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ARTICLE INFO ABSTRACT

Keywords: This work shows that Ru nanoparticles supported on high surface area nano MgO is a highly active and selective
€o2 catalyst for CO, methanation, which is a promising method to store renewable energy and limit the emission of
Methanation greenhouse gasses. We studied the effect of the Ru loading on MgO supports with different surface areas and
;ug o compared the results to the corresponding Ni-based catalyst. Our results show that high surface area MgO
Ni containing 5 wt % Ru has the highest activity. This catalyst was stable for more than 50 h and resulted in 54 %

conversion at 375 °C, which, under the given reaction conditions, corresponds to a site time yield of 520 molcp4
molgs h™l. For comparison, the Ni-based catalyst only resulted in 45 % conversion at 450 °C with a low
selectivity to CH4 (STY=263 molcus molﬁil h . Furthermore, Ru on high surface area MgO catalyst was already
active at low temperature of 250 °C due to chemisorption and activation of CO2 on the MgO support, which is
promising for low-temperature CO, methanation.

1. Introduction

Power-to-gas processes such as the catalytic hydrogenation of CO; to
CH4 are promising strategies to store renewable energy and accommo-
date fluctuations in energy consumption and production. Efficient CO5
methanation requires the development of active, selective, and durable
catalysts[1,2].

Solid base metal oxides such as AlpO3, CeOg, TiO2, MgO, and SiO; are
the most applied supports in the methanation reaction as they help
facilitate the adsorption of CO,, but a deep understanding of the role of
the support, the active catalyst, and the reciprocity between them is still
missing in most of the studies, therefore in this paper, we will specif-
ically focus upon Ru and Ni supported on MgO.

Studies have shown that different key factors of design catalysts,
such as active metal, metal-support interaction, and promotors influence
selectivity to methane [3]. Ni and Ru have been some of the most used
metals dispersed on different solid supports with high surface area in
CO, methanation [4-11]. Although researchers have primarily focused
on Ni-based catalysts due to their relatively low cost and availability.
Noble metal catalysts such as Ru-based are prone to less carbon depo-
sition and show higher catalytic performance at lower temperatures
[12]. Notably, lowering the reaction temperature results in a thermo-
dynamic hampering of CO formation and hindering the deactivation of
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catalysts caused by sintering [13-16]. The reaction is performed on
large scales thereby, activity and selectivity improvements and a deeper
understanding of the reaction and the associated catalysts can have a
significant impact the on viability of the technology.

There have been considerable investigation and discussion on the
mechanism of CO, methanation, known as the Sabatier reaction, and
there are two possible pathways proposed[17-19]. The two proposed
overall mechanisms include 1) direct conversion of CO5 to CH4 where
formate species are the primary intermediates; 2) conversion of CO; to
CO via reverse water gas shift reaction followed by hydrogenation of CO
to CHy4 [20].

Multiple studies have been dedicated to investigating the underlying
mechanism, which demonstrated that the initial reaction that occurs is
the dissociative adsorption of CO to form adsorbed CO and O (CO3 —
CO* 4 O%). It is found that the rate-limiting step is the cleavage of the C-
O bond of the adsorbed species to adsorbed C and O (CO* — C* + O*).
This dissociation can take place by either the H-assisted paths with
formate or carbonyl hydride as intermediates or by direct dissociation of
C-O to its components, C* and O*[21-27]. To complete the catalytic
cycle, it is required that C* is hydrogenated by four dissociated H* and
desorbed as CH4. Generally, the activity and selectivity of the catalyst
are determined by the active metal bond strength to CO and H, which
directly dictate the coverage of the surface. Hence, the support plays an
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integral part in dictating the bond strength of CO* and H* and can help
facilitate the desired selectivity. For example, CeO2_x can utilize the
oxygen vacancies to directly associate CO, to CO* . In contrast, MgO
reacts with CO; to form MgOCO;, (or as a normal carbonate, MgCO3) and
is hydrogenated by spillover hydrogen provided from Ru which could
function as a bifunctional reaction mechanism[28]. However, the
mechanism is still being investigated and discussed.

Recently, J. Tan et al.[29] improved the catalytic activity of Ni/ZrO,
catalyst using MgO as a dopant to confine Ni active sites. However, the
catalytic improvement was limited, and they demonstrated that MgO
had no role in the intrinsic activity. Cimino et al.[30] promoted the
Ru/Aly0O3 catalyst by alkali metals as the base to enhance CO, capture
from flue gas and subsequent methane formation. The study demon-
strated that CO, capture capacity at room temperature improves in the
alkali promoted catalysts which resulted in the most active catalyst for
CO4, conversion giving site time yield (STY) of 444 molcp4 molge h™ ! at
temperatures of 375 °C. Therefore, we propose a catalytic system con-
sisting of a MgO support with basic properties to enhance CO; adsorp-
tion due to the basic-acid interaction and Ru as active sites.
Furthermore, applying MgO as the support is demonstrated to reduce
catalyst deactivation caused by sintering and carbon deposition[22-24].
To the best of our knowledge, there is no research that has specifically
targeted catalytic activity of MgO-supported Ru catalyst for CO,
hydrogenation.

