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Novel application of Ru-based catalysts on MgAl oxides alkaline adsorbents
for cyclic CO2 methanation
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A B S T R A C T

This study explores the performances of Ru-based catalysts with a low metal content (2 wt%) supported on MgO
and Mg-Al Oxides (MgAl) for cyclic CO2 adsorption and methanation at atmospheric pressure. Adsorption and
desorption tests demonstrated that MgAl-based catalysts are more promising for CO2 capture due to their larger
surface area and better distribution of active sites (Mg2+–O2-). Moreover, doping the MgAl support with K2CO3
further improves surface alkalinity and, consequently, capture performance. During cyclic operations, all the
catalysts proved effective and selective for methane production. To simulate realistic conditions, both dry and
wet CO2 adsorptions were conducted before the methanation stage. The presence of moisture positively influ-
enced gas carbonation for all catalysts, increasing the overall amount of CO2 captured. Specifically, Ru/MgAl
exhibited the best performance in terms of adsorption and conversion to methane (approximately 85 % after dry
adsorption and 79 % after wet adsorption), with a maximum methane production of 183 and 220 μmolCH4 g− 1,
respectively. The reaction yield was further enhanced with Ru-K/MgAl, achieving 327 μmolCH4 g− 1 after dry
adsorption and 333 μmolCH4 g− 1 after wet adsorption. However, this catalyst displays different conversion ki-
netics, attributed to slowed carbonate migration, low Ru dispersion, limited specific surface area, and excessive
carbonation strength. Operando FTIR tests revealed differences in reaction intermediates between Ru/MgAl and
Ru-K/MgAl, by going deeper into the kinetic differences observed. The study concludes that Ru/MgAl materials
are highly promising catalysts for CO2 adsorption and methane production, supporting the development of
technologies for CO2 abatement and renewable energy utilisation.

1. Introduction

Human activities like industrial agriculture, intensive farming, fish
farming, and deforestation are exceeding the planet’s regenerative ca-
pacity. Fossil fuel use and industrial infrastructure are significantly
increasing greenhouse gas emissions, driving climate change. It is
therefore essential to adopt sustainable habits and reduce the use of
fossil fuels to reverse environmental degradation and pollution. Devel-
oping efficient and sustainable energy solutions is crucial [1–4].
Currently, electricity production from renewable energy sources (RES) is
growing rapidly, helping to reduce carbon dioxide emissions and reli-
ance on fossil fuels [5].

This transition entails the emergence of new challenges, including,
for example, intermittent power generation from renewable sources (e.
g., wind, solar, hydroelectric…), along with new solutions related to
power grid management and energy storage [6–8]. New catalytic tech-
nologies to produce synthetic natural gas or liquid fuels (e.g.,

hydrocarbons or alcohols) [9–12] from CO2 can be the solution to the
simultaneous management of both carbon emission mitigation and
storage of renewable energy in excess. Therefore, an interesting way to
develop long-term, high-capacity electricity storage may lie in power-to-
gas (PtG) systems [13–17]. In this configuration, ’green’ hydrogen is
produced by electrolysis of water using excess electricity from renew-
able sources. The H2 produced then reacts with carbon dioxide through
the Sabatier reaction, generating methane (Eq. (1):

CO2 +4H2→CH4 +2H2OΔH298K,1bar = − 165.0 kJ
/

mol (1)

The synthetic methane produced in this way can be directly injected into
the existing natural gas network, always in compliance with pipeline
requirements [16].

In today’s economy, methane plays a key role as an energy carrier in
industry, electricity production, and transport, thanks to its widespread
distribution infrastructure. Currently, most of the consumed methane

* Corresponding author.
E-mail address: marco.piumetti@polito.it (M. Piumetti).

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

https://doi.org/10.1016/j.cej.2024.157585
Received 5 August 2024; Received in revised form 24 October 2024; Accepted 9 November 2024

Chemical Engineering Journal 501 (2024) 157585 

Available online 10 November 2024 
1385-8947/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:marco.piumetti@polito.it
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2024.157585
https://doi.org/10.1016/j.cej.2024.157585
https://doi.org/10.1016/j.cej.2024.157585
http://creativecommons.org/licenses/by/4.0/


comes from fossil natural gas resources. However, synthetic methane
produced from renewable energy sources and recycled CO2 in PtG plants
represents a promising alternative, which could contribute to the
decarbonisation of all those sectors heavily dependent on fossil gas. With
this in mind, many sources of carbon can be considered, from CO2
released by fossil-fuel power plants and other carbon-intensive in-
dustries to atmospheric CO2 [18].

Typically, nickel-based catalysts are used to conduct methanation
reactions at up to 30 bar pressures with an inlet temperature of around
250/300 ◦C [19]. In addition, significant kinetic limitations characterise
the complete hydrogenation of carbon dioxide, a reaction involving
eight electrons, although methanation is thermodynamically favoured
(ΔG298K = − 130.8 kJ mol− 1) [20,21]. Thus, the presence of a catalyst is
crucial to have high selectivity and conversion rates. Therefore, a
fundamental role in the energy transition is played by the research and
development of a suitable catalyst to achieve adequate activity, selec-
tivity and stability values, while also taking economic issues into ac-
count [14,21]. However, Ni is prone to deactivation in the presence of
sulphur compounds, moisture, and oxygen. Consequently, Ni-based
catalysts could significantly lose their conversion capability in the case
of a real CO2 stream, as exhaust fumes, and in continuous adsorption and
hydrogenation cycles [22]. Therefore, Ru-based systems may be
considered more suitable when designing an ideal catalyst for PtG ap-
plications [23–25]. Conversely to the traditional direct CO2 methana-
tion, a cyclic process could enhance the operational and energy
efficiency of the process. This configuration allows the reduction of
system costs and complexity by more effectively utilising the heat
generated from the exothermic reaction to facilitate CO2 desorption. In
addition to contributing to decreasing CO2 emissions, this process can be
effectively coupled with discontinuous renewable hydrogen sources for
sustainable methane production [26].

Among the numerous adsorbents examined in the literature, mag-
nesium oxide (MgO) is a promising candidate for CO2 capture due to its
surface basicity and ability to generate oxygen vacancies, enhancing
CO2 adsorption [27,28]. Compared to other metal oxide adsorbents,
such as those based on lithium and calcium, MgO offers the advantage of
a lower regeneration temperature (< 500 ◦C) [28]. It is particularly
effective in intermediate temperature ranges (200–400 ◦C) and has a
high theoretical CO2 uptake capacity of 24.8 mmol/g [29]. CO2
adsorption on MgO occurs through the interaction of acidic CO2 mole-
cules with the basic O2––Mg2+ sites, forming several types of carbonate
species [28]. However, pure MgO faces challenges despite its potential,
including low surface area, slow adsorption kinetics, and thermal sta-
bility issues during high-temperature desorption, which may lead to
sintering and reduced efficiency [30]. In this context, Mg-based hydro-
talcite (HT) materials (also known as layered double hydroxides, LDHs)
have gained increasing attention as CO2 adsorbents and precursors for
catalysts for methanation reaction, as it is possible to obtain materials
with large metal surface area, small metal particle size, excellent ther-
mal stability and uniform distribution of active sites [31,32]. Layered
double hydroxides are inorganic crystalline materials composed of
divalent and trivalent metal ions characterised by interesting features:
adsorption speed, easy regeneration, and good thermal stability [33].
These alkaline adsorbents can react with CO2 over a wide temperature
range. Alkali metal impregnation, especially with potassium, is a com-
mon technique for enhancing material alkalinity [34,35]. Many articles
indicate that a typical potassium loading of 20 wt% [36–38] is optimal
for achieving the highest equilibrium sorption capacity. Moreover,
contrary to other reactions [39–42], these materials demonstrate
remarkable capabilities even in the presence of moisture, as the mech-
anism proceeds through the formation of transient hydroxylated species
that in turn react with CO2 to form carbonates. According to previous
reports, the kinetics of CO2 adsorption on these hydroxylated com-
pounds is faster than that on pure metal oxides, promoting the CO2
capture process [33,43].

In contrast to the well-studied HT-supported Ni catalysts, the

application of Ru-based hydrotalcite-derived materials for CO2 adsorp-
tion and methanation cycles is still scarce, to the best of the authors’
knowledge. The first application of these systems to CO2 reduction can
be found in the work of Xu et al. [44] in which Ru-based MgAl-HT
derived catalysts were prepared, characterised, and tested for non-
thermal plasma (NTP) activated CO2 hydrogenation. The latter work
evidenced that, under the NTP conditions, the ruthenium-based catalyst
enabled significantly high CO2 conversion and CH4 yield at relatively
low temperatures; in addition, treatment conditions remarkably affected
the chemical state of the metal and metal-support interaction, thus
altering the activity of the catalysts. More recently, Misol et al. [45]
studied MgAl-HT-based Ru-derived catalysts with different Ru loadings
and promoted them with La3+ for direct CO2 methanation experiments.
They observed, however, that the catalysts showed low activity in the
low-temperature range and poor selectivity towards CH4. The addition
of La3+, while contributing to the basicity, had no significant effect on
performance.

