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A lamellar SiC/C composite was synthesized from organoclay via
pyrolysis followed by salt-assisted magnesiothermic reduction. The
in situ-formed carbon sheet within the restricted interlayer space of
clay served as the carbon source and nanotemplate for forming SiC/
C. With a large specific surface area, hierarchical porosity, available
anchoring sites, good hydrophobicity, and thermal stability, SiC/C
proved to be a promising support for Pt. The resulting Pt loaded
SiC/C exhibited an excellent toluene oxidation performance.

Volatile organic compounds (VOCs) have aroused increasing
concern because of their severe hazards to the environment
and human health."® With low energy consumption and highly
destructive efficiency, catalytic oxidation is regarded as an
effective method for the abatement of VOCs.** Supported Pt
catalysts are preferred for catalytic oxidation due to the high
specific activity, especially for low-concentration VOCs among
various catalysts." Enormous efforts have been devoted to low-
ering the Pt loadings while maintaining a high catalytic per-
formance of the catalyst.® Generally, the catalytic property of
the supported Pt catalyst strongly depends on the structural
characteristics of the support, which influences the distribu-
tion and size of Pt nanoparticles, the interaction between Pt
and support, and the adsorption/diffusion of the reactants and
products.® Traditional oxides (e.g., Al,O; and SiO,) and zeolite
are widely used to support Pt,”® but the corresponding catalysts
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often suffer from serious deactivation in the presence of water
vapor, due to the coverage of active sites by water molecules and
the reaction between support and water at high temperature.®°
Porous carbon supports enable the supported Pt catalyst to
possess both high activity and water-resisting ability,'® but
their inflammability limits their potential in practical applica-
tions. Moreover, additional treatments, such as oxidation and
doping, are generally needed to increase the Pt anchoring sites
on carbon materials.'"'?> Therefore, ideal supports with high
stability, hydrophobicity, a large surface area, hierarchical
porosity, and abundant anchoring sites for Pt are highly desir-
able for the high-performance supported Pt catalyst.

Silicon carbide (SiC) and its nanostructures have been used
as a support to load metal nanoparticles for heterogeneous
catalysis and fuel cells, owing to their excellent thermal/
chemical stability, high thermal conductivity, and hydrophobic
surface.’®'* However, the limited surface area and porosity of
SiC held back its applications in the abatement of VOCs. Recent
studies indicated that a complex support could combine the
advantages of different supports, thus enhancing the VOC
oxidation performance of supported Pt catalysts, such as
Pt/CeO,-activated carbon® and Pt/graphene oxide-Fe,03."> As
such, one may expect that introducing carbon nanomaterials
into nanostructured SiC would create an attractive SiC/C
complex support with a large surface area, good porosity, and
high hydrophobicity. However, the synthesis of SiC/C compo-
site faces several difficulties: (1) the uniform mixing of nano-
structured SiC and carbon nanomaterials is hard to achieve via
simple mechanical blending; (2) the in situ formation of carbon
nanomaterials (via chemical vapor deposition (CVD) and self-
assembly)'® on SiC involves a sophisticated process and deli-
cate equipment; and (3) the synthesis of SiC nanoparticles (e.g.,
via CVD and electrochemical etching) also depends on high
cost and high energy consumption.'*

Herein, we present a facile strategy for the synthesis of a
lamellar SiC/C composite from organoclay via pyrolysis and
subsequent salt-assisted magnesiothermic reduction (Fig. 1a),
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Fig.1 (a) Schematic illustration of the synthesis of a lamellar SiC/C
composite from organoclay. (b) XRD patterns of Mt, Mt/CV, Mt/C, and
the intermediate after magnesiothermic reaction. (c) XRD patterns of the
resulting SiC/C and the Pt-loaded SiC/C composites.

which could be scalably produced due to the cost-effective
precursor and facile approach. The organoclay precursor was
obtained by intercalating montmorillonite (Mt) with cationic
crystal violet (CV, Fig. S1, ESIt), and acted as both silicon and
carbon sources. The resulting SiC/C showed the characteristics
of both SiC and C, i.e., a large specific surface area (692 m> g™ %),
hierarchical porosity (micro-, meso-, and macropores), thermal
stability, and abundant anchoring sites (O- and N-containing
functional groups). These structural merits of SiC/C enabled it
as an attractive support for Pt nanoparticles (Fig. 1a). As a
catalyst for toluene oxidation, the Pt-loaded SiC/C displayed
high catalytic activity (with a complete conversion temperature
of 185 °C), good cycling stability, and remarkable water resis-
tance (with no deactivation at 190 °C under 5% water).

Mt is a 2:1 type clay mineral consisting of one octahedral
(O) sheet sandwiched by two tetrahedral (T) sheets (Fig. 1a),
giving a dyo; value of 1.52 nm (Fig. 1b). The adsorption of
cationic dye led to an evident increase in the basal spacing
(2.05 nm), suggesting the multilayer or tilt arrangement of CV
within the layer spaces."” Pyrolysis treatment converted Mt/CV
to Mt/C with a significantly decreased basal spacing (1.31 nm),
which gave an interlayer spacing of 0.35 nm (the thickness of
one Mt layer being 0.96 nm). This value is close to the thickness
of a single carbon layer, suggesting the generation of the
graphene-like sheet within the restricted interlayer space of
Mt."” The magnesiothermic reaction caused the formation of
the intermediate, whose XRD pattern displayed the typical
reflections of both MgO and Mg,Si, besides NaCl. After elim-
inating the byproducts by acid washing, the target product SiC/
C was obtained, which was confirmed by the distinct reflections
of B-SiC (Fig. 1c) and the presence of amorphous carbon sheets
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(see TEM and XPS data below). Noticeably, Mg,Si served as an
important intermediate phase during the generation of SiC/C,
probably via the reactions of SiO, (s) + 4Mg (1, g) — Mg,Si (s) +
2MgO (s) and Mg,Si (s) + SiO, (s) + 2C (s) — 2SiC (s) + 2MgO (s).*®
The sandwich structure (composed of a silicon-containing layer
and carbon layer) of Mt/C facilitated the diffusion of the
in situ-formed Mg,Si to carbon, which was the key factor for
the formation of SiC/C at the interface between silica and
carbon.” In addition, NaCl as a heat scavenger could absorb
the excess heat from the exothermic reaction and thus prevent
the production of high-temperature phases (e.g., spinel and
a-SiC) (Fig. S2, ESIt). Finally, the as-prepared SiC/C was used as
the support for Pt nanoparticles via a simple impregnation
method. No reflections attributed to Pt were observed for
0.25Pt-SiC/C and 0.5Pt-SiC/C (Fig. 1c), probably due to the
low loading amount and high dispersion of Pt nanoparticles.
With the Pt loading amount increasing to 1%, the weak reflections
of Pt emerged.

The SEM image of Mt/C showed a similar lamellar texture to
raw Mt (Fig. 2a and b). The HRTEM image directly confirmed
the sandwich structure consisting of an Mt layer and a carbon
layer on Mt/C (Fig. S3, ESIt). Moreover, SiC/C possessed a
porous and lamellar structure (Fig. 2c), somewhat retaining
the morphology of Mt/C. The TEM images disclosed the over-
lapped or interconnected nanoparticles in the 2D structure of
SiC/C (Fig. 2d and e), thus forming a hierarchically porous
architecture (i.e., mesopores in the lamellae and macropores
built by the stacking of the layers). The interplanar spacing of
0.25 nm (assigned to the (111) plane of B-SiC) further verified
the formation of SiC nanocrystals (Fig. 2f). Interestingly, we
observed an approximately 1 nm-thick carbon layer wrapping
around the SiC nanoparticles (Fig. 2f). The mass ratio of SiC
and C was calculated to be ~4:1 according to the EDS data
(Fig. S4, ESIY), corresponding to ~20 wt% C in the composite.
This in situ-formed carbon sheet not only provided C element

% 50nm . 50 nm

Fig. 2 SEMimages of Mt (a), Mt/C (b), and SiC/C (c). TEM images (d and e)
and HRTEM image showing the crystalline structure (f) of SiC/C. TEM
images (g), dark-field TEM image (h), and EDS mapping (i) of 0.5Pt-SiC/C.
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for the synthesis of SiC, but also acted as the nanotemplate for
generating the lamellar SiC/C composite.

The TEM image of 0.5Pt-SiC/C indicated that Pt nano-
particles were well-dispersed with a relatively even size on the
SiC/C support (Fig. 2g).>° The good dispersion of Pt nano-
particles was further confirmed by the bright spots in the
dark-field TEM image and the uniform distribution of C, Si,
and Pt on 0.5Pt-SiC/C in the EDS mapping (Fig. 2h and i). With
increasing Pt loadings, the size of Pt nanoparticles gradually
increased (Fig. S5 and Table S1, ESIt). Moreover, SiC/C and
0.5Pt-SiC/C showed good N, adsorption capacities at all the
relative pressures, suggesting the simultaneous presence of
micro-, meso-, and macropores (Fig. S6a, ESIt). Compared with
the calculated specific surface area (692 m”> g ') and pore
volume (0.92 cm® g~ ') of SiC/C, those of 0.5Pt-SiC/C slightly
decreased (604 m> g~ ' and 0.64 cm® g~ !). The mesopore volume
(in the range of 2-50 nm) of 0.5Pt-SiC/C diminished (Fig. Séb,
ESIT), which implied the significant role of mesopore for the
loading of Pt.*!

The high-resolution Si 2p XPS spectrum of SiC/C could be
fitted into a primary peak at 100.9 eV (Fig. 3a), assigned to Si-C
of B-SiC.>* The two minor peaks at 102.2 and 103.1 €V corre-
spond to the small amount of Si bound to oxygen (e.g., C3Si-OH
and C,Si0,).>> Moreover, the high-resolution C 1s XPS spec-
trum was deconvoluted into two main components at 283.0 and
285.1 eV (Fig. 3b), which were attributed to C-Si and sp*/sp®
carbon, respectively.>>*® These results further evidenced the
presence of both SiC and carbon material on SiC/C. Several
weak peaks at 286.2, 287.4, and 289.1 eV were attributed to C-O/
C-N, C=0, and O-C=0, respectively.>* Besides, the chemical
states of N element (from CV) in SiC/C consisted of three
components at 401.6, 400.4, and 398.3 eV (Fig. 3¢), corresponding
to graphitic, pyrrolic, and pyridinic N, respectively.>* These O- and
N-containing functional groups on the surface of SiC/C could
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Fig. 3 High-resolution XPS spectra of Si 2p (a), C 1s (b), and N 1s (c) for
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enhance the interaction between metal and support, thus improv-
ing the dispersion and stability of metal nanoparticles."**?*

The high-resolution Pt 4f XPS spectra of the Pt-loaded SiC/C
composites were compared (Fig. 3d). It was necessary to sepa-
rate the Al 2p peak from the Pt 4f peak owing to the overlap of
these two peaks in the range of 68-80 eV, since a very small
amount of Al still remained in SiC/C even after acid washing
several times (Fig. S4, ESIT). In our case, the Al 2p was set at
~74.1 eV, and the XPS spectra of Pt 4f could be fitted into two
states, ie., Pt’ species with the two binding energies of ~71.9
and ~75.3 eV, and Pt>" species with a couple of peaks at ~73.8
and ~77.2 eV.*?° Generally, both the dissociative adsorption of
oxygen from Pt° species and the extraction of lattice oxygen
from PtO, were involved in the catalytic oxidation over Pt-based
catalysts, while the Pt® species were supposed to be more active
for the catalytic process.**® Based on the fitting results, the
ratio of Pt°/(Pt® + Pt>") decreased in the order 0.5Pt-SiC/C >
0.25Pt-SiC/C > 1Pt-SiC/C (Table S2, ESIt).

The H,-TPR measurement of the Pt-loaded SiC/C catalysts
exhibited two evident reduction peaks (Fig. 4a). The first peak
at a low temperature (< 200 °C) was attributed to the reduction
of PtO, by H,.”” The surface oxygen adjacent to Pt species was
also considered to contribute to the low-temperature peak.”®
The broad peak at 200-450 °C could be assigned to the
reduction of surface oxygen distant from Pt*° and oxygenated
functional groups on the SiC/C surface.”® Compared with
0.25Pt-SiC/C, 0.5Pt-SiC/C and 1Pt-SiC/C displayed a larger
area of the low-temperature peak, which was associated with
the greater loading amounts of Pt in the latter. Besides, 0.5Pt-
SiC/C exhibited the lowest initial reduction temperature
(94 °C) among the three catalysts, implying the most reducible
characteristic.
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Fig. 4 (a) H,-TPR profiles of the Pt-loaded Si/C composites; (b) CO,

generation curves of toluene oxidation over SiC/C and various Pt-loaded

SiC/C catalysts; (c) the catalytic oxidation for toluene over the 0.5Pt-SiC/C

catalyst in three cycles; (d) effect of moisture (5% H,O) on toluene

oxidation over the 0.5Pt-SiC/C catalyst at 160 and 190 °C, respectively.
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Pt-loaded SiC/C exhibited high activity for toluene oxidation,
while no CO, generation was observed during the test tempera-
ture region for SiC/C without Pt (Fig. 4b). T90 (the temperature
at 90% of CO, generation) of toluene over 0.5Pt-SiC/C was
184 °C, which was 3 and 34 °C lower than those over 1Pt-SiC/C
(187 °C) and 0.25Pt-SiC/C (218 °C), respectively (Table S3, ESIT).
0.25Pt-SiC/C with high dispersion and small size of Pt nano-
particles showed a lower catalytic performance than 0.5Pt-SiC/C,
mainly due to the smaller amount of Pt loading. In contrast, the
inferior activity of 1Pt-SiC/C in comparison with 0.5Pt-SiC/C
could be attributed to the low utilization of Pt atoms owing to
the aggregation of Pt nanoparticles.” These results were quantita-
tively verified using the calculated TOF values (Table S3, ESIt). In
addition, the high concentration of Pt® species was another
important factor for the good catalytic activity of 0.5Pt-SiC/C.>*°

The stability test results showed no obvious change of CO,
generation in three cycles (Fig. 4c), demonstrating that 0.5Pt-
SiC/C had a superior catalytic stability for toluene oxidation.
The good cycling durability should be attributed to the thermal
stability of the SiC/C support'* and limited carbon deposition
on the surface due to a high catalytic activity of the supported
Pt atoms.® The addition of 5% water vapor at 190 °C hardly
decreased the CO, generation and 0.5Pt-SiC/C still maintained
a complete conversion of toluene (Fig. 4d). The remarkable
water-resisting property could result from the intrinsic hydro-
phobicity of SiC and C.>'° At 160 °C, the conversion of toluene
to CO, slightly descended from 10% to 8%, but recovered to the
original value when water vapor was cut off. These results
indicated that moisture (5% water) did not have an evident
inhibiting effect on the activity of the Pt-loaded SiC/C catalyst.
In addition, as H,O was also a byproduct of toluene oxidation,
the good water-resisting property could enable the catalyst to
adsorb O, more facilely,®" consequently improving the catalytic
activity. Without surface modification and complex designs,
the obtained Pt-loaded SiC/C catalyst in our work possessed an
outstanding catalytic performance from a practical point of
view, in comparison with other supported Pt catalysts in the
recently reported studies (Table S4, ESIT).

In summary, we successfully synthesized the lamellar SiC/C
composite from organoclay via a facile synthesis strategy. SiC/C
proved to be a promising support for Pt. The obtained Pt-loaded
SiC/C exhibited an excellent catalytic oxidation performance of
toluene. Our work offered a facile and cost-effective method for
the synthesis of a novel lamellar SiC/C support from organoclay
and provided an attractive supported Pt catalyst, which would
have great potential in the practical abatement of VOCs.
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