) and cyclohexene (99%)
were also supplied by Sigma-Aldrich.

The solvents propan-2-ol (99.7%) and toluene (99.8%) were
supplied by VWR and Fisher-Scientic, respectively. These solvents
were dried by using molecular sieves (rods; 1.6 mm; 0.3 nm pore
size; Supelco®, Sigma-Aldrich). These were activated at 200 °C
under reduced pressure for 15 h and introduced into hermetically
sealed at-bottomed asks. The solvents were then added and
stored under argon. Aer at least 48 h, the water content of the
solvents was measured by Karl-Fischer titration (TitroLine KF
trace, SI Analytics) and showed values below 15 ppm.

The catalytic reactions were monitored by gas chromatog-
raphy (GC) with a ame ionisation detector (FID), with an
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Agilent 6850 Network GC System Gas Chromatograph. The
column used for the chromatography is a (5%-phenyl)-
methylpolysiloxane nonpolar column (Agilent), of 30 m length
and 0.25 mm internal diameter, with a lm thickness of 0.25
mm. The injections (1 ml) are performed in a split mode of 65
with an air ow of 400 ml min−1 and a dihydrogen ow of 40
ml min−1. The gas carrier was hydrogen at a ow of 0.8
ml min−1. The temperature program was set to an initial
temperature of 50 °C and kept for 5 min then it was increased to
a temperature of 150 °C at a rate of 10 °C min−1 and held for
5 min. The nal temperature reached 250 °C at 10 °C min−1

with a hold of 20 min. The injector was held at 250 °C.

2.2 Syntheses of materials

The preparation of the materials consists of three steps: the
oxidation/activation of the silicon carbide surface, the titanium
graing onto the surface of the carrier and the surface hydro-
phobisation, also called passivation. 5 g of SiC carrier is rst
calcined in a muffle furnace at 1000 °C for 2 h to form a silica
layer, necessary for the graing of metal oxides.1 The SiC
support is then activated by stirring the solid in 150 ml of
deionised water for 3 h at room temperature. The solid is
recovered by water evaporation (40 °C, 72 mbar) and dried at
77 °C under low pressure for 12 h.

To remove all traces of air and water, the pre-treated silicon
carbide carrier is dried and heated at 200 °C (low pressure
overnight then Ar for 6 h). The dried silicon carbide is sus-
pended in 25 ml of anhydrous isopropanol and 0.5 g (1.7 mmol)
of titanium isoproxide is added. The suspension is heated
under reux at 110 °C and stirred for 22 h with an argon
atmosphere. The solid is nally recovered by ltration, washed
with isopropanol and dried under low pressure at 200 °C over-
night. It is nally calcined at 600 °C for 5 h with amuffle furnace
(5 °C min−1).

A passivation treatment was nally performed to hydro-
phobize the titanium-graed solid surface. This treatment
consists of replacing the surface hydroxyl groups with SiMe3
groups. The passivation is a really important step for several
reasons. It makes the solid surface hydrophobic which will
avoid the adsorption of water and make easier the adsorption of
the reactants. By doing the passivation, we also decrease the
acidity of the catalyst surface to avoid the epoxide cycle opening.
1 g of TiO2-graed silicon carbide is heated at 150 °C for 1 h
under argon and dried under low pressures at 150 °C for 2 h
with a thermostatically controlled silicon oil bath. The solid is
next suspended in anhydrous toluene. 1 ml (mol) of hexame-
thyldisilazane (HMDS) is added and the suspension is heated
under reux at 130 °C for 2 h. Then, the solid is recovered by
ltration and washed 3 times with 20ml of toluene, acetone and
ethanol until it has a ltrate with a neutral pH. The solid is
nally dried under low pressures at 200 °C for 12 h.

2.3 Catalytic tests – general procedure

The cyclohexene epoxidation tests were performed in batch
mode with two different oxidising agents: tert-butyl hydroper-
oxide (TBHP) and cumene hydroperoxide (CHP).
© 2024 The Author(s). Published by the Royal Society of Chemistry
The catalytic tests were carried out in a 25 ml two-neck
round-bottom ask, equipped with a condenser and a cryostat
(15 °C) and thermostatically controlled using a silicon oil bath.
The catalyst (100 mg) is rst dried at 60 °C overnight under low
pressures directly in the round-bottom ask. Then, cyclohexene
(0.821 g, 10 mmol) is added with 5 ml of anhydrous toluene and
the suspension is heated with stirring to a dened temperature
that depends on the used peroxide (65 °C for CHP/90 °C for
TBHP). Once this temperature is reached, 10 mmol of peroxide
is added. Aliquots of the reaction mixture were collected aer
dened times and analysed by GC-FID.

2.3.1 Blank tests. Blank tests were carried out by mixing
cyclohexene and either TBHP or CHP under standard condi-
tions. No product formation was observed in the absence of the
catalyst.

3. Results and discussion

The synthesis of the SiC-supported catalyst was achieved in
a three-step sequence starting from pure SiC (SiCAT, France)
including (i) the activation of the SiC-surface by oxidation, (ii)
the surface graing of titanium dioxide, and nally (iii) the
passivation/hydrophobization of the surface via trimethylsily-
lation of silanol groups. The SiC surface was activated via
calcination of the parent SiC at 1000 °C during 2 h, followed by
dispersion of the material in deionized water and nally drying
under reduced pressure, yielding a material labelled SiC/SiO2.
In the second step, titanium dioxide was graed via impreg-
nation of the activated surface of the SiC/SiO2 material with
titanium tetraisopropoxide (Ti[OiPr]4) followed by calcination of
the material at 600 °C for 5 h (Scheme 1A – Ti-graing). This
material was directly used for passivation. Silanol groups
located on the surface of the material were passivated using
hexamethyldisilazane (HMDS) (Scheme 1A – passivation),
yielding the material labelled TiO2@SiC/SiO2-p. For detailed
information about the synthesis of the materials, please refer to
the ESI.†

The materials were characterized in order to monitor various
modications. We mainly focused on the determination of the
porosity in terms of specic surface area SBET by nitrogen
sorption. Nitrogen adsorption–desorption isotherms on the
silica before and aer surface modications were obtained at 77
K using a Micromeritics Tristar II Plus analyzer. The samples
were degassed under reduced pressure at 200 °C and 40 °C,
respectively. The specic surface area was calculated using the
Brunauer–Emmett–Teller (BET) theory in the 0.05–0.30 P/P0
range. Total pore volume was measured at P/P0 = 0.99. The
mesopore volume and average pore diameter were estimated
with the Barrett–Joyner–Halenda (BJH) method.

The amount of graed titanium was determined via energy-
dispersive X-ray spectroscopy (EDX). All materials were probed
using a eld emission gun-scanning electron microscope (JEOL
JSM 7100F FEG-SEM) equipped with an energy-dispersive X-ray
spectrometer (Oxford ASDD X-Max EDX detector). The amount
determined using this method is 1.2 wt%.

The identication of the Ti species was performed via X-ray
photoelectron spectroscopy (XPS). X-ray photoelectron
Nanoscale Adv., 2024, 6, 6358–6364 | 6359
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Scheme 1 (A) Synthesis protocol for the formation of the SiC-based TiO2 catalyst. (B) Epoxidation reaction of cyclohexene.

Table 1 BET surface area and pore volume of the samples

Sample BET surface areaa (m2 g−1) Pore volumeb (cm3 g−1)

SiC 35 0.39
SiC/SiO2 25 0.25
TiO2@SiC/SiO2-p 21 0.15

a Range 0.05 < P/P0 < 0.2. b Single-point desorption at relative pressure
P0 = 0.98.
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emission spectra (XPS) were recorded on a Thermo Scientic K-
Alpha spectrometer, using a monochromatic source with an
aluminum anode (hy = 1486.6 eV) and a spot size of 400 mm
(CIRIMAT, Toulouse). The calibration energy of the spectrom-
eter was performed using the reference peak C 1s (284.9 ± 0.1
eV). High-resolution scans of C 1s, O 1s, Si 2p, and Ti 2p were
acquired with a 30 eV pass energy with an increment value of
0.1 eV.