Based on these premises, the present work explores the use of Ru-
based catalysts supported on MgO and Mg-Al-based oxides (MgAl) for
cyclic CO2 adsorption (under both dry and wet conditions) and metha-
nation at atmospheric pressure. The catalysts were prepared using
wetness impregnation with an aqueous solution of the ruthenium pre-
cursor. Catalytic experiments were conducted in a laboratory setup
designed for the selected application, utilising 5 vol% CO2 in N2 and 5
vol% H2 in N2. The study thoroughly examined different aspects,
including the role of the surface alkalinity, the influence of moisture (10
% humidity in the feed gas), and the effect of doping on CO2 chemi-
sorption and subsequent activation, employing various characterisation
techniques, including XRD, nitrogen physisorption at − 196 ◦C, CO2-
TPD, H2-TPR, FESEM, EDX, ICP-MS, and operando FTIR spectroscopy.

2. Experimental

2.1. Preparation of MgO and Mg-Al-based supports

A high surface area MgO support was synthesised via template-
assisted hydrothermal methodology, inspired by Gao et al. [43].

MgAl-based materials were prepared through calcination at 400 ◦C
for 5 h (heating ramp 2 ◦C min− 1) of a synthetic hydrotalcite produced
by Sigma Aldrich with a Mg/Al ratio fixed at 3 (condensed formula
Mg6Al2(CO3)(OH)16⋅4H2O). In the manuscript, the term ’MgAl’ will
refer to the calcined form of synthetic hydrotalcite, which corresponds
to an amorphous combination of Mg and Al oxide layers in which the
MgO is excellently dispersed.

MgAl-doped with K2CO3 (K/MgAl) was synthesised via incipient
wetness impregnation: in details, 1.8 g of MgAl was impregnated with 3
mL Milli-Q water solution of 0.36 g of K2CO3, corresponding to 20 % of
carbonate (Sigma Aldrich, ≥99.0 %). Subsequently, the powder was left
to dry at 120 ◦C for 16 h and calcined at 400 ◦C for 4 h with a 2 ◦C min− 1

heating ramp.

2.2. Preparation of Ru-based catalysts

Ru-based catalysts were prepared by employing a water solution of
ruthenium (III) nitrosyl nitrate (1.5 % w/w Ru − Sigma Aldrich) to
impregnate MgO, MgAl, and K/MgAl samples dropwise. These materials
were dried at 120 ◦C overnight, calcined at 400 ◦C for 4 h in air, and
finally reduced with 5 vol% H2 in N2 at 400 ◦C for 1 h. The nominal Ru
loading was 2 wt% for all the samples.

2.3. Characterisation and experimental procedures

A Thermo Scientific iCAP RQ ICP-MS device was employed to
perform the elemental analysis of Ru-based catalysts. 20 mg of powder
catalysts were dissolved in a solution of phosphoric acid, hydrofluoric
acid, and sulfuric acid (4 mL: 2 mL: 4 mL) and the slurry was heated at
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220 ◦C for 15 min (rate 10 ◦C min− 1) in a microwave digestor. After-
wards, proper metal concentration solutions were prepared by diluting
the parent digestate solutions.

Crystallographic analysis was carried out by means of an X Pert
PANalytical diffractometer equipped with a radiation source given by
Cu anode (Kα = 1.5418 Å) and a PiX accelerator detector. Powder
samples were placed on a flat zero background sample holder and
diffraction patterns were collected from 10◦ to 80◦ (2θ) with a Bragg-
Brentano geometry (voltage 40 kV; current 40 mA). The identification
of the crystalline phases was performed thanks to HighScore Plus®
software and Scherrer’s equation was used to calculate the mean crys-
tallite size of the phases after the instrumental peak broadening
correction with LaB6 standard diffractogram.

Nitrogen physisorption at − 196 ◦C was performed through a
Micromeritics ASAP TRISTAR 3020 instrument. Before the analysis, the
catalyst surface was cleaned by possible adsorbed components thanks to
a thermal pretreatment that occurred at 400 ◦C for 2 h in a specifically
dedicated system (Micromeritics FlowPrep 060). Brunauer-Emmett-
Teller (BET) method was applied in the relative pressure range from
0.05 to 0.3 in order to estimate the specific surface area (SBET) of the
catalyst; furthermore, the Barrett-Joyner-Halenda (BJH) algorithm was
employed for the desorption branch to calculate the pore volume and
pore average size.

A Zeiss Merlin with a Gemini-II column and an Oxford x-act X-ray
detector allowed to perform the morphological analysis. Micro- and
nanographs were collected with a backscattered electron detector (AsB
− Angle selective Backscattered) to better highlight the presence and the
dispersion of ruthenium spots on oxide supports. Moreover, elemental
analysis and a further investigation of elemental distribution were car-
ried out through FESEM-EDX mapping. A 5 nm thick layer of platinum
was deposited via sputter coating on the sample powder, before the
analysis.

The surface basicity of the as-prepared catalyst was evaluated
through CO2 temperature programmed desorption (CO2-TPD) per-
formed in a laboratory set-up consisting of a reactor with a fixed
adsorbent bed, a furnace, and a gas analyser. Desorption profiles were
collected with dedicated adsorption–desorption experiments in dry and
wet conditions (10 vol% of H2O in addition to the flow) in order to study
the strength of supports and catalysts’ basic sites in different reaction
settings. In a typical experiment, ca. 400 mg of catalyst were pelletised,
crushed, and sieved (300–212 μm), loaded into a U-shaped reactor, and
pretreated at 400 ◦C for 2 h in N2 flow (heating ramp 5 ◦C min− 1). Then,
the temperature was lowered to 250 ◦C (the set point chosen for the
methanation experiments) and a 5 vol% flow of CO2 in N2 was sent to the
catalyst for 30 min. Thereafter, the system was purged with N2 keeping
the temperature constant. The desorption step was performed by heating
the sample from 250 ◦C to 500 ◦C with a 5 ◦C min− 1 ramp under a stream
of N2. The limit temperature of 500 ◦C was selected to prevent thermal
decomposition of the catalysts [38]. The total gas flow rate was fixed at
90 mL min− 1 for the entire experiment. In the case of Ru-functionalised
catalysts, a reductive step with 5 vol% of H2 in N2 was performed during
the thermal pretreatment in order to remove additional carbonyl species
on the surface.

Temperature-programmed reduction (H2-TPR) analyses were carried
out with the same laboratory setup. Circa 100 mg of non-reduced
catalyst powder was prepared and activated following the same pro-
cedure described for CO2-TPD analysis, but without any reductive step.
Then, after cooling down to 50 ◦C, a gas flow of 50 mL min− 1 containing
5 vol% H2 in N2 was sent to the reactor, and the temperature was ramped
up to 400 ◦C with a heating ramp of 5 ◦C min− 1.

Adsorption and methanation tests were performed in the same lab-
oratory set-up adopted for the temperature-programmed techniques. All
the catalysts were prepared following the procedure described above.
The CO2 adsorption stage was performed in dry and wet conditions (10
vol% of H2O in addition to the flow) at constant temperature (250 or
320 ◦C), flowing 5 vol% of CO2 in N2. After purging CO2 with pure N2 for

ca. 30 min, a gas mixture of 5 vol% of H2 in N2 was sent to the materials
for at least 30 min at the same temperature (250 or 320 ◦C). A scheme of
the experimental operations is depicted in Fig. 1. The set-up was
equipped with an EMERSON X-STREAM XE gas analyser, provided with
the following channels: a nondispersive infrared detector for CO, CO2,
and CH4, a thermal conductivity detector for H2, and a paramagnetic
sensor for O2. In each adsorption step, the amount of adsorbed CO2 was
calculated using the following equation (Eq. (2):

qCO2adsorbed

(
μmolg− 1) =

Q̇in
P
RT

∫ tf
t0+Δt

(
yCO2,in − yCO2,out

1− yCO2,out

)

dt

mcatalyst
(2)

where Q̇in is the total inlet flow rate, yCO2,in represents the mole fraction
of CO2 in the inlet recorded by gas analyser at the beginning of each
experiment, yCO2,out is the mole fraction of the CO2 in the outlet, Δt(s) is
the assumed delay time of gas analyser measurement, and m is the
weight of the catalyst. The pressure considered is 1 atm and the tem-
perature is that of gas flowing through mass flow controllers, namely
25 ◦C. As regards the quantification of the methane produced, it was
carried out through Eq. (3):

n̂CH4 ,prod

(
μmolg− 1) =

Q̇in
P
RT

∫ tf
t0+Δt

(
yCH4,out

1+yCH4,out

)

dt

msorbent
(3)

where Q̇in is the total inlet flow rate, yCH4,out is the mole fraction of the
CH4 in the outlet, Δt(s) is the assumed delay time of gas analyser mea-
surement, and m is the weight of the catalyst. The yield of the reaction
was estimated through Eq. (4).

YCH4 (%) =
μmolCH4out

μmolCO2,ads − μmolCO2,des
× 100 (4)

Time-resolved operando Fourier Transform Infrared spectroscopy (FTIR)
was conducted using a Bruker Invenio S® spectrometer with an MCT
detector. The spectra of the catalysts were obtained in transmittance
mode, covering the range from 4000 to 800 cm− 1 with a spectral reso-
lution of 2 cm− 1. The samples were compressed at 2 tons to produce thin
tablets [46,47]. The samples were placed in a Specac® high temperature
and high-pressure cell (HTHP cell) equipped with ZnSe windows. The
same protocol used for the catalytic tests (Fig. 1) was applied for the
spectroscopy analysis of the catalyst surface. All the spectra were nor-
malised with respect to the density of the tablets. The gas mixtures were
sent to the catalyst using mass flow controllers, and the cell outlet was
connected to the same analysers utilised during the catalytic tests (vide
supra). For clarity, it should be mentioned that all spectra were baseline-
corrected relative to that of the activated surface.

3. Results and discussion

3.1. Structural and morphological properties

The elemental composition of Ru/MgO, Ru/MgAl and Ru-K/MgAl
catalysts was investigated by the ICP-MS technique; EDX was also
employed, scanning for the weight percentages of Mg, Al, K and O
atoms. The results of ICP analysis for Ru and EDX spectroscopy for K are
shown in Table 1. The experimental percentage is slightly lower due to a
possible metal loss during the synthesis or dilution procedures in the
case of Ru/MgO. Upon comparing the Ru/MgAl and Ru-K/MgAl sam-
ples, characterisation by ICP-MS reveals that impregnation with Ru
occurred in the desired manner, with an actual Ru percentage close to
1.95 wt%. As far as EDX results are concerned, the detection of K amount
is in line with the theoretical expectation. Similar conclusions were
found for Mg, Al and O.

The diffraction profiles obtained for the as-prepared catalysts were
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compared with the ICDD PDF-2 Release 2004 database, which is shown
for comparison in Fig. 2. The high surface area MgO support possesses
the classical face-centred cubic (FCC) crystalline phase of MgO, called
periclase. Characteristic MgO peaks at 2θ angle values of 36.9◦ (111),
42.9◦ (200), 62.2◦ (220), 74.6◦ (311), and 78.5◦ (222) are clearly rec-
ognisable. The enlarged shape and low signal intensity indicate a smaller
number of atoms within the crystals capable of constructively interact-
ing with the X-ray beam. This is directly dependent on a low degree of
crystallinity and on the small size of the crystallites. These assumptions
were validated by applying Scherrer’s equation, which returns an
average crystallite size of about 8 nm.

Ru/MgO shows the characteristic peaks of MgO illustrated before. Ru

Fig. 1. Cyclic methanation experiment profile.

Table 1
Summary of elemental analyses of Ru/MgO, Ru/MgAl, and Ru-K/MgAl catalysts
by ICP-MS for Ru and EDX for K.

Sample Nominal Ru wt. % Nominal K wt. % Ru wt. % (a) K wt. % (b)

Ru/MgO 1.95 − – 1.50 − –
Ru/MgAl 1.95 − – 1.95 − –
Ru-K/

MgAl
1.95 9.3 2.01 8.5

(a) Inductively coupled plasma Mass Spectrometry (ICP-MS).
(b) Energy dispersive X-ray spectroscopy (EDX).

Fig. 2. XRD patterns of A) supports and B) Ru-functionalised catalysts with their respective reference codes.

Table 2
Summary of structural properties from XRD analysis and physisorption of N2.

Sample D [nm] (a) SBET [m2 g− 1] (b) Pore Volume [cm3 g− 1] (c) Average Pore Width [nm] (c)

MgO 8 (MgO) 131 0.164 5
Ru/MgO 37 (Ru)16 (MgO) 57 0.286 16
Pristine LDH − 8 0.017 13
MgAl 4 (MgO) 223 0.150 5
Ru/MgAl 9 (Ru)4 (MgO) 218 0.219 6
K/MgAl 4 (MgO) 47 0.060 6
Ru-K/MgAl 16 (Ru)5 (MgO) 27 0.084 14

(a) XRD analysis;
(b) Calculated according to Brunauer-Emmett-Teller (BET) method;
(c) Calculated according to the Barrett-Joyner-Halenda (BJH) algorithm.
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is recognisable due to the main peaks at angles 2θ of 38.4◦ (100), 42.2◦

(002), 44.0◦ (101), 58.3◦ (102), 69.4◦ (110) and 78.4◦ (103) typical of
the compact hexagonal packing (hcp) of the metal. The average size of
Ru crystallites was 37 nm and that of MgO crystallites was 16.3 nm
(Table 2). As also confirmed by other analysis techniques, the impreg-
nation of Ru was detrimental to the MgO support, which lost some
morphological characteristics during the production of the final catalyst.
Furthermore, much of the metal appears to be arranged in medium to
large aggregates (see FESEM description). As mentioned in section 2.2,
the catalyst was treated at high temperatures and in a reducing atmo-
sphere. However, considering the high Hüttig temperature of Ru (over
500 ◦C) [48], it was assumed that the low dispersion may stem from the
synthesis method and the poor metal-support interaction between Ru
and MgO. The interaction between Ru and MgO itself is also dictated by
the synthesis methodology and/or the type of chemical precursors
employed.

Considering the MgAl-based catalysts, all diffractograms show the
presence of the MgO (periclase) phase with a face-centred cubic crystal
structure with characteristic peaks at 2θ angle values of 37.1◦ (111),
43.1 (200), 62.5◦ (220), 75.0◦ (311), 78.9◦ (222). MgAl clearly presents
the MgO crystalline phase, but at slightly different values of angle 2θ,
with intensity reduced to half that of pure MgO and with more spiky
peaks. These observations respond to a smaller unitary crystal structure
and to the presence of a more amorphous and finely dispersed MgO
phase in the material. The shift of the peaks at different angles probably
indicates interaction and partial substitution of Al3+ ions in the Mg2+ ion
structure, which identifies a good degree of material defectiveness [38].
The average size of the MgO crystallites within the MgAl structure was
found to be about 4 nm. This value is indicative of a considerable
dispersion of the MgO phase, a characteristic that increases the ability to

adsorb CO2 [49,50]. The Al2O3 phase, on the other hand, is not partic-
ularly visible within the diffractograms. This could be attributed to the
low level of crystallinity of alumina, which is almost only present in the
amorphous phase, and to a certain degree of interaction between
aluminium and magnesium ions to form spinel structures such as
MgAl2O4 [51].

In the case of the K/MgAl sorbent, the characteristic peaks of the
MgO phase remained recognisable, but the intensities further decreased.
This could be due to a partial collapse of the MgAl structure upon doping
[52]. Looking at the range between 20◦ and 45◦, the presence of po-
tassium carbonate seems to have greatly influenced the final diffracto-
gram of the material. However, the peaks are not defined, and this could
suggest a good incorporation of the carbonate phase on the MgAl
together with a large dispersion of the K2CO3 crystallites. Even analysing
the spent K/MgAl sorbent (Fig. 2A, K/MgAl_s), the XRD confirmed the
presence of potassium carbonate with more defined peaks than the fresh
synthesised material (Fig. 2A, K/MgAl_f). This difference could be
attributed to slight rearrangement and aggregation of the K2CO3 crys-
tallites to form more recognisable particles. For Ru/MgAl and Ru-K/
MgAl (Fig. 2B), although the signals are quite noisy, metallic Ru is
visible at angles 2θ of 38.4◦ (100), 42.2◦ (002), 44.0◦ (101), 58.3◦ (102),
69.4◦ (110) and 78.4◦ (103).

As described above, all diffractograms show the presence of the
periclase phase with changed intensities and peak shapes. Ru/MgAl
exhibits MgO crystallites characterised by an average size of 4 nm;
therefore, it could be assumed that the impregnation did not change or
worsen the structure of the double oxide. In addition, the size of the Ru
crystallites has an average value of around 9 nm (Table 2), which pre-
figures a good dispersion of the metal, although a true distribution of
their size is not available. As far as Ru-K/MgAl is concerned, the

Fig. 3. Physisorption analysis of N2 at − 196 ◦C. A) Isotherms of the MgO, MgAl, K/MgAl, and pristine LDH supports and B) porosity distributions obtained by BJH
method for the support materials C) Isotherms of the Ru/MgO, Ru/MgAl, and Ru-K/MgAl catalysts and D) porosity distributions obtained by BJH method for the Ru-
functionalised catalysts.
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presence of K2CO3 could be recognised in the first part of the dif-
fractogram but is hardly visible. Unlike MgAl and K/MgAl, Ru-K/MgAl
has slightly larger MgO crystallites, as well as Ru crystallites with an
average size of 15.9 nm. This could result from difficulties encountered
during impregnation in wetness mode.

The results of nitrogen physisorption at − 196 ◦C for the various
supports and catalysts are depicted in Fig. 3 through the isotherms ob-
tained from the amount of nitrogen physisorbed (Fig. 3A-C) and pore
size distribution (Fig. 3B¡ D). The numerical values of specific surface
area, pore volume and average pore size obtained with the BET and BJH
models are shown in Table 2. The shape of the isotherms of the samples
was analysed following the IUPAC designation [53]. The MgO support
has a high surface area of 131 m2g− 1. This value is directly dependent on
the hydrothermal synthesis technique, which guarantees the generation
of a high number of defects and thus of alkaline active sites on the
surface and theoretically capable of adequately dispersing any metal
nanoparticles [54]. It is characterised by a type IV isotherm, which is
classic for mesoporous materials with an H4-type hysteresis cycle,

indicating the presence of microporosity [55]. The pores of MgO have a
single-mode distribution centred around 4 nm. The functionalisation
procedure seems to have distorted the morphology of the substrate,
which lost a large part of its surface area (almost 57 %) from 131 to 57
m2g− 1; in addition, an increase in pore volume and an unusual forma-
tion of large-sized porosity (around 16 nm) was observed.

Concerning MgAl supports, all samples possess adsorption isotherms
of type IV, which are typical of mesoporous materials according to the
IUPAC designation. Furthermore, all materials do not appear to have
adsorption limitations at high relative pressures, and thus the hysteresis
cycles may all belong to the H3 type, i.e., related to flat slab-like par-
ticles and slit-like pores [56]. Typically, uncalcined hydrotalcite pos-
sesses a low surface area and small pore volume with a little hysteresis
loop due to nanoscale porosity around 13 nm in diameter. Once
calcined, hydrotalcite assumes the structure of MgAl (also known in the
literature by the acronym LDO, Layered Double Oxides [38]) and gains a
surface area of 223 m2 g− 1 and a pore volume of 0.15 cm3 g− 1. The
average pore size decreases to 5 nm, with a distribution centred on this

Fig. 4. FESEM images of A) Ru/MgO, B) Ru/MgAl, and C) Ru-K/MgAl catalysts, collected in backscattering mode, and associated EDX maps revealing element
distribution.
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value. These data underlined the importance of the first heat treatment,
which is able to determine the final structure of the MgAl support. This
occurs because dehydration, dehydroxylation of the layers, as well as
decarbonation of the interlayer charge-compensating carbonate anions
progressively occurs during the heat treatment. These phenomena
generate a rearranged mixed-oxide final structure where the Mg species
are dispersed in an amorphous Al matrix with a high surface area
[57–59]. Impregnation with Ru nitrosyl nitrate on the MgAl sorbent, as
already concluded with the crystallographic analysis, appears to occur
without major changes in the substrate and only with a slight decrease in
specific surface area to 218 m2 g− 1. Ru/MgAl also seems to possess a
slightly increased average pore size. The pore size distribution remains
mostly centred on 4.5 nm, with a tailing up to 30 nm. This could be
imputable to the structural modification effect of the porosity by the
precursor during impregnation. Doping with 20 wt% of K2CO3 on the
MgAl substrate lowered the specific surface area value by up to 47 m2

g− 1 through a significant porosity occlusion effect. Indeed, the pore
volume is reduced to 0.06 cm3 g− 1, but the pore size distribution does
not change [38,60]. Subsequent impregnation with Ru of the K/MgAl
material has the same effect as observed above, i.e., decreases surface
area and increases pore volume and pore size, probably due to an oc-
clusion of some porosity by the precursor. The lower surface area and
porosity characterise Ru-K/MgAl. As will be discussed later, these
textural characteristics, together with the microscopic information,
mainly influenced the reaction rate to methane rather than CO2
adsorption, as the presence of potassium carbonate has the advantage of
increasing surface basicity and defects [50].

FESEM micrographs of Ru-based catalysts were acquired at varying
magnifications on the micrometre and nanometer scale and through a
secondary electron detector (InLens) and/or a backscattered electron
detector (AsB − Angle selective Backscattered) to highlight the presence
of metal particles on the surface. MgO support is characterised by a
peculiar structure composed of thin petal-like plates, from which a vast
internal porosity is articulated (Figure S1 in the Supporting information
file). Considering Ru/MgO, the images acquired and reported in Fig. 4A
clarify the changes that occurred during catalyst synthesis, already
pointed out by XRD and nitrogen physisorption analyses. The structure
of the sample appears considerably different compared to that of the
pristine support, and this may clarify the considerable loss of specific
surface area discussed above. The impregnation may have been
aggressive towards the MgO mesoporosity, significantly changing the
morphology. The bright spots in Fig. 4 correspond to large metal clusters
of 200–300 nm formed on the slightly jagged surface of the substrate, as
also confirmed by EDX maps [61]. In line with other characterisations,
this indicates low dispersion and possible weak interaction between Ru
and MgO. Ru/MgAl (Fig. 4B) appears to possess a highly defective
surface area, characterised by smaller and more disordered globular
structures. Additionally, there is a notable dispersion of the metal, likely
attributed to the increased surface area of the support. Regarding Ru-K/
MgAl (Fig. 4C), the image reconstructed from backscattered electron
signals reveals the globular structure of the material. EDX maps
distinctly highlight the good dispersion of potassium, which seems to
homogeneously cover the entire surface. As observed in the N2 phys-
isorption analysis, doping with K2CO3 has blocked a significant portion
of the MgAl porosity, thereby significantly reducing the specific surface
area of the final catalyst. The presence of large metallic agglomerates
indicates poor dispersion of Ru on the Ru-K/MgAl catalyst.

3.2. Temperature programmed analyses

To better understand the type of basic Mg2+–O2- sites characteristic
of sorbents and to get an idea of their CO2 adsorption capacity, several
CO2-TPD analyses were conducted directly in the plant and from the
temperature at which the material was then tested for cyclic methana-
tion, namely 250 ◦C. According to the literature, the broadened profiles
of the desorption curves can be caused by the release of CO2 bound to

sites of different bond strengths: between 200 and 300 ◦C, bidentate
carbonate type species (MgCO3) with medium basicity are desorbed;
higher temperatures (> 300 ◦C) are required to release monodentate
carbonates from extremely alkaline sites with high bond strength [43].
CO2 adsorption tests with 10 % H2O and desorption were conducted to
observe the effect of moisture during carbonate formation on the basic
sites of the support. It is well known that in the case of alkaline oxide-
based adsorbents, the presence of water can increase the performance
of MgO in terms of both kinetics and effective capacity [43,62,63].
Indeed, the oxide reacts preferentially with water to form intermediates
in the form of MgO⋅H2O and Mg(OH)2, which are more reactive than the
oxide. Diffusion is also intensified, since these intermediates possess a
higher molar volume and cause the pores to enlarge, allowing CO2 to
move more easily [63].

As regards the Ru/MgO catalyst, the “dry” TPD profile (Fig. 5A, blue
line) discloses a main asymmetric desorption peak centred at 316 ◦C,
with a tail towards high temperatures. Therefore, Ru/MgO is mainly
characterised by medium-strength basic sites. CO2 adsorption in the
presence of moisture (light blue line) does not change the desorption
profile but intensifies the amount of CO2 adsorbed and desorbed in the
same temperature range, as expected. Actually, the amount of CO2
desorbed increased from 117 μmol/g (145 μmol/g of CO2 adsorbed) in
the dry case to 148 μmol/g in the wet experiment (189 μmol/g
adsorbed).

Thanks to the calcination stage, the LDH structure undergoes struc-
tural changes which allow it to obtain an amorphous phase with a high
grade of defectivity. Gao et al. [64] studied this transformation coupling
the results of XRD and 27Al solid NMR analysis. The thermal treatment
involves a migration of Al3+ cations from the MgO lattice to the surface.
This migration generates new Mg-O active sites through two possible
mechanisms: one involves the formation of defective sites through the
substitution of Al3+ species for Mg2+ species in the periclase MgO lattice.
Because of the difference in ionic radii and charge between the two
cations, the structure gets distorted and the adjacent oxygen anions
become coordinatively unsaturated. Another mechanism can involve the
diffusion of a portion of inserted Al3+ out of the octahedral sites.
Therefore, these sites are left vacant, and this new condition conse-
quently produces three active Mg-O species around it. The enhanced
defectivity together with the high surface area allows MgAl-based ma-
terials to achieve better adsorption performance than Ru/MgO, as
demonstrated by TPD curves. In the dry experiment, Ru/MgAl (Fig. 5B,
dark green line) adsorbed 301 μmol/g and released ca. 167 μmol/g of
CO2; compared to the Ru/MgO TPD profile, the peak shifts to 328 ◦C and
the tail to higher temperatures appears more intense, suggesting the
presence of higher basic strength sites on the support surface. Even in
this case, the presence of moisture enhances the performance of the
material, which adsorbed 357 μmol/g and released ca. 208 μmol/g.
Conversely to Ru/MgO, the increase in desorbed CO2 was also accom-
panied by a shift in the position of the peak, which is centred at 337 ◦C
(light green line). This behaviour could be attributable to the nature of
the active sites on which carbonates are formed. It is conceivable that
the increase in material capacity that takes place in the presence of
water is precisely due to the activation of normally unexploited active
sites that are probably present on surface areas of low defect, i.e., ter-
races. On the other hand, according to Fagerlund et al. [65], the pres-
ence of moisture creates a surface layer of increased dissolution of Mg2+

species and consequently a larger layer of MgCO3. The shift of the
desorption peak to higher temperatures is therefore caused by a thicker
carbonate layer that is more difficult to desorb, also due to diffusive
limitations. By doping the MgAl support with K2CO3, the adsorbing
capacity is significantly enhanced through the generation of more stable
carbonates at higher temperatures (Fig. 5C), despite the loss in surface
area. Ru-K/MgAl was able to adsorb ca 429 μmol/g in dry conditions and
to release approximately 222 μmol/g. In the Supporting information file,
an image comparing the intensity scales of the CO2 TPD profiles is
provided (Figure S2). Several studies [36,50,66,67] testified that K2CO3
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on the surface participates in CO2 adsorption by forming double K-Mg
and MgCO3 carbonates (K2Mg(CO3)2) with high thermodynamic sta-
bility (higher operating temperatures) [68,69]. In addition, doping
K2CO3 increases CO2 adsorption capacity through surface modification.
Moreover, Zhu et al. [38] hypothesised that K+ ions react with unsatu-
rated oxygen on the surface, forming K-O-Mg sites with increased re-
action activity. Surface modification dominates especially those MgAl
supports with a low Mg/Al ratio (as in this paper), probably due to
increased unsaturated oxygen sites created by Al3+ substitution. A
schematic depiction of the possible routes for CO2 adsorption of K/MgAl
is reported below (Scheme 1).

Therefore, this new synergy between alkali metal dopant and support
dictates the further operating condition for the catalytic application of
this material. In the wet experiment, the Ru-K/MgAl catalyst captured
558 μmol/g and desorbed 299 μmol/g with the subsequent heat treat-
ment. The remarkable role of K2CO3 was also validated in the case of
CO2 absorption in the presence of moisture. In their works, Coenen et al.
[70,71] investigated the mechanism for CO2 and H2O adsorption on a
potassium-promoted hydrotalcite. They individuated that mainly K2CO3
interactions with Al centres would be responsible for activating reactive

CO2 adsorption sites, which can only be regenerated with steam.
Moreover, they confirmed the existence of a further adsorption site for
CO2, which was activated in the case of a simultaneous supply of CO2
and moisture to the catalyst. This outcome could further substantiate
increasing the effectiveness of these materials in wet conditions.
Quantitative evaluations determined from the CO2-TPD are summarised
in Table 3.

H2-TPR analysis was generally conducted on Ru-containing samples
to identify the reduction temperature of the metal and study its inter-
action with different supports. Since the analysis was conducted in an
experimental facility equipped with gas analysers, the profiles of H2 and
CH4 (dot red lines in the figure) were monitored during the experiments.
The analysis outputs are depicted in Fig. 6. As reported in the literature,
the Ru reduction profile could be affected by several circumstances, such
as the interaction between metal and support and/or the dispersion and
size of the Ru oxide particles before reduction. Typically, lower tem-
peratures correspond to the reduction of well-dispersed RuOx species,
strongly interacting with the support; instead, RuO2 phases with a high
grade of crystallinity could be reduced at a moderately higher temper-
ature, since these species weakly interact with the supports [25]. The
reduction profiles of Ru/MgO (blue line) and Ru/MgAl (green line)
catalysts are marked by a sharp single peak centred at 155 and 140 ◦C,
respectively. The tails at the end of the main peak are related to the
beginning of methane production. The thermal pretreatment in N2 flow
performed before the H2-TPR is unable to desorb completely all the
carbonates, which remain in the support structures (as confirmed by
CO2-TPD analysis). These carbonate species are activated immediately
after the metal phase is entirely reduced, as depicted in Fig. 6. The
temperature difference may depend on the above-mentioned factors:
ruthenium particles are smaller, well dispersed, and better interacting
with the MgAl support than with MgO. Actually, the higher surface area

Fig. 5. CO2-TPD profiles of A) Ru/MgO, B) Ru/MgAl, and C) Ru-K/MgAl catalysts obtained after dry and wet adsorption tests.

Scheme 1. Schematic representation of the formation of carbonate species on the MgAl surface promoted by K2CO3 doping. Figure
adapted from Zhu et al [38].

Table 3
CO2 uptakes for Ru-based catalysts during TPD analysis. The adsorption stage
was performed with 5 vol% CO2 in N2 from 250 ◦C to 500 ◦C.

Sample Dry tests Wet tests

CO2 adsorbed
(μmolCO2 g− 1)

CO2 desorbed
(μmolCO2 g− 1)

CO2 adsorbed
(μmolCO2 g− 1)

CO2 desorbed
(μmolCO2 g− 1)

Ru/MgO 145 117 189 148
Ru/MgAl 301 167 357 208
Ru-K/MgAl 429 222 558 299
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of MgAl support could have ensured better metal phase deposition.
Otherwise, the reduction of RuOx species for the Ru-K/MgAl catalyst is
characterised by three different contributions at 130, 152 and 175 ◦C,
respectively. Here, the reduction process begins earlier than Ru/MgAl
and Ru/MgO samples. This behaviour could be related to the presence of
K2CO3, which was laid on the surface of the MgAl before the ruthenium.
Several studies reported in the literature have observed that the pres-
ence of alkali metal around the Ru-support interface allows easier
reduction of RuOx as a result of accelerated charge transfer [72–74]. The
integration of TPR peaks enables the assignment of the relative quantity
of Ru in contact with K because the low-temperature peak is expected to
be related to the reduction of the RuOx species due to the charge
transferred from adjacent K atoms. Specifically, the peak called 1 cor-
responds to 25 % of the total H2 consumption. This evidence means that
about a quarter of the loaded Ru is influenced by the electronic effect of
alkali metal. The other two contributions could demonstrate the pres-
ence of large agglomerates of RuOx species poorly distributed on the
support, as observed with microscopy analysis (vide supra) [75]. It is

essential to recall that impregnation with K2CO3 significantly changed
the area of the MgAl support; therefore, poor distribution of Ru can be
expected on this support. In the one-step reduction of RuO2, the calcu-
lation of the H2-Ru molar ratio (H2/Ru, defined as the ratio of the total
H2 consumption to the total amount of Ru determined by ICP analysis)
enables the validation of the reduction profiles and calculations derived
from the metal content in the sample [76]. The full reduction of RuO2
requires two moles of H2. Consequently, a ratio of 2 signifies that the
hydrogen utilised corresponds to the complete conversion of the oxide to
metallic Ru. All hydrogen consumption occurring at temperatures above
200 ◦C is considered to be caused by methanation, as mentioned above.
In this instance, the hydrogen consumption is stoichiometrically aligned
with the amount of methane produced, specifically four times the
quantity of CH4. Table 4 includes the amount of H2 consumed for Ru
reduction, the H2 consumption for methane production and the amount
of methane obtained during the TPR for each catalyst.

3.3. Operando FTIR analysis of cyclic methanation

In order to gain a better understanding of the surface intermediates
involved in CO2 capture and methanation processes, a time-resolved
operando FTIR study was performed on the most promising materials,
namely Ru/MgAl and Ru-K/MgAl. The temporal evolution of the IR
signals associated with surface species is depicted in Fig. 7. During CO2
adsorption, the appearance of bands associated with gaseous CO2
(2400–2250 cm− 1) and the symmetric/asymmetric stretching O-C-O
vibrations typical of carbonate species was distinctly detected for both
catalysts in the 1800 to 1200 cm− 1 spectral range. Several factors,
including the polarising power of metal cations, the material’s compo-
sition, the presence of water, and/or cations external to the metal’s
coordination sphere can make carbonate species identification particu-
larly challenging [77,78]. At the beginning of the adsorption step, Ru/
MgAl (Fig. 7A) was characterised by the appearance of bicarbonate
species (HCO3*), recognisable from the peaks at 1675 cm− 1 and 1223
cm− 1. The first signal is related to O-C-O stretching, while the second is
to the C-OH bending mode (δOH) [44,79–85]. Around 1530 cm− 1 we can
detect a signal attributable to the asymmetric vibration of monodentate
carbonate species (νasym O-C-O); the presence of this species is confirmed
by the symmetric vibration (νsym O-C-O) observed around 1407 cm− 1

(Δν3 = 123 cm− 1) [25,79,81,83]. Lastly, a very weak signal at 1065
cm− 1 could be ascribable to overlapping contributions of the mono-
dentate, chelating bidentate and bridged bidentate carbonates
[76,83,85]. As time progresses, all these signals increase in intensity
with the progressive saturation. Subsequently, the series of spectra (in
red in Fig. 7) collected over the successive 30 min under a flow of 5 % H2
in N2, exhibited a progressive decrease of carbonate species and an in-
crease in the features associated with metallic carbonyl species. The
evolution of signals in the 2100 to 1800 cm− 1 spectral range is depicted
in panel a-3. The weak band centred at 2027 cm− 1 could be assigned to
linear CO adsorbed on metallic Ru0 (νC-O). Various types of CO bond
vibrations may have contributed to the formation of a broad asymmetric
peak within the spectral range of 2000 cm− 1 to 1850 cm− 1 [86,87]. The

Fig. 6. H2-TPR profiles of Ru/MgO (solid blue line), Ru/MgAl (solid green line)
and Ru-K/MgAl (solid magenta line) catalysts together with the CH4 production
(dash red lines).

Table 4
Summary of the H2-TPR analysis outputs. The metal percentage reduction is indicated next to the peak temperature.

Sample Ru4+→Ru0 (a) Ru4+→Ru0 (a) Peak position H2/Ru (a) H2 consumed
(CH4 production)

CH4 produced

Measured consumption
μmolH2 g− 1

Theoretical consumption
μmolH2 g− 1

◦C μmolH2 g− 1 μmolCH4 g− 1

Ru/MgO 23.0 22.5 155 (100 %) 2.0 151.0 38.6
Ru/MgAl 27.3 26.6 140 (100 %) 2.1 313.5 76.8
Ru-K/MgAl 27.3 27.4 130 (25.42 %) 2.0 257.6 63.9

152 (48.10 %)
175 (26.48 %)

(a) Calculations were conducted based on the amount of Ru determined by ICP analysis.
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literature identifies the spectral range between 1950 and 1900 cm− 1 as
indicative of the CO stretching of the bridged carbonyl on two ruthe-
nium atoms [79,82,84,88–90]. The signals responsible for the terminal
tail of the peak (below 1900 cm− 1) could be attributed to the presence of
polycarbonyl species bonded on Ru species (νC-O species) [84,91–93].
Finally, the signal observed at 1605 cm− 1 could be related to a modest
formation of formate species, intermediates in the methanation reaction
(νasymO-C-O) [84,94]. Additional evidence for the presence of these
species is indicated by the peak at 2842 cm− 1, which is characteristic of
the vC-H stretching in formates (panel a-1) [44,79,88,90,94].

Most of the aforementioned features can be applied to the descrip-
tion of spectra corresponding to Ru-K/MgAl (Fig. 7B), with minor ex-
ceptions. During the adsorption step, alongside the characteristic signals
of monodentate carbonate species (1526–1401 cm− 1, Δν3 = 125 cm− 1),
we can also observe the presence of bidentate carbonates (1562–1332
cm− 1, Δν3 = 230 cm− 1) [83,90]. Similar to Ru/MgAl, the Ru-K/MgAl
sample also exhibits a signal at 1068 cm− 1, which can be attributed to

the overlapping of various carbonate species. Conversely, the Ru-K/
MgAl sample exhibits no characteristic signals of bicarbonate species,
except for a very weak signal observed at 1223 cm− 1, as shown in panel
b-2. The absence of bicarbonates can be attributed to the neutralisation
of hydroxyl groups on the MgAl surface, a consequence of alkaline
promotion. These hydroxyl groups, which facilitate the formation of
bicarbonate species through reaction with CO2, are effectively neutral-
ised by the K-doping process [90,94,95].

Further distinctions between the two catalysts were observed upon
introducing the hydrogen feed. In panel b-1, the 3000 to 2600 cm− 1

spectral range is magnified. The new bands at 2830 and 2732 cm− 1,
respectively corresponding to νC-H vibration modes, are likely related to
the formation of formate (HCOO*) and formyl species (HCO*) as in-
termediates in the reaction. These species are generated either directly
on the metallic surface or at the metal-support interface, where they are
subsequently hydrogenated to CHx species [44,79,88,90,94]. Further
evidence for the formation of formate species is provided by the signal

Fig. 7. Representative evolution of the operando FTIR spectra collected during the CO2 capture/reduction cycle with the catalysts A) Ru/MgAl and B) Ru-K/MgAl.
The sequence of the spectra is as follows: a) CO2 adsorption at 0 min; b) at 10 min; c) at 20 min; d) at 30 min; e) reduction at 0 min; f) at 10 min; g) at 20 min; and h)
at 30 min. Magnifications of significant bands are shown in the insets.
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observed at 1600 cm− 1, attributed to the asymmetrical νasymO-C-O
stretching vibration of the aforementioned species [25,44,84,88,89,96].
In the spectral region associated with carbonyl vibrations (panel b-3),
the signal at 2014 cm− 1, attributable to CO species bound directly to Ru0

metal, is distinctly identifiable. As previously discussed, the prominent
signal observed below 2000 cm− 1 may originate from various species,
including CO adsorbed in bridged and polyconfiguration across Ru
atoms. The greater relative intensity of the CO band in Ru-K/MgAl
compared to Ru/MgAl may also be attributed to the presence of car-
bonyls significantly influenced by K+ (at frequencies below 1972 cm− 1).
This may suggest a possible active role of potassium during the hydro-
genation phase with reactive KOx species, as also observed by Lee and
Otomo [97]. For the sake of clarity, the assignments of IR signals on the
two catalysts are summarised in Table 5. The evolution of the methane
concentration in the outlet of the operando FTIR cell during the hydro-
genation step is depicted in Figure S3 in the Supporting Information file.
The catalysts were effective in exhibiting activity, as evidenced by a
distinct methane production signal, regardless of the infrared cell
configuration.

According to the data obtained from time-resolved operando FTIR
experiments, Scheme 2 proposes the possible reaction pathways estab-
lished for CO2 methanation. In the case of Ru/MgAl, the starting point
requires the participation of surface hydroxyls in the reaction with CO2
to form bicarbonates. Subsequently, the carbonates formed can form
formate species, as detected around 1600 cm− 1. This pathway ends with
the hydrogenation of carbon atoms on Ru. Concerning Ru-K/MgAl, the
reaction follows a different route due to the absence of hydroxyl groups,
which are necessary for forming bicarbonates. The carbonates undergo
hydrogenation to formates, which can subsequently decompose into
formyl species and finally in CO and water. As stated before, K+ species
participate in the CO2 activation, as the intense CO band testified. This
pathway ultimately follows the same course as observed in the case of
Ru/MgAl.

The results of this time-resolved operando FTIR study, aimed at
elucidating the underlying mechanisms and reaction intermediates, are
in line with the catalytic behaviours subsequently observed (vide infra).
Distinct species were detected on each catalyst. The formation of bi-
carbonates, which are partially hydrogenated, on the Ru/MgAl surface
may facilitate the migration of these species toward the Ru centres.
Furthermore, it is essential to consider that the methanation process
occurring on the surface of Ru-K/MgAl includes an additional step
where formates must generate formyl species before degrading to CO.
This extra step could further reduce the surface reactivity of the latter
catalyst.

3.4. Catalytic activity

Cyclic methanation tests were carried out according to the procedure
schematised in Fig. 1. At the beginning of the test, the catalysts under-
went a thermal activation at 400 ◦C and a reducing treatment, to clean
properly the surface and simultaneously reduce RuO2 to Ru0. Then,
multiple cycles of CO2 adsorption and hydrogenation were performed.
According to the CO2-TPD outcomes, the following operating tempera-
tures were adopted: 250 ◦C for Ru/MgO and Ru/MgAl catalysts, and
320 ◦C for Ru-K/MgAl. The findings are reported through bar graphs in
Fig. 8 and numerically in Table 6. As expected, all ruthenium-
functionalised catalysts were active for CO2 methanation, with 100 %
selectivity to methane during the hydrogenation step.

The Ru/MgO catalyst showed a reproducible performance in the
cycles, producing a maximum of 99 μmol g− 1 of CH4 under dry condi-
tions (Fig. 8A) and 106.2 μmol g− 1 under wet conditions (Fig. 8B). These
results confirm the data obtained with CO2-TPD: in the presence of
moisture, hydroxyl intermediates are formed, allowing greater carbon-
ation of gaseous CO2. Wet tests proved that these carbonates are only
partially available since the increase in methane production was slight.
Under dry conditions, a good carbon balance was achieved, with
methane yields above 80 %; in contrast, tests in wet conditions showed a
lower yield (on average 58 %) due to unconverted CO2, which was lost
during the purge and hydrogenation steps.

These initial results prompted us to conceive and create Ru-based
catalysts with a greater dispersion of the Mg-O species. As mentioned
above, the configuration of MgAl materials guarantees this requirement.
Ru/MgAl underwent a total of five continuous adsorption and regener-
ation cycles under dry conditions (Fig. 8C) and five under wet conditions
(Fig. 8D). As predicted by CO2-TPD, the capture capabilities of this
material are better than pure MgO, and this was linked to improved
methane production. Generally, the catalyst reached a certain stability
between adsorbed and converted CO2 by the third cycle, achieving an
average yield of 85 %. The best cycle was the second, during which Ru/
MgAl captured about 228 μmol g− 1 of CO2 and produced about 183 μmol
g− 1 of CH4. Moreover, CO production was noted during the CO2
adsorption phase. This phenomenon can be due to the presence of re-
sidual H2 from the reduction step that may have remained as hydrides on
Ru. In this condition, a partial reduction of CO2 occurs with the pro-
duction of CO, in contrast to the hydrogenation phase, when hydrogen is
the excess reactant.

In wet conditions, both adsorptive and catalytic capacities improved.
Of all, the best cycle was the first one with 361 μmol g− 1 of CO2 captured
and 220 μmol g− 1 of CH4 produced. The average yield was lower (79 %)

Table 5
Summary of the species formed during CO2 saturation and the subsequent methanation reaction for Ru/MgAl and Ru-K/MgAl catalysts.

Sample Frequency (cm− 1) Surface species Vibration(a) References

Ru/MgAl 1065 Overlapping of various carbonate species νsymC-O [76,83,85]
1223 Bicarbonate species (HCO3*) δOH [44,79–85]
1411 Monodentate carbonate νsymO-C-O [25,79,81,83]
1530 Monodentate carbonate νasymO-C-O [25,79,81,83]
1605 Formate (HCOO*) νasymO-C-O [84,94]
1675 Bicarbonate species (HCO3*) νasymO-C-O [44,79–85]
2000–1850 Polycarbonyls and carbonyls bridged with Ru atoms νC-O [79,82,84,86–93]
2027 Linear COads on metallic Ru0 νC-O
2842 Formate (HCOO*) νC-H [44,79,88,90,94]

Ru-K/MgAl 1068 Overlapping of various carbonate species νsymC-O [76,83,85]
1332 Bidentate carbonate νsymO-C-O [83,90]
1401 Monodentate carbonate νsymO-C-O [25,79,81,83]
1526 Monodentate carbonate νasymO-C-O [25,79,81,83]
1562 Bidentate carbonate νasymO-C-O [83,90]
1600 Formate (HCOO*) νasymO-C-O [25,44,84,88,89,96]
2000–1850 Polycarbonyls and carbonyls bridged with Ru atoms (and K+ species) νC-O [79,82,84,86–93,97]
2014 Linear COads on metallic Ru0 νC-O
2732 Formyl (HCO*) νC-H [44,79,88,90,94]
2830 Formate (HCOO*) νC-H

(a) Vibrations: ν = stretching, δ = bending.
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probably for the reasons mentioned above. The doping with K2CO3
further enhanced the catalyst’s overall performance. Ru-K/MgAl
captured 380 μmol g− 1 of CO2 and generated 326.5 μmol g− 1 of CH4
in its best cycle (the 3rd) of the dry campaign (Fig. 8E). The average
yield in the five cycles was 85 %. The presence of moisture favoured
adsorption in wet tests (Fig. 8F), but a corresponding notable increase in
methane was not achieved. In the wet campaign, the best cycle was the
last one, featuring 487.1 μmol g− 1 of captured CO2 and 333.4 μmol g− 1

of CH4 generated. the average yield of the 5 cycles was 66 %. Generally,
the H2 consumption during the catalytic methanation was at a 4:1 ratio
with CH4, in line with the stoichiometry of Sabatier’s reaction. For the
sake of brevity, the results for 10 experiments conducted at 250 ◦C using
the Ru/MgAl catalyst are depicted in Figure S4 in the supporting infor-
mation file. This campaign further demonstrates the excellent cyclic
stability of this catalyst. Compared to the initial five cycles, the methane
yields progressively increased, reaching 98 %. The findings are reported
numerically in Table S1 in the supporting information file. Lastly, it is
reasonable that the discrepancy between adsorbed CO2 and CH4 pro-
duced may be due to CO2 desorbing during the purge phase.

Additional tests under dry and wet conditions were conducted at
320 ◦C on the Ru/MgO and Ru/MgAl catalysts. The findings are pre-
sented through bar graphs in Figure S5 and numerically in Table S2 in
the supporting information file. As expected, the increase in temperature
negatively affects adsorption, given its exothermic nature. The decrease
in adsorbed CO2 consequently leads to a lower amount of methane
produced. For both catalysts, adsorption in the presence of moisture
positively affected the performance, even at higher temperatures. It is
noteworthy that both catalysts exhibit significant yields even at 320 ◦C.
Ru/MgAl shows the best results, with a maximum of 130.2 μmol g− 1 of
methane in cycle dry-C1 and 178.5 μmol g− 1 of methane in cycle wet-C1.
Methane yields ranging between 80 and 90 % indicate good stability and
reproducible performance of the catalyst, even at higher temperatures.

To better understand the catalysts developed in this work, metha-
nation profiles were investigated. As an overview, Fig. 9A shows the CH4
production profiles obtained in the dry and wet experiments. Methane
production during dry tests of the Ru/MgO and Ru/MgAl catalysts (blue
and green lines) was characterised by a very sharp profile, with a gas
peak centred mainly during the first minutes of the reducing phase. The
main peak was followed by a tail that reached zero already after 30 min.
The presence of moisture in the CO2 feed led to a slowdown in the
reduction rate of methane. This can be inferred by observing the shift

and broadening of the CH4 signals produced for Ru/MgO and Ru/MgAl
(light blue and light green lines). This empirical evidence can be
rationalised by considering the formation of the carbonate layer in the
presence of moisture, as outlined in the CO2-TPD discussion [65].
Indeed, a thicker layer of carbonate species could hinder its diffusion
towards Ru centres, thereby slowing down the rate of methanation.

It is noteworthy to analyse the significant influence of the potassium
promoter on the dynamic processes of CO2 capture and reduction. As
stated previously, the adsorption efficiency was considerably increased
in the case of K doping, as well as its conversion to methane. However,
conversely, to the other Ru-catalysts, Ru-K/MgAl displayed an enlarged
profile with a maximum methane production after 5 min of reduction.
Moreover, the reduction time is remarkably longer: the other catalysts
achieved 90 % of the methane produced in 10 min, while Ru-K/MgAl
lasted more than 30 min. This behaviour was further exacerbated after
adsorption of wet CO2, when, instead of a distinct peak, a broad curve
terminating after 80 min was observed.

The findings from tests and characterisations suggest a mechanistic
hypothesis that can provide a more comprehensive explanation, as
schematised in Fig. 9B. Initially, CO2 adsorbs to form carbonates. These
species interact with dissociative adsorbed H2 on the Ru surface, form-
ing CH4. For Ru/MgAl and Ru/MgO, decomposition and conversion
occur faster during the hydrogenation step (Scenario a). Instead, the
interaction between CO2 and the stronger alkaline sites of Ru-K/MgAl
led to the formation of more stable carbonates, thus hindering their
diffusion towards the Ru species (Scenario b). Indeed, Sun et al. [33]
observed a slow desorption rate for hydrotalcite-doped alkali metal
carbonate, attributed to the high stability of K2Mg(CO3)2. This charac-
teristic could have further influenced the shape of the methane profile of
Ru-K/MgAl. This phenomenon may have been further promoted by the
lower surface area and the poor Ru distribution.

Actually, the scientific literature is divided regarding the effect of
potassium doping. Similar findings were observed by García-Bordejé
et al. [98] who scrutinised Ni and Ru-based catalysts for CO2 hydroge-
nation. To improve the adsorption abilities, the authors doped the ma-
terials with alkali (Na or K) or alkaline earth (Ba) metal. TPSR
characterisation evidenced that the catalyst containing barium demon-
strates heightened methanation kinetics of COx adsorbed species
compared to catalysts containing potassium or sodium. Besides, other
research groups have prepared potassium-doped catalysts, observing
detrimental consequences on CO2 methanation. In the study conducted

Scheme 2. Schematic representation of the reaction network hypothesised from the spectroscopic outcomes of time-resolved operando FTIR measurements for A)
Ru/MgAl and B) Ru-K/MgAl. Figure
adapted from Navarro-Jaén et al. [94].
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by Büchel et al. [99], the CO2 hydrogenation process was investigated
using K- and Ba-modified 1 % Rh/Al2O3 catalysts. Unfortunately, cata-
lytic tests evidenced the exclusive production of CO across all temper-
ature ranges. The modification of 15 % Co/SiO2 with 1–5 wt% K was
further investigated by Iloy et al. [100]. It was demonstrated that the K
dopant enhanced CO2 chemisorption while favouring CO selectivity and
promoting C-C coupling along with chain growth reactions. In another
study, Cimino et al. [101] investigated the consequences of incorpo-
rating alkali metals (e.g., Li, Na, K) into a Ru-based catalyst for CO2
methanation. Catalytic experiments pointed out the adverse impact of
K2CO3 doping on the catalytic performances, caused by Ru masking by
alkali metal.

On the other hand, Duyar et al. [102] observed a doubling of the
catalyst’s methanation capacity when impregnated with K2CO3 or
Na2CO3. They ascribed the beneficial effect of doping to the interaction
between the carbonate and the hydrogen escaping from the noble metal.
Similar conclusions were reported in a study by Tsuneto et al. [103]. In

recent work, Jo et al. [69] developed a Ru/K2CO3-MgO dual-function
material for integrated CO2 capture and methanation, achieving stable
CH4 productivity thanks to the beneficial interaction between all the
catalyst components Also, Lee and Otomo [97] discovered a promo-
tional effect of K on β′′ alumina catalyst for methanation reaction. Diffuse
reflectance FTIR spectroscopy showed that potassium ions in K-β′′
alumina play an active role in the generation of intermediates (CO3

2− and
CO). The enhancement in reactions is attributed to σ → π potassium back
donation, facilitating their interaction with other intermediates
(formate and carbonyl). Similarly to the present work, Hu and Urakawa
[104] observed that upon K-promotion (Ni-K/ZrO2), both CO2 conver-
sion and CH4 selectivity improved drastically. Nevertheless, they found
a remarkable increase in reduction time compared to other catalysts.
The K-promotion modified the reaction mechanism: formyl species in
conjunction with bidentate carbonates became the active surface spe-
cies, which are more resistant to reduction by H2 into CH4. The latter
observation aligns with the results obtained here by operando FTIR,

Fig. 8. Summary of the results of catalytic activity tests. The orange bars represent the CO2 adsorbed during the adsorption step, the violet bars the H2 consumed
during the hydrogenation step, the yellow bars the CO generated during the adsorption step, and the green bars the CH4 produced. Cx reported in the x-axes refers to
the number of cycles.
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through which bidentate formyl and carbonate species were detected on
the potassium-doped sample.

For comparison purposes, integrated CO2 capture and reduction
performances previously reported in the literature are listed in Table 7.
Notably, most catalysts documented in the literature possess an active
metal phase (Ru or Ni or both) exceeding 5 wt%. Furthermore, com-
mercial catalysts also typically exhibit an active phase content of at least
5 wt%. Consequently, an adequate comparison of the materials syn-
thesised in this study with literature models proves challenging. How-
ever, it remains a fact that the specific methane productivity (μmolCH4
g− 1) of our catalysts is substantial, given the low loading of deposited
Ru, even under highly realistic reaction conditions. The catalysts pre-
sented in this study demonstrate significant competitiveness with those
documented in the literature, particularly when evaluating the amount
of methane produced per gram of active metal. Moreover, it is also
essential to take into account the CO2 concentration during adsorption
and the time required for regeneration with H2. Often, the partial
pressure of CO2 used in many works exceeds that employed in this work.
A higher percentage of CO2 can increase the adsorption capacity and,
consequently, also the methane yield. Finally, process intensification is
determined by the length of the reduction period and the length of the
CO2 capture period. The durations for CO2 capture and reduction should
be matched when two reactors are employed to operate continuously by
switching their functions (capture or reduction). Considering this pur-
pose, Ru-K/MgAl seems to be ill-suited since the reduction time is
remarkably longer than the full CO2 adsorption duration under the
condition evaluated. This would imply switching to the adsorption
phase when the material is not yet fully regenerated, affecting the effi-
ciency of subsequent capture. Instead, Ru/MgAl performs more suitably
for the final application, since there would be symmetry between the
capture and reduction periods. Additionally, the shorter reduction
period results in a more efficient use of H2 by decreasing the amount of
unreacted H2 that is released in the effluent. Finally, it is noteworthy to
emphasise that the catalysts examined in this study are notably cost-
effective. Through a straightforward heat treatment, a substrate with
significant alkaline properties and a high surface area can be produced.
The ruthenium precursor constitutes the most expensive component of
the entire catalyst. Nevertheless, our findings demonstrate that a
competitive catalyst can be achieved by reducing the amount of

deposited metal. Given these considerations, it can be concluded that
MgAl-based catalysts are competitive due to their excellent perfor-
mance, even with a low Ru content, and their low cost and straightfor-
ward production process.

4. Conclusions

Ru catalysts supported on MgO and Mg-Al-based Layered Double
Oxides were investigated for consecutive CO2 adsorption (in dry and wet
conditions) and methanation at atmospheric pressure. Physico-chemical
characteristics (e.g., CO2-TPD, N2 physisorption at − 196 ◦C, etc.)
highlighted the fundamental effect of active site dispersion (Mg2+ −

O2–) and surface area in the adsorption step, which greatly favoured the
capture capacity of the Ru/MgAl catalyst. We confirmed the positive
influence of moisture in the carbonation of carbon dioxide gas. More-
over, doping with K2CO3 further enhanced capture performance, despite
a significant loss of surface area. All three catalysts demonstrated
excellent methane conversion capability and selectivity over multiple
operating cycles. Methane yields were substantial considering the rela-
tively low Ru content compared to reference materials in the literature.
The characterisations and experimental tests proved that a more
defective material with greater dispersion of the adsorbent phase (i.e.,
MgAl) also allowed a considerable increase in the total methane pro-
duction capacity. Ru-K/MgAl demonstrated different conversion ki-
netics, as shown by the analysis of CH4 profiles: the presence of the alkali
metal considerably slows down the rate of migration of carbonates to-
wards the reactive centres. This phenomenon could be related to several
factors, such as the poor dispersion of Ru (as evidenced by microscopic
analysis), the low surface area (nitrogen physisorption) and the signif-
icant carbonation strength increased by K2CO3 (CO2-TPD). Additionally,
operando FTIR tests revealed differences in the reaction intermediates
for the two catalysts. This finding may account for the variations in
methanation kinetics observed between Ru/MgAl and Ru-K/MgAl.
Among the three materials examined in this study, the Ru/MgAl cata-
lyst demonstrated promising performances, due to both high adsorption
capacity and its ability to operate within symmetrical cycles, thereby
minimising hydrogen wastage. This study aimed to highlight the po-
tential of bifunctional materials for the in situ capture and conversion of
CO2. Although the capture process occurs at high temperatures, which

Table 6
Summary of the catalytic results in terms of CO2 adsorbed and CO produced during the adsorption step, CH4 produced and H2 consumed during the hydrogenation step,
and the yield in percentage during the experimental campaigns (d = dry adsorption, w = wet adsorption, Cx = number of cycles).

Catalyst No. Test CO2 adsorbed
(μmol g-1)

CH4 produced
(μmol g-1)

H2 consumed
(μmol g-1)

CO produced (μmol g-1) Yield (%)

Ru/MgO d-C1 113.4 96.9 391.7 0.0 85
d-C2 114.9 99.0 401.6 0.0 86
w-C1 180.1 106.2 425.7 0.0 59
w-C2 181.8 102.7 412.8 0.0 56

Ru/MgAl d-C1 249.9 179.9 695.6 126.5 72
d-C2 227.8 182.9 733.5 64.2 80
d-C3 179.8 171.5 702.3 48.5 95
d-C4 180.1 170.7 691.1 0.0 95
d-C5 192.6 159.6 644.1 66.6 83
w-C1 361.1 220.2 888.7 0.0 61
w-C2 282.0 209.3 835.2 0.0 74
w-C3 249.4 208.9 853.7 2.2 84
w-C4 243.7 207.1 834.5 1.8 85
w-C5 228.8 202.7 823.0 2.0 89

Ru-K/MgAl d-C1 406.1 305.6 1224.8 26.6 75
d-C2 382.4 304.0 1219.8 24.1 80
d-C3 380.3 326.5 1318.3 15.3 86
d-C4 348.1 324.9 1309.7 32.5 93
d-C5 347.9 323.1 1292.7 16.2 93
w-C1 526.2 305.7 1223.1 4.8 58
w-C2 463.4 312.6 1251.3 5.7 67
w-C3 489.1 330.5 1322.0 0.0 68
w-C4 493.7 332.5 1336.7 5.0 67
w-C5 487.1 333.4 1336.7 6.4 68
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may reduce the performance of the adsorbent component, maintaining
an isothermal system enhances the overall efficiency of the process. The
heat generated by the reaction (approximately 165 kJ per mole of CO2)
allows for effective carbon dioxide activation without the need for
additional energy input. Further optimization of this system can lead to
the production of cost-effective and health-safe catalysts, competitive
with conventional materials, enabling the development of new tech-
nologies for the capture and utilisation of CO2 emitted by industrial
plants.
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Fig. 9. A) Evolution of methane produced during the hydrogenation phase of the catalytic tests in dry and wet conditions. B) Proposed mechanism for the different
methane profiles.

Table 7
Summary of some CO2 capture and reduction efficiencies of Ru-based catalysts previously documented and those discussed in our current research.

Catalyst Adsorption parameters Methanation
parameters

Highest CH4

production
(μmolCH4 g-1cat)

Activity per active
metal
(mmolCH4 g-1active
metal)

Ref

5 % Ru, 10 % CaO/Al2O3 100
mg

10 % CO2/N2, 320 ◦C,
30 min

4 % H2/N2, 320 ◦C,
2 h

500 10.0 [105]

5 % Ru, 6.1 % Na2O/Al2O3

100 mg
10 % CO2/N2, 320 ◦C,
30 min

10 % H2/N2, 320 ◦C, 1
h

614 12.3 [22]

1 % Ru, 10 % Ni, 6.1 % Na2O/
Al2O3

1 g

7.5 % CO2, 4.5 % O2, 15 % H2O/N2, 320 ◦C,
20 min

15 % H2/N2, 320 ◦C
(time not reported)

380 3.5 [106]

0.5 % Ru, 5 % Ni, 6.1 % Na2O/
Al2O3

10 g

7.5 vol% CO2, 4.5 vol% O2, and 10 vol% H2O,
320 ◦C, 10 min

15 vol% H2

10 min
280 5.1 [107]

2 % Ru, 20 % K2CO3/MgAl
400 mg

5 % CO2/N2, 320 ◦C (+10 % RH), 30 min 5 % H2/N2, 320 ◦C,
up to 1 h

327 (dry) − 333 (wet) 16.3 (dry) − 16.6
(wet)

Present
work

2 %Ru/MgAl
400 mg

5 % CO2/N2, 250 ◦C (+10 % RH), 30 min 5 % H2/N2, 250 ◦C,
up to 1 h

180 (dry) − 220 (wet) 9.2 (dry) − 11.3 (wet) Present
work

2 %Ru/MgO
400 mg

5 % CO2/N2, 250 ◦C (+10 % RH), 30 min 5 % H2/N2, 250 ◦C,
up to 1 h

99 (dry) − 106 (wet) 6.6 (dry) − 7.1 (wet) Present
work
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