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CO2 methanation presents an intriguing avenue for utilizing carbon dioxide and generating methane as

synthetic natural gas. This study delves into the innovative synthesis of MgO–Al2O3 mixed oxide support, a

Co-active phase, and either Sr or Ce promoters to enhance the performance of Ni-based catalysts in CO2

methanation. The primary objective is to identify the optimal ratio of Mg to Al for supporting 5 wt% Ni,

followed by assessing the synergistic utilization of Co and Ni, along with different promoters, on the most

promising support. Despite exhibiting comparable textural and basic characteristics, the increase of Mg

content in Al2O3 introduces a delay in NiO reduction by promoting the formation of a NiO–MgO solid

solution. The Ni5/Mg63Al37 catalyst presents the highest CO2 conversion of 92% and CH4 yield of 82% at

400 °C. This catalytic activity surpasses that of Co5/Mg63Al37 and Ni2.5Co2.5/Mg63Al37, mainly due to easier

reduction of the monometallic Ni-based sample. Examining the impact of promoters on Ni2.5Co2.5/Mg63-

Al37 catalyst reveals the advantageous influence of Ce in terms of facilitative reduction and improved

basicity. However, the promoting effect of Sr remains less discernible, potentially due to the already

increased basicity resulting from the utilization of the MgO–Al2O3 support.

Introduction

Carbon dioxide undergoes hydrogenation in a methanation
reaction to produce methane, as depicted in eqn (1). This
process is pivotal in mitigating the greenhouse effect and
combating global warming. Indeed, the reduction of CO2

emissions is nowadays a common challenge worldwide.1

Furthermore, it offers a transition from the carbon capture
and storage (CCS) strategy to a more pragmatic and favorable
carbon capture and utilization (CCU) approach.2 Depending
on the specific operational conditions, this reaction may be
accompanied by concurrent side reactions, as illustrated in
eqn (2) to (4). These side reactions can potentially yield
undesired byproducts like carbon monoxide (CO) or consume
methane, consequently leading to diminished product yield

and selectivity.3 Alternatively, side reactions (eqn (5) to (9))
can also occur, resulting in solid carbon deposits that may
accumulate on the catalyst surface, ultimately triggering
catalyst deactivation.

CO2(g) + 4H2(g) = CH4(g) + 2H2O(g) (1)

CO2(g) + H2(g) = CO(g) + H2O(g) (2)

CO2(g) + CH4(g) = 2CO(g) + 2H2(g) (3)

CO(g) + 3H2(g) = CH4(g) + H2O(g) (4)

CO2(g) + 2H2(g) = C(s) + 2H2O(g) (5)

CO2(g) + CH4(g) = 2C(s) + 2H2O(g) (6)

2CO(g) = C(s) + CO2(g) (7)

CH4(g) = C(s) + 2H2(g) (8)

CO(g) + H2(g) = C(s) + H2O(g) (9)

Kinetically speaking, CO2 methanation can proceed via two
suggested mechanisms: either through an associative CO2
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methanation pathway, where CO2 is hydrogenated to formate
and then to CH4, or through a dissociative CO2 methanation
pathway, where CO2 is dissociated to CO*, which is then
hydrogenated to CH4.

4 In both cases, the initial step consists
of CO2 adsorption on the catalytic surface. Therefore, an
efficient catalyst is essential to promote CO2 adsorption and
enhance the methanation reaction under low temperature
and pressure conditions. This catalyst should also effectively
suppress side reactions, prevent active metal sintering, and
minimize carbon deposition. In the existing literature,
considerable research has been dedicated to Ni-based
catalysts supported on Al2O3 in the context of CO2

methanation.2,5–10 Such systems offer substantial activity
while being significantly more cost-effective than catalysts
based on noble metals like Rh and Ru.11,12 However, these
catalysts are still prone to coke deposition and sintering
under the reaction conditions. Hence, the quest for a suitable
catalyst for CO2 methanation continues, with investigations
focused on selecting the appropriate support, active phase,
promoter, as well as refining the preparation method and
reactor design.

The utilization of mixed oxides as catalytic supports is
gaining increasing attention due to their ability to exhibit
tunable properties and modified metal–support interactions,13

in addition to the synergetic effect from the individual oxide
components.14 The use of MgO, for instance, is an attractive
approach due to its strong basicity that can enhance the
adsorption of CO2 and improve the reaction yield.15 Enhancing
the basicity of the catalysts creates additional adsorption sites
for CO2 and favors the formation of more reactive reaction
intermediates.16 The advantageous promotional effect of
introducing Mg to Al2O3 on Ni-based17–19 and Co-based20

catalytic systems has been established to improve catalyst
stability in dry reforming17,18,20 and combined steam and dry
reforming of methane.19 In CO2 methanation, research
indicates that adding Mg to the Pd/SiO2 catalyst increased the
CO2 conversion from 40.8 to 59.2% and the CH4 selectivity from
10.4 to 95.3% at 450 °C.21 Similarly, co-impregnating Ni and Mg
on SiO2 enabled the catalyst to maintain stability at 67% CO2

conversion and over 98% CH4 selectivity for a minimum of 50
hours.22 Impregnating up to 2.5% of Mg on Ni-based USY
zeolites results in 15% and 20% enhancements in CO2

conversion and CH4 selectivity, respectively.23 Likewise, proper
Mg loading on Ni-5 Mg/SBA-15-AE sample can efficiently
catalyze CO2 activation,24 to reach 50% conversion at 295 °C,
compared to 315 °C on unpromoted Ni/SBA-15-AE sample.
These studies23,24 suggest that the amount of Mg-loading greatly
impacts the extent of CO2 methanation. In line with these
findings, Li et al.25 established an optimal Ni-to-Mg mass ratio
of 0.26 for achieving high CO2 conversion rates. While these
studies primarily used Mg as a promoter to enhance the
methanation activity, its importance also resides in its use as a
catalytic support. In this regard, Julkapli and Bagheri26 reviewed
the use of MgO as a heterogeneous catalyst support and
highlighted its capability to modify the acid–base properties of
the catalyst, resulting in higher selectivity and lower formation

of by-products. However, as a single oxide, MgO shows low
thermal stability, particularly in humid and aqueous
environments.26 As a component in mixed oxide supports, Mg
plays a vital role in enhancing the basicity of the samples and
increasing the metal–support interactions, which reflect in
improved catalytic activity, as validated in several applications
such as dry reforming of methane,27,28 hydrotreating,29 water
gas shift,30 and ethanol coupling reactions.31 In CO2

methanation, the presence of Mg2+ strong basic sites in Ni/
La2O3–MgO–CeO2 enhances the Ni interaction with the support
and this emerges as a key factor to achieve high catalytic
activity.32 In a similar context, the improved methanation
activity of an MgO-modified ZrO2 support for Ru-based catalysts
is attributed to better active phase dispersion and fast reaction
intermediates decomposition and hydrogenation to methane.33