In this paper, we show higher activity, methane selectivity, and
stability have been achieved through developments of catalysts,
including introducing novel synthesis methods, changing morphologies
of the support, optimizing the metal dispersion, and enhancing metal-
support interaction[29,31-35]. It is notable from the literature that re-
searchers have been showing increasing interest in solid base metal
oxide supports in different industries, such as methane to syngas,
biomass to fuels, and CO2 [36-44]. Specifically, we focused on synthe-
sizing a high surface area nano MgO support to disperse active metal of
Ru and Ni for catalytic conversion of CO5 to CH4. The synthesized ma-
terials were characterized by XRD, nitrogen physisorption,
SEM/SEM-EDS, in-situ DRIFT, and TEM. For evaluating the catalytic
performance of Ru-based catalysts, different loadings of Ru on high
surface area MgO support were tested at different temperatures, and the
optimum Ru catalyst was compared to its Ni-containing counterpart.
The results show that 5 wt % Ru/MgO catalyst results in the highest
yield at 375 °C with some initial activity down to 250 °C. At 375 °C, the
catalyst also showed high stability over 50 h on stream of conversion.

2. Experimental
2.1. Catalysts preparation

2.1.1. Synthesis of high surface area MgO

First, oxalic acid (Sigma Aldrich, >99.5 %) was dissolved in distilled
water and heated to the boiling point, followed by mixing it with bulk
low surface area magnesium oxide (MgO) powder (Sigma Aldrich, 97 %)
to precipitate magnesium oxalate (MgC204). The solid was separated by
filtration, washed with distilled water, dried at 80 °C overnight, and
then calcined at 500 °C (5 °C/min ramp) for 4 h yielding a high surface
area MgO.

2.1.2. Synthesis of MgO-supported Ru and Ni

An adequate amount of the as-synthesized MgO was taken and
impregnated via incipient wetness impregnation method with an
aqueous solution of either Ru(NHj3)gCl3 (Sigma Aldrich, 98 %) or Ni
(NO3)2-6 Ho0 (Sigma Aldrich, 98 %). Prior to characterization, the Ru
and Ni-containing catalysts were reduced to metallic form under a
constant flow of Formier gas (10 % Hj in N») for 2 h at 450 °C and 500 °C
(5 °C/min ramp), respectively. Three different Ru concentrations of 3, 5
and 7 wt % supported on MgO were named as 3Ru/MgO, 5Ru/MgO and
7Ru/MgO, respectively. Similarly, 5 wt % Ni on MgO was named as 5Ni/
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2.2. Characterization

N, physisorption was performed at 77 K on a Micromeritics 3Flex
surface area and porosimetry analyzer. Samples were outgassed under
vacuum at 400 °C overnight before measurement. The specific surface
area (Sggr) was calculated from the N, adsorption data by the BET
method in the relative pressure range of 0.05-0.3 (P/P%). Micropore
volumes (Vijcro) and total pore volumes (Viota)) were determined using
the t-plot method and from a single-point read at a relative pressure of P/
PY = 0.95, respectively.

The particle sizes and morphologies were investigated by scanning
electron microscopy (SEM) using a Quanta 200 ESEM FEG operated at
20 kV and by transmission electron microscopy (TEM) on a FEI Tecnai
T20 G2 microscope operated at 200 kV. All samples were coated with
gold for 1 min under 20 mA current prior to SEM or dispersed directly on
a holey carbon grid for the TEM analysis. Energy-dispersive X-ray
spectroscopy (EDS) was performed using SEM-EDS elemental mapping
by studying the sample with electron scanning microscope (Quanta 200
ESEM FEG) operated at 20 keV and equipped with an Oxford In-
struments X-Max 50 mm? EDS analyzer using Aztec 3.3 Service Pack 1
software for data analysis.

All synthesized catalysts were characterized with powder X-ray
diffraction at ambient atmosphere and temperature with a HUBER G670
Guinier camera in transmission mode using a CuKa radiation from a
focusing quartz monochromator. The data was recorded from 26 of
5-90° over 1 h.

Hydrogen temperature programmed reduction (Hz-TPR) was per-
formed upon the incipient wetness impregnated sample and carbon di-
oxide temperature programmed desorption (CO2-TPD) were performed
upon the reduced catalysts and was carried out on a Micromeritics
AutoChem II 2920 chemisorption analyzer to study the reducibility of
MgO-supported metal catalysts and basicity of MgO, respectively. For
H,-TPR analysis, the samples were heated under 5 % Hs in He to 600 °C
with heating ramp of 5 °C/min while recording the TCD signal. CO-TPD
was carried out by first heating the sample to 500 °C for 60 min under He
atmosphere, followed by treating the sample with pure CO5 flow at 40 °C
for 30 min. The last step was heating the sample under He to 500 °C
(5 °C/min ramp) to desorb CO, while recording the TCD signal.