The environment of Si centers was investigated by solid-state
NMR. Solid-state Nuclear Magnetic Resonance (NMR) analyses
were carried out at the NMR platform of ICGM. 29Si solid-state
NMR spectra were recorded on a 300 MHz Varian VNMRS300
(7.05 Tesla Wide Bore magnet), with a Varian T3 MAS (Magic
Angle Spinning) probe and 7.5 mm ZrO2 rotors. Measurements
were carried out using the non-quantitative CPMAS technique
with 1H decoupling (Cross Polarisation Magic Angle Spinning/
magnetization transfer from 1H to 29Si followed by 1H decou-
pling), with a recycling time of 3 s, a p/2 pulse of 5 ms and
a contact time of 5 ms. The chemical shi was calibrated using
a secondary reference of Q8M8H (octakis(dimethylsiloxy)octa-
silsesquioxane), whose le-hand signal was xed at −2.25 ppm.

Finally, Scanning Electron Microscopy (SEM) was used to
study the evolution of the morphology of the materials during
the modication steps.

Energy-dispersive X-ray spectroscopy on the titania-graed
SiC materials TiO2@SiC/SiO2-p indicated a Si/Ti atomic ratio
of 93/1. Besides titanium, only silicon, carbon and oxygen could
be detected in the sample (see the ESI, Fig. S1 and Table S1†).

Nitrogen adsorption–desorption at −196 °C using a Micro-
meritics TriStar II plus surface analyzer was used to study the
porosity of the materials. We investigated the parent SiC and
partially oxidized SiC/SiO2 materials as well as the supported
and passivated material TiO2@SiC/SiO2-p. All samples were
degassed for 15 h under reduced pressure (1.33 × 10−3 mbar)
6360 | Nanoscale Adv., 2024, 6, 6358–6364
prior to the experiment. The nitrogen sorption isotherms of the
three materials are given in the ESI, Fig. S2.† The specic
surface areas and total pore volumes, determined at a relative
pressure of 0.98 based on the adsorbed nitrogen volume, are
reported in Table 1. To determine the specic surface area (SSA)
in the range of relative pressure (P/P0) between 10−5 and 0.1, the
Brunauer–Emmett–Teller model (BET) was applied. The
isotherms of all materials are of type II, indicating non-porous
and/or macroporous materials. Both specic surface area and
total pore volume of thematerials decrease during the oxidation
and graing/passivation steps. More specically, the specic
surface area drops from 35 m2 g−1 for the SiC material to 21 m2

g−1 for the material TiO2@SiC/SiO2-p. Regarding the total pore
volume, a decrease can be observed from 0.39 for the SiC
material to 0.15 for the material TiO2@SiC/SiO2-p. The oxida-
tion reaction has a stronger impact on the textural properties of
the material as it leads to a stronger decrease of both specic
surface area and total pore volume compared to the graing/
passivation step. This may be explained by sintering
processes, as the oxidation step was performed at high
temperatures.

Scanning Electron Microscopy (SEM) images of the parent
SiC and TiO2@SiC/SiO2-p are given in Fig. 1. The SiC material
consists of agglomerated particles of nanometric size with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of the parent SiC (left) and Ti-grafted and passivated TiO2@SiC/SiO2-p (right).
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diameters of around 60 nm. The morphology did not change
during the modication steps, as we found identical features in
the case of the material.

29Si solid-state cross-polarization (CP)MAS NMR has been
used to study the environment of the silicon centers in the SiC-
based materials towards the synthesis steps. This method was
particularly used to observe the silicon oxycarbide species
which are in the minority compared to silicon carbide species.24

Fig. 2 shows the three 29Si CP MAS NMR spectra of the SiC
material (commercial silicon carbide carrier in the b-phase
purchased from SiCAT, France), the SiC/SiO2 sample, and the
TiO2@SiC/SiO2-p material. All spectra were deconvoluted using
the Dmt program25 to identify the different silicon species.

