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A B S T R A C T   

This work shows that Ru nanoparticles supported on high surface area nano MgO is a highly active and selective 
catalyst for CO2 methanation, which is a promising method to store renewable energy and limit the emission of 
greenhouse gasses. We studied the effect of the Ru loading on MgO supports with different surface areas and 
compared the results to the corresponding Ni-based catalyst. Our results show that high surface area MgO 
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 molCH4 
molRu

− 1 h− 1. For comparison, the Ni-based catalyst only resulted in 45 % conversion at 450 ◦C with a low 
selectivity to CH4 (STY=263 molCH4 molNi

− 1 h− 1). 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 CO2 methanation.   

1. Introduction 

Power-to-gas processes such as the catalytic hydrogenation of CO2 to 
CH4 are promising strategies to store renewable energy and accommo
date fluctuations in energy consumption and production. Efficient CO2 
methanation requires the development of active, selective, and durable 
catalysts[1,2]. 

Solid base metal oxides such as Al2O3, CeO2, TiO2, MgO, and SiO2 are 
the most applied supports in the methanation reaction as they help 
facilitate the adsorption of CO2, 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 
CO2 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 

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 CO2 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 CO2 to CH4 where 
formate species are the primary intermediates; 2) conversion of CO2 to 
CO via reverse water gas shift reaction followed by hydrogenation of CO 
to CH4 [20]. 

Multiple studies have been dedicated to investigating the underlying 
mechanism, which demonstrated that the initial reaction that occurs is 
the dissociative adsorption of CO2 to form adsorbed CO and O (CO2 → 
CO* + 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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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 H2 and 45 ml/min N2. The cat
alytic tests were performed at atmospheric pressure and temperature 
range of 200–500 ◦C using gas composition of 80 ml/min H2, 20 ml/min 
CO2, and 20 ml/min N2 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 (SBET) and total pore volume 
(Vtot) 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 m2/g and a pore volume of 
0.06 cm3/g and the nano MgO has a surface area of 200 m2/g and pore 
volume of 0.06 cm3/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 O2- atoms that act as strong basic sites. 
Therefore, we performed CO2-TPD to compare the CO2 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 2θ 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 2θ 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 

2θ= 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 CO2 
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 CO2 
bond to MgO. This observation determines that CO2 is adsorbed partially 
at temperatures below 180 ◦C in the synthesized MgO which is likely 
favorable for the catalytic conversion of CO2 at low temperatures. 

Fig. 4b-e shows the H2-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 Ru3+ to Ru0[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 Ni2+ → Ni0[55]. 

Fig. 1. a) N2 physisorption isotherm of the bulk- and nano MgO support performed at 77 K and b) pore size distribution as calculated by BJH analysis of the 
desorption branch. 
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Fig. 5 shows the catalytic performance of different synthesized cat
alysts tested for conversion of CO2 to CH4 at temperature range of 
200–500 ◦C and GHSV of 60000 h− 1. 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 CO2 to CH4 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 CH4 (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 5Ru/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 molCH4 molNi

− 1 h− 1. For comparison, the 5Ru/ 
MgO catalysts resulted in a STY of 520 molCH4 molmetal

− 1 h− 1. 
Further catalytic test results show that catalytic conversion of CO2 to 

CH4 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 CO2-TPD, 
which persuades higher CO2 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. 6c 
present results for Ru supported on bulk MgO and nano MgO, respec
tively, at 400 ◦C under 100 % CO2 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− 1, which include the peaks that are assigned to 
monodentate carbonates, the peaks located at 1300–1600 cm− 1 

assigned to magnesium carbonate, MgCO3, and additionally the peak at 
2078 cm− 1 designated to the Ru-CO* carbonyl peak. The presence of the 
surface carbonyl peaks indicates dissociative addition mechanism of 

CO2 on CO. The peak at 2094 cm− 1 has previously been attributed as 
COad which is at a ruthenium-oxide interface, or CO which is co- 
adsorbed with Oad. Interestingly, the peak located at 1980 cm− 1, 
which is likely a COad 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− 1 decreases slowly and 
steadily with time for the nano MgO (Fig. 6c), 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 cm− 1, 

which is assigned to a bidentate carbonate. A decrease in signal at 
1862 cm− 1 is seen when Ru on nano MgO is exposed to CO2, 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 % H2 in N2 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− 1). 
Methane formation stops after 4 min for both nano MgO and bulk MgO. 
Noticeably, the peak occurring at around 1980 cm− 1 decreases at the 
same rate as the methane formation for both samples. Furthermore, the 
Ru-CO* peaks at 2094 cm− 1 disappear immediately. On the other hand, 
the carbonate species located at 1300–1600 cm− 1 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− 1 to the formation of large 
amounts of MgCO3 on the catalyst’s surface. 

Under H2, the decrease in MgCO3 and transient increase in adsorbed 
carbonyl species between 1980 and 2100 cm− 1 indicate that the car
bonates are involved in the reduction of CO2 to CO intermediates. 
Finally, these intermediates are hydrogenated into the methylene 
groups that appear as a small shoulder at 1300–1305 cm− 1 before 
further reduction and methane desorption. 

Under reaction conditions with both CO2 and H2, Fig. S6, shows clear 
peaks from MgCO3 at 1300–1600 cm− 1, the CO intermediates at 
1980 cm− 1, and the methyl intermediates at 1305 cm− 1. In contrast, the 
peaks from Ru-CO* between 2078 and 2094 cm− 1 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 5Ru/ 
MgO (Fig. S7). In addition, we investigated the stability of 5Ru/MgO and 
5Ni/MgO for 50 h at 375 ◦C and 450 ◦C, respectively, with GHSV of 
60,000 h− 1. Fig. 7 shows high stability of 5Ru/MgO catalyst over 50 h 
time on stream compared to 5Ni/MgO catalyst, which suffers from 

Fig. 2. XRD patterns for nano MgO-supported Ru and Ni catalysts.  
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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− 1 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 CH4 at 375 ◦C. However, the resulted STY 

for 5Ni/MgO is about 30 molCH4 molmetal
− 1 h− 1 which is significantly 

lower than of for 5Ru/MgO (520 molCH4 molmetal
− 1 h− 1) performed at the 

same temperature. Overall, 5Ru/MgO catalyst seems to be the best 
catalyst with the highest catalytic performance amongst the tested cat
alysts for CO2 hydrogenation to CH4. 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 

Fig. 3. TEM images of the high surface area MgO support (a, b), 5Ru/MgO (c), the particle size distribution in 5Ru/MgO(d), and SEM-EDS mapping of Mg and Ru in 
5Ru/MgO(e). 
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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 
CO2 methanation. TEM and SEM-EDS showed high dispersion of 5 wt % 
Ru on high surface area MgO support. The CO2-TPD results showed that 

Fig. 4. a) CO2-TPD results for the as-prepared commercial bulk (blue) and synthesized (black) nano MgO samples. H2-TPR profiles of b) 3Ru/MgO, c) 5Ru/MgO, d) 
7Ru/MgO, and e) 5Ni/MgO catalysts as-prepared. 

Fig. 5. Catalytic test results of CO2 hydrogenation to CH4 over different prepared catalysts at different temperatures, 1 barg and GHSV= 60000 h− 1.  
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high surface area MgO has higher CO2 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 molCH4 molmetal

− 1 

h− 1 at 375 ◦C. This catalyst outperformed Ni-containing MgO catalyst 
(STY of 30 molCH4 molmetal

− 1 h− 1 at 375 ◦C) even though both show high 

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 

Fig. 6. Time-resolved DRIFT spectra of a) 5 wt % Ru on bulk MgO, c) 5 wt % Ru on nano MgO upon introduction of 100 % CO2, b) 5 wt % Ru on bulk MgO and d) 
5 wt % Ru on nano MgO upon the introduction of 10 % H2 in N2 at 400 ◦C. 

Fig. 7. Catalytic stability test for CO2 hydrogenation to CH4 at a GHSV= 60000 h− 1 over 5Ru/MgO and 5Ni/MgO at temperatures of 375 ◦C and 450 ◦C, respectively.  
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