In-situ diffuse reflectance infrared Fourier transform spectroscopy
(in-situ DRIFT) was carried out using Thermo Nicolet 6700 FTIR
equipped with a reactor and Praying Mantis diffuse reflectance acces-
sory from Harrick Scientific Products. The experiments were carried out
by reducing the sample in a constant flow of Formier gas followed by
cooling it to room temperature in Formier gas (10 % Hjy in Ng). Here-
after, the mercury cadmium telluride (MCT) detector was cooled to 77 K,
and the atmosphere was changed to Ny and heated to 400 °C for at least
30 min, and a background spectrum was recorded. Hereafter the at-
mosphere changed to 25 ml/min CO2, and spectra were recorded every
third minute for an hour. After an hour, the atmosphere was changed to
25 ml/min of Formier gas and spectra were recorded every third minute
for an hour. Lastly, the atmosphere was changed to reaction mixture
consisting of a flow of 80 ml/min Formier gas (10 % Hj in N3) and 2 ml/
min COs.

2.3. Catalytic tests

CO-, methanation reaction was carried out in a stainless steel fixed-
bed reactor with a diameter of 5.1 mm (PID Eng&Tech, Microactivity
Effi reactor). The set-up was equipped with a thermocouple in contact
with the catalyst bed to control the reaction temperature, an automatic
liquid-gas separator and mass flow controllers for N, CO5 and Hs. The
reactor was loaded with 100 mg of catalyst powder (fraction size
180-355 um) diluted with 600 mg quartz (fraction size 180-355 um)
and fixed with quartz wool. The catalysts were then reduced at 450 °C or
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500 °C (in case of Ni supported catalyst) for 2 h with a heating ramp of
5 °C/min under mix flow of 5 ml/min Hy and 45 ml/min Nj. The cat-
alytic tests were performed at atmospheric pressure and temperature
range of 200-500 °C using gas composition of 80 ml/min Hy, 20 ml/min
CO,, and 20 ml/min Ny corresponding to gas hourly space velocity
(GHSV) of 60000 ml/gcatalyst/h. The system was maintained for 60 min
at each temperature setpoint to reach a steady state. The reaction
products were analyzed with an online GC (Agilent 7820 A) equipped
with a TCD and FID detector. The experimental error was calculated + 5
%.

3. Results and discussion

Fig. 1 shows the adsorption-desorption isotherm for the synthesized
MgO sample that exhibits a typical IV(a) isotherm[45]. This isotherm
has a H3 hysteresis loop, which may originate from the interparticle
voids between aggregated nanoparticles of MgO. The BJH analysis of
desorption isotherm for the pore size distribution (PSD) shows a broad
peak at around 8 nm. In addition, Table S1. compares textural properties
of the synthesized sample and bulk low surface area MgO, which reports
considerably higher specific surface area (Sggr) and total pore volume
(Viop) for the synthesized MgO sample. Therefore, the results confirm the
successful synthesis of a support with high surface. The surface area and
pore volume have been increased tenfold by the synthesis, see table S1,
where the bulk MgO has a surface area of 22 m?/g and a pore volume of
0.06 cm®/g and the nano MgO has a surface area of 200 m?/g and pore
volume of 0.06 cm®/g.

Interestingly, it was demonstrated in previous reports[46,47] that
size and shape of MgO crystals are important in the population of basic
sites, which results in different activity and selectivity in catalysis.
Specifically, Coluccia et al.[48] proposed that surface defects in MgO
provide under-coordinated 0% atoms that act as strong basic sites.
Therefore, we performed CO»-TPD to compare the CO, adsorption ca-
pacity of synthesized and bulk MgO samples.

As expected, the XRD analysis of the prepared support showed the
typical diffraction pattern for pure FCC MgO[49], see Fig. 2. In the
diffractogram for the catalysts containing 3 and 5 wt % Ru, no Ru could
be observed due to the low loading. But at the 7 wt % Ru/MgO, metallic
Ru could be observed, which goes along with the JCPDS card. These Ru
peaks are located at 26 of 38.4, 44.0, 58.2, and 69.6°, corresponding to
planes (100), (101), (102), and (110), respectively[50]. For the corre-
sponding 5Ni/MgO catalyst, the most intense peak from Ni(111) at
around 20 of 43.5° overlaps with the MgO(200) peak at 43.1°. The
average particle size of MgO was calculated to be about 32 nm using the
Scherrer equation[51] and FWHM for the MgO peak position at
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20=43.1°.

We investigated the morphology of the high surface area MgO
nanoparticles by electron microscopy. The SEM images in Fig. S1 show a
rough surface of the relatively large MgO particles. At larger magnifi-
cation, the SEM analysis confirms that these large MgO particles consist
of small, agglomerated nanoparticles. Moreover, SEM-EDS results for
5Ru/MgO show a high distribution of Ru on the support (Fig. 3e). SEM-
EDS of 3Ru/MgO and 7Ru/MgO alongside with 5Ni/MgO samples are
provided in Fig. S2 which also show a high dispersion of metals on these
catalysts. As the active metals have been impregnated via incipient
wetness impregnation, it was expected to have a high dispersion of metal
particles. The small particle size calculated with the Scherrer equation
supports the good dispersion of metal particles.