In the spectra of the materials SiC and SiC/SiO2, 8 peaks can
be found: 2 signals at −29, and −8 ppm corresponding
respectively to silicon oxycarbides SiO2C2 and SiOC3; 2 signals
around −14 and −19 ppm for Si nucleus coordinated with 4
carbons (SiC4); 1 signal at −74 ppm for SiO3C species; and 3
signals at −91, −100 and −110 ppm corresponding respectively
to Q2, Q3 and Q4 species of silicon oxide Si(OSi)n(OH)4−n. The
presence of the Qn species on the commercial SiC spectrum
Fig. 2 29Si CP-MAS solid-state NMR spectra of the SiC, SiC/SiO2 and
TiO2@SiC/SiO2 materials (top to bottom).

© 2024 The Author(s). Published by the Royal Society of Chemistry
demonstrates the existence of a partial oxidation of SiC. It is
worth noting that the Qn signals that can be attributed to
Si(OSi)n(OH)4−n centers are more intense in the spectrum of the
material SiC/SiO2 compared to the parent SiC, indicating
successful oxidation of the SiC surface and resulting in the
formation of silicon oxide species during the calcination step.
The 29Si solid-state CP-NMR spectrum of the material TiO2@-
SiC/SiO2-p also displays eight signals. However, two main
changes can be observed. First, the spectrum of the catalyst
shows a new signal at 14 ppm. This signal can be attributed to
SiMe3 groups and indicates the capping of the residual hydroxyl
groups and therefore a successful passivation of the surface via
trimethylsilylation. Second, in the spectrum of the material
TiO2@SiC/SiO2-p, we observe a strong decrease in the intensity
of the Q3 silicon centers and a complete disappearance of the Q2

centers whereas the intensity of the Q4 centers is nearly
unchanged. This trend can be explained by the replacement of
most of the hydroxyl groups by –SiMe3 groups and therefore is
also indicative of the trimethylsilylation of residual silanol
groups. Regarding the set of signals in the range of 5 to
−45 ppm and at −68 ppm, characteristic of SiC and SiOC
species, no signicant changes can be observed.

To investigate the chemical composition and oxidation
states of the samples, X-ray photoelectron spectroscopy (XPS)
experiments were carried out. XPS is particularly powerful for
the determination of the species located at the surface of the
samples. The C 1s, O 1s, Si 2p, and Ti 2p XPS spectra of the
TiO2@SiC/SiO2-p material are displayed in Fig. 3A–D. XPS
spectra of the parent SiC before and aer oxidation and
titanium-graing are displayed in Fig. S3 and S4.†

In Fig. 3A, corresponding to C 1s, two signals can be
observed. The most intense signal at 282.4 eV corresponds to
the Si–C bond of silicon carbide,26 whereas the shoulder at
284.2 eV can be attributed to Si–C bonds of the trimethylsilyl
groups, originating from the passivation reaction.27 The envi-
ronment of the oxygen centers can be deduced from the XPS
spectra given in Fig. 3B. One single signal is observed at
532.3 eV, corresponding to the oxygen of the silica layer (SiO2) at
the surface of the material. Even though Nettereld et al.
observed a shi towards lower energies of the O 1s
Nanoscale Adv., 2024, 6, 6358–6364 | 6361
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Fig. 3 XPS spectra of Ti-grafted SiC supports “TiO2@SiC/SiO2-p”. (A: C1S, B: O1s, C: Si2p, D: Ti 2p).
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photoelectron peak for silica modied with titanium oxide,28

our results do not show this shi. The silicon environment
(Fig. 3C) displays two signals centered at 100.1 and 102.9 eV,
corresponding to the Si–C bonds in SiC and the Si–O bonds
originating from the oxidized silicon carbide layer. The trime-
thylsilyl groups are not detected, probably due to their low
amount or overlapping with other signals. Finally, Fig. 3D
displays the XPS spectra of Ti species. The two signals centered
at 464.7 and 459.0 eV in Fig. 3D were deconvoluted using Ori-
ginPro 2022b soware into two peaks each. The peaks at 465.5
and 459.6 eV are attributed to Ti 2p1/2 and Ti 2p3/2 of a tetra-
hedrally coordinated titanium. The other signals at 463.5 and
458.3 eV correspond to Ti 2p1/2 and Ti 2p3/2 of an octahedrally
coordinated titanium.29