Likewise, the addition of basic MgO to Al2O3 alters the acidity of
the catalyst, resulting, for example, in improved reactant
conversion to syngas with an absence of carbon deposition
during DRM,27 enhanced sulfidation of CoMo active metals for
water gas shift reaction,30 and boosted ethanol coupling
selectivity to butanol.31 However, most of these studies28,29,31

use a fixed MgO–Al2O3 support with a constant MgO content
and evaluate the effects of metal nature, active metal loading,
promoter, or calcination temperature. The effect of increasing
MgO content in Ni/Al2O3 catalysts have been recently evaluated
for the dry reforming of methane reaction.34–36 Results show
that the MgO content affects the Ni particles stability and
interaction with the support, thus altering the hydrogen yield
and carbon deposition. Yet, to the best of our knowledge, the
effect of variation of Mg content in MgO–Al2O3 supports on CO2

methanation has not been studied in literature before.
Concerning the active phase, several studies have explored

the utilization of cobalt as an alternative for CO2

methanation,37–45 primarily due to its activity in Fischer–
Tropsch synthesis, with a tendency to generate more methane
than heavier hydrocarbons.46,47 As a result, cobalt has been
examined across various oxides and mixed oxide supports,
including TiO2, ZrO2, Al2O3, SiO2, CeO2,

37–40 among others. The
outcomes of these investigations have demonstrated diversity,
dependent upon the specific support nature38,39 and the
preparation method employed.37 Le et al.39 identified CeO2 as a
suitable support for Co, while Li et al.38 highlighted ZrO2 as the
optimal choice, attributing the observed deactivation on Al2O3

to the presence of acid sites on this support. Nonetheless,
studies have consistently shown the enhanced catalytic activity
of cobalt compared to other metals. Notably, Co/Al2O3 exhibited
significantly greater activity in CO2 methanation compared to
Ni/Al2O3 at GHSV = 16000 h−1, even at lower metal loading, with
the discrepancy attributed to divergent reaction intermediates
during the process.41 The distinct reaction intermediates were
also linked to the influence of additives used in conjunction
with Co/Al2O3 (such as Na, K, Mg, or Ca), leading to varying CH4

yields in each case.40 Indeed, while single metal oxide catalysts
are subject to poisoning and low thermal stability, the use of
multiple oxides can help overcome these problems and achieve
enhanced properties, such as better metal dispersion, resulting
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in improved catalytic activity.48 In this regard, Co exhibited
superior methanation activity when incorporated alongside Ni
on Al2O3 support compared to Fe and Mo.42 This points toward
the potential of bimetallic catalysts to enhance catalytic
properties through modifications in Ni dispersion, the
fundamental characteristics of the support, and the Ni–support
interaction.13,49 For instance, the utilization of Ni–Co supported
on CaAl2O4/Al2O3 leads to an enhanced coking resistance during
partial methane oxidation.50 In CO2 methanation, the bimetallic
Ni–Co catalyst supported on ordered mesoporous alumina
showed excellent stability at 500 °C for 60 hours, while the Ni-
based catalyst exhibited a 14.8% decrease in CO2 conversion.51

Nevertheless, the favorable impact of bimetallic Ni–Co catalysts,
as reported in certain studies,51,52 did not manifest evidently in
other investigations53,54 since large metal particles were formed
using Co/Ni/Al2O3 and resulted in lower CH4 yield, in addition
to CO formation.53 Hasrack et al.54 showed comparable stability
at 250 °C for 5 hours, with a slightly higher performance of
1Co15Ni/CeO2 catalyst.

Alternatively, an increasing focus has been directed towards
incorporating promoters into Ni-based catalysts, aiming to
enhance specific properties while benefitting from the
accessibility and cost-effectiveness associated with these
additives.55 For example, the addition of strontium (Sr) to Ni/
CeZrOx increased the basicity of the catalyst and resulted in an
enhancement of CO2 adsorption.

56 It also improved the metal–
support interaction when used as a promoter on Ni-based
catalysts supported on Al2O3,

57–59 thus boosting the catalytic
performance during CO2 methanation. The addition of Sr to Ni/
SiO2 catalysts increased CO2 conversion from 64.7 to 70.5% and
CH4 selectivity from 97.5 to 98.9% at 350 °C and 15000 ml h−1

g−1 while preventing Ni metal sintering.60 Similarly, the
utilization of CeO2 is advantageous owing to its inherent oxygen
storage capacity, which can help address the issue of carbon
deposition on the catalyst's surface.61 Cerium introduces oxygen
vacancies that can lead to higher conversion of CO to CO2

during propane steam reforming, for example, preventing
carbon deposition and resulting in higher hydrogen
production.62 It has been reported that oxygen defects on the
surface of the catalyst play an important role in enhancing CO2

adsorption, activation, and conversion by hydrogenation into
methane.63 Liu et al.64 revealed an improvement in CO2

conversion from 45 to 71% upon the addition of 2 wt% CeO2 to
Ni/Al2O3 catalyst during CO2 methanation at 300 °C and 15000
ml h−1 g−1. A higher CeO2 loading can result in active site
coverage and consequent activity loss. Likewise, a 2.5 wt% Ce
addition to 10 wt% Ni supported on Al2O3 boosted CO2

conversion from 58 up to 71% and CH4 selectivity from 94 to
96%, while reducing CO selectivity.65

Therefore, it is intriguing to leverage the benefits of each
catalyst constituent to achieve superior performance in CO2

methanation. To the best of our knowledge, only a limited
number of studies have explored such intricate combinations.
Varbar et al.66 evaluated the effect of Co addition to 20 wt% Ni/
MgAl2O4 in methane oxidation and found that the addition of 3
wt% Co is optimum to limit side reactions. Zhang et al.67 varied

the amount of CeO2 added to Ni/MgO–Al2O3 in CO methanation
and determined an optimum content of 10 wt% CeO2 for high
performance. The use of cobalt-promoted Ni–Mg–Al
hydrotalcite-derived catalysts68 or Co–Ni–Mg–Al mixed-oxides69

can be promising in CO2 methanation, yet these studies do not
focus on the effect of each component of the catalyst.

Therefore, the innovation intrinsic to our present work
resides in the comprehensive assessment of the impact of
each catalyst constituent. While limited literature evaluates
the composition of mixed-oxide support,34–36 we assess in
this work the increase of Mg-content in MgO–Al2O3 support
and its effect on catalyst basicity and resulting activity in CO2

methanation. Furthermore, the preceding literature shows
that cobalt can be a potential active phase for CO2

methanation and methane production, yet its performance
depends on the nature of support and the type of promoters
along which it is tested. This is due to different surface
properties such as the interaction of the metal with its
support, its dispersion, reducibility, and basicity. It is thus
suggested in this work to test this candidate along with
nickel on an optimized MgO–Al2O3 support. While the effect
of using Ni- and/or Co-based catalysts vary from one study to
another, the effect of mono- and bi-metallic catalysts and the
possible synergetic effect between the two metals will be
explored on the best MgO–Al2O3 support. Also, on these
samples, we additionally explore possible benefits from
incorporating suitable promoters for CO2 methanation: Sr
will be added as a promoter to enhance catalyst basicity,
while Ce will be tested in this composition to improve metal
dispersion and metal oxides reducibility and overcome
carbon deposition problems. These enhancements are
expected to improve the catalytic performance during CO2

methanation. Such promising combinations have not been
tested for CO2 methanation before.

Experimental
Catalyst preparation

The supports used in this work were obtained as a gift from
SASOL Anckelmannsplatz 1, 20537, Hamburg, Germany. As
specialized providers of alumina-based catalyst carriers, they
offered these supports to be used and tested in CO2

methanation, among other catalytic applications. They were
composed of different alumina and magnesium oxide ratios,
specifically including 20, 30, 63, and 70 wt% MgO balanced
with Al2O3. The catalysts were prepared via the impregnation
method. For the first series of samples, 20 mL of distilled
water and the appropriate amount of nickel nitrate
hexahydrate [Ni(NO3)2·6H2O, 98%, Alfa Aesar] to get 5.0 wt%
loading of nickel oxide and the required amount of support
(mixture of alumina and magnesium oxide) were mixed and
stirred at room temperature in a crucible. After 30 minutes,
the solution was dried while being stirred at 80 °C. The
catalysts were then calcined at 600 °C for 3 hours. The
resulting samples are denoted Ni5/MgxAl100−x (x = 20, 30, 63,
or 70 wt%).
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For the second series of samples, the corresponding
amount of Ni(NO3)2·6H2O and/or Co(NO3)2·6H2O to get 5.0
wt% Co or 2.5% Ni + 2.5% Co was dissolved in 30 ml of
distilled water with stirring and heating. Afterwards, 63%
MgO and 37% Al2O3 support were added, and the stirring
was continued for 30 minutes. The obtained catalysts were
dried at 120 °C for 20 hours and then calcined for 5 hours at
600 °C. The promoted catalysts were prepared by
incorporating 3 wt% of either Ce or Sr along the active metals
before the support addition stage, using their corresponding
nitrates (Ce(NO3)3·6H2O; Sr(NO3)2). The resulting samples are
referred to as Co5/Mg63Al37 (Ni-free sample), Ni2.5Co2.5/Mg63-
Al37, Ni2.5Co2.5Ce3/Mg63Al37 or Ni2.5Co2.5Sr3/Mg63Al37.

Catalyst characterization

The textural properties of the samples were evaluated using a
Micromeritics Tristar II 3020 surface area and porosity analyzer
after degassing at 200 °C for 3 h using N2. The XRD data were
recorded on a Rigaku (Miniflex) diffractometer equipped with
Cu Kα radiation and operated at 40 kV and 40 mA. The
diffractograms were collected in a 2θ range between 5 and 90°
at a step 0.02°. The Diffrac. EVA v4.2.1 software was used to
identify the crystallite species present and estimate their size.
The temperature-programmed desorption (TPD) data were
acquired using Micromeritics Auto Chem II 2920, after running
30 ml min−1 of a 10% CO2/He mixture over the sample for 30
minutes at 50 °C. Then, the temperature increased to 900 °C,
and the amount of CO2 desorbed was found at various
temperatures using a TCD detector. The total amount of CO2

desorbed was thus calculated by integration of the resulting
peaks. The FTIR data were taken using a Perkin Elmer GX
spectrophotometer. The spectra were registered at the range
400–4000 cm−1 employing a KBr pellet. The TEM images were
obtained using a transmission electron microscope JEOL JEM-
2100F, USA, operated at 120 kV. A laser Raman (NMR-4500)
spectrometer (JASCO, Japan) was employed to collect the Raman
spectra of the spent catalysts using an objective lens of 100×
magnification. The excitation beam was fixed at 532 nm
wavelength, and the laser intensity was set at 1.6 mW for a 10-
second exposure time at 3 accumulations. A Micromeritics
Auto-Chem II 2920 device was used to perform H2 temperature-
programmed reduction (H2-TPR). The catalyst sample was
heated for one hour at 200 °C in an argon environment prior to
the measurements, and it was then cooled to room
temperature. Using a gas mixture of H2/Ar (v/v, 10/90) at a flow
rate of 40 mL min−1, 0.07 g of the sample was heated at a rate
of 10 °C min−1 to 1000 °C. The H2 consumption was captured
using a TCD detector.

Catalyst testing

The catalytic activity was evaluated in a fixed-bed stainless-
steel continuous-flow reactor (PID Eng. & Tech), having an
internal diameter of 0.94 cm and a length of 30 cm. The
reaction temperature was controlled and monitored by using
a thermocouple placed in the center of the catalytic bed. A

schematic of the reaction setup is shown in Fig. 1. At the
beginning of the test, 0.12 g of each sample was first reduced
in situ under a hydrogen flow of 30 mL min−1 at 800 °C for 2
hours at atmospheric pressure. Then, the reactor was cooled,
and a total reactive flow of 30 mL min−1, composed of 16 mL
min−1 H2, 4 mL min−1 CO2 and 10 mL min−1 N2, was
introduced at an equivalent gas hourly space velocity (GHSV)
of 15 000 mL h−1 gcat

−1. The mixture was carried by argon gas
in a gas chromatograph (GC). The methanation reaction was
performed at 400 °C for 300 minutes at atmospheric
pressure. The reaction temperature, pressure, and other
variables were monitored through the reactor panel. A
SHIMADZU GC-2014 equipped with Porapak Q and Molecular
Sieve 5A columns and a thermal conductivity detector
analyzed the reaction products and feed using a combination
of series and bypass connections. To quantify the results
from catalytic experiments, the peak areas of the components
separated by the GC were analyzed. These peak areas are
proportional to the amount of each component present.
While a basic comparison can be done using peak areas
alone, a calibration process with standard gases is usually
employed for more accurate quantification. This involves
running known concentrations of reactants and products
(external standards) through the GC to create a calibration
curve. The peak areas of the samples are then compared to
this curve to determine their actual concentrations.
Additionally, an internal standard gas (such as N2) can be
added to both samples and calibration standards. By
comparing the peak area ratio of the target component to the
internal standard, variations in injection volume and detector
response are accounted for, leading to more reliable results.
The catalytic tests were repeated twice for all the catalysts for
reproducibility.

The CO2 conversion and CH4 yield were evaluated using
eqn (10) and (11):

CO2 conversion %ð Þ ¼ CO2 in − CO2 out

CO2 in
× 100 (10)

Fig. 1 Reaction setup for the CO2 methanation testing.
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CH4 yield %ð Þ ¼ CH4 out

CO2 in
× 100 (11)

Results and discussion

During CO2 methanation, the presence of metallic Ni0 sites is
highly essential since they constitute the active sites that
promote the adsorption and dissociation of H2.

6,11,70

Consequently, a reduction step is systematically applied, prior
to the methanation reaction to convert nickel oxide into
metallic nickel.57 For these reasons, the samples are examined
in this work in their reduced states to understand their
properties. Hence, only the textural properties of the calcined
samples are shown, while the remaining characterization results
of the BET, XRD, CO2-TPD and FTIR experiments are presented
for the samples in their reduced states.

Effect of support composition on CO2 methanation
performance

All the calcined34,35 and reduced samples exhibited type IV
N2 sorption isotherms (Fig. 2), characteristic of mesoporous
materials, comparable to those reported for similar MgO–
Al2O3 mixed oxide supports.31 The H4 hysteresis loop
observed for all samples is the consequence of MgO presence
in the samples.28 The analysis of textural properties (Table 1)
indicated a gradual decline in surface area and pore volume
with the increase in the percentage of MgO. Specifically, the
BET surface area and pore volume decreased from 184 m2 g−1

and 0.53 cm3 g−1 for the reduced Ni5/Mg20Al80 to around 197
m2 g−1 and 0.29 cm3 g−1 for reduced Ni5/Mg63Al37 and 161.2
m2 g−1 and 0.27 cm3 g−1 for reduced Ni5/Mg70Al30,
respectively. This can be explained by possible pore blockage
as the MgO content increases in the support.35 Furthermore,
a similar trend was observed for the pore size, which dropped
from 8.4 nm for reduced Ni5/Mg20Al80 to approximately 5.5
nm for reduced Ni5/Mg63Al37. This is attributed to the
presence of more Mg species in the pores, as also observed
in Mg-containing Ni/SBA-15 catalytic systems.24

The H2-TPR profiles, reported in previous studies,34,35

exhibit a prominent reduction peak ranging from 700 to 1000
°C. This indicates two important points: firstly, the absence
of free NiO species that are typically reduced between 300
and 400 °C;15 and secondly, the positioning of this peak at
830, 840, 860, and 925 °C for an Mg content of 20, 30, 63 and
70%, respectively. This implies that an increase in the Mg
content of the support delays the reduction process and
makes the reducibility of the active phase more difficult. This
phenomenon is commonly attributed to the formation of
either a stable NiO–MgO solid solution,15,23 or MgNiO2 (ref.
24) upon the incorporation of Mg, suggesting a strong
interaction between NiO and MgO in both cases. In this
regard, Kumar et al.29 reported stronger metal–support
interaction of Mo/MgO–Al2O3 compared to single oxide
supports. Similarly, Lian et al.30 reported a higher metal–
support interaction upon the increase in Mg content in Co–
Mo/MgO–Al2O3 samples. Furthermore, during the reduction,
hydrogen consumption rises proportionally with the
increment in Mg content. Specifically, it increases from 0.96
mmol g−1 for Ni5/Mg20Al80 and Ni5/Mg30Al70 samples to about
1.22 mmol g−1 for Ni5/Mg63Al37 and Ni5/Mg70Al30 samples.

Following reduction, the X-ray diffractograms of the
reduced samples (Fig. 3) exhibit prominent peaks at about
37, 43, and 63°, which can be primarily attributed to
magnesium nickel oxide Mg0.7Ni0.3O (ref. 04-023-4643) or
MgO (ref. 00-003-0998), both having a Fm3̄m cubic lattice,
corresponding to characteristic interplanar spacings (111),
(200) and (220), respectively. These peaks can also be
assigned to spinel MgAl2O4 (ref. 00-005-0672) having a Fd3̄m
structure, indexed as (311), (400) and (440), respectively. A
more detailed examination of the significant peak unveils a
shift towards spinel MgAl2O4 (∼44.8°) at low Mg content and
a shift towards MgO (∼43.1°) at high Mg content.15,23 This
observation supports the earlier discussion on the formation
of a mixed NiO–MgO phase at elevated Mg content, as
evident from the TPR results. Moreover, it is in full
agreement with published data that show a reduction of the
spinel formation upon the increment of Mg content due to
the promotion of the mixed solid phase.15,23,27,28 On these
profiles, the presence of very small peaks at 51 and 75°
confirms the presence of metallic Ni0 species.

Furthermore, the assessment of the crystalline domains
using the major peak at 43° indicates an increase in their
sizes from 4.9 and 4.6 nm for Ni5/Mg20Al80 and Ni5/Mg30Al70
reduced samples, respectively, to 5.8 nm for Ni5/Mg63Al37 and
6.9 nm for Ni5/Mg70Al30 reduced samples. This suggests that
the increase in Mg content slightly reduces the dispersion of
the active phase, as similarly observed in other studies.18,25

For instance, Karam et al.18 reported an increase in the NiO
crystalline domain size from 4.6 nm for Ni6–Mg5–Al2O3 to 5.4
and 7.7 nm for Ni6–Mg15–Al2O3 and Ni6–Mg26–Al2O3,
respectively. Conversely, in Mg-modified Ni/SiO2 catalysts, an
increase in Mg-loading led to improved metal dispersion.22

This discrepancy can be attributed to different preparation
methods employed in each study.

Fig. 2 N2 sorption isotherms and pore size distribution (inset figures,
solid line: adsorption, dashed line: desorption) for the reduced Ni5/
MgxAl100−x (where x = 20, 30, 63 or 70 wt%) samples.
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The evaluation of the basicity of the reduced samples is
conducted using CO2-TPD (Fig. 4). The resulting peaks can
be conventionally decomposed into three major regions: the
50 to 200 °C range for low basicity, 200 to 400 °C for
moderate basicity, and above 400 °C for strong basicity.57

Irrespective of the Mg content, all peaks are predominantly
centered around 250 °C, indicating the presence of mainly
moderate basic sites on all samples. Notably, the Ni5/Mg63-
Al37 sample displays the highest amount of desorbed CO2 of
0.29 mmol g−1, in contrast to the values of 0.11, 0.16, and
0.22 mmol g−1 for Ni5/Mg20Al80, Ni5/Mg30Al70 and Ni5/Mg70-
Al30, respectively. Comparably, the total basicity of catalysts
increased with increasing Mg content from 0.32 μmol m−2 for
Ni–3Mg/SBA-15-WI to 0.39 and 0.41 μmol m−2 for Ni–5Mg/
SBA-15-WI and Ni–7Mg/SBA-15-WI, respectivel.24 Similarly,
the total amount of CO2 desorbed increased from 1.84
mmol g−1 to 5.19 mmol g−1 as the Mg/Al ratio of the support
increased from 0.3 to 2.27 This implies that the magnitude of
Mg loading substantially influences the extent of CO2

adsorption on the catalyst, consequently impacting the
catalytic performance, a topic that will be elaborated on in
the subsequent section.

The FTIR results (Fig. 5) reveal transmission bands at
3430 and 1630 cm−1 that can be assigned to stretching and
bending vibrations of –OH hydroxyl groups or adsorbed water
on the surface of the samples, respectively.70,71 The
transmission bands at 2890 and 2350 cm−1 are attributed to
–C–H stretch,58 and to CO2 adsorption on the samples,72

respectively. The bands between 400 and 500 cm−1

correspond to Ni–O stretching73 and Ni–O–Ni bond.74

The CO2 methanation performance of the reduced
samples is evaluated at 400 °C (Fig. 6). Overall, all samples
exhibit stability and maintain a constant level of CO2

conversion and CH4 yield for about 300 min. This finding
aligns with previous research,75 which suggests that the
presence of medium basic sites facilitates the hydrogenation
step and enhances CO2 methanation.

Table 1 Textural properties of the reduced catalysts

Sample
BET surface
area (m2 g−1)

BJH adsorption
cumulative pore
volume (cm3 g−1)

BJH desorption
cumulative pore
volume (cm3 g−1)

BJH adsorption
average pore
width (Å)

BJH desorption
average pore
width (Å)

Ni5/Mg20Al80(R) 183.7 0.49 0.53 94 84
Ni5/Mg30Al70(R) 176.5 0.44 0.47 91 80
Ni5/Mg63Al37(R) 197.3 0.29 0.29 53 55
Ni5/Mg70Al30(R) 161.2 0.25 0.27 58 55
Co5/Mg63Al37(R) 185.3 0.28 0.29 58 57
Ni2.5Co2.5/Mg63Al37(R) 212.3 0.30 0.31 52 55
Ni2.5Co2.5Sr3/Mg63Al37(R) 182.3 0.29 0.29 57 59
Ni2.5Co2.5Ce3/Mg63Al37(R) 175.7 0.27 0.29 56 60

Fig. 3 XRD patterns of the reduced Ni5/MgxAl100−x (where x = 20, 30,
63, or 70 wt%) catalysts and Co-containing catalysts supported on
Mg63Al37, along with the characteristic (hkl) interplanar planes of the
identified species.

Fig. 4 CO2-TPD results of reduced Ni5/MgxAl100−x (where x = 20, 30,
63 or 70 wt%) catalysts and Co-containing catalysts supported on
Mg63Al37.
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In more specific terms, the CO2 conversions are
approximately 83% for Ni5/Mg20Al80, 89% for Ni5/Mg30Al70,
92% for Ni5/Mg63Al37 and 90% for Ni5/Mg70Al30. Notably, the

Ni5/Mg30Al70 catalyst demonstrates the highest CO2

conversion, while the Ni5/Mg20Al80 catalyst exhibits the lowest
activity. The trend in CO2 conversion seems to align with the
amount of CO2 desorbed during the CO2-TPD experiment
(Fig. 8). This suggests that the catalyst with the strongest
affinity for CO2 displays the highest activity during the
reaction.

However, despite the Ni5/Mg70Al30 sample showing
relatively high CO2 conversion, it is the least selective and
produces the lowest CH4 yield. Indeed, the CH4 yield changes
as follows: Ni5/Mg70Al30 (75%) < Ni5/Mg20Al80 (78%) < Ni5/
Mg30Al70 (80%) < Ni5/Mg63Al37 (82%). These findings imply
that increased Mg content enhances the catalytic activity by
improving both CO2 conversion and CH4 yield. Nevertheless,
an optimal Mg content of 63% seems to strike a balance, as
further increase negatively impacts catalytic performance,
leading to a significant drop in both CO2 conversion and CH4

yield. Similar findings were also obtained on Ni–Mgx/coconut
shell carbon (CSC) catalysts,25 where the high performance of
the optimum catalyst (x = 0.26) was assigned to its strong
basicity and strong adsorption affinity for CO2.

Interestingly, the XRD profiles of the Ni5/Mg63Al37 catalyst
before and after testing (Fig. 7a and a′) show preservation of
the peaks and their relative intensities, as observed on the
reduced sample earlier. This indicates the absence of metal
sintering and the preservation of a good active phase
dispersion throughout the test. On the Raman spectra
(Fig. 7b), the absence of the G-band at around 1580 cm−1 and
the D-band near 1350 cm−1, typical of carbon-containing
materials, reveals the absence of carbon deposition on the
used Ni5/Mg63Al37 catalyst. These observations are also
validated on the TEM images of the Ni5/Mg63Al37 catalyst
before and after testing (Fig. 7c and c′) that confirm the
absence of carbon deposits and show good maintenance of
active phase dispersion without apparent metal
agglomeration, suggesting high thermal stability of the
sample under the employed conditions.

Fig. 5 FTIR spectra of the reduced Ni5/MgxAl100−x (where x = 20, 30,
63 or 70 wt%) catalysts and Co-containing catalysts supported on
Mg63Al37.

Fig. 6 Catalytic test results of the Ni5/MgxAl100−x (where x = 20, 30, 63
or 70 wt%) catalysts. The methanation reaction was performed at 400
°C for 300 minutes, at an equivalent gas hourly space velocity of
15000 mL g−1 h−1.

Fig. 7 XRD profiles (a and a′), Raman spectra (b) and TEM images (c
and c′) of the reduced (a and c) and spent (a′, b and c′) Ni5/Mg63Al37
catalysts.
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To better clarify the effect of Mg loading on the catalytic
performance, the catalytic test results are coupled with the
amount of CO2 desorbed during CO2-TPD and the maximum
reduction temperature observed during TPR (Fig. 8). The
results illustrate that the extent of CO2 conversion (shown in
red in Fig. 8) follows the same pattern as the amount of CO2

desorbed during CO2-TPD (depicted as a histogram in Fig. 8).
CO2 conversion increases with the increase in Mg content up
to 63 wt% and then declines beyond this threshold, aligning
with the trend observed in the amount of CO2 desorbed
during CO2-TPD. This suggests that the most active catalyst,
namely Ni5/Mg63Al37 sample, exhibits the highest CO2

desorption, signifying the highest CO2 adsorption affinity.
Moreover, the NiO reduction occurs at a reasonable
temperature (black curve in Fig. 8). Consequently, the Mg63-
Al37 support is chosen for further investigation in the
subsequent phases of the study.

The absence of similar catalysts tested in literature for
CO2 methanation makes the comparison of performance
challenging. While the 5Ni–7Mg–Al2O3 and 5Ni–26Mg–Al2O3

show compositions close to the samples used in this work,15

they present lower conversions than those of the current
study. This can be primarily attributed to the much higher
gas hourly space velocity of 86 100 mL g−1 h−1 used during
the test15 compared to 15 000 mL g−1 h−1 applied in the
present work. Thus, differences in the operating conditions
can make the catalytic comparison impractical. Yet, the
optimum properties discussed above and the superior
catalytic performance of the Ni5/Mg63Al37 catalyst reflect in

higher performance compared to some catalytic systems
reported in the literature (Table 2). Indeed, at the same
reaction temperature of 400 °C, the CO2 conversion of the
mentioned catalyst is higher than that of 30Ni/Al2O3·0.5SiO2

(ref. 14) and other Ni–Mgx samples supported on coconut
shell carbon (CSC),25 even when the latter are tested at lower
GHSV. The samples presented in this work are tested under
more drastic conditions, i.e. higher GHSV of 15 000 mL g−1

h−1, yet they still show higher performance than those tested
under milder conditions using a GHSV of 9000 and 10 000
mL g−1 h−1. Such differences can be associated with
variations in catalyst composition or differences in the
preparation methods adopted in each study. In this regard,
Burger et al.76 showed that employing different preparation
methods for Ni–Al catalysts can result in completely different
chemical interactions that translate into diverse behaviors in
CO2 methanation upon Fe-doping. In more detail, the large
difference between the CO2 conversion obtained in this work
and that of 30Ni/Al2O3·0.5SiO2 can be assigned to the absence
of MgO, and consequently of basic sites, on the sample,
limiting thus CO2 adsorption and conversion. More globally,
an evaluation of the TPR profiles of the various samples
compared in Table 2 reveals that most of these samples are
reducible at temperatures near 700 °C, which are much lower
than that of Ni5/Mg63Al37 (860 °C). This implies that higher
metal–support interactions are achieved on Ni5/Mg63Al37,
reflecting in higher catalytic performance. This comparison
highlights the beneficial effect of using MgO–Al2O3 in
optimized proportions as a catalytic support for Ni-based
samples in CO2 methanation.

Effect of the bimetallic catalyst

On the Mg63Al37 support, the use of monometallic Co and
bimetallic Ni–Co active phases is investigated. The properties
of the reduced samples are first evaluated. While the
monometallic and bimetallic samples demonstrate
comparable textural properties (Fig. 9 and Table 1) and
exhibit identical particle size in the range of 5.7–5.8 nm
based on the XRD data (Fig. 3), the TPR (Fig. 10) and CO2-
TPD (Fig. 4) results present distinct differences.

To elaborate, the reduction of the Co5/Mg63Al37 sample
shows two major reduction peaks at around 340 and 930 °C.
These peaks correspond to the reduction of Co3O4 to CoO and

Table 2 Comparison of CO2 conversion at 400 °C in literature with the current work

Sample
Catalyst
weight (mg)

Reaction
temperature (°C) H2 : CO2

GHSV
(mL g−1 h−1)

CO2

conversion (%) Ref.

Ni5/Mg63Al37 120 400 4 15 000 92 This study
5Ni–7Mg–Al2O3 200 400 4 89 400 60 15
5Ni–26Mg–Al2O3 65
30Ni/Al2O3·0.5SiO2 200 400 3.5 9000 72 14
Ni–Mg0.13/CSC 300 400 4 10 000 80 25
Ni–Mg0.26/CSC 88
Ni–Mg0.39/CSC 85

Fig. 8 Amount of CO2 desorbed by CO2-TPD (mmol g−1), CO2

conversion (%) and maximum TPR temperature (°C) obtained on Ni5/
MgxAl100−x (where x = 20, 30, 63 or 70 wt%) catalysts.
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subsequently to metallic cobalt.44 Similarly, the reduction of the
bimetallic Ni2.5Co2.5/Mg63Al37 sample requires elevated
temperatures for complete reduction, with the primary
reduction peak centered at 925 °C, as also reported elsewhere.36

This indicates that the introduction of Co leads to a stronger
metal–support interaction, a phenomenon observed in previous
studies.51 It is worth noting that the monometallic Ni-based
sample demonstrates the easiest reduction, with a peak
observed at 860 °C, as discussed earlier.

The XRD patterns of the Co-containing samples is
comparable to those of the Co-free samples (Fig. 3), with an
absence of clear peaks characteristic of either Co3O4 or
metallic Co.62 This can be attributed to the low Co-content
used in these samples or to a high dispersion of small Co
particles that cannot be detected by XRD.

The CO2-TPD results (Fig. 4) indicate that the addition of
cobalt contributes to the enhancement of basicity. This is
evident as the Co5/Mg63Al37 sample exhibits a distinct peak at
approximately 490 °C, indicating the presence of strong basic
sites within this sample. Indeed, Alabi et al.28 reported the
formation of a stronger basic site on Co catalysts supported
on Mg–Al compared to Ni catalysts and assigned this to
stronger metal–support interaction. On the bi-metallic Ni2.5-
Co2.5/Mg63Al37 sample, an additional peak is observed at
around 450 °C, suggesting a boost of the basicity compared
to the mono-metallic Ni-based sample. However, when
interpreting these observations in relation to the catalytic test

results, it becomes evident that the basicity of the catalyst is
not the sole factor influencing the catalytic performance
during CO2 methanation. The nature of the active phase, as
well as the ease of reduction, are also crucial parameters
contributing to the attainment of a catalyst that is both
highly active and stable.

On the Mg63Al37 support, the use of Co and Ni–Co active
phases is investigated during the methanation reaction at
400 °C and 15 000 mL g−1 h−1 (Fig. 11). The initial CO2

conversion recorded is as follows: Ni5/Mg63Al37 (90%) > Ni2.5-
Co2.5/Mg63Al37 (85%) > Co5/Mg63Al37 (63%). The CH4 yield
follows the same trend: Ni5/Mg63Al37 (84%) > Ni2.5Co2.5/Mg63-
Al37 (72%) > Co5/Mg63Al37 (63%). Consequently, the catalytic
activity seems to be affected by the type of active phase
employed since the Co-based catalyst shows lower catalytic
performance compared to the Ni-based one. This result does
not agree with the findings of Liang et al.,41 where the Co-
based catalyst supported on Al2O3 showed higher activity and
better stability than the Ni-based one under comparable
operating conditions at 400 °C. In this case, the discrepancy
can be essentially related to the different nature of the
support (MgO–Al2O3 mixed oxide) employed in this study.
After 150 min on stream, the Co5/Mg63Al37 sample reveals a
rise in CO2 conversion from 63% up to 67%, accompanied by
a decrease in CH4 yield from 63% to 61%. This increase in
CO2 conversion can be due to the occurrence of side

Fig. 9 N2 sorption isotherms and pore size distribution (inset figures,
solid line: adsorption, dashed line: desorption) for the reduced Co-
containing catalysts supported on Mg63Al37.

Fig. 10 H2-TPR profiles of Co-containing catalysts supported on
Mg63Al37.

Fig. 11 Catalytic test results of the Co-containing catalysts supported
on Mg63Al37. The methanation reaction was performed at 400 °C for
300 minutes, at an equivalent gas hourly space velocity of 15000 mL
g−1 h−1.
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reactions such as RWGS (eqn (2)), DRM (eqn (3)), or reactions
that generate solid carbon (eqn (5) and (6)). At the reaction
temperature of 400 °C, the change in Gibbs free energy ΔG is
13.965 kJ for eqn (2), 68.319 kJ for eqn (3), −25.127 kJ for eqn
(5), and −9.864 kJ for eqn (6). Consequently, the first two
reactions (eqn (2) and (3)) are not favorable under the
reaction conditions (ΔG > 0 at 400 °C), then it is more likely
that the increase in CO2 conversion and decrease in CH4

yield is due to the simultaneous occurrence of eqn (5) and (6)
that consume CO2 and result in solid carbon on the surface
of the catalyst. This effect is alleviated upon the use of
bimetallic catalysts since the Ni2.5Co2.5/Mg63Al37 sample
maintains a constant level of activity throughout the test.
Notably, the bimetallic Ni–Co catalyst prepared with the
optimal support demonstrates superior performance
compared to analogous catalytic systems tested in the
literature on different supports, even with higher active phase
loadings. For instance, while Ni2.5Co2.5/Mg63Al37 achieved
about 85% CO2 conversion at 400 °C and 15 000 mL g−1 h−1,
a 30Ni–5Co/Al2O3 sample reaches no more than 65% CO2

conversion under the same test conditions, despite a lower
GHSV of 9000 mL g−1 h−1.55 Likewise, the utilization of 15Ni–
12.5Co on Al2O3 support attains a maximum of 45% CO2

conversion at 300 °C and 9000 mL g−1 h−1.52 These findings
underscore the significance of optimizing the catalytic
support to achieve high performance in CO2 methanation.

Effect of Ce and Sr promoters

Subsequently, to improve the catalytic performance of the
bimetallic Ni2.5Co2.5/Mg63Al37 sample, the latter is promoted
with either Sr or Ce. The promoted samples present a type IV
isotherm (Fig. 9), characteristic of mesoporous materials. The
BET surface area for all reduced samples falls within the
range of 176 to 212 m2 g−1 with a pore volume of about 0.3
cm3 g−1 and a pore size in the range of 5.5–6.0 nm (Table 1).
These textural properties are similar to those of the
bimetallic Ni2.5Co2.5/Mg63Al37 sample.

The TPR profiles of the promoted samples (Fig. 10) show
a minor reduction peak at around 400 °C, attributed to cobalt
oxide reduction, and a second more pronounced peak, above
800 °C, attributable to the reduction of nickel oxide. The
maximum of this peak shifts from 925 °C for Ni2.5Co2.5/Mg63-
Al37 to 880 °C for Ni2.5Co2.5Sr3/Mg63Al37 and to 863 °C for
Ni2.5Co2.5Ce3/Mg63Al37. Hence, it becomes evident that the
incorporation of Ce reduces the reduction temperature,
thereby enhancing the reducibility of nickel oxide.

Post-reduction, the XRD results (Fig. 3) indicate consistent
major peaks at 37, 43, and 63° previously assigned to Fm3̄m
cubic magnesium nickel oxide Mg0.7Ni0.3O (ref. 04-023-4643).
In the Ni2.5Co2.5Ce3/Mg63Al37 sample, additional peaks at
28.5, 33, 47.5, 56.5 and 59° correspond to Fm3̄m cerium oxide
structure CeO2 (ref. 04-016-6171). The assessment of the
particle size using the most intense peak at about 44°
demonstrates a particle size of 5.2 nm for Ni2.5Co2.5Sr3/Mg63-
Al37 and 6.3 nm for Ni2.5Co2.5Ce3/Mg63Al37.

As previously mentioned, the addition of cobalt improved
the Ni-based sample's basicity. The introduction of Ce as a
promoter further enhances the basicity, evident from the
emergence of a peak at around 425 °C (Fig. 4), indicative of
the presence of strong basic sites on Ni2.5Co2.5Ce3/Mg63Al37
sample. Surprisingly, the incorporation of Sr results in
moderate basicity, unlike previously reported data,56 where
the addition of 4% Sr to Ni/CeZr samples contributes to the
formation of very strong basic sites on the catalyst's surface.
This can be due to the nature of support and its interaction
with the active metals since the addition of MgO alters the
basicity of alumina support, and the effect of Sr addition on
the basicity of the sample might be hindered.

The catalytic stability test results at 400 °C (Fig. 11) show
an enhancement of the catalytic activity of the Ni2.5Co2.5/
Mg63Al37 sample upon the addition of Ce. Indeed, the Ni2.5-
Co2.5Ce3/Mg63Al37 catalyst presents a CO2 conversion of 90%
and a CH4 yield of 78% that remains constant throughout
the test duration. These values are comparable to those of
Ni5/Mg63Al37 but higher than those of Ni2.5Co2.5/Mg63Al37
catalyst (only 85% CO2 conversion and 72% CH4 yield),
highlighting the beneficial impact of Ce addition to the Ni–
Co bimetallic catalyst.

The promotional effect of Ce is further examined on the
TGA curves of the spent catalysts (Fig. 12), since Ni2.5Co2.5-
Ce3/Mg63Al37 catalyst shows only 6% weight loss compared to
about 11% for Ni5/Mg63Al37 and 10% for Ni2.5Co2.5/Mg63Al37.
On the TGA profiles, the major weight loss before 200 °C
corresponds to the removal of water and other chemisorbed
species.35 Additional weight loss between 200 and 500 °C is
attributed to the combustion of amorphous carbon and that
above this range (>500 °C) results from the oxidation of
graphitic carbon.35 On all the samples, the very limited
weight loss up to 500 °C (about 2%) suggests the removal of
reactive amorphous carbon.35 This is also confirmed by the
absence of any filamentous carbon nanotubes on the TEM
images of the spent Ni2.5Co2.5Ce3/Mg63Al37 (Fig. 13).
Furthermore, the highly active and stable Ni2.5Co2.5Ce3/Mg63-
Al37 and Ni5/Mg63Al37 catalysts maintain good dispersion of
the active phase, without apparent metal agglomeration or
carbon deposition on their surfaces (Fig. 7 and 13). This

Fig. 12 TGA curves of the spent catalysts supported on Mg63Al37.
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consistency in active metal dispersion is evident in TEM
images before and after the catalytic tests, as indicated by
red arrows on Fig. 13, implying the absence of particle
sintering and the robust thermal stability of these samples
under the employed conditions. The Ni2.5Co2.5Sr3/Mg63Al37
sample, however, exhibits lower catalytic performance
compared to the unpromoted sample (83% CO2 conversion
and 69% CH4 yield). This may arise from the fact that the
MgO–Al2O3 support itself already provides basic sites for CO2

adsorption, and the Sr loading might not be sufficiently high
to significantly enhance basicity beyond what the support
itself offers.

The highly performing Ni2.5Co2.5Ce3/Mg63Al37 sample is
further examined under the same operating conditions but for
longer duration (Fig. 14). It is shown that, after more than 25
hours on stream, this sample maintains high and constant CO2

conversion of 90% with a stable CH4 yield at about 75%. After
this period, the evaluation of the spent catalyst by TGA shows a
limited weight loss that does not exceed 11%. As detailed
earlier, the major weight loss of about 7% is assigned to the
removal of chemisorbed species and the remaining 4% are
primarily assigned to the elimination of amorphous carbon.
The XRD profiles present the same characteristic peaks
observed on the reduced sample and reveal a preservation of
the active sites dispersion with an absence of significant
particles sintering. These results confirm, once again, the
beneficial effect of Ce addition to the bimetallic Ni–Co catalyst
that leads to superior catalytic activity through the
enhancement of NiO reducibility and the improvement of

basicity. The promotional effect of ceria is comparable to that
observed on Ni/MgO–Al2O3–CeO2 catalysts for CO methanation
in terms of improved metal oxide reducibility, Ni dispersion
and resistance to carbon deposition.67 Nevertheless, the
catalytic activity observed in this work is higher than that
observed on similar samples containing higher metal loadings.
In more detail, the CO2 conversion reached a maximum of 70
and 75% using 15% Ni/Al2O3 promoted with up to 15% Co (ref.
52) (9000 mL g−1 h−1) and 15% Ni/Al2O3 promoted with up to
20% Ce (30000 h−1),63 respectively at 400 °C and H2 :CO2 ratio
of 4. This comparison highlights the importance of properly
selecting the support and promoter of Ni-based catalysts to
achieve beneficial improvement of the catalytic performance in
CO2 methanation.

A comparison of the data obtained in this study (Table 3)
can provide valuable insights into the pivotal factors
influencing the catalytic performance in CO2 methanation.
Notably, it becomes evident that the most high-performing
catalysts, namely Ni5/Mg63Al37 and Ni2.5Co2.5Ce3/Mg63Al37,
exhibit a distinctive characteristic of facile reduction, even in
the presence of medium basic sites on their surfaces. This
affinity for easy reduction emerges as a paramount factor for
attaining enhanced catalytic activity. Indeed, the presence of
highly dispersed particles with strong basic sites, like in the
case of Ni2.5Co2.5Sr3/Mg63Al37 sample, is not sufficient to
ensure good catalytic activity because the reduction of this
sample required higher temperatures than the highly
performing catalysts. Consequently, these findings suggest
that incorporating a secondary active phase and/or
introducing a promoter holds tangible benefits only when it
synergistically facilitates easier reduction.

Conclusions

Given the urgent need for global warming mitigation, CO2

methanation is a pivotal pathway for the reduction of CO2

emissions. This study explores the incorporation of MgO to
Al2O3 as support for Ni and/or Co active phases for the
hydrogenation of CO2 into methane. As the amount of MgO
in Al2O3 support increases, the NiO reduction shifts towards
higher temperatures, resulting in stronger metal–support
interaction due to the formation of NiO–MgO solid solution.

Fig. 13 TEM images of the (a) reduced and (a′) spent Ni2.5Co2.5Ce3/
Mg63Al37 catalyst.

Fig. 14 (a) CO2 conversion and CH4 yield, (b) TGA results and (c) XRD profiles (light blue: reduced, dark blue: spent) of Ni2.5Co2.5Ce3/Mg63Al37
catalyst.

Reaction Chemistry & Engineering Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 9

/1
8/

20
24

 6
:0

9:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4RE00084F


1944 | React. Chem. Eng., 2024, 9, 1933–1946 This journal is © The Royal Society of Chemistry 2024

The highest catalytic activity of 92% CO2 conversion and 82%
CH4 yield at 400 °C is achieved using a Ni5/Mg63Al37 sample
that shows the highest amount of CO2 desorbed by CO2-TPD.
The catalytic activity of this sample is higher than those of
Co5/Mg63Al37 and Ni2.5Co2.5/Mg63Al37, owing to easier
reduction on Ni5/Mg63Al37, suggesting that Ni is better than
Co under the conditions employed in this work. On the
bimetallic sample, the addition of Ce as a promoter is
favorable since it boosts the catalytic activity by facilitating
the reduction and improving the basicity. This improvement
reflects in high catalytic stability for more than 25 hours on
steam, with limited carbon deposition and high resistance to
sintering. The effect of Sr addition remains limited, probably
because the use of an optimized MgO–Al2O3 support already
enhances the basicity of the catalyst. It is interesting next to
evaluate the feasibility of the promising catalysts presented
in this study for large-scale applications. This can be
achieved by testing them under more industrially attractive
conditions, at lower temperatures and higher pressures.
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