The TEM images in Fig. 3a) and Fig. 3b) confirm the results from the
SEM analysis and show that distinct MgO nanoparticles are agglomer-
ated in larger particles. In addition, atomic fringes are present in
Fig. 3b), which is another evidence and confirmation of the crystallinity
of synthesized MgO material. The average particle size as measured from
150 particles in the TEM was around 35 nm, which is in good agreement
with the particle size of MgO as estimated from the XRD analysis using
the Scherrer equation (32 nm).

Fig. 3c exhibits the high dispersion of Ru nanoparticles on 5Ru/MgO
after reduction at 450 °C for 2 h. The histogram indicates that most Ru
nanoparticles are between 2 and 4 nm in size (Fig. 3d). The average
particle sizes of Ru in 3Ru/MgO and 7Ru/MgO are 2-4 and 4-6 nm,
respectively. The corresponding particle size histograms are given in the
supporting information (see Fig. S3).

Results in Fig. 4a show that synthesized MgO has a larger CO;
adsorption capacity which could be correlated to its higher surface area
and population of basic sites as reported previously[52]. Furthermore,
different desorption temperatures indicate different strength of COq
bond to MgO. This observation determines that CO5 is adsorbed partially
at temperatures below 180 °C in the synthesized MgO which is likely
favorable for the catalytic conversion of CO, at low temperatures.

Fig. 4b-e shows the Hy-TPR results of the fresh catalysts after incip-
ient wetness impregnation with the metal precursors and drying at 80 °C
for > 24 h. The three samples with increasing Ru loadings (Fig. 4b-d)
share two main peaks around 220 °C and 305 °C. We assign these peaks
to the stepwise reduction of Ru*t to Ru°[53,54]. Some differences in the
reduction profiles indicate some complex speciation related to the pre-
cursor loading. Nevertheless, all samples were fully reduced at tem-
peratures above 425 °C. Based on these results, we decided to reduce all
the Ru-based catalysts at 450 °C. Fig. 4e) shows that the complete
reduction of the Ni-based catalyst occurs at around 366 °C corre-
sponding to Ni?* — Ni°[55].
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Fig. 2. XRD patterns for nano MgO-supported Ru and Ni catalysts.

Fig. 5 shows the catalytic performance of different synthesized cat-
alysts tested for conversion of COy to CH4 at temperature range of
200-500 °C and GHSV of 60000 h™!. As expected, the conversion in all
catalysts increases with the temperature until it gets limited by ther-
modynamic equilibrium. Both 5Ni/MgO and 7Ru/MgO have some ac-
tivity at 275 °C while 3Ru/MgO needs to be at 300 °C to activate.
Impressively, the 5Ru/MgO catalyst already converts COz to CHy at
temperatures down to 250 °C. The catalysts also achieved the highest
conversion and selectivity at different temperatures. Among the Ru-
containing catalysts, the 5Ru/MgO catalyst achieved the highest yield
of CHy4 (54 % conversion and 98 % selectivity) at 375 °C. This may be
explained by the higher metal loading compared to 3Ru/MgO and the
higher metal dispersion compared to 7Ru/MgO. The catalytic tests also
show that 5SRu/MgO is more active and selective than 5Ni/MgO. The
5Ni/MgO catalyst resulted in 45 % conversion and 95 % selectivity at
450 °C. Under the given reaction conditions, this corresponds to a site
time yield (STY) of 263 molcp4 molﬁi1 h~'. For comparison, the 5Ru/
MgO catalysts resulted in a STY of 520 molcy4 molpi h™2

Further catalytic test results show that catalytic conversion of CO; to
CH, is impossible over pure MgO supports (Fig. S4), which suggests that
metal active sites are required to boost activity and selectivity.
Furthermore, higher catalytic performance of 5Ru/MgO compared to
5 wt % Ru on bulk MgO with low surface area (Fig. S5) demonstrates the
important role of high surface area in synthesized MgO from two per-
spectives. Firstly, the higher surface area of MgO provides higher metal
dispersion and smaller metal particle size that result in improved cata-
lytic performance as already discussed. Secondly, the population of basic
sites is higher in high surface area MgO as confirmed from CO,-TPD,
which persuades higher CO; adsorption and activation.

Table S2 in the supporting information compiles the performance of
the synthesized catalysts in this work and recently reported Ni and Ru-
based catalysts tested under similar catalytic conditions. These data
show that the 5Ru/MgO catalyst presented here has higher STY
compared to the recently reported catalysts [5,8,29,30].

In-situ DRIFTS studies were conducted to further study the difference
between catalytic performances of Ru on bulk and Ru on synthesized
nano MgO supports by mapping the species present at the surface of
MgO supports under different gas compositions. Fig. 6a and Fig. 6¢
present results for Ru supported on bulk MgO and nano MgO, respec-
tively, at 400 °C under 100 % CO» over 60 min. Comparing the two
spectra in Fig. 6a and Fig. 6c, there are certain similarities in the spectra
range of 1025-1100 cm ™" which include the peaks that are assigned to
monodentate carbonates, the peaks located at 1300-1600 cm
assigned to magnesium carbonate, MgCOs, and additionally the peak at
2078 cm™! designated to the Ru-CO* carbonyl peak. The presence of the
surface carbonyl peaks indicates dissociative addition mechanism of

CO, on CO. The peak at 2094 cm™! has previously been attributed as
CO,q which is at a ruthenium-oxide interface, or CO which is co-
adsorbed with O,q. Interestingly, the peak located at 1980 cm’,
which is likely a CO4q species is either adsorbed to Ru with lower co-
ordination, very small Ru nanoparticles, or MgO [56,57]. Furthermore,
the concentration of the peak at 1980 cm™! decreases slowly and
steadily with time for the nano MgO (Fig. 6¢), whereas in the case of
bulk MgO (Fig. 6a) the peak only appears in the beginning[56,58-60].
The peak which solely appears on nano MgO is a shoulder at 1681 em b
which is assigned to a bidentate carbonate. A decrease in signal at
1862 cm ™! is seen when Ru on nano MgO is exposed to CO,, and this
indicates potential catalyst oxidation, which may be a result of an
interaction between the lattice O and the ruthenium nanoparticles [56].

In Fig. 6b) and d), 10 % H; in Ny is introduced and there is an im-
mediate large decrease in the concentration for all the surface species
and clear formation of methane (peak range of 2900-3100 cm™%).
Methane formation stops after 4 min for both nano MgO and bulk MgO.
Noticeably, the peak occurring at around 1980 cm™! decreases at the
same rate as the methane formation for both samples. Furthermore, the
Ru-CO* peaks at 2094 cm ' disappear immediately. On the other hand,
the carbonate species located at 1300-1600 cm™! decrease slowly and
this diminish is faster in nano MgO sample (Fig. 6d) than in bulk MgO
(Fig. 6b). This observation is likely an indication of more readily
available carbonates due to the smaller MgO particle size [61,62]. In
general, the IR-study shows that the main catalytic pathway follows the
bifunctional mechanism as suggested by McFarland et al.[28]. We assign
the peaks between 1300 and 1600 cm™! to the formation of large
amounts of MgCOg3 on the catalyst’s surface.

Under Hy, the decrease in MgCO3 and transient increase in adsorbed
carbonyl species between 1980 and 2100 cm™! indicate that the car-
bonates are involved in the reduction of CO5 to CO intermediates.
Finally, these intermediates are hydrogenated into the methylene
groups that appear as a small shoulder at 1300-1305 cm ' before
further reduction and methane desorption.

Under reaction conditions with both CO, and Hy, Fig. S6, shows clear
peaks from MgCO3 at 1300-1600 cm’l, the CO intermediates at
1980 cm ™, and the methyl intermediates at 1305 cm™ . In contrast, the
peaks from Ru-CO* between 2078 and 2094 cm™! disappear. This in-
dicates that the Ru species are short-lived [24] and that the conversion
of the carbonyl intermediate may be the rate-determining step[63].

We reproduced the results by repeating the test on 5Ru/MgO fresh
catalyst, which confirms the repeatability of obtained results for 5SRu/
MgO (Fig. S7). In addition, we investigated the stability of 5SRu/MgO and
5Ni/MgO for 50 h at 375 °C and 450 °C, respectively, with GHSV of
60,000 h™!. Fig. 7 shows high stability of 5Ru/MgO catalyst over 50 h
time on stream compared to 5Ni/MgO catalyst, which suffers from
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deactivation and a decrease of both the conversion and selectivity. Since
5Ru/MgO catalyst performs better at a lower temperature, the active
sites are less prone to sintering and deactivation, while Ni containing
catalyst requires higher performing temperature that leads to faster
deactivation. Thus, we tested the 5Ni/MgO catalyst at low temperature
of 375°C for comparison. Moreover, the GHSV was decreased to
7500 h™! to achieve almost as high conversion as for 5Ru/MgO at the
same temperature. As Fig. S8 presents, both catalysts exhibit high sta-
bility and selectivity toward CHy4 at 375 °C. However, the resulted STY

for 5Ni/MgO is about 30 molcys molpba h™' which is significantly
lower than of for 5Ru/MgO (520 molcy4 mol,;};_tal hh performed at the
same temperature. Overall, 5SRu/MgO catalyst seems to be the best
catalyst with the highest catalytic performance amongst the tested cat-
alysts for CO, hydrogenation to CHy4. The samples were also character-
ized after the stability test. The XRD of the spent sample (Fig. S10), does
not show any significant change, however, the isotherms and pore size
distribution changed significantly (Fig. S11). The isotherm of 5Ru/MgO
appears similar to the fresh sample. The pore volume has decreased due
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Fig. 5. Catalytic test results of CO, hydrogenation to CH, over different prepared catalysts at different temperatures, 1 barg and GHSV= 60000 h™?.

to the impregnation of Ru. However, the 5Ni/MgO has changed signif-
icantly, though the composition hasn’t changed. This could be a sign of
the pore structure is not stable at the higher temperature, which is
required for the Ni catalyzed methanation.