Aer having ascertained the successful graing of titanium
dioxide on the surface of silicon carbide particles, we focused
on the evaluation of the catalytic properties of the material. The
reaction conditions for the epoxidation reactions are detailed in
the ESI.† More specically, we investigated the epoxidation of
6362 | Nanoscale Adv., 2024, 6, 6358–6364
cyclohexene (Scheme 1B) using either TBHP or CHP as oxidizing
agents. Indeed, our SiC-based catalyst allows a good diffusion of
cyclic olens onto the porosity and provide the accessibility of
the reactants on the materials' active sites unlike zeolite-
supported catalysts such as TS-1. The reactions were carried
out under several conditions: at 90 °C and 65 °C, with and
without catalysts. Blank tests rst demonstrated that no epoxide
formation occurred in the absence of the catalyst. On the other
side, the passivated material TiO2@SiC/SiO2-p displayed
signicant catalytic activity. The conversion of cyclohexene as
well as the selectivity of cyclohexene oxide formation as a func-
tion of reaction time are displayed in Fig. 4. We observed that
the material efficiently promotes the epoxidation of cyclohexene
with both oxidizing agents and leads to a cyclohexene conver-
sion of 83% and 72% from TBHP and CHP, respectively, aer
a reaction time of 20 h. At the end of the reaction time, 2-
cyclohexen-1-one and 2-cyclohexen-1-ol were detected as by-
products (less than 3% and 1.4% for TBHP and CHP, respec-
tively). These by-products were also detected in the cyclohexene
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Conversion of cyclohexene (blue) and epoxide selectivity (yellow) results from catalytic tests of the TiO2@SiC/SiO2-p catalyst with (A) tert-
butyl hydroperoxide and (B) cumene hydroperoxide as the oxidant.
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epoxidation reaction with hydrogen peroxide in the vapor and
liquid phases at various temperatures.30 They are formed from
radical side reactions.31 It may be observed that the selectivity to
epoxide increased with longer reaction times (Fig. 4A) and lower
temperatures (Fig. 4B), in accordance with the formation of this
product being an exothermic reaction. The slightly higher
cyclohexene conversion and lower selectivity observed with
TBHP may result from the higher reaction temperature.

Concerning the state of art, the literature is rich with
different types of heterogeneous epoxidation catalysts.9 The
experimental conditions applied for the catalytic tests (type of
catalyst, oxidizing agent, starting materials, solvent, tempera-
ture, concentrations.) are as diverse as the number of refer-
ences. For example, a silica-supported titanium catalyst
exhibited 34.5% conversion with dilute hydrogen peroxide at
80 °C aer 24 h.31 On the other side, almost complete conver-
sion was obtained with a mesoporous hybrid titania–silica
xerogel aer 30 min at 90 °C for the epoxidation of cyclohexene
by CHP.5 Regarding the materials reported here, we observed
a surprisingly high catalytic activity considering the low amount
of graed titanium dioxide and the low porosity of the support.
We attribute this result to a homogeneous dispersion of Ti
species on the external surface of the hydrophobized SiC
support as shown by the EDX mapping of TI of the TiO2@SiC/
SiO2-p material (see the ESI, Fig. S5†).
4. Conclusions

We report a novel heterogeneous epoxidation catalyst based on
silicon carbide support. The material was obtained by a three-
step sequence. The successful graing of TiO2 is triggered by
the presence of a silica shell at the surface of the SiC materials
which allows anchoring of Ti species via surface sol–gel reac-
tions. The characterization of the materials showed successful
immobilization of TiO2 on the surface of the SiC basedmaterial.
The catalyst displays very promising performances in terms of
catalytic activity and selectivity in the epoxidation reaction of
cyclohexene. Our work shows that SiC is a versatile support
© 2024 The Author(s). Published by the Royal Society of Chemistry
material for the immobilization of epoxidation catalysts. We
believe that our approach has high potential for the develop-
ment of SiC based heat exchange reactors.
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