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In this work, microwave (MW) irradiation was used to activate Co/Al,O3z, Mo/Al,O3, and Co-Mo/Al,O5 cata-
lysts for dry reforming of methane (DRM) reactions. Experimental results indicate that single metallic cata-
lysts of either Co or Mo are inactive for DRM under all the tested conditions due to their limited MW-
absorbing ability. In contrast, Co-Mo bimetallic catalysts supported by ALOs exhibit high catalytic activity
due to the formation of a magnetodielectric Cog g,M0g 15 alloy, which plays the dual role of a good MW
acceptor and the provider of active centers for the DRM reaction. The MW power level required to activate
such bimetallic catalysts for DRM is significantly dependent on the molar ratio between Co and Mo. The
CoMo2 catalyst (with a molar ratio of 2.0 Co to 1.0 Mo) supported on ALOz exhibits the best catalytic per-
formance, converting 80% CH,4 and 93% CO, to syngas at a ratio of H,/CO of 0.80 at the total volumetric
hourly space velocity (VHSV) of 10 L gt h™* and MW power of 200 W. As compared to the reported
C-based catalysts, the Co-Mo/Al,Os catalyst delivers more favorable stability over 16 time-on-stream
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1. Introduction

A growing share of the world's natural gas reserves is located
in remote areas like deep offshore, of which relatively bigger
gas reserves can be harnessed by liquefying the natural gas
(LNG) for transportation using tanks. However, most of the
small gas reserves are stranded: in the case of associated pro-
duction (i.e., gas produced with crude oil), the natural gas has
to be re-injected.’” This not only results in the loss of income
but also pollutes the environment due to gas leakage to air.
Because of this, there is a sustained demand for small-to-
medium-sized gas-to-liquid (GTL) plants on floating produc-
tion, storage, and offloading vessels (FPSOVs). These are par-
ticularly important for small stranded gas reserves, where the
gas pipeline option is completely uneconomical. The produc-
tion of syngas is the first step in a GTL plant, which must
have the minimal weight to be suitable for FPSOVs.

Among the three methane reforming methods (dry, steam,
and autothermal), dry reforming of methane (DRM) has
attracted increased attention due to the conversion of two
greenhouse gases (CH,, CO,) to produce syngas (H, and CO),
which is used as the feed for Fischer-Tropsch synthesis.* The
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(TOS) by virtue of its intrinsic ability to absorb MW without the inclusion of auxiliary MW acceptors.

primary challenge in the applications of the DRM process is
the thermodynamic barrier caused by the high thermal stabil-
ity of CH, and CO, requiring higher temperatures (700-1200
°C) for the DRM operation to achieve expected conversions.’
Most of the current studies on DRM have used conventional
electric heating methods,® which not only consume consider-
able energy but also require heavy heat exchanger tubes,
complicating the operation of a reformer system in FPSOV
vessels.> Microwave (MW) is known to be an energy-saving
heating method, which can be used to reduce energy con-
sumption for DRM processes.” Other advantages of using the
MW heating system are greater control over the heating pro-
cess, quick start and stop facility, and high level of safety and
automation.® Prominently, DRM heated by MW irradiation al-
lows to reduce the number of equipment, which favors the
riser and mooring systems to produce syngas and imparts
greater flexibility in controlling the reactor size through
which a lightweight reformer can be fabricated, particularly
for FPSOVs. MW plasma DRM reaction without a catalyst has
been investigated by several researchers.”™" However, plasma
processes have low energy efficiency owing to the higher MW
power required to stabilize plasma.'* In order to effectively
reduce the energy consumption, a combination of catalyst
and MW irradiation is considered to be a promising ap-
proach. The primary idea of combining MW and heteroge-
neous catalysis is to exert volumetric controllable electromag-
netic action on the catalyst-reagents system. This action
alters the state of the reaction system and leads to a
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considerable change in the apparent thermodynamics of the
gas-phase reactions, resulting in higher conversion values at
lesser extreme conditions.'® A catalytic DRM process under
MW irradiation can compete with currently well-established
steam-based methane reforming processes in terms of con-
version amounts and energy consumption.'* All the reported
works on DRM under MW heating simply used carbon-based
materials as the catalyst'>™® since carbon-based materials
are good MW absorbers. However, the catalytic activity and
stability of carbon-based catalysts deteriorate significantly
due to carbon loss.>® Consequently, there is a room for the
development of catalysts for DRM heated by MW irradiation.