4. Conclusion

This work introduced a simple method to synthesize high surface
area nano MgO with high crystallinity. The high surface area MgO was
used to support highly dispersed Ru and Ni nanoparticles and tested for
CO; methanation. TEM and SEM-EDS showed high dispersion of 5 wt %
Ru on high surface area MgO support. The CO,-TPD results showed that
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Fig. 7. Catalytic stability test for CO, hydrogenation to CH4 at a GHSV= 60000 h!

high surface area MgO has higher CO5 adsorption capacity than low
surface area MgO. The catalytic results show that the catalysts are highly
active, and the 5 wt % loading of Ru on MgO catalyst has the highest
activity at lower temperatures resulting in STY of 520 molcp4 molptial
h~! at 375 °C. This catalyst outperformed Ni-containing MgO catalyst
(STY of 30 molcys rnol;étal h~! at 375 °C) even though both show high
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over 5Ru/MgO and 5Ni/MgO at temperatures of 375 °C and 450 °C, respectively.

catalytic stability at 375 °C.

Our FT-IR study shows that both MgO and Ru play a decisive role in
the reaction mechanism and indicates that the catalyst facilitates the
bifunctional reaction mechanism. Furthermore, the study suggests that
the conversion of carbonyl intermediates is the rate-determining step.

Based on this, we believe that the introduced synthesis method is a
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facile approach to make high surface area MgO, which is an efficient
support to disperse active metal sites in addition to chemisorbing and
activating CO», for catalytic conversion of CO5 to CHy4 process.

CRediT authorship contribution statement

Farnoosh Goodazi: Conceptualization, Methodology, Validation,
Formal analysis, Investigation, Writing — original draft, Writing — review
& editing, Visualization. Mikkel Kock: Conceptualization, Methodol-
ogy, Validation, Formal analysis, Investigation, Writing — original draft,
Writing — review & editing, Visualization Jerrik Mielby: Conceptuali-
zation, Methodology, Formal analysis, Investigation, Resources, Writing
— original draft, Writing — review & editing. Visualization, Supervision.
Sgren Kegnas: Conceptualization, Methodology, Formal analysis,
Investigation, Resources, Writing — original draft, Writing — review &
editing, Visualization, Supervision, Project administration, Funding
acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability
Data will be made available on request.
Acknowledgments

This work was supported by Independent Research Fund Denmark
(grant no. 6111-00237 and 0217-00146B), Haldor Topsge A/S, Villum
fonden (Grant No. 13158) and the European Union’s Horizon 2020
research and innovation program under grant agreement No 872102.
The authors gratefully acknowledge the Department of Chemistry,
Technical University of Denmark (DTU) for the support of the project.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jcou.2023.102396.

References

[1] M. Gotz, J. Lefebvre, F. Mors, A. McDaniel Koch, F. Graf, S. Bajohr, R. Reimert,
T. Kolb, Renew. Energy 85 (2016) 1371-1390.

[2] M.A.A. Aziz, A.A. Jalil, S. Triwahyono, A. Ahmad, Green. Chem. 17 (2015)
2647-2663.

[3] N. Takezawa, H. Terunuma, M. Shimokawabe, H. Kobayashi, Appl. Catal. 23
(1986) 291-298.

[4] X. Su, J. Xu, B. Liang, H. Duan, B. Hou, Y. Huang, J. Energy Chem. 25 (2016)
553-565.

[5] F. Goodarzi, L. Kang, F.R. Wang, F. Joensen, S. Kegnes, J. Mielby, ChemCatChem
10 (2018) 1566-1570.

[6] X. Wang, L. Zhu, Y. Liu, S. Wang, Sci. Total Environ. 625 (2018) 686-695.

[7] M.C. Bacariza, I. Graca, S.S. Bebiano, J.M. Lopes, C. Henriques, Chem. Eng. Sci. 175
(2018) 72-83.

[8] A. Quindimil, U. De-La-Torre, B. Pereda-Ayo, A. Davé-Quifionero, E. Bailon-Garcia,
D. Lozano-Castelld, J.A. Gonzalez-Marcos, A. Bueno-Lopez, J.R. Gonzélez-Velasco,
Catal. Today (2019).

[9] H. Wu, M. Yuan, J. Huang, X. Li, Y. Wang, J. Li, Z. You, Appl. Catal. A Gen. 595
(2020).

[10] H. Chen, F. Goodarzi, Y. Mu, S. Chansai, J. Jgrgen, B. Mao, T. Sooknoi, C. Hardacre,
S. Kegnaes, X. Fan, Appl. Catal. B Environ. 272 (2020), 119013.

[11] L.P.L. Gongalves, J. Mielby, O.S.G.P. Soares, J.P.S. Sousa, D.Y. Petrovykh, O.
I. Lebedev, M.F.R. Pereira, S. Kegnas, Y.V. Kolen’ko, Appl. Catal. B Environ. 312
(2022).

[12] M. Nurunnabi, K. Fujimoto, B. Li, S. Kado, K. Kunimori, K. Tomishige, Catal.
Commun. 7 (2006) 73-78.

[13] T.T.M. Nguyen, L. Wissing, Catal. Today 215 (2013) 233-238.

