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A B S T R A C T

Here, it reports the influence of MgO incorporation on the structural and catalytic properties of Rh catalysts 
supported on ZrO2 for CO2 methanation. The results show that MgO addition promotes the formation of the cubic 
phase of ZrO2, leading to an increase in surface area, oxygen vacancies, and surface basicity, factors that 
collectively enhance CO2 adsorption and activation under reaction conditions. Catalytic testing revealed that a 
low MgO content (1.7 wt %) yielded the highest CO2 conversion (37.8 % at 325 ◦C), while higher MgO loadings 
resulted in decreased activity. Notably, the catalyst with the highest MgO content (5.5 wt %) exhibited 
remarkably low CO selectivity (1.4 %), indicating suppression of the reverse water-gas shift (RWGS) reaction in 
favor of the associative methanation pathway. This behavior is related to the increase in surface basicity, which 
significantly influences the nature of surface intermediates during the reaction, favoring methane formation via 
direct CO2 hydrogenation. In situ FTIR analysis confirmed the presence of key intermediates, such as formate and 
Rh⁰–carbonyl species. As MgO content increased, the formation of Rh0–carbonyl species diminished, further 
promoting selectivity toward methane.

1. Introduction

Climate change and global warming are among the most pressing 
challenges facing humanity today, primarily driven by the increasing 
atmospheric concentration of greenhouse gases, particularly carbon 
dioxide. This rise is largely attributed to fossil fuel combustion, which 
continues to meet society energy demands [1,2]. In response, research 
about CO2 utilization technologies has intensified, the CO2 methanation 
(Sabatier reaction) emerging as a promising strategy for reducing the 
atmospheric CO2 concentrations [3,4]. This process not only helps 
mitigate greenhouse gas emissions but also produces methane, a 

valuable clean fuel and energy carrier [3].
However, the inherent thermodynamic stability of the CO2 molecule, 

combined with the exothermic nature of CO2 methanation (ΔH298K =

− 164 kJ/mol), leads to an increase in reaction temperature, which 
negatively impacts CO2 conversion by affecting the reaction chemical 
kinetics [5]. This makes the process more challenging, with the primary 
difficulty being the design of catalysts that can efficiently catalyze CO2 
methanation at lower temperatures while achieving high conversion 
rates and suppressing side reactions such as the reverse water-gas shift 
and CO hydrogenation [5,6].

Typical catalysts for CO2 methanation consist of precious and 
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transition metals dispersed on various metal oxide supports. Metals such 
as Ru, Rh, Pd, and Ni [7–10], supported on oxides like Al2O3, CeO2, 
SiO2, TiO2 and ZrO2 [11–13], have been extensively studied by various 
research groups to optimize catalytic performance and stability. Among 
the catalysts mentioned, despite its high cost, supported Rh catalysts 
remains one of the most promising options for CO2 methanation, due to 
its great catalytic activity and selectivity for methane formation at low 
temperatures [4].

Although CO2 methanation may seem like a simple reaction, it fol
lows two well-recognized mechanistic pathways, which can even coexist 
[14]. The first is the association pathway, where CO2 molecules adsorb 
onto the catalytic support as carbonates and undergo subsequent 
reduction, leading to the formation of formate species, a key reaction 
intermediate [14,15]. The second pathway involves CO2 dissociation via 
the reverse water-gas shift (RWGS) reaction, producing adsorbed 
carbonyl species, followed by a reduction, ultimately yielding methane 
and water [15,16]. Therefore, developing catalysts capable of achieving 
efficient low-temperature CO2 methanation while effectively suppress
ing the RWGS reaction and minimizing CO formation remains a signif
icant challenge, which would have a significant impact on hydrogen 
consumption during the reaction [4,5]

In this respect, ZrO2 has gained a significant attention as a support 
material for Rh catalysts in CO2 methanation, owing to its strong CO2 
adsorption capacity and moderate acid-base surface properties. These 
characteristics promote effective Rh dispersion and facilitate the con
version of CO₂-derived adsorbed species on ZrO2 into formate in
termediates, which play a pivotal role in the methanation process [17,
18].

ZrO2 is a polycrystalline material that can exist in three principal 
crystallographic phases: monoclinic (m), tetragonal (t), and cubic (c), 
each with distinct structural features that impact its catalytic behavior. 
Regularly the m-ZrO2, t-ZrO2 or their mixtures have been employed as 
supports for Rh-based catalysts in CO2 methanation [14,19,20] reported 
that cubic ZrO2 can promotes the CO2 methanation via formate pathway 
avoiding the CO formation via RWGS reaction. Additionally, t-ZrO2 can 
undergo a spontaneous transformation into the monoclinic phase when 
exposed to relatively low temperatures (65–400 ◦C) in the presence of 
water vapor leading a significant loss in the dispersion of the active 
phase, promoting the sintering of rhodium species [18]. As a result, the 
contribution of rhodium to the overall CO2 methanation activity is 
diminished. On the other hand, c-ZrO2 has been shown to maintain 
structural stability under reaction conditions and exhibit resistance to 
water vapor-induced transformation [21]. Therefore, stabilizing ZrO2 in 
its cubic phase presents a promising strategy for enhancing the dura
bility and performance of Rh-based catalysts in CO₂ methanation.

Some studies have shown that the addition of MgO [22], Y2O3 [23], 
CaO [24], and CeO2 [25] promotes the formation of partially stabilized 
zirconia (PSZ), where the cubic phase becomes predominant. This sta
bilization strategy offers a promising pathway to enhance catalyst sta
bility and performance in CO2 methanation applications.

The incorporation of MgO has been observed to have a beneficial 
effect on CO and CO2 methanation reactions by increasing the number of 
basic sites, thereby enhancing CO2 adsorption and activation as surface 
carbonate species [26,27]. Additionally, MgO promotes the formation of 
the cubic crystalline phase of ZrO2, which is more stable and can 
improve the methanation of carbon oxides via formate route [28].

Based on these findings, this study investigates the effect of MgO 
incorporation on the formation of the cubic phase of ZrO2 as a support 
for Rh catalysts in CO2 methanation. Furthermore, the nature of surface 
species formed during the reaction was analyzed using FTIR spectros
copy under operating conditions to elucidate the role of magnesium in 
the reaction mechanism.

2. Experimental

2.1. Synthesis of supports and catalysts

ZrO2 was synthesized using the precipitation method. The procedure 
involved the dropwise addition of a 1 M aqueous NH4OH solution 
(Sigma-Aldrich) at room temperature to a 0.1 M solution of ZrO 
(NO3)2⋅xH2O (Sigma-Aldrich). MgO-ZrO2 can be obtained in a similar 
way using a 0.1 M mixture of ZrO(NO3)2 (Sigma-Aldrich, 99 %) with the 
desired amount of Mg(NO3)2⋅6H2O (Sigma-Aldrich, 99 %). The addition 
was carried out under constant stirring until the pH of the mixture 
reached approximately 10. A white precipitate was formed, which was 
aged for 1 h and then filtered and washed with deionized water. Sub
sequently, the resulting powder was dried overnight at 100 ◦C and then 
it was calcined at 500 ◦C for 5 h. The MgO-ZrO2 mixed oxides supports 
were synthesized with varying MgO contents of 1.7 %, 3.5 %, and 5.5 % 
by weight, corresponding to Mg:Zr molar ratios of 5:95, 10:90, and 
15:85, respectively.

Rhodium catalysts supported on the oxides were prepared using the 
excess impregnation method. During synthesis, the support was exposed 
to an aqueous RhCl3 solution for 1 h at room temperature. The solvent 
was then removed by stirring at 80 ◦C, followed by drying at 120 ◦C for 
12 h and calcination in air at 450 ◦C for 5 h. The solution concentration 
was calculated to achieve a metal loading of 1 wt %.

2.2. Catalysts characterization

X-ray diffraction characterization was performed using a PANalytical 
Aeris diffractometer equipped with a Pixel 1D detector and a Cu Kα 
radiation source (λ = 1.5405 Å), with a step size of 0.02 ◦/s, from 10 to 
80◦ (2θ).

Textural properties were evaluated using the N2 adsorption- 
desorption isotherms at − 196 ◦C on a Micromeritics TRISTAR III sys
tem. Before the analysis, samples were pre-treated by outgassing at 300 
◦C for 3 h. The Brunauer–Emmett–Teller method was used for surface 
area calculations, and the pore size distribution was calculated using 
DFT Plus software (Micromeritics) using the Barrett–Joyner–Halenda 
(BJH) model with cylindrical pore geometry.

CO2- and O2-TPD desorption experiments for the freshly reduced 
catalysts were carried out in a U-shaped quartz reactor coupled to a 
Hidden HAL301 on-line analytical mass spectrometer (MS). Before to 
the desorption test, 40 mg of the catalysts were reduced in-situ at 300 ◦C 
for 1 h in a stream of H2 (40 mL/min), and finally the temperature was 
increased up to 400 ◦C in a stream of He (80 mL/min) for 1 h to remove 
H2 likely to be adsorbed on the catalyst surface.

For the CO2-TPD analysis, after purging the H2 adsorbed during the 
reduction process, the catalyst was cooled to 100 ◦C under a He flow (80 
mLmin-1). The samples were then exposed to CO2 (30 mLmin-1) at this 
temperature for 60 min. Subsequently, they were purged again with He 
(80 mLmin-1) for 40 min, cooled to 40 ◦C under He flow, and then heated 
from 40 ◦C to 750 ◦C under He flow at a rate of 5 ◦Cmin-1, while 
monitoring CO2 desorption.

For the O2-TPD analysis, after purging the H2 adsorbed during the 
reduction process, the catalyst was cooled to 40 ◦C under a He flow (80 
mLmin-1). Then the oxygen adsorption was carried out at this temper
ature for 2 h in an atmosphere containing 1 % O2 in He. Subsequently, 
the sample was purging with He for 45 min, then the TPD was performed 
under a continuous He flow with a temperature ramp of 5 ◦C min-1.

UV–Vis absorption spectra of the freshly reduced catalysts were ob
tained using a Cary Series UV–Vis-NIR spectrophotometer equipped 
with a sphere of integration. The samples were reduced in situ at 300 ◦C 
for 1 h in a stream of H2 (40 mL/min).

Temperature-programmed reduction (TPR) analyses were conducted 
using a Quantachrome ChemBET Pulsar equipment. About 30 mg of the 
sample was first degassed at 150 ◦C under a N2 flow for 1 h. After cooling 
to room temperature, the TPR analysis was performed by heating the 
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sample in a U-tube reactor to 600 ◦C at 10 ◦C/min in a 10 % H2/Ar 
mixture at 25 mL/min.

TEM analyses were performed using a JEOL JEM 2010 electron mi
croscope working at 200 kV with a point resolution of 2.35 Å. High- 
angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) setup and energy dispersive X-ray spectroscopy (EDX) 
were used simultaneously to analyze the elemental composition of the 
catalysts, employing a Euro EA3000 elemental analyzer (EuroVector) 
with sulfanilamide as a reference.

2.3. FTIR characterization under reaction conditions

Surface species were characterized by infrared spectroscopy (FTIR) 
under reaction conditions using an Agilent Cary 660 spectrophotometer 
equipped with an ISRI cell/reactor. Self-supported catalyst wafers with a 
thickness of 35 mg/cm2 were prepared by pressing the powder samples 
under a pressure of 7 × 103 kg/m2. The self-supported wafer was treated 
with a reducing mixture of H2 (10 mL/min) and N2 (5 mL/min) at 300 ◦C 
for 1 h and then cooled to room temperature. The previously in situ 
reduced samples were subjected to a flow of H2 (10 mL/min) and CO2 
(2.5 mL/min) while the cell/reactor temperature was increased by 2 ◦C/ 
min from room temperature to 300 ◦C. Simultaneously, IR spectra were 
collected every 50 ◦C from 150 ◦C with a resolution of ± 4 cm-1 in the 
range from 4000 to 950 cm-1.

2.4. Catalytic activity

The catalytic activity of the samples was evaluated in a quartz 
reactor with an internal diameter of 4 mm coupled to an on-line gas 
chromatograph (Clarus 690 GC) equipped with 2 columns (HAYESEP P 
and MOLE SIEVE 5A) and 2 detectors (TCD and FID). For the experi
ments, 60 mg of catalyst was diluted with the appropriate mass of silicon 
carbide to reach a total volume of 1 cm3. Prior to catalytic tests, the 
samples were reduced in situ at 300 ◦C for 1 h in a stream of H2 (40 mL/ 
min). The gas flow was then switched to a reactive mixture of 20 % CO2 
and 80 % H2 v/v, achieving a 1:4 molar ratio of CO2:H2. The gas hourly 
space velocity (GHSV) was set at 30,000 h− 1 for these experiments. The 
catalytic activity was evaluated over a temperature range from 175 ◦C to 
325 ◦C by recording different chromatograms every 25 ◦C. Catalytic 
activity was evaluated by CO2 conversion and selectivity towards CH4/ 
CO products at stationary conditions from 175 ◦C to 325 ◦C.

The catalytic activity of the materials was calculated using the CO2 
inflow and outflow using the following equation: 

XCO2 (%) =
Fin

CO2
− Fout

CO2

Fin
CO2

∗ 100 (1) 

The selectivity of the reaction towards methane was calculated by 
the following equation: 

SCH4 (%) =
Fout

CH4

Fin
CO2

− Fout
CO2

∗ 100 (2) 

SCO(%) =
Fout

CO

Fin
CO2

− Fout
CO2

∗ 100 (3) 

3. Results and discussion

The catalysts were labeled as CZr for the magnesium oxide-free 
catalyst, while those with Mg:Zr molar ratios of 5:95, 10:90, and 
15:85 were labeled CZrMg5, CZrMg10, and CZrMg15, respectively.

3.1. Catalysts characterization

The chemical composition of the Rh catalysts supported on mixed 
oxides, as determined by ICP-OES, is presented in Table 1. The 

magnesium content, expressed as MgO, was 1.7, 3.5, and 5.5 wt. % for 
the CZrMg5, CZrMg10, and CZrMg15 catalysts, respectively. The Rh 
loading ranged from 0.95 to 0.97 wt. %, in close agreement with the 
nominal value of 1 wt. % specified in the experimental section.

Textural properties were also determined following N2 adsorption- 
desorption measurements. According to the IUPAC classification, all 
materials exhibited type IV N2 adsorption-desorption isotherms (data 
not shown here), characteristic of mesoporous materials [4]. The 
textural properties of the materials, obtained from N2 
adsorption-desorption isotherms at − 196 ◦C, are summarized in Table 1. 
The MgO-free catalyst exhibited the lowest surface area (SBET) among 
the catalysts studied. The incorporation of MgO led to an increase in 
surface area, with CZrMg5 and CZrMg10 catalysts displaying similar 
SBET values (85 m2/g), compared to the MgO-free catalyst (60 m2/g). 
However, at higher MgO concentrations, a slight decrease in SBET was 
observed, with the CZrMg15 catalyst with a surface area of 77 m2/g.

The pore volume (Vp) remained relatively unchanged between the 
MgO-free catalyst and the catalyst with the lowest MgO content 
(CZrMg5). However, as the MgO content increased, Vp showed a sig
nificant decline, reaching its lowest value in the CZrMg15 catalyst. 
Additionally, the average pore diameter (Dp) gradually decreased with 
increasing MgO content, from 6.8 nm in the CZr catalyst to 3.7 nm in the 
CZrMg15 catalyst, which had the highest MgO concentration. It is 
important to note that the porosity in these materials arises from both 
the pores formed within the particles and the intrinsic porosity of the 
crystal structure, both of which contribute to the total porosity. The 
reduction in pore size may be linked to an increase in crystal size, as 
evidenced by X-ray diffraction patterns, leading to a notable decrease in 
both overall porosity and average pore diameter.

The X-ray diffraction characterization of the Rh catalysts supported 
on mixed oxides are shown in Fig. 1. The diffraction patterns of the MgO- 

Table 1 
Chemical composition (obtained from ICP-OES) and textural properties of the 
rhodium catalysts supported on ZrO2 and on zirconium-magnesium mixed 
oxides.

Sample Mg:Zr 
molar ratio

MgO 
(wt. %)

Rh (wt. 
%)

SBET 

(m2/g)
Vp 

(cm3/g)
Dp 

(nm)

CZr - - 0.97 60 0.12 6.8
CZrMg5 5 1.7 0.95 85 0.13 5.1
CZrMg10 10 3.5 0.97 85 0.10 4.1
CZrMg15 15 5.5 0.96 77 0.07 3.7

Fig. 1. X-ray diffraction patterns of the rhodium catalysts supported on ZrO2 
and zirconium-magnesium mixed oxides. The letters M, T and C denote the 
peaks corresponding to monoclinic zirconia and cubic zirconia-magnesium 
oxide respectively.
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free RhZr catalyst exhibit characteristic peaks corresponding to mono
clinic (JCPDS 00–001–0750) ZrO2 phase. The incorporation of magne
sium oxide induces significant crystallographic modifications in the 
ZrO2 structure. Catalysts containing MgO exhibit well-defined diffrac
tion peaks characteristic of the cubic phase of ZrO2 (Fig. 1). The addition 
of MgO promotes the formation of a highly stable cubic ZrO2 structure 
(JCPDS 00–003–0640). Notably, no diffraction patterns corresponding 
to magnesium oxide or rhodium particles (metallic or oxide) were 
observed. This suggests that these species may be present in sizes below 
the detection limit of the X-ray diffraction technique or exist in an 
amorphous state (for MgO). Furthermore, the incorporation of MgO 
enhances the crystallinity of zirconium oxide, as observed in Fig. 1, 
where the diffraction peaks exhibit greater intensity and improved 
definition. The cubic phase of ZrO2 is highly desirable, as it has been 
reported to enhance CO2 methanation over rhodium catalysts while also 
exhibiting excellent stability in the presence of water vapor generated 
during the reaction [29,30].

The average crystal size of the ZrO2 phases was determined using the 
Scherrer equation. For the MgO-free CZr catalyst, the calculated crystal 
size was 12.2 nm fo. The incorporation of MgO not only promotes the 
formation of the cubic phase of ZrO2 but also contributes to the devel
opment of smaller crystals. The smallest crystal size was observed in the 
CZrMg10 sample, with an average size of 9.8 nm, followed by the 
CZrMg5 catalyst, which had an average size of 11 nm. In contrast, the 
CZrMg15 catalyst, which contained the highest MgO content, exhibited 
a slightly larger average crystal size of 13.3 nm.

The CO2-TPD experiment for the freshly reduced catalysts was per
formed to verify the enhancement of basic site content due to the 
addition of MgO as a promoter. The CO2-TPD profiles of the catalysts are 
presented in Fig. 2. CO2-TPD desorption profiles are typically analyzed 
across three temperature ranges. The first desorption region, occurring 
at low temperatures (100–250 ◦C), is attributed to weakly basic Brønsted 
sites, such as surface OH groups. The second region, at medium tem
peratures (250–400 ◦C), corresponds to medium-strength Lewis base 
sites. Finally, the third desorption stage, observed at temperatures above 
400 ◦C, is associated with low-coordination oxygen anions, which 
function as strong basic sites [31].

The MgO-free catalyst (CZr) exhibited two well defined CO2 
desorption peaks at 98 ◦C and 240 ◦C corresponding therefore respec
tively to weakly basic Brønsted sites and medium-strength Lewis basic 

sites. The first peak corresponds to weakly basic Brønsted sites, while the 
second, at 240 ◦C, is associated with medium-strength Lewis acid-base 
sites. Additionally, the CZr catalyst displayed the lowest CO2-TPD 
signal intensity, indicating a reduced capacity for CO₂ adsorption on its 
surface.

In contrast, the incorporation of MgO significantly increased the 
amount of desorbed CO2, suggesting that the presence of this alkaline 
compound enhances CO2 capture on the surface. This improvement may 
be attributed to an increase in surface basicity, resulting from the 
presence of MgO species and/or the formation of additional oxygen 
vacancies (vide infra, UV–Vis DRS analyses), both of which contribute to 
CO2 adsorption. All MgO-containing catalysts exhibit a broad and 
intense CO2 desorption peak centered between 110 and 130 ◦C. The 
MgO-free catalyst exhibited the lowest temperature for the main CO2 
desorption peak. As the MgO loading increased, the temperature of this 
principal desorption peak was shifted higher temperatures. The highest 
desorption temperature, 130 ◦C, was observed for the catalyst with the 
greatest MgO content (CZrMg15). This suggests that at higher MgO 
concentrations, the interaction between CO2 molecules and the surface 
is stronger compared to catalysts with MgO-free sample. However, as the 
MgO content increases, the interaction strength slightly weakens. This 
effect could be attributed to the formation of basicity sites on the surface 
promoted by the MgO species.

Additionally, a signal at higher temperatures was observed on the 
CZr, CZrMg5 and CZrMg10catalysts, appearing at 240 ◦C, 194 ◦C and 
177 ◦C, respectively. These signals are attributed to medium-intensity 
acid-base sites, originating from unsaturated Zr4⁺-O²⁻ and Mg4⁺-O2⁻ 
pairs [32]. The intensity of this signal decreased and shifted to lower 
temperatures with increasing MgO content. Notably, this signal was not 
observed for the catalyst with the highest MgO content, suggesting that 
increasing MgO concentration leads to the generation of a greater 
number of strong basic sites, while medium-strength basic sites become 
less TCD signal. This effect may be attributed to the partial coverage of 
the zirconia surface by MgO species.

The amount of desorbed CO2 was approximately 2.2 times higher in 
the MgO-containing samples compared to the MgO-free sample. The 
alkali content was calculated based on the data from Fig. 2. The total 
basicity of the sites follows the order: CZrMg15 (112 μmol CO2 gcat

− 1) >
CZrMg10 (101 μmol CO2 gcat

− 1) > CZrMg5 (95 μmol CO2 gcat
− 1) >> CZr (62 

μmol CO2 gcat
− 1). These results indicate that the presence of MgO signif

icantly enhances the CO2 adsorption capacity compared to the catalyst 
without MgO. Additionally, although no substantial differences are 
observed in the total amount of CO2 adsorbed among the catalysts 
containing MgO, there are notable variations in the nature of basic sites 
present on the surface.

The O2-TPD experiment was conducted on freshly reduced catalysts 
after oxygen saturation, as described in the experimental section, to 
confirm the enhancement in oxygen storage capacity and mobility 
induced by the addition of MgO as a promoter. The desorption peaks 
observed in the O2-TPD profiles are attributed to the release of weakly 
bound oxygen species and chemisorbed oxygen that refill surface oxygen 
vacancies after oxidative pretreatment. The oxygen desorption likely 
originates from the ZrO2 and MgO components, both of which are 
known to form surface oxygen vacancies. The contribution from RhOx 
species is considered minimal due to their low content and lack of 
defined desorption peaks in this temperature range. The O2-TPD profiles 
for samples with different MgO loading are presented in Fig. 3. The 
desorption signals observed below 110 ◦C are likely associated with 
physically adsorbed species on the surface [33]. All catalysts exhibited 
well-defined O2 desorption peaks in the temperature ranges of 140–235 
◦C and 345–415 ◦C. Additionally, the CZrMg15 catalyst exhibited two 
distinct O2-TPD signals at 280 ◦C and 448 ◦C, whereas the CZr, CMg5, 
and CZrMg10 catalysts displayed low-intensity O2 desorption peaks at 
495 ◦C and 650 ◦C. The peaks observed at 140–235 ◦C can be attributed 
to the desorption of molecularly adsorbed O2, possibly associated with 
chemically adsorbed O2 and O2⁻ species [32,33], which increases as the 

Fig. 2. CO2 -TPD profile for the freshly reduced rhodium catalysts supported on 
ZrO2 and zirconium-magnesium mixed oxides.
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MgO content increases.
The peaks in the range of 345–415 ◦C are likely due to desorption of 

chemically adsorbed oxygen from oxygen vacancies or weakly bound 
surface lattice oxygen [33,34]. Finally, the high-intensity O2-TPD signal 
at 280 ◦C observed in the CZrMg15 catalyst could be associated with 
desorption of adsorbed oxygen species with stronger interactions [35]. 
The O2 desorption peak at 448 ◦C in this same sample is likely due to 
oxygen species more strongly adsorbed on oxygen vacancies [35]. 
Similarly, the low-intensity oxygen desorption signal at 495 ◦C observed 
in the CZr, CMg5 and CZrMg10 catalysts may correspond to chemically 
adsorbed oxygen species with a higher adsorption strength on oxygen 
vacancies. Finally, the high-temperature signal observed at 650 ◦C could 
be associated with lattice oxygen, which requires more energy for 
removal [33].

The incorporation of MgO significantly enhanced the amount of 
oxygen adsorbed on the catalyst surface, with the most pronounced in
crease observed in the catalyst with the highest MgO content. These 
results indicate that MgO addition not only facilitates the interaction of 
CO2 molecules with the surface but also promotes the formation of ox
ygen vacancies. This effect is further supported by the presence of 
desorption peaks at higher temperatures, particularly in the catalyst 
with the highest MgO content.

Fig. 4 presents the DR UV–vis spectra of each reduced catalyst after 
subtracting the corresponding support spectrum. All samples display 
two well-defined absorption bands centered at 270 and 480 nm. An 
additional absorption band around 360 nm was also detected on the 
MgO-containing catalysts. The high-energy absorption band at 270 nm 
can be attributed to a ligand-to-metal charge transfer transition (O-2 → 
Zr4+) [36,37]. This absorption band is strongly influenced by structural 
defects, such as surface oxygen vacancies [38]. The highest intensity of 
this band was observed in the MgO-free catalyst (CZr). Upon MgO 
incorporation, a notable decrease in the intensity of this band was 
recorded, with a progressive reduction as the MgO content increased, 
reaching its lowest intensity in the catalyst with an Mg:Zr atomic ratio of 
85:15 (CZrMg15). However, the difference in intensity between the 
CZrMg10 and CZrMg15 catalysts was minimal. The decrease in the in
tensity of the absorption band at 270 nm may indicate a reduction in the 
O2⁻ → Zr4⁺ charge transfer transition, suggesting a lower concentration 
of oxygen species susceptible to this transition.

This observation aligns with findings reported by M. Morinaga et al. 

[39], who demonstrated that the O2⁻ → Zr4⁺ transition is influenced by 
the crystallographic structure. Their study reported a decrease in the 
Zr–O bond distance in the cubic ZrO2 structure, accompanied by a 
higher concentration of structural defects compared to other ZrO2 
phases. This reduction in bond length enhances the ionic character of the 
Zr–O bond, which in turn affects its electronic transitions.

The cubic phase of ZrO2 is thermally stable at high temperatures 
(>2300 ◦C), making its formation challenging at lower temperatures. 
However, previous studies have successfully synthesized this phase by 
doping with yttrium [40], which generates a high concentration of ox
ygen vacancies, leading to the formation of yttrium-stabilized cubic 
zirconia. Similarly, the addition of MgO facilitates the stabilization of 
the cubic phase of ZrO2 by inducing the formation of anion vacancies to 
maintain charge neutrality, thereby enhancing the electronic stability of 
the cubic ZrO2 structure [39,40]. Therefore, it is reasonable to expect an 
increased number of oxygen vacancies in MgO-doped samples, further 
contributing to phase stabilization.

Regarding the absorption band at 360 nm, M. Yi et al. [41] reported 
an absorption feature within the 250–430 nm range, centered around of 
360 nm, which was attributed to surface defects in the ZrO2 structure 
[39,40]. Therefore, the appearance of the 360 nm band in the 
MgO-containing samples can be attributed to the formation of oxygen 
vacancy sites with four electrons (F2 defect sites) and three electrons (F2⁺ 
defect centers) [42]. The intensity of this band increased with higher 
MgO content, indicating that MgO incorporation enhanced the forma
tion of oxygen vacancies.

The band at 480 nm can be attributed to d–d transitions of Rh3+ ions 
in octahedral coordination on the surface or to small Rh oxide particles 
strongly interacting with the support [43]. The increasing intensity of 
this band with rising MgO content suggests a higher dispersion or/and a 
stronger interaction of the Rh species on the surface, likely promoted by 
MgO incorporation.

H2-TPR analysis was conducted to assess the influence of MgO on the 
interaction between rhodium and the catalyst surface. Fig. 5 presents the 
H2-TPR profiles of rhodium catalysts supported on ZrO2 and on 
ZrO2− MgO mixed oxides, after reduction up to 600 ◦C.

The MgO-free catalyst (CZr) exhibits a single reduction peak at 180 
◦C, attributed to the reduction of Rh3⁺ species weakly interacting with 
the ZrO2 surface [44]. This reduction peak shifts to lower temperatures 
in catalysts with low to moderate MgO content, appearing at 130 ◦C in 

Fig. 3. O2 -TPD profile for the freshly reduced rhodium catalysts supported on 
ZrO2 and on zirconium-magnesium mixed oxides.

Fig. 4. DRS UV–vis spectra of the reduced rhodium catalysts supported on ZrO2 
and zirconium-magnesium mixed oxides. The electronic spectrum of each 
catalyst was obtained after subtracting the corresponding support spectrum.
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CZrMg5 and 140 ◦C in CZrMg10. However, at higher MgO content, this 
reduction peak shifts to 190 ◦C, indicating a higher reduction temper
ature compared to the MgO-free catalyst [44,45]. These results suggest 
that at low MgO content, the majority of the rhodium species are more 
easily reducible, even in the catalyst with intermediate MgO content 
(CZrMg10).

Additionally, catalysts with MgO content also exhibit a secondary 
reduction peak of lower intensity at higher temperatures, and shifting 
progressively to higher values (250 ◦C for CZrMg5, 270 ◦C for CZrMg10, 
and 285 ◦C for CZrMg15). This peak is likely associated with the 
reduction of Rh species that interact more strongly with the ZrO2 sur
face, possibly due to the formation of oxygen vacancies induced by MgO 
incorporation [44,45]. This is supported by the absorption band 
observed at 480 nm in the DRS UV–Vis spectra, whose intensity in
creases with higher MgO content.

These vacancies could possibly contribute to the stabilization of 
rhodium species on the ZrO2 surface, making them more resistant to 
reduction [45,46]. The H2-TPR profiles therefore indicate that the MgO 
incorporation enhances the reducibility of Rh species. However, it also 
promotes the formation of a minor fraction of rhodium species that 
exhibit stronger interactions with the surface.

To evaluate the size dispersion of rhodium particles and the distri
bution of different metals in the synthesized catalysts, STEM imaging 

and chemical mapping were performed. Fig. 6 shows representative 
TEM images of rhodium catalysts supported on ZrO2 and ZrO2− MgO 
mixed oxides. Additionally, each image includes an inset graph depict
ing the statistical distribution of particle sizes along with the average 
particle size. The CZrMg5 and CZrMg10 catalysts exhibits the smallest 
average particle size, centered at 2.3–2.4 nm, with a narrow distribu
tion, indicating well-dispersed Rh nanoparticles. As the higher MgO 
content loading, the CZrMg15 catalyst shows an increase in the average 
particle size, centered at 3.8 nm, with a narrow particle distribution, 
showing a significant effect of the high MgO loaded on the Rh particle 
size.

Fig. 7 shows representative STEM images along with elemental 
mapping by energy-dispersive X-ray spectroscopy (EDS) for the CZrMg5 
(a) and CZrMg15 (b) catalysts. The images provide insights into the 
elemental distribution of Zr, Mg, and Rh on the catalysts surface. Mag
nesium (red signal) appears well distributed across both catalysts, 
indicating a uniform dispersion of MgO throughout the surface support. 
As expected, the density of magnesium oxide species (as indicated by the 
magnesium mapping intensity) is significantly higher in the CZrMg15 
catalyst due to its greater Mg content (Fig. 7b). Rh species (cyan signal) 
also presents a good dispersion on both CZrMg5 and CZrMg15 catalysts. 
However, areas with higher rhodium density can also be observed on the 
surface of the CZrMg15 catalyst (Fig. 7b), suggesting potential 
agglomeration of Rh particles. This observation aligns with the TEM 
particle size analysis (Fig. 6c), which showed an increase in Rh particle 
size with higher MgO concentration.

Fig. 8.
It can be inferred that the MgO incorporation significantly affects the 

dispersion of Rh species. At low MgO concentrations, the Rh dispersion 
is enhanced, leading to the formation of smaller particles. In contrast, at 
higher MgO content (CZrMg15), a higher tendency to aggregation of Rh 
particles is observed, indicating a shift toward larger particle sizes.

The surface chemical states, as well as the Rh/Zr and Mg/Zr surface 
atomic ratios of the reduced rhodium catalysts supported on ZrO2 and 
Zr–Mg mixed oxides, were investigated by XPS analysis.Fig. 8 shows the 
Rh 3d core-level spectra obtained by XPS for the reduced catalysts. 
Table 2 summarizes the binding energies (BE) of the Mg 2p and Rh 3d5/2 
core levels, along with the corresponding surface atomic ratios. The Mg 
2p signal, observed at 49.6 ± 0.1 eV, is attributed to Mg2+ species in the 
oxidized state, consistent with the presence of the MgO phase [47,48]. 
The binding energies of the Rh 3d5/2 core electron levels in the calcined 
samples are centered on 307.2 eV, characteristic to the presence of 
metallic Rh0 species [49].

As shown in Table 2, the surface atomic Mg/Zr ratio increases with 
the magnesium loading. Specifically, the ratio follows the trend: CZrMg5 
(0.013) < CZrMg10 (0.032) < CZrMg15 (0.047), indicating a progres
sive enrichment of Mg species on the catalyst surface as the MgO content 
increases.

The CZrMg5 catalyst exhibited the highest amount of surface- 

Fig. 5. H2-TPR profiles of the rhodium catalysts supported on ZrO2 and 
zirconium-magnesium mixed oxides.

Fig. 6. Representative TEM images of rhodium catalysts supported on ZrO2 and zirconium-magnesium mixed oxides. Each image includes an inset graph depicting 
the statistical distribution of particle sizes along with the average particle size.
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exposed rhodium species among the reduced catalysts, as indicated by 
the Rh/Zr ratio of 7.21 × 10–3. The Rh/Zr ratio slightly decreases to
wards higher magnesium contents. It can be concluded that at low 
magnesium loadings, the surface exposure of rhodium species is 
enhanced, whereas at higher magnesium contents, a slight decrease in 
dispersion of Rh species is observed.

3.2. FTIR characterization under reaction conditions

To understand how the incorporation of MgO into Rh/ZrO2 affects 
catalytic activity, we analyzed the surface species formed during the 
catalytic process using FTIR analysis under reaction conditions. Fig. 9
presents the infrared spectra obtained at increasing temperatures under 
a reactive mixture (3 % CO2, 12 % H2, 85 % N2, vol/vol) passing through 
the FTIR cell/reactor loaded with the Mg-free ZrO2-supported Rh cata
lyst. Upon introducing the reactive mixture at 150 ◦C, several new bands 
appeared in the IR spectrum. Specifically, bands at 1575 cm-1 and 1388 
cm-1 were observed, corresponding to the νas(COO) and (νs(COO+δCH) vi
bration modes of formate species bound to Zr4+ sites in a bidentate 
configuration [50,51].

Additionally, an intense band at 2038 cm-1, along with a shoulder at 
1965 cm-1, was detected (Fig. 9). These spectral features correspond to 
the CO stretching (ν(CO)) vibration modes of CO adsorbed on Rh⁰, in 
linear (Rh⁰–CO) and bridged ((Rh⁰)2–CO) configurations [4,14]. Both 
species have been previously reported in CO2 hydrogenation reactions 
[4,14]. The formation of formate species likely originates from car
bonate intermediates, while the appearance of Rh⁰-carbonyls may result 
from CO produced through CO2 dissociation [14].

Moreover, two weak absorption bands were observed at 3016 cm-1 

and 1305 cm-1, corresponding to the ν(-CH) and δ(-CH) vibration modes of 
gas-phase methane, respectively [44,45]. The presence of these bands 
correlates with the temperature range where methane formation was 
detected in our catalytic tests (shown in the following section). 
Furthermore, a shoulder at 1620 cm-1 appeared in the FTIR spectra, 
which can be assigned to the νa(CO₂) vibration mode of bidentate car
bonate species formed on the tetragonal phase of ZrO2 [44,45].

As the temperature increased, significant changes were observed in 
the FTIR spectra, as shown in Fig. 9. The bands corresponding to Rh0- 
carbonyls (2038 and 1965 cm-1) and formate species (1575 and 1388 
cm-1) first slightly intensified, reaching their maximum intensity at 200 
◦C. Above this temperature, these signals gradually decreased with 
further heating. Concurrently, the intensity of the bands associated with 
methane (3016 and 1305 cm-1, Fig. 9) increases markedly in agreement 
with the levels of catalytic activity expected for the Rh/ZrO2 sample at 
this temperature range. The behavior described above could indicate 
that CO2 methanation is likely carried out through two distinct path
ways: one involving the hydrogenation of Rh-bound carbonyls, and the 
other involving the hydrogenation of formate species bound to ZrO2 
[14]. The band at 1620 cm-1, attributed to bidentate carbonate species 
on ZrO2, exhibits an increase in intensity up to 200 ◦C while decreasing 
at higher temperatures [14]. This suggests that these species may be 
transformed into other surface species, possibly being hydrogenated to 

Fig. 7. Representative STEM images and elemental mapping by energy-dispersive X-ray spectroscopy (EDS) for the CZrMg5 (a) and CZrMg15 catalysts (b).

Fig. 8. XPS Rh 3d core level for reduced the rhodium catalysts supported on 
ZrO2 and zirconium-magnesium mixed oxides.

Table 2 
Binding energies (eV) of core levels and surface atomic ratios for reduced the 
rhodium catalysts supported on ZrO2 and zirconium-magnesium mixed oxides.

Sample Mg 2p Rh 3d5/2 Surface atomic

Mg2+-O Rh0 Mg/Zr Rh/Zr (x10–3)

CZr 49.7 307.2 - 6.34
CZrMg5 49.7 71.1 0.013 7.21
CZrMg10 49.6 71.1 0.032 6.73
CZrMg15 49.5 71.2 0.047 5.82
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Fig. 9. FTIR characterization of the reduced MgO-free CZr catalyst under reaction conditions (gas mixture of 3 % CO2/ 12 % H2/ 85 % N2 vol/vol) at increasing 
temperature.

Fig. 10. FTIR characterization of the reduced CZrMg5 catalyst under reaction conditions (gas mixture of 3 % CO2/ 12 % H2/ 85 % N2 vol/vol) at increasing 
temperature.
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formate on the ZrO2 surface.
During the experiment, a redshift in the Rh0-CO band from 2038 cm-1 

to 2020 cm-1 was observed when the temperature of reaction was 
increased to 300 ◦C. According to previous report [52], this shift can be 
attributed to a decrease in the CO adsorption coverage on the metallic 
particles. Additionally, at the beginning of the experiment (150 ◦C), a 
band at 1340 cm-1 was detected, corresponding to the νa(CO₃) vibration of 
monodentate carbonate species on ZrO2. This band increased in in
tensity with rising temperature, suggesting that these species accumu
late on the catalyst surface rather than participating in the formation of 
CH4.

Fig. 10 presents the FTIR results under reaction conditions for the 
CZrMg5 catalyst. Notable differences can be observed between the FTIR 
spectra of CZrMg5 (Fig. 10) and CZr (Fig. 9), despite both catalysts being 
evaluated under the same reaction conditions. At 150 ◦C, multiple bands 
appear in the IR spectrum, indicating the presence of various surface 
species. The band at 1445 cm-1 is assigned to the νs(CO₃) vibration of 
polydentate carbonate species on ZrO2 [53,54], while the signal at 1420 
cm-1 corresponds to the νs(CO₃) vibration mode of monodentate carbon
ate species on MgO [55–57]. Additionally, the band at 2025 cm-1 is 
attributed to the stretching vibration of the C–O bond in Rh⁰-carbonyls. 
The presence of formate species on ZrO2 is confirmed by the bands at 
1575 cm-1 (νa(CO₂)) and a shoulder at 1367 cm-1 (νs(CO₂)), which become 
more pronounced as the temperature increases.

Notably, a signal at 1620 cm-1 emerged, which can be assigned to the 
νa(CO₂) vibration of formate species on MgO [58]. This suggests that two 
distinct types of formate species can form on MgO-containing samples. 
As previously mentioned, the formation of Rh⁰-carbonyls can be 
attributed to CO adsorption on metallic Rh sites, originating from CO2 
dissociation. In contrast, the formation of formate species is associated 
with the generation of carbonate intermediates [14].

In the C–H stretching region, a band at 3014 cm-1, assigned to 
methane (ν(-CH)), was observed (Fig. 10). The presence of this signal 
aligns with the methane generation temperature observed in the cata
lytic tests (see next section). As the temperature increases, significant 
changes were observed in the FTIR spectra of the CZrMg5 catalyst 
(Fig. 10). Notably, the bands associated with formate species on both 
ZrO2 and MgO, as well as those corresponding to Rh⁰-carbonyls, inten
sified, and reaching their maximum intensity between 200 and 250 ◦C 
(Fig. 10). This behavior suggests that between 150 and 200 ◦C, formate 
species and Rh⁰-carbonyls accumulate on the catalyst surface. Above 
250 ◦C, these bands significantly decrease, while the methane band in
creases in intensity, accompanied by the appearance of a complemen
tary CH4 band at 1305 cm-1 (δ(-CH)). This dynamic evolution indicates 

that both Rh⁰-carbonyls (or desorbed as CO) and formate species (on 
MgO and ZrO2) may play a role in methane formation.

The bands associated with carbonate species on ZrO2 (1445 cm-1, 
polydentate) and MgO (1420 cm-1, monodentate) increased in intensity 
up to 250 ◦C, before diminishing at higher temperatures. This suggests 
that these species may play a role in the catalytic process, potentially 
serving as CO2-adsorbed intermediates that act as precursors to formate 
species. Additionally, the band at 1340 cm-1, attributed to monodentate 
carbonate species [52], increased with temperature, suggesting that 
these species primarily act as spectator species, similar to the case 
observed on the MgO-free catalyst. Finally, one should note that the 
intensity of the Rh⁰-carbonyl bands in the CZrMg5 catalyst was lower 
compared to the MgO-free CZr sample (Figs. 9 and 10).

3.2. Catalyst activity-structure correlation

The rhodium catalysts supported on ZrO2 and on ZrO2− MgO mixed 
oxides were tested in the CO2 hydrogenation reaction in a continuous 
flow-packed bed reactor. Fig. 11 shows the CO2 conversion and CO 
selectivity as a function of temperature. In the temperature range 
studied, all catalysts demonstrated activity in CO2 hydrogenation, pre
dominantly producing CH4. As anticipated, increasing the reaction 
temperature led to higher CO2 conversion percentages (Fig. 11a).

The MgO-free CZr catalyst exhibited an initial CO2 conversion of 1.4 
% at 175 ◦C, reaching a maximum of 27.6 % at 325 ◦C. Introducing a 
small amount of magnesium notably enhanced CO2 conversion; the 
CZrMg5 catalyst achieved the highest conversion across the entire 
temperature range, reaching 37.8 % of CO2 conversion at 325 ◦C. 
However, higher magnesium contents resulted in decreased CO2 con
version. The CZrMg15 catalyst showed the lowest conversion, with a 
maximum of 21.9 % at 325 ◦C.

All catalysts primarily produced methane. Examining CH4 selectivity 
(Fig. 11b) revealed that the magnesium-free CZr catalyst had the lowest 
CH4 selectivity, especially at elevated temperatures, reaching 90.1 % at 
325 ◦C. This indicates the formation of a 9.9 % of CO, indicating a more 
pronounced reverse water-gas shift (RWGS) reaction in this sample at 
higher temperatures. Incorporating magnesium oxide significantly 
increased CH4 selectivity. Notably, the CZrMg15 catalyst, with the 
highest MgO content, exhibited remarkably high CH4 selectivity, at just 
98.3 % at 325 ◦C. These findings suggest that incorporating magnesium 
into the catalyst suppresses the RWGS reaction, favoring methane for
mation through direct CO2 hydrogenation. As the MgO content 
decreased, CH4 selectivity increased. This trend is attributed not only to 
lower surface basicity but also to the increased formation of rhodium 

Fig. 11. CO2 conversion (a) and CH4 selectivity (b) over rhodium catalysts supported on ZrO2 and on ZrO2− MgO mixed oxides. Catalytic stability tests were 
conducted for the CZr, CZrMg5, and CZrMg15 catalysts under continuous flow conditions at 250 ◦C for 40 h (c). The catalysts were in situ reduced at 300 ◦C for 1 
hour under a 40 mL/min H2 flow. The gas hourly space velocity (GHSV) was set at 30,000 h-1, maintaining a 1:4 CO2:H2 molar ratio.

F. Ayala-Flores et al.                                                                                                                                                                                                                           Molecular Catalysis 585 (2025) 115332 

9 



carbonyl species in samples with lower MgO loadings. This observation 
suggests that CO formation is plausibly formed via the reverse water-gas 
shift (RWGS) reaction, with Rh⁰–carbonyl species serving as 
intermediates.

These results indicate that low MgO content enhances catalytic ac
tivity in CO2 conversion. The observed decrease in CO selectivity with 
increasing MgO content suggests that the MgO incorporation suppresses 
the RWGS reaction, