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Dry reforming of methane (DRM) was investigated using nanostructured core@shell materials, thermally acti-
vated with two different heating methods, namely conventional resistive heating and microwave. The core@shell
catalysts were composed of p-SiC nanoparticles, with a mean particle size below 100 nm, coated by a uniform
SiO; shell of ca. 30 nm thickness. Highly dispersed Rh nanoparticles, with a mean particle size of 2.5 nm, were
present on the surface of the SiO, shell. Operation under microwave heating conditions enhanced the reverse

water gas shift reaction activity, which takes place in parallel with the DRM process, as compared to the
operation under resistive heating conditions. Moreover, stable long-term operation was achieved under
microwaved-assisted conditions, due to the unique spatial arrangement of the phases composing the nano-
structured catalytic system, together with the suppression of irreversible coke deposition.

1. Introduction

Despite efforts to seek cleaner energy alternatives, fossil fuels remain
the primary energy source. Among them, natural gas — comprising
85-99 % methane (CHa4) — is receiving a great deal of attention as a
feedstock. Besides, with the new reserves discovered annually, alongside
a growing emphasis on shale gas extraction, its availability will remain
high in the near future [1,2].

At present, only 15 % of natural gas is used as a feedstock, primarily
for hydrogen and syngas production [3]. The remaining is burned for
heating and electricity generation [4], accounting for 22 % of global CO,
emissions [5]. Given the inevitable decline in natural gas combustion
over the years, research into existing and emerging methane-based
feedstock processes is becoming increasingly relevant in the context of
the energy transition.

The limited use of methane as a chemical feedstock arises from the
challenge of activating its stable, non-polar C-H bonds, which requires
the use of catalysts and harsh conditions to achieve practical methane
conversions, making these processes highly energy-intensive [6]. Cur-
rent industrially relevant methane transformation relies on steam
reforming of methane (SRM), which yields syngas, a CO and H> mixture
used in ammonia, methanol, and hydrocarbon production [4,7]. How-
ever, this process is highly energy-intensive due to its endothermic na-
ture, requiring superheated steam and temperatures above 800-900 °C,
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leading to high operational costs [1,4,7]. On the other hand, dry
reforming of methane (DRM) (Eq. (1)) has been widely explored as an
alternative to SRM for syngas production. DRM uses CO: instead of H-0
to oxidize CHa, which makes this process highly relevant with the
growing focus on CO: utilization [8]. By utilizing CO, syngas produc-
tion could become more sustainable, especially with advancing CO:
capture technologies [9].

CHy4 + CO, = 2H, +2C0  AHyg, = 247kJ/mol o)}

Nevertheless, this reaction is also highly endothermic, typically
requiring temperatures of 700-1000 °C, making it an energy-intensive
process. Active catalysts, mainly rhodium-based [10] and nickel-based
[11], have been reported in literature. Several studies revealed that
irreversible coke deposition and, consequently, catalyst deactivation is
one of the main issues hindering the industrial implementation of the
DMR process [1,8,12,13]. On the other hand, efficient reactor heating is
crucial for DRM to control heat transfer and minimize energy con-
sumption due to its high energy demands. In this context,
microwave-assisted methane conversion emerges as a promising alter-
native to conventional heating [7,14,15].

Microwave heating, as opposed to conventional heating, offers
higher heating rates and selective catalyst bed heating, creating a gas-
solid temperature gradient which can reduce unwanted side reactions
[7,14,16]. Additionally, microwave heating is believed to mitigate

Received 24 April 2025; Received in revised form 31 May 2025; Accepted 13 July 2025

Available online 18 July 2025

0920-5861/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0001-7778-4008
https://orcid.org/0000-0001-7778-4008
https://twitter.com/A.Urakawa@tudelft.nl
www.sciencedirect.com/science/journal/09205861
https://www.elsevier.com/locate/cattod
https://doi.org/10.1016/j.cattod.2025.115464
https://doi.org/10.1016/j.cattod.2025.115464
http://creativecommons.org/licenses/by/4.0/

J. Palomo et al.

coke-induced catalyst deactivation, as coke is microwave-susceptible
and can be selectively thermally targeted for removal [17,18].

Most of catalyst support materials for DMR are microwave-
transparent. Therefore, catalysts must be modified for compatibility
with microwave reactors [7]. This involves incorporating
microwave-susceptible materials into the reactor to ensure a suitable
microwave absorption capacity by the catalyst bed. Physically mixing
conventional catalysts with microwave-susceptible materials has been
shown to enable sufficient microwave absorption, achieving the neces-
sary reaction temperatures for DRM operation [9]. This approach also
improved conversion and yield compared to conventional heating [14].
However, inhomogeneous mixing could lead to local hot and cold spots,
posing a challenge for uniform heating [2,9].

To tackle this challenge, the use of structured catalysts in which a
microwave-susceptible material is implemented in the catalyst bed has
been proposed [2,7,15,17]. One of the spatial arrangements that could
enhance the microwave-susceptible material and the catalyst phase
interaction is the core@shell structure, with a microwave-susceptible
core and a support shell hosting the metal active sites for DRM.

In this way, microwave heating raises the core temperature, which
then transfers heat to the shell via conduction. Unlike conventional
heating, the gas phase is not directly heated, transferring heat first by
diffusion from the solid to the gas, which is transported to affect the
temperature of the downstream positions by convection, resulting in a
lower average gas temperature. Core@shell structures have been suc-
cessfully used in other methane activation processes such as the oxida-
tive coupling of methane, demonstrating their effectiveness in achieving
uniform temperature distribution [2].

Silicon carbide (SiC) is a promising core material due to its strong
microwave absorption capacity, high thermal conductivity, and chem-
ical inertness [9]. However, its inertness makes its coating challenging.
Research on SiC core@shell structures has mainly focused on silicon
oxide (SiOz) shells for their compatibility and high surface area
[19-21]. SiC@SiO, materials have been synthesized for use outside of
catalysis using a modified Stober process, where Tetraethyl orthosilicate
(TEOS) hydrolyzes in alcohol with ammonia as a catalyst [22]. This
same method can coat SiC by hydrolysing TEOS on its surface, requiring
silane coupling agents for SiC [23,24].

Given the benefits of core@shell catalysts in microwave reactors for
oxidative coupling of methane, investigating their potential for other
methane transformation processes presents a valuable research oppor-
tunity. This study therefore aims to contribute to reducing this research
gap by investigating SiC@SiO3 as core@supports for DRM catalysts.

In this work, we explore the preparation of nanostructured core@-
shell catalysts, with enhanced microwave absorption properties, for
DRM. The catalysts were synthesized by coating microwave-susceptible
B-SiC nanoparticles via a modified Stober method with SiO», followed by
Rh impregnation. DRM was investigated using the nanostructured Rh/
SiC@SiO, materials, thermally activated with two different heating
methods, namely conventional resistive heating and microwave.

2. Experimental method
2.1. Materials

Ethanol (Absolute, > 99.8 %, Honeywell), Pluronic F-127 (Sigma-
Aldrich), Ammonium hydroxide solution (ACS Reagent, 28-30 % NH3
basis, Sigma-Aldrich), Tetraethyl orthosilicate (TEOS) (99.999 % trace
metal basis, Sigma-Aldrich), and SiC (beta phase, 45-55 nm, Thermo
Scientific Chemicals) were used for the synthesis of the core@shell
supports. Rhodium(Ill)chloride anhydrous, (3-Aminopropyl)triethox-
ysilane (> 98 %, Merck Sigma), and Sodium borohydride (ReagentPlus,
99 %, Sigma-Aldrich) were used for the metal loading. Milli-Q water was
used throughout the experiments.
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2.2. Catalyst preparation

SiC@SiO: support was prepared using a modified Stober method,
based on the procedure reported by Zhang et al. [23], with the difference
of using SiC instead of Fe3O4 and the addition of a prior step of
dispersing Pluronic F-127 before adding the core material. Pluronic
F-127 acts as a surfactant and facilitates the formation of the shell layer
[25].

20 mg of Pluronic F-127 was dissolved in a solution of 180 mL
ethanol and 12 mL water by ultrasonication for 30 min. Next, 0.2 g of
nano-sized SiC was added to the solution, and the dispersion was soni-
cated for 30 min. Afterwards, 6 mL of 30 wt% ammonia solution was
added. The mixture was stirred for 5 min using an overhead stirrer, after
which 600 pL of TEOS was added. The reaction mixture was then stirred
for 17 h at room temperature. The resulting mixture was centrifuged for
10 min at 6000 rpm, followed by removing the supernatant. The solid
material was then washed once with water and once with ethanol, again
utilizing centrifugation followed by removal of the supernatant liquid,
and dried at 60 °C overnight. The uncalcined support was denoted as
SiC@SiO»-U. Part of the dried material was calcined at 600 °C for 4 h
under static air conditions. This sample was denoted as SiC@SiO5. Based
on gravimetric analyses, the SiO wt% was estimated to be 35 %.

2.5 wt% Rh was loaded on the core@shell supports using the method
reported by Liu et al. [26]. 0.5 g of the uncalcined core@shell support
(SiC@Si02-U) and 375 pL of 3-(aminopropyl)-triethoxysilane (APTS)
were dissolved in 175 mL pure isopropyl alcohol. The reaction mixture
was vigorously stirred for 8 h at 70 °C in an oil bath. A condenser was
fitted around the overhead stirrer’s shaft to minimize solvent loss. The
solid material was recovered by centrifugation, washed twice with
water, and dried at 60 °C for 4 h under vacuum. The functionalized
support was denoted as SiC@SiO,-APTS.

In a second step, 0.4 g of SIC@SiO2-APTS and 11 mg of Rh chloride
were dissolved in 100 mL of ethanol by ultrasonication for 30 min. Af-
terwards, 50 mL of 0.14 mol/L NaBH4 solution was added to the mixture
and left to react for 2 h at room temperature using an overhead stirring.
The resulting solid material was collected through centrifugation,
washed twice with water, and dried at 60 °C for 4 h under vacuum
conditions. Finally, the catalyst was heat-treated in a muffle furnace at
600 °C for 4 h under static air conditions. This material was denoted as
Rh/SiC@SiOs.

2.3. Characterization of the catalysts

The morphology of the core@shell materials was studied by trans-
mission electron microscopy. TEM images were acquired in a JEOL JEM-
1400plus instrument.

The porous texture of the materials was characterized by Ny phys-
isorption at — 196 °C, performed in a Tristar II 3020 equipment
(Micromeritics). Samples were previously outgassed under vacuum
overnight at 150 °C. From the N, adsorption-desorption isotherm, the
apparent surface area (Apgr) was determined by applying the BET
equation [27].

X-ray diffraction patterns (XRD) of the prepared materials were
recorded on a Bruker D8 Advance X-ray diffractometer using Co-Ka
radiation (A = 0.15406 nm), at a scan step of 0.02°/s in the region be-
tween 10 and 90°. All patterns were background-subtracted to eliminate
the contribution of air scatter and possible fluorescence radiation.

The carbon content in the spent samples was determined by ther-
mogravimetric analyses (TGA), which were carried out using a Mettler
Toledo TGA/SDTA851e instrument. Samples were heated from room
temperature to 800 °C, at a heating rate of 5 °C/min under continuous
synthetic air flow (100 CmgTP/min).

2.4. Catalytic experiments

Catalytic experiments were carried out under conventional resistive
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heating (RH) and under microwave radiation heating (MW) conditions,
using a customized laboratory-scale, continuous flow reaction system
provided with a quartz fixed bed microreactor (i.d. 4 mm). For resistive
heating experiments, the reaction temperature was measured and
controlled with a K-type thermocouple inserted at the end of the catalyst
bed. For microwave-assisted heating experiments, Ryowa electronics
(2.45 GHz 4+ 50 MHz, maximum 100 W) microwave device was used.
The temperature of the catalyst was monitored by a one-point IR tem-
perature sensor, and the resonance frequency of microwaves inside the
cavity was measured by the detector. With the feedback of these two
parameters, the heating power and thus the catalyst temperature was
controlled.

In a typical experiment, the catalyst (pelletized to a 200-300 pm
particle size) was loaded in the quartz reactor and fixed with quartz
wool. Prior to starting the reaction, the catalyst was in situ reduced at
600 °C, under a constant flow of 20 % Hs in helium (50 mL/min), for
30 min. Once carried out the reduction stage, the temperature was set to
the reaction value, and the gases were introduced. The reaction mixture
consisted of CHy (25 vol%), CO, (25 vol%), He (40 vol%), and Ny
(10 vol%). The space velocity was set as 3000 mLgas/(gcar min). The
outlet gas concentrations were analyzed by gas chromatography (GC,
Agilent 7890B, equipped with two FIDs and one TCD). N3 was used as an
internal standard for GC analyses.

CH4 and CO; conversions were defined as the ratio of the amount of
CH4 or CO5 converted to the amount of the specific reactant (CH,4 or
COy) supplied to the reactor and were expressed in molar %. The Hy to
CO ratio was calculated as the molar flow of H; divided by the molar
flow of CO at the reactor outlet.

3. Results and discussion
3.1. Characterization results

The morphology of the core@shell materials was examined by
transmission electron microscopy (TEM). Fig. 1 shows a collection of
TEM images of the SiC@SiO3 and Rh/SiC@SiO5 samples. These images
confirmed the successful preparation of the intended core-shell structure
for both the catalyst support and the final catalyst. A high uniformity in
terms of silica coating on the SiC nanoparticles is observed, with a shell

Fig. 1. TEM images of a) and b) SiC@SiO,, calcined, c) fresh Rh/SiC@SiO,, and
d) Rh/SiC@SiO, after reaction at 800 °C.
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thickness in the range of 25-30 nm, which is in line with the findings
reported by Zhang et al. [23]. After the Rh loading stage, the core@shell
morphology of the material remained unaltered, with the incursion of
very well dispersed Rh nanoparticles on the surface of the SiO3 shell. The
Rh particle size was highly uniform with a mean particle size of 2.5 nm.
This mean Rh particle size value is considerably lower than those re-
ported in other studies on Rh-supported catalysts based on SiC-SiO-
composites. In this regard, Petersen et al. [28] reported the preparation
of Rh-SiC/SiO: catalysts through high-temperature oxidation of SiC,
followed by Rh loading via wetness impregnation, which resulted in a
Rh mean particle size of 10-20 nm. On the other hand, the results pre-
sented here in terms of Rh particle size are in line with the findings
reported by Liu et al. [26], who also observed a high Rh dispersion on
Rh/Fes:04@SiO:2 nanostructured core@shell catalysts prepared through
a similar procedure. However, it is worth mentioning that, in the present
study, the samples underwent a calcination stage at 600 °C. These
findings indicate that the materials reported in the present study exhibit
high thermal stability, making them highly attractive for
high-temperature catalysis applications.

The porous texture of the nanostructured materials was analyzed by
N, adsorption-desorption at — 196 °C. Fig. 2 presents the N, adsorption-
desorption isotherms of the samples. The core material, SiC nano-
particles, presented a type II isotherm, with a very low nitrogen
adsorption in the whole range of relative pressures, which is charac-
teristic of nonporous materials [29]. The specific surface area calculated
for this sample was estimated using the BET equation, and a value of
28 m?/g was obtained. Once silica coated, the resulting material,
SiC@SiO,, exhibited an increase in the adsorbed nitrogen, especially at
the low relative pressure range, suggesting the presence of micropores in
the structured material. The BET surface area calculated for this sample
showed a value of 50 m?/g, which reflects an increase of specific surface
area of almost twice the value of the core material itself. Considering
that the core material accounts for 65 % of the total SiC@SiO; weight,
these results further indicate that the silica shell coating has a
well-developed porous texture, which could contribute to the high Rh
dispersion achieved in the final core@shell catalyst. The pore size dis-
tribution of this core@shell support is presented in Fig. S1. After Rh
loading, Rh/SiC@SiOs, the Ny uptake experienced a decrease, with a
corresponding decrease in the BET surface area up to a value of 19 m?/g,
which suggested that the micropores initially present in the core@shell
support (SiC@SiOz), were filled/blocked by the metal nanoparticles
deposited during the impregnation stage.

X-ray diffraction patterns of the samples are shown in Fig. 3. The
XRD pattern of the core material confirmed the existence of only the
B-SiC crystal phase (PDF73-1665). Upon silica coating, a broad peak at
20 = 20-30° was observed, which could be attributed to amorphous
SiOs. These results align well with the observations made by TEM, where
no crystalline arrangement was detected for the silica shell. This

— SiC
40f —— SiC@SsiO,
— Rh/SiC@siO,

Quantity Absorbed [cm®/g STP]

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure [P/P]

Fig. 2. Nitrogen adsorption-desorption isotherms at — 196 °C of the struc-
tured materials.
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Fig. 3. XRD of the bare core and the structured materials. SiO5 (%), SiC (a),
Rh (.

amorphous structure was maintained even after calcination at 600 °C
(see SiC@SiO3 in Fig. 3). The XRD pattern of the Rh/SiC@SiO; catalyst
displayed the same diffraction peaks as the support, with no diffraction
peaks corresponding to Rh crystalline phases. This suggested that the
crystallite sizes of the Rh particles are below the detection limit of the
instrument and/or they are present in an amorphous phase.

3.2. Catalytic experiments and characterization of the spent samples

The Rh-containing core@shell catalyst, Rh/SiC@SiO2, was used to
promote the dry reforming of methane (DRM) reaction. Fig. 4 shows the
DRM performance as a function of the temperature for resistive heating
operation conditions. As expected, CH4 and CO; conversion exhibited an
increase with rising reaction temperature, reaching values of 74 and
82 %, respectively, at 800 °C. The higher CO5 than CH4 conversion
values, in all temperature ranges, indicated the occurrence of the reverse
water-gas shift (RWGS) reaction as a side reaction [30,31]. This reaction
consumes part of the generated Hy by reacting with CO2, producing
further CO and water. The occurrence of the RWGS reaction was also
evident from the Hy/CO ratio, which showed a value lower than one
within the whole temperature range. Attending to the evolution of this
reaction index with temperature, it could be seen that, even though
higher reaction temperatures promote RWGS, the increase in the Ho/CO
ratio with rising reaction temperature indicated that the DRM process
prevailed over RWGS at higher temperatures, which is in line with
previous studies reported in literature [32].

The spent catalyst was characterized after DRM operation at 800 °C.
TEM analyses (see Fig. 1d) showed that, even after these harsh operation
conditions, the Rh nanoparticles remained evenly distributed within the
SiOg shell. On the other hand, TEM images suggest a slight increase in
particle size; nevertheless, measurements still indicate a 2-6 nm Rh
particle diameter. Besides, the apparent reduction in the number of in-
dividual Rh particles was attributed to the sintering of the very small Rh

80 —e— CH, Conversion
. —=— (CO, Conversion 0.8
52,60 --r=- H,/CO Ratio =
g ~
h7 0.7
g 8
= 40 S
S e

600 700 800
Temperature (°C)

Fig. 4. CH4 and CO, conversion, and H,:CO ratio for Rh/SiC@SiO,.
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nanoparticles. The XRD pattern of the spent catalyst is shown in Fig. 3.
This pattern evidenced the presence of metallic Rh crystalline phases,
with diffraction peaks appearing at 20 = 42° and 48° (PDF#05-0685).
The presence of these diffractions could indicate the formation of larger
Rh nanoparticles due to sintering at high temperature. Nevertheless,
these larger particles were not detected in TEM to a large extent, indi-
cating that the majority of the Rh nanoparticles were still in a very small
particle size. Moreover, the Rh crystal size could not be effectively
determined due to the overlapping of the diffraction peaks with the
other phases present in the structured materials. On the other hand, it
could also be seen that diffraction peaks related to SiOy crystalline
phases became significantly sharper for the spent catalyst. A closer in-
spection revealed the formation of a cristobalite crystalline phase
(PDF82-0512). Amorphous silica typically crystallizes at higher tem-
peratures than 800 °C (e.g. 1000-1200 °C) [33,34]. The crystallisation
at lower temperature observed in the present study can be attributed to
the nano-size of the silica shell and subsequent higher surface area
compared to bulk amorphous silica.

The nanostructured core@shell material prepared here was also
evaluated as potential catalyst for the DRM reaction under microwave-
assisted heating conditions. The effect of the heating method (resistive
and microwave-assisted heating) on the catalytic performance and sta-
bility with time on stream of the catalyst was analyzed. In order to
clearly observe the stability with time on stream features of the catalyst,
the operation conditions were set aiming that the attained CH4 and CO»
conversions were significantly lower than the thermodynamic equilib-
rium. It is also worth mentioning that the Rh/SiC@SiO; catalyst pre-
pared in this study showcased sufficient microwave absorption capacity
so as to be heated up to the reaction temperature without the addition of
any further microwave absorbing material into the catalyst bed.

Fig. 5 shows the catalytic performance, in terms of CH4 and CO;
conversions and H,/CO ratio as a function of time on stream, at 600 °C,
for resistive heating (RH) and microwave-assisted heating (MW) con-
ditions. CO; conversion presented similar values for both of the heating

a) 4

—8— CH, Conversion RH -@®-- CH, Conversion MW
—&— CO, Conversion RH --&-- CO, Conversion MW

w
[e=)

Conversion (%)
[\&)
(=]

10
0 0 40 80 120 160 200
Time on stream (minutes)
b) 0.8

—e— H,/CO Ratio RH
--®- H,/CO Ratio MW

M

IS
=

en e
0O o0 g -0 0" -e

H,/CO Ratio
e}
IS

<o
o

e
o

0 40 80 120 160 200
Time on stream (minutes)

Fig. 5. CH4 and CO, conversion, and H,:CO ratio as a function of time on
stream at 600 °C for Rh/SiC@SiO,, under resistive heating (RH) and
microwave-assisted (MW) heating conditions.
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methods. However, CH4 conversion value was significantly lower in the
case of MW heating conditions. On the other hand, the Hy/CO ratio
presented a lower value in the case of the operation under MW condi-
tions. DRM process has been reported to proceed in two steps [35],
namely: i) the methane decomposition reaction, yielding carbon and Hy
(Eq. (2), and ii) the gasification of the carbon deposits by CO», yielding
CO (Eq. (3). This mechanism runs in parallel with the occurrence of the
RWGS reaction (Eq. (4)).

CHy = 2H, + C  AHjgq = 74.9kJ/mol )
C+CO;, =2CO  AHjgq = 172.4kJ/mol )
H, + CO; = Hy0 + CO  AHjq = 41kJ/mol @

The results obtained here pointed out that operating under
microwave-assisted heating conditions led to a lower extent of methane
cracking (Eq. (2), which suggested less carbon deposits on the catalyst
surface susceptible to be gasified by CO3 (Eq. (3)). On the other hand,
the CO, conversion turned out to be almost the same for both heating
methods. This similarity in this reaction index, along with the lower Hy/
CO ratio observed under microwave heating conditions, clearly evi-
denced that the RWGS reaction was enhanced under operating with this
heating method. This higher activity towards the RWGS reaction could
be attributed to the unique heating properties of MW, with the possible
generation of localized hotspots that could exacerbate this side reaction.
Regarding the stability, differences could also be appreciated when
comparing both heating methods. The catalytic results obtained under
RH conditions evidenced a continuous deactivation of the catalyst with
time on stream, especially related to the methane activation features. In
this sense, CHy4 conversion experienced a gradual decrease, passing from
17 to 12 % after 3.5 h on stream, and without reaching a pseudo steady-
state operation. This decrease in methane conversion, under RH condi-
tions, could be related to the formation of highly stable carbon deposits,
which could not be fully in situ gasified by CO,, yielding the deactiva-
tion of part of the active sites of the catalyst due to the irreversible coke
deposition. Besides, the decrease in CH4 decomposition activity was
accompanied by a slight decrease in the Hp/CO ratio (see Fig. 5b), which
could also indicate that under these conditions, where carbon deposits
could present some limitations towards their full gasification, the RWGS
reaction got favored as route for the conversion of CO,. On the other
hand, operation under MW heating conditions yielded a stable catalytic
performance, with only a slight decrease in methane conversion from 11
to 8 % in the first 80 min of reaction, and remaining all the reaction
indexes stable with time on stream from this time onwards. More severe
operation conditions, i.e., higher concentration of reactants, and higher
temperatures, were also set to evaluate the stability of this catalytic
system under both conventional and microwave heating, with the re-
sults also showing a high stability with time on stream (see Fig. S2).
These results clearly highlight that the engineering of catalysts in this
core@shell conformation at the nanometric scale is a highly effective
strategy for developing a catalytic system with suitable microwave ab-
sorption properties and with enhanced stability with time on stream.

The spent catalysts, after stability with time on stream at 600 °C
experiments, were also analyzed. XRD patterns obtained for the catalyst
after DRM reaction under both heating method conditions are shown in
Fig. 6, together with the fresh catalyst, for comparison purposes. The
presence of metallic Rh crystalline phases was detected for both of the
spent samples, with diffraction peaks appearing at a 20 = 42° and 48°
(PDF05-0685). The intensity and broadness of the aforementioned peaks
presented similar intensities and broadness, with a slight increase in the
sharpness for the case of MW heating operation. As previously discussed,
the Rh crystal size could not be effectively calculated due to the over-
lapping of the diffraction peaks with those belonging to the other crys-
talline phases present in the structured material. On the other hand, a
significant difference was observed in relation to the crystalline
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Rh/SiC@Si0, MW Stability 600°C

A L | |
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B S .
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Fig. 6. XRD for Rh/SiC@SiO,, catalyst before and after reaction at 600 °C,
under resistive heating and microwave-assisted heating conditions. SiO, (%),
SiC (a), Rh (WD, quartz (@).

structure of the silica shell. In the case of RH operation, the silica
structure was not significantly altered as compared to the fresh catalyst,
maintaining its original amorphous phase. Conversely, intense crystal-
lite peaks corresponding to cristobalite crystalline phase (PDF82-0512)
were observed for the catalyst used under MW heating DRM. A similar
phase transformation was observed for the catalyst that was operating at
800 °C under RH conditions (see Fig. 3d). This phase transformation at
lower set point temperature in the case of MW operation could be
attributed to the unique heating features of microwaves, with a very
localized heating character [36]. In this sense, the core material SiC,
being a well-known microwave absorbing material, is likely to be
reaching a higher temperature than the outer SiOy shell of the catalyst,
which is microwave transparent, and, therefore, the SiC-SiO; interphase
could also be at a higher local temperature compared to the outer shell
of the catalyst. This localized increase in temperature could be an
explanation for the slight sharpening of the Rh diffraction peaks
observed for the spent catalyst operated under MW heating conditions.

Thermogravimetric analyses (TGA) were also performed on both of
the spent catalysts (i.e., after the different heating method operation),
after 4 h of DRM reaction at 600 °C, and the results are presented in
Fig. 7. Despite the relatively short reaction times, striking differences
when comparing both heating methods were observed. The catalyst
submitted to RH operating conditions showed a mass loss starting at a
temperature around 450 °C, which was associated with the oxidation of
disordered carbon deposits [37]. The presence of these carbon deposits
is in line with the catalytic observations, in which a decrease in methane
conversion as a function of time was observed (See Fig. 5), further
suggesting coke deposition on the active Rh phase of the catalytic system
as the main cause for catalyst deactivation, as also reported for other

100.4f —— Rn/SiC@Si0, RH Stability 600°C
—— RL/SiC@Si0, MW Stability 600° C
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Fig. 7. TGA profiles for Rh/SiC@SiO after reaction at 600 °C, under resistive
heating and microwave-assisted heating conditions. The increase in weight
above 700 °C is associated with the oxidation of the SiC core material.
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catalyst in literature [38]. In contrast, the spent catalyst after operation
under MW heating conditions did not show any weight loss during TGA
analyses, indicating the absence of coke deposits in this catalyst. The
lower carbon accumulation observed for MW heating operation was
attributed to both the lower methane decomposition reaction extent and
also to the unique microwave heating properties. In this sense, carbon
materials present a high microwave absorption capacity, which could
lead to the preferential/enhanced local microwave absorption features
in the regions of the catalyst where carbon deposits are generated. As a
consequence, local temperature deviations (hotspots) may be generated,
favoring the carbon gasification by CO,, as compared to a situation in
which a constant temperature in the catalyst is held, as in the case of
resistive heating. These results further confirmed the unique advantage
of MW heating for DMR in facilitating coke gasification [7,15], which
can minimize catalyst deactivation, ensuring a more stable operation, as
shown in Fig. 5.

4. Conclusions

Nanostructured catalysts with a well-defined core-shell structure
were successfully prepared by a modified Stober method followed by
metal deposition. The core@shell materials, composed of -SiC nano-
particles, with a mean particle size below 100 nm, coated by a uniform
SiO5 shell of 30 nm thickness, presented highly dispersed Rh nano-
particles with a mean particle size of 2.5 nm. These materials exhibited
sufficient microwave absorption capacity so as to be heated up to the
reaction temperature without the addition of another microwave
absorbing material into the catalyst bed.

The Rh/SiC@SiO, materials were used as catalysts for the dry
reforming of methane reaction, both under resistive heating and mi-
crowave heating conditions. The results showed that the operation
under microwave heating conditions led to an enhancement of the
reverse water gas shift reaction activity, which takes place in parallel
with the dry reforming of methane process, as compared to the opera-
tion under resistive heating conditions. On the other hand, the operation
under microwave heating conditions also yielded a stable operation with
time on stream for the catalyst, with the suppression of irreversible coke
deposition. These results clearly highlight that the engineering of cata-
lysts in this core@shell structuration at the nanometric scale is a suitable
approach for developing a catalytic system with enhanced microwave
absorption properties and stability with time on stream.
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