[14]
[15]

[16]

[17]
[18]

[19]
[20]

[21]
[22]
[23]
[24]

[25]
[26]

[27]
[28]
[29]

[30]
[31]

[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]

[40]

[41]

[42]
[43]

[44]
[45]

[46]
[47]

[48]

[49]
[50]

[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]

[61]
[62]

[63]

Journal of CO2 Utilization 69 (2023) 102396

J. Kopyscinski, T.J. Schildhauer, S.M.A. Biollaz, Fuel 89 (2010) 1763-1783.

J. Gao, Y. Wang, Y. Ping, D. Hu, G. Xu, F. Gu, F. Su, Rev. Chim. 2 (2012) 2358/
2368.

S. Ronsch, J. Schneider, S. Matthischke, M. Schliiter, M. Gotz, J. Lefebvre,

P. Prabhakaran, S. Bajohr, Fuel 166 (2016) 276-296.

N.M. Gupta, V.S. Kamble, K.A. Rao, R. Iyer, J. Catal 60 (1978) 57-67.

B. Miao, S.S.K. Ma, X. Wang, H. Su, S.H. Chan, Catal. Sci. Technol. 6 (2016)
4048-4058.

G. Mills, F. Steffgen, Catal. Rev. - Sci. Eng. 8 (1973) 159-210.

E. Baraj, S. Vagasky, T. Hlincik, K. Ciahotny, V. Teka¢, Chem. Pap. 70 (2016)
395-403.

J.A.H. Dreyer, P. Li, L. Zhang, G.K. Beh, R. Zhang, P.H.L. Sit, W.Y. Teoh, Appl.
Catal. B Environ. 219 (2017) 715-726.

A. Beuls, C. Swalus, M. Jacquemin, G. Heyen, A. Karelovic, P. Ruiz, Appl. Catal. B
Environ. 113-114 (2012) 2-10.

Y.F. Han, M.J. Kahlich, M. Kinne, R.J. Behm, Appl. Catal. B Environ. 50 (2004)
209-218.

S. Eckle, H.-G. Anfang, R.J. Behm, J. Phys. Chem. C. 115 (2011) 1361-1367.

A. Karelovic, P. Ruiz, J. Catal 301 (2013) 141-153.

A. Cardenas-Arenas, A. Quindimil, A. Davé-Quinonero, E. Bailon-Garcia,

D. Lozano-Castell6, U. De-La-Torre, B. Pereda-Ayo, J.A. Gonzalez-Marcos, J.

R. Gonzalez-Velasco, A. Bueno-Lopez, Appl. Catal. B Environ. 265 (2020), 118538.
X. Wang, H. Shi, J. Szanyi, Nat. Commun. 8 (2017) 1-6.

J.N. Park, E.W. McFarland, J. Catal 266 (2009) 92-97.

J. Tan, J. Wang, Z. Zhang, Z. Ma, L. Wang, Y. Liu, Appl. Surf. Sci. J. 481 (2019)
1538-1548.

S. Cimino, F. Boccia, L. Lisi, J. CO2, Util 37 (2020) 195-203.

K.H. Rasmussen, F. Goodarzi, D.B. Christensen, J. Mielby, S. Kegnas, ACS Appl.
Nano Mater. 2 (2019) 8083-8091.

F. Ocampo, B. Louis, L. Kiwi-Minsker, A.C. Roger, Appl. Catal. A Gen. 392 (2011)
36-44.

L. Xu, F. Wang, M. Chen, H. Yang, D. Nie, L. Qi, X. Lian, R.S.C. Adv 7 (2017)
18199-18210.

E.S. Gnanakumar, N. Chandran, I.V. Kozhevnikov, A. Grau-Atienza, E.V. Ramos
Fernandez, A. Sepulveda-Escribano, N.R. Shiju, Chem. Eng. Sci. 194 (2019) 2-9.
S. Tada, O.J. Ochieng, R. Kikuchi, T. Haneda, H. Kameyama, Int. J. Hydrog. Energy
39 (2014) 10090-10100.

G.W. Huber, S. Iborra, A. Corma, Chem. Rev. 106 (2006) 4044-4098.

Y.H. Hu, E. Ruckenstein, ChemInform 34 (2003).

S. Asthana, C. Samanta, A. Bhaumik, B. Banerjee, B. Voolapalli, Ravi Kumar Saha,
J. Catal. 334 (2016) 89-101.

L. Alvarez, A. Hidalgo-Carrillo, Jests Marinas, J.M. Marinas, F.J. Urbano, React.
Kinet. Mech. Catal. 118 (2016) 247-265.

Y.H. Mastuli, Mohd Sufri Kamarulzaman, Norlida Kasim, Muhd Firdaus Zainal,
Zulkarnain Matsumura, Yukihiko Taufig-Yap, Int. J. Hydrog. Energy 44 (2019)
3690-3701.

X. Yan, C. Yuan, J. Bao, S. Li, D. Qi, Q. Wang, B. Zhao, T. Hu, L. Fan, B. Fan, R. Li,
F. Tao, Y.X. Pan, Catal. Sci. Technol. Technol. 8 (2018) 3474-3483.

A. Klerke, S.K. Klitgaard, R. Fehrmann, Catal. Lett. 130 (2009) 541-546.

K.H. Mgller, M. Debost, L. Lakiss, S. Kegnas, S. Mintova, R.S.C. Adv 10 (2020)
42953-42959.

Y.Y. Gorbanev, S. Kegnas, C.W. Hanning, T.W. Hansen, A. Riisager, A.C.S. Catal 2
(2012) 604-612.

M. Thommes, K. Kaneko, A.V. Neimark, J.P. Olivier, F. Rodriguez-Reinoso,

J. Rouquerol, K.S.W. Sing, Pure Appl. Chem. 87 (2015) 1051-1069.

A. Corma, S. Iborra, Adv. Catal. 49 (2006) 239-302.

D. Cornu, H. Guesmi, J.M. Krafft, H. Lauron-Pernot, J. Phys. Chem. C. 116 (2012)
6645-6654.

S. Coluccia, A. Barton, A.J. Tench, J. Chem. Soc. Faraday Trans. 1 (77) (1981)
2203-2207.

Y.J. Heo, S.J. Park, Sci. Rep. 7 (2017) 1-9.

K. Gopinath, V. Karthika, S. Gowri, V. Senthilkumar, S. Kumaresan, A. Arumugam,
J. Nanostructure, Chem 4 (2014) 4-9.

A.L. Patterson, Phys Rev 56 (1939) 978-982.

Y.D. Ding, G. Song, X. Zhu, R. Chen, Q. Liao, R.S.C. Adv 5 (2015) 30929-30935.
G.R. Tauszik, G. Leofanti, S. Galvagno, J. Mol. Catal. 25 (1984) 357-366.

S. Galvagno, C. Crisafulli, R. Maggiore, G.R. Tauszik, A. Giannetto, J. Therm. Anal.
30 (1985) 611-618.

Y. Nakagawa, H. Nakazawa, H. Watanabe, K. Tomishige, ChemCatChem 4 (2012)
1791-1797.

A.M. Abdel-Mageed, D. Widmann, S.E. Olesen, I. Chorkendorff, R.J. Behm, A.C.
S. Catal 8 (2018) 5399-5414.

V.P. Londhe, V.S. Kamble, N.M. Gupta, J. Mol. Catal. A Chem. 121 (1997) 33-44.
M. Hatzisymeon, A. Petala, P. Panagiotopoulou, Catal. Lett. 151 (2021) 888-900.
Y. Guo, S. Mei, K. Yuan, D.J. Wang, H.C. Liu, C.H. Yan, Y.W. Zhang, A.C.S. Catal 8
(2018) 6203-6215.

Q. Wang, Y. Gao, C. Tumurbaatar, T. Bold, F. Wei, Y. Dai, Y. Yang, J. Energy Chem.
64 (2022) 38-46.

G.D. Weatherbee, C.H. Bartholomew, J. Catal 87 (1984) 352-362.

O.R. Inderwildi, S.J. Jenkins, D.A. King, Angew. Chem. - Int. Ed. 47 (2008)
5253-5255.

N. Yoshida, T. Hattori, E. Komai, T. Wada, Catal. Lett. 58 (1999) 119-122.


https://doi.org/10.1016/j.jcou.2023.102396
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref1
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref1
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref2
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref2
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref3
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref3
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref4
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref4
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref5
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref5
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref6
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref7
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref7
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref8
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref8
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref9
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref9
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref10
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref10
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref10
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref11
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref11
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref12
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref13
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref14
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref14
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref15
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref15
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref16
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref17
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref17
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref18
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref19
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref19
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref20
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref20
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref21
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref21
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref22
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref22
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref23
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref24
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref25
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref25
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref25
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref26
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref27
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref28
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref28
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref29
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref30
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref30
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref31
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref31
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref32
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref32
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref33
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref33
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref34
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref34
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref35
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref36
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref37
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref37
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref38
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref38
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref39
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref39
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref39
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref40
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref40
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref41
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref42
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref42
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref43
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref43
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref44
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref44
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref45
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref46
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref46
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref47
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref47
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref48
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref49
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref49
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref50
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref51
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref52
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref53
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref53
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref54
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref54
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref55
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref55
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref56
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref57
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref58
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref58
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref59
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref59
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref60
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref61
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref61
http://refhub.elsevier.com/S2212-9820(23)00007-0/sbref62

	CO2 methanation using metals nanoparticles supported on high surface area MgO
	1 Introduction
	2 Experimental
	2.1 Catalysts preparation
	2.1.1 Synthesis of high surface area MgO
	2.1.2 Synthesis of MgO-supported Ru and Ni

	2.2 Characterization
	2.3 Catalytic tests

	3 Results and discussion
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Appendix A Supporting information
	References