Co is known to be a good catalyst/promoter of reforming
reactions.”’>* Coke deposition, which leads to catalyst deac-
tivation, is one of the main constraints of Co-based cata-
lysts.>® Mo is considered as an environmentally friendly and
cost-effective catalyst with longstanding stability toward hy-
drogenating reactions.”® Hence, the addition of Mo in the
Co/Al,O; structure suppresses coke deposition during the
reforming process.”” In the literature, Co/Al,O; (ref. 28 and
29) and Mo/ALLO; (ref. 30) catalysts exhibit catalytic activity
for DRM under conventional heating. Meanwhile, Co-Mo/
Al,O; has been extensively investigated as an efficient catalyst
for several processes such as hydrodesulfurization,*
hydrotreatment,***® syngas conversion,’” and natural gas de-
composition.”” Nonetheless, a highly efficient Co-Mo/Al,O;
catalyst for DRM, particularly under MW irradiation, has not
been reported. The main objective of this work is to explore
the catalytic activity of a series of Co-Mo/Al,O; catalysts for
DRM under MW irradiation. The mechanism of the activa-
tion of Co-Mo/Al,O; catalyst for DRM reaction under MW ir-
radiation is explored. The correlation between the molar ra-
tios of Co and Mo and the irradiated MW power levels on the
catalytic activity and stability is also attempted.

2. Experimental
2.1. Catalyst preparation

The list of chemicals used in this study is shown in the ESI{
(Table S1). Quartz tube reactors were purchased from
Monash Scientific Glass Blowing Services, Australia. In this
study, monometallic catalysts (Co,/Al,0;, Mo,/Al,0;) with the
molar fraction of each metallic component from 0.1 to 0.6
were prepared by the conventional wet co-impregnation
method. Co-Mo/Al,O; bimetallic catalysts (molar fraction of
Mo fixed at 0.1) with different Co/Mo molar ratios of 0.5
(CoMo00.5), 1.0 (CoMo1), 1.5 (CoMo1.5), 2.0 (CoMo2), and 2.5
(CoMo2.5) were separately prepared. Cobalt(n) nitrate and
ammonium molybdate tetrahydrate were accurately weighed
and properly dissolved in deionized water. The solution was
stirred for 4 h. Al,O; spheres (dried at 100 °C overnight to
eliminate humidity) were then added into the solution and
stirred for 2 h at room temperature. The precursor mixture
was slowly heated up to 60 °C at a heating rate of 1 °C min"
and maintained at this temperature for 12 h in the furnace.
The sample was then ramped up to 250 °C for 4 h before
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ramping up to 600 °C and maintained at this temperature for
6 h at a heating rate of 1 °C min™".

2.2. Catalyst characterization

Powder X-ray diffraction (XRD) analysis of the catalysts was
performed using the Empyrean X-ray with Cu Ka radiation (1
= 0.15418 nm) in the scan range of 10-90° with a scanning
step size of 0.01° and time of 2 s. Rietveld refinement analy-
sis was performed by using the FullProf Suite program. N,
adsorption and Brunauer-Emmett-Teller (BET) measure-
ments were conducted using the Tristar II 3020 equipment.
The samples were degassed at 250 °C for 16 h prior to run-
ning with liquid N,. Temperature-programmed reduction
(H,-TPR) experiments were conducted by using the ChemBET
3000 equipment. For each analysis, 0.1 g of the catalyst pow-
der was subsequently loaded into a quartz cell. The sample
was outgassed at 250 °C for 4 h with flowing N, through the
cell to eliminate contaminants on the surface of the catalyst
samples. A gas mixture of 5% H,/N, at a total flow rate of 20
ml min™" was induced through the quartz cell. The reduction
temperature was increased from room temperature to 950 °C.
The morphology of the fresh and spent catalysts were charac-
terized by field emission scanning electron microscopy
(FESEM, Zeiss NEON 40 EsB CrossBeam) equipped with
energy-dispersive X-ray spectroscopy (EDX) at an acceleration
voltage of 20 keV, yielding compositional and atomic disper-
sion analyses. Moreover, scanning transmission electron
microscopy (STEM) with high-angle annular dark-field
(HAADF) and bright field (BF) accompanied with the EDX de-
tector (FEI Titan G2 80-200 TEM/STEM microscope) were
employed to analyze the catalyst structure. All the STEM-EDX
samples were deposited by immersing onto a copper support
grid. In this work, a superconducting quantum interference
device (SQUID), Quantum Design MPMS-7, was employed to
evaluate the magnetic properties of the reduced catalysts with
a maximal applied field of 20 kOe.

2.3. Catalytic activity measurement

The DRM catalytic activity of all the prepared catalysts were
subsequently measured at atmospheric pressure using a com-
mercial MW reactor system (Alter, SM 1150T, Canada). The
schematic diagram of the DRM heated by a MW system is
shown in the ESIf (Fig. S1). The output power of the MW
generator can be flexibly set between 0 and 3000 W at a fixed
frequency of 2.45 GHz. Two directional couplers were
inserted into the microwave guide system to monitor the
forwarded/reflected MW power. Prior to the DRM reaction,
the calcined catalysts were subsequently reduced in a tube
furnace with the mixture of 10% H,/N,. N, was first intro-
duced through the tube furnace at 600 °C for 1 h to remove
moisture and impurities in the catalysts. A gas mixture of
10% H,/N, at a total flow rate of 10 mL min ' was injected
through the furnace for 6 h at 600 °C to reduce the catalyst
samples. After reduction, the catalyst samples were
maintained in an inert condition with N, (10 mL min™") to
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cool down to room temperature to prevent catalyst re-oxida-
tion. The catalyst bed inside the quartz tube reactor (120 x 25
x 1.68 mm) was loaded with quartz wool and 4 g of fresh cat-
alyst. The total feed flow rate fixed for all the tests was con-
trolled at volumetric hourly space velocity (VHSV) of 10 L g™*
h™" with CO,/CH, = 1.0. For each catalytic activity measure-
ment, the MW power was gradually increased from 50 to
1000 W at 50 W intervals. In the downstream section, the
product stream was passed through a water trap to separate
condensable products. The effluent gas was analyzed by gas
chromatography (Agilent 7890A) equipped with two columns:
(i) HP-5 connected to a MS detector for analyzing C,, com-
pounds and (ii) TDX 01 connected to a TCD detector for H,,
CO, CO,, N,, and CH, quantitative analyses. The analyses
were performed after the DRM reaction was established and
each analysis was repeated three times. Additional details
about the reactant conversion and product selectivity calcula-
tion can be found in the ESL}

3. Results and discussion
3.1. Catalytic activity

The reactant gas conversions of all the fresh catalyst samples
were collected under steady-state conditions; the results are
shown in Fig. 1.

It is noteworthy that either of the monometallic catalyst
Co or Mo supported by Al,O; was inactive for DRM under
MW heating. Hence, no reactant conversions or syngas selec-
tivity was detected at all the tested MW power levels from 50
to 1000 W. In contrast, the bimetallic catalysts of Co-Mo/
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Fig. 1 CHj4 conversion (a) and CO, conversions (b) of DRM reaction
for all the catalysts over MW irradiation at different MW power levels.
Reaction parameters: CH,/CO, =1, VHSV =10 Lg*h™
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Al O; started to convert approximately 35% CH, and 47%
CO,, for CoMo00.5 and MW power of 500 W. There is another
observation that the required minimum MW power level to
activate the bimetallic catalysts declines with an increase in
the Co loading up to Co/Mo of 2. The bimetallic catalysts of
CoMo2 and CoMo2.5 could be activated at far lower MW
power (200 W) than those with CoMo1 (400 W) and CoMo1.5
(300 W), respectively. Furthermore, a higher Co/Mo molar ra-
tio value resulted in larger reactant conversion and syngas se-
lectivity. However, both CH, or CO, conversions and H, or
CO selectivity increased with the Co/Mo loading increase up
to 2. A further addition of Co such as Co/Mo ratio of 2.5 re-
sults in a reversible effect, possibly due to the fact that the ex-
cessive amount of Co promotes the formation of inactive
phases to suppress surface active sites that prevent the inci-
dent MW wave adsorption, and therefore, lowering the activ-
ity. Such influences will be discussed shortly. Notably, the
conversion of CO, was higher than that of CH, and the selec-
tivity of CO was also higher than that of H, for all the tested
cases. Moreover, both CH, and CO, conversion increases
with the MW power (Fig. 1a and b). In contrast, there are two
opposite trends of H, and CO selectivity variation toward the
employed MW power levels (Fig. 2a and b). Moreover, the se-
lectivity of H, gradually declined, while that of CO sharply in-
creased with increasing MW power, which also leads to a de-
crease in the syngas ratio of H,/CO (Fig. S27).

This observation reveals that in addition to the major
DRM reaction (eqn (1)), the other reactions such as carbon
deposition (eqn (2)), Boudouard reactions (eqn (3)), and
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Fig. 2 H, selectivity (a) and CO selectivity (b) of DRM reaction for all
the catalysts over MW irradiation at different MW power levels.
Reaction parameters: CH,/CO, =1, VHSV =10 Lg*h™
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reversed water gas shift (RWGS) (eqn (4)) would simulta-
neously occur.

CH, + CO, — 2H, + 2CO (1)
CH, — C +2H, (2)
CO, + C — 2CO 3)

CO, + H, — CO + H,0 (4)

Numerous papers in the literature have reported the ob-
servation of water as a byproduct of the DRM reaction.*®*° In
this work, a marginal amount of water production was ob-
served (Fig. S1t), confirming the occurrence of the RWGS re-
action (eqn (4)). The side reactions such as eqn (3) and (4)
are highly endothermic,”® and therefore, the H,/CO ratio de-
clined as the MW power levels increased (Fig. S2t). Further-
more, it should be noted that C is a strong MW absorber;>’
consequently, the Boudouard reaction (eqn (3)) would be fur-
ther facilitated for C removal, suppressing the C residue (de-
position) under MW irradiation. A similar observation was
made by other researchers.*' The incident MW radiation cre-
ates transient electron-hole pairs on the C surface, which act
as radical anions and cations, reducing CO, molecules to
generate CO. Therefore, the use of MW irradiation exhibits
additional advantages: not only promoting the Boudouard re-
action to produce more CO, but also reducing C deposition.
However, this advantage of using MW irradiation for DRM
can only be reflected in a heterogeneous catalyst system with
inherent capability to absorb MW without the need of includ-
ing other MW absorbers (e.g., C). Other researchers explored
the catalytic performance with C (a good MW acceptor) or
mixed C with more active catalysts such as Ni/Al,05;.*>** In
these catalyst systems, the maximum conversions of CH,
(>90%) and CO, (>80%) could be obtained at a temperature
above 800 °C. However, the decrease in the catalytic activity
was rapidly observed in less than 1 or 2 h. The reason for
such poor stability is due to the occurrence of the Boudouard
reaction (eqn (3)), leading to C loss during the DRM pro-
cess.”® Pt, a noble metal with high catalytic activity, was also
mixed with active C for DRM under MW heating.” As
reported, the amount of C catalyst was decreased over ap-
proximately 270 min at 34 mL min!, CH,/CO, = 1, and MW
power of 150 W. As compared to the reported C-based cata-
lysts,** CoMo2 showed good catalytic activity, converting 80%
CH, and 93% CO, to the syngas ratio (H,/CO) of 0.80 at a
higher total VHSV of 10 L g* h™ and low MW power of 200
W. In addition to the higher catalytic activity, the bimetallic
catalyst also exhibited better stability. The long-time tests of
CoMo2 for DRM over 16 h time-on-stream (TOS) under MW
irradiation with 3 typical MW power levels (200, 500, and
1000 W) were conducted, and the results are shown in Fig. 3.
The catalytic performance of the tested bimetallic catalyst is
almost constant over 16 TOS at MW power of 200 W. At
higher MW power of 500 W, a minor decline in the catalytic
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Fig. 3 Catalytic stability of CoMo2 catalyst at three different MW
power levels. Reaction parameters: CH,4:CO, =1, VHSV =10 Lg* h™™

activity was observed. However, at MW power of 1000 W, the
decline in the catalytic performance was more apparent as
compared to that under lower MW. The CoMo2 catalyst de-
livers highly stable catalytic activity owing to its intrinsic abil-
ity to absorb MW energy without the need of mixing with C
in the catalyst bed, which would lead to shorter catalyst life-
time because of C loss during the DRM reaction. Pt catalyst
supported by y-Al,O; can also be activated under MW heating
for DRM at the total VHSV of 7.2 L g* h™.*° Nevertheless,
such a noble metallic-based catalyst is infeasible for large-
scale applications®” due to high catalyst costs.

Other catalysts with carbonaceous material developed by
Zhu and coworkers were investigated for syngas production
via DRM heated by MW (350-600 W) over Ni/CeO, catalyst
doped with Cr/Fe/Ta at total VHSV of 10.2 L ¢g”* h™.*® In situ
grown carbonaceous materials like graphene or carbon nano-
tubes were cleverly used to increase the MW absorption and
reaction efficiency. However, the long-term stability of the
catalytic performance is still a problem due to C loss. Very re-
cently, Gangurde and coworkers synthesized Ru-doped SrTiO;
perovskite catalysts that could also absorb MW energy for
DRM.*° Nonetheless, an excessive amount of CO, was needed
to be present in the feed gas to limit C formation. This, with-
out doubt, increases the downstream burden to separate or
recycle the unreacted CO,, leading to complexities in the
DRM process.13

3.2. Catalyst characterization

A series of physical analyses were performed to appraise the
relationship between the catalyst structure and catalytic activ-
ity for DRM under MW irradiation. The characterization re-
sults of CoMo2 bimetallic catalyst are presented with some
monometallic catalysts for comparison purposes. Fig. 4A
shows the N, absorption/desorption isotherm curves of
monometallic and CoMo2 catalyst samples. As observed, the
physisorption isotherm curves of both monometallic and bi-
metallic catalysts ascribe to type IV (Fig. 4A), which is a

This journal is © The Royal Society of Chemistry 2018
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favorable feature for mesoporous materials with high cata-
Iytic activity for gas-phase reactions.’® Decreases in the pore
size and BET surface area were observed by increasing the
molar ratio of Co/Mo from 0.5 to 2.5 (Table S27). This is due
to the decrease in the alumina content per weight unit as the
porous support contributing majorly toward the high surface
area. It is noteworthy that the BET surface area as well as the
pore size of bimetallic catalysts was insignificantly altered at
low irradiated MW power levels (such as 200 W) (Table S37),
which mirrors high stability under such operating condi-
tions. These results help to explain the conservancy of cata-
lytic activity over 16 TOS of the bimetallic catalyst at low MW
powers (Fig. 3). However, the considerable deterioration in
the textural properties of bimetallic catalysts was observed at
higher MW power, i.e., 1000 W, possibly due to the high-
temperature sintering of metallic-based particles to form big-
ger particles under high MW energy heating, decreasing the
catalyst's surface area. The porosity of monometallic cata-
lysts, conversely, is unaffected by MW energy since these cat-
alysts were inactive.

In the meanwhile, the TPR-H, analysis indicates the differ-
ences in the reducibility between the calcined mono- and bi-
metallic catalysts. Fig. 4B shows the TPR-H, profiles of Co/
Al 03, Mo/AL,O3, and CoMo2 catalysts. The calcined Co/Al,0;
catalyst exhibits 2 H consumption peaks located at 454.1 and
630.7 °C, which are assigned to the reduction of Co** to Co**
and Co** to Co°, respectively.”’ There are also 2 distinct H
consumption peaks, respectively, at 753.4 and 897.1 °C ob-
served from the calcined Mo/Al,O;. The initial peak is attrib-

This journal is © The Royal Society of Chemistry 2018
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uted to the reduction of Mo®" to Mo*", while the latter is as-
sociated with the reduction of Mo** to Mo® or the reduction
of tetrahedral Mo species.”> There are also two distinct H
consumption peaks, respectively, at 753.4 and 897.1 °C ob-
served from the calcined Mo/Al,O;. The initial peak is attrib-
uted to the reduction of Mo®" to Mo*", while the latter is as-
sociated with the reduction in Mo** to Mo® or the reduction
of tetrahedral Mo species.”> The introduction of Co into
monometallic Mo supported by AL,O; at a Co/Mo molar ratio
of 2 led to an improvement in catalyst reducibility. The H,
consumption peak of Co species reduction shifted from 454.1
to 397.2 °C, while that of Mo®" was reduced from 897.1 to
757.6 °C. Moreover, by increasing the Co/Mo ratio from 0.5
to 2.5, the reduction temperature of the bimetallic catalyst
samples also shifted to lower values (Fig. S47). Therefore, in
the mixture form, the synergetic effects between two metallic
atoms (Co and Mo) weaken the interaction of each metallic
component with the Al,O; support, which leads to an im-
provement in the reducibility of the bimetallic catalyst sam-
ples. It is noteworthy that distinguishable H consumption
peaks located at 551.2 °C and the small shoulder at 493.7 °C
are observed for the CoMo2 catalyst (Fig. 4B). Understand-
ably, these observed peaks are associated with the reduction
in the bimetallic oxides such as CoMoO, to a bimetallic alloy,
which will be further confirmed by XRD, FESEM-EDX, and
STEM-EDX. A similar observation was made by other re-
searchers, who observed the reduction of CoMoO, to Co,Mo;
alloy at 575 °C of Co-Mo supported on a SiO, catalyst.>®

To further verify the effects of the catalyst structure on the
catalytic activity, XRD analyses of fresh and spent catalysts
were performed. The results are shown in Fig. 5.

There is fairly low crystallinity of the reduced Co/Al,O;
and Mo/Al,O; catalysts since the broad peaks at 45.92°,
60.64°, and 67.01° (PDF 96-101-0462) can be ascribed to
AlLO; (Fig. 5A and B). The TPR-H, profile of the calcined Co/
Al,O; catalyst indicates two different reducing peaks of Co ox-
ides, while the XRD shows the absence of Co-based diffrac-
tion peaks. This suggests the very good dispersion of Co-
based particles in the support structure, which will be further
confirmed by electron microscopy analysis techniques. In the
meanwhile, the previous TPR-H, profiles of the Mo/Al,O; cat-
alyst indicate that the reduction of Mo-based ions was at
higher temperatures (>750 °C); hence, the MoO, phase
would be still detected from the Mo/Al,O; sample at 26.15°
(PDF 96-153-9091). Noticeably, the intensity of all the diffrac-
tion peaks increased with the co-presence of Co and Mo
supported on Al,O; (Fig. 5). In particular, the improvement
in the degree of crystallization is observed when the increase
in the Co/Mo ratio from 0.5 to 2.5 (Fig. S5af). The XRD pat-
terns reveal that Co significantly interacts with the Mo spe-
cies, and therefore, improved the degree of crystallization.
The XRD diffraction peaks of MoO, are at 26.15°, 37.17°,
53.22°, 53.63°, and 53.78° (PDF 96-153-9091). The previous
TPR-H, profile of CoMo2 indicates the reduction-related peak
of Co®" species at 397.2 °C; however, the diffraction peak at
36.8°, ascribed to the Co;0, phase (PDF 96-153-8532), was
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visibly detected from this bimetallic catalyst (Fig. 5). This ob-
servation displays a complex dispersion of metallic compo-
nents into the support structure. It is worth noting that the
diffraction peaks at 40.10°, 42.91°, and 45.48° (PDF 96-152-
5121), ascribed to the Co,g,Mo0gs bimetallic alloy, are
detected from the bimetallic catalysts.

Gaytan and coworkers also observed the crystal pattern of
the Coyg,Mo0y 15 alloy when fabricating a Co-based alloy by
the electron beam melting method.>* The presence of this bi-
metallic alloy affirms the previous TPR-H, profile on the pre-
diction regarding the reduction of bimetallic oxide such as
CoMoO, to Co,g,Mo0g g alloy within the range of tempera-
tures from 490 to 555 °C. The presence of Co,g,M0y 15 is very
unique for a bimetallic catalyst and may be the reason for
Co-Mo/Al,O; bimetallic catalysts to be active for DRM under
MW irradiation. Furthermore, the Rietveld refinement analy-
sis result of fresh CoMo2 catalysts (Fig. 6) indicates that the
cell parameters of the Co,g,M0, 15 alloy (Table S47) can be
assigned to the space group symmetry of P6;/mmc with hex-
agonal crystallography (a = 2.5582 A and ¢ = 4.2231 A, ¢ = =
90°). Further, there is good matching between the XRD pat-
terns of the CoMo2 catalyst and the calculated model, as con-
firmed by the graphical fitting and by the values of the agree-
ment factor (x> = 1.42). After 16 h TOS of DRM reaction
under MW irradiation, the crystalline structure of monome-
tallic catalysts remained unaltered (Fig. 5B) since Co/Al,O; or
Mo/Al,O; does not facilitate DRM under MW heating. For the
spent Co-Mo/Al,O; catalyst, the patterns of MoO,,
C0y.5:MO0g 15, and Coz0, are still detected. This result evokes
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Fig. 6 XRD patterns fitted using the Rietveld refinement method for
the CoMo2 catalyst sample. y? = 1.12.

the stability of the crystalline structure of bimetallic catalysts
under the redox environment of DRM reaction as well as MW
irradiation, leading to enduring catalytic stability. Noticeably,
the Co,Mo0;05 phase can be visibly identified at 17.87° and
25.29° (PDF 96-152-4069) from the spent CoMo2.5 catalyst
(Fig. S5bt). The appearance of the Co,Mo03;05 phase elicits ei-
ther the reaction between finely dispersed metallic Co® and
MoO, or the oxidation of Co,g,M0¢1s in the oxygen-rich
reforming environment.

Fig. 7 FESEM (a; and by), BF-STEM, (a; and by), and HRTEM images (a3
and bs) of fresh (aj;-as) and spent (b;-bs) CoMo2 catalysts. Reaction
parameters: 200 W, CH,:CO, =1, VHSV =10 Lg* h™.

This journal is © The Royal Society of Chemistry 2018
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The morphology of fresh CoMo2 characterized by FESEM
(Fig. 7a,) exhibits randomly oriented particles with relatively
uniform size distribution. Moreover, its FESEM-EDX analysis
results (Fig. S6t) indicate the locations that contain larger
atomic numbers of both Mo and Co, reflecting the presence
of Coy g,Mo0y 15 bimetallic alloy.

Meanwhile, the FESEM-EDX images of the Co/Al,O; sam-
ple (Fig. S71) show good dispersion of Co atoms onto the
support surface, which coincides with the absence of its dif-
fraction peaks from the XRD analysis. Conversely, the MoO,
particles are clearly observed from the FESEM-EDX images of
the Mo/Al,O; catalyst (Fig. S871). Further, it is evident that the
BF-STEM image of the fresh CoMo2 catalyst (Fig. 7a,)
exhibiting elongated and prismatic aggregated particles is
confirmed at the nanometric scale. The HRTEM together
with the corresponding fast Fourier transform (FFT) analysis
for a selected area (dashed yellow squares) indicates that the
bimetallic catalyst system is extensively crystalline proven by
the well-arranged dots (inset, Fig. 7a;). The HRTEM analysis
result also reflects the interplanar distance (dspacing) of 2.1 A
of the lattice plane {212} along the [110] zone axis. Unfortu-
nately, the hexagonal atomic structure of Cogg,Mo0g 5 bime-
tallic alloy could not be probed since it was effectively super-
imposed with other metallic species in the support leading to
thicker areas, which is not appropriate for fringe lattice anal-
yses. Alternatively, the STEM-EDX analysis can confirm the
presence of this alloy. In good agreement with the
abovementioned FESEM-EDX results of the fresh CoMo2 cata-
lyst, the STEM-HAADF image (Fig. 8a), which exhibits the
brightest locations containing higher atomic numbers of Co
and Mo, together with the STEM-EDX results further (Fig. 8c)
consolidate the presence of the bimetallic alloy on the sup-
port surface.

100] b o
(2]

£ 80

= 60 -

0 401
OZO_M

0 10 20 30 40
Distance/nm

Map datd -

HAADF MAG: 57.0kx HV;

Fig. 8 STEM-HAADF (a), line-scanning signals (b), and STEM-EDX (c)
images of fresh CoMo2 catalyst.
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Moreover, as shown from the line-scanning analysis
(Fig. 8b), the Co and Mo signals are visibly detected. The
line-scanning analysis is in good accordance with the nano-
scale mapping results (Fig. 8c). This reveals that the Co and
Mo components are overlaid on each other, revealing the
presence of the Cojg,M0, 15 bimetallic alloy. In the mean-
time, the STEM-EDX qualitative spectrum of fresh CoMo2 cat-
alyst (Fig. S10t) confirms all the constitutive elements, ie.,
Co, Mo, O, and Al. The unlabeled peaks belong to the Cu
grid. For the spent CoMo2 catalyst, insignificant sintering of
particles was observed from the catalyst surface (Fig. 7b,), re-
vealing the physical stability of the bimetallic catalyst. Like-
wise, all the STEM analysis results of the spent CoMo2 cata-
lyst (Fig. 7b, and b; and S11t) confirm the stability of the
crystal structure of the bimetallic catalyst that was
maintained after 16 h on stream test under MW irradiation
at MW power of 500 W. All these observed results, therefore,
validate the stability of the bimetallic catalyst structure under
MW irradiation. However, the previous long-time tests indi-
cate a reduction in the catalytic activity at high MW power
levels (e.g., 500 and 1000 W). Hence, the FESEM analyses at
different magnifications for the spent CoMo2 catalyst sam-
ples tested under different MW power levels (200, 500, and
1000 W) were performed, and the results (Fig. S9t) exhibit
visible sloughing and distortion on the CoMo2 surface after
16 h on stream of the DRM reaction under MW irradiation at
500 W. These deteriorations are particularly serious at higher
MW power levels (e.g., 1000 W). On the other hand, at low
MW power (e.g., 200 W) in which the CoMo2 catalyst can
yield relatively higher reactant gas conversions (80% CH, and
93% CO,), no visibly distinguishable differences are observed
in the morphology between the fresh and spent catalyst sam-
ples. Hence, the outer physical deterioration would be the
principal reason for the abovementioned decrease in the cat-
alytic activity at higher MW power levels, as shown in Fig. 3.
It is noteworthy that no sign of coke deposition could be ob-
served from the spent CoMo2 catalyst (Fig. S107). It is possi-
ble that the carbonaceous-free observation from the spent bi-
metallic catalyst is due to the mentioned Boudouard reaction
promoted by MW irradiation to form more CO. The STEM-
EDX qualitative spectrum also indicates the absence of
C-related peaks from the spent CoMo2 catalyst (Fig. S127).
Positively, the catalytic DRM reaction driven by MW irradia-
tion can assist in reducing the deposited coke and delivering
higher catalytic activity.

3.3. Mechanism of catalytic activation for DRM under MW
irradiation

Despite the fact that some research works have reported
about catalytic DRM processes under MW heating, the activa-
tion mechanism of metallic-based catalysts by MW irradia-
tion has not been fully understood. This is due to the fact
that almost all the reported works either utilize C as the cata-
lyst or mix metallic-based catalysts with a good MW absorber,
ie.,, C for DRM reaction under MW heating. This study
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explored that the Co-Mo/Al,O; catalyst can directly absorb
MW radiation and exhibit high catalytic activity for DRM,
while their monometallic counterparts are inactive. The XRD
results indicate the presence of Co, M0, 15 alloy in bimetal-
lic catalysts, which are distinguishable from monometallic
catalyst samples. Therefore, from this observation, we can
understand that the Co,g,Mog 45 alloy is the MW acceptor
component, which absorbs MW energy leading to heating the
catalyst and catalyzing the DRM reaction. Indeed, it is gener-
ally recognized that magnetodielectric materials that simulta-
neously possess ferromagnetic and dielectric properties are
the best MW absorbers.>*® Co, known as a ferromagnetic el-
ement,” can combine with other paramagnetic metals such
as Mo (ref. 60) to form magnetodielectric materials for MW-
absorbing applications.®” In this study, the magnetic proper-
ties as a function of the magnetic field of the prepared cata-
lysts were measured by using SQUID. The results are shown
in Fig. 9. The previous XRD patterns of the Co/Al,O; catalyst
indicate the absence of a Co-based diffraction pattern, which
can be explained by the effective dispersion of Co-based par-
ticles in the support structure (Fig. S61). However, it can be
observed that the saturated magnetization is in the order of
Co/Al,O; > CoMo2 > Mo/Al,O;. The Co/Al,O; catalyst exhibits
a small M-H (magnetic moment-magnetic field) loop (Fig. 9),
which is a representative feature for these soft ferromagnetic
materials to absorb MW radiation. Consequently, the pres-
ence of well-dispersed metallic particles into the support can
also effectively absorb the incident MW radiation.®>** How-
ever, in this work, the Co/Al,O; catalyst could not absorb MW
energy presumably because of its high electrical conductivity,
which causes the large reflection of the incident MW
radiation.®*

The Mo/Al,O; catalyst exhibited low magnetic characteris-
tics (Fig. 9), limiting the ability to couple with the incident
MW radiation.®® Hence, Mo/AL,O; could not absorb MW en-
ergy. In the mixture of Co and Mo, conversely, the resultant
Co-Mo/Al,O; catalyst possesses higher saturated magnetiza-
tion as compared to Mo/Al,O; (Fig. 9).

ColAl,04

Magnetic moment (emu/g)
o

; Mo/Al,0,

-20 -10 0 10 20
Magnetic Field (kOe)

Fig. 9 Hysteresis loops of the curves of fresh Mo/Al,Os, Co/Al,Os,
and CoMo2 catalysts.
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Although it possesses lower saturated magnetization than
Co/Al,0;, CoMo2 still exhibits the characteristics of a soft fer-
romagnetic material (small M-H loop), which is able to cou-
ple with the incident MW radiation.”®®® Therefore, Co-Mo/
AlL,O; bimetallic catalysts in the presence of Cogg,MO0y 15
possessing magnetodielectric properties promote MW energy
acceptance, which leads to its heating up to catalyze the
DRM reaction. Under this situation, the Cogg,Mo0y ;5 alloy it-
self has a dual function in which it can serve as a MW-
absorbing component and an active center for the DRM reac-
tion. This mechanism is in good agreement with the other re-
searchers®>®” who have also indicated that the best MW ab-
sorbers contain one of the phases responsible for coupling
with electromagnetic waves, while the other works as an insu-
lator to localize MW energy conversion.

As per the literature, both Co/Al,0; and Mo/Al,O; exhibit
its catalytic activity for DRM under conventional heating. In
these works, Co-based®® and Mo-based particles®® act as active
centers for DRM reactions. Meanwhile, it is hypothesized that
MW heating can generate internal heat sources for heteroge-
neous catalysts, which have inherent MW-absorbing capabil-
ity."® In this situation, the heated Coyg,M0, 15 alloy can be
considered as an internal heat source to simultaneously heat
up adjacent metals, i.e., well-dispersed Co°, or metallic oxides,
i.e., Co3;0, and MoO,, due to its effective dispersion with other
components in the support, as shown in the FESEM-EDX and
STEM-EDX results. The formation of these extra active centers
results in the tremendous increase in the reactant conversions
when reaching an initially active MW power level before
exhibiting a gradually and slowly increasing rate with a subse-
quent increase in the MW power levels (Fig. 1). In particular,
Co-based particles are well known as effective active centers
for DRM reactions.®® By introducing additional auxiliary ac-
tive centers under MW heating, the catalytic activity and sta-
bility of Co/Mo-supported Al,O; catalysts was effectively pre-
served over 16 h TOS of DRM at low MW powers (Fig. 3),
regardless of the observed reduction in the porosity as indi-
cated by the previous BET analyses. Nonetheless, an excessive
Co molar loading (e.g;, Co/Mo ratio of 2.5) possibly either
leads to an increase in the electrical conductivity (generated
by the additional reduced Co particles) or promotes the for-
mation of the abovementioned inactive phases such as
Co,Mo0;0; (Fig. S57), smothering the active centers from the
incident MW radiation. These two consequences engender
the reduction in the MW-absorbing capability, and therefore,
diminish the catalytic activity.

Conclusions

In this work, the catalytic activity of a series of Co- and Mo-
based catalysts supported by Al,O; for DRM under MW irradi-
ation at the ambient pressure were explored. As compared to
the reported previous works focusing on C-containing cata-
lysts, the Co-Mo/Al,O; catalyst with Co/Mo molar ratio of 2
delivered higher activity and stability for DRM converting
CH, (80%) and CO, (93%) to the syngas with H,/CO ratio of

This journal is © The Royal Society of Chemistry 2018
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0.80 under lower MW irradiation power of 200 W. Our results
highlight the high activity of the bimetallic catalyst attributed
to the MW-absorbing ability of the Co,g,M0, 15 alloy combin-
ing the ferromagnetic and dielectric properties. The devel-
oped bimetallic catalyst exhibited an intrinsic ability to ab-
sorb MW energy without the involvement of extra MW
acceptors such as C-based materials, leading to better cata-
Iytic stability. There is no significant sign for catalyst decay
during the 16 h stability test at low MW power levels (<500
W). The MW-heated DRM process over Co-Mo/Al,O; catalyst
in this study is flexible and relocatable, and therefore, appro-
priate for FPSOV systems to efficiently use these remote and
stranded gas reserves via the Fischer-Tropsch synthesis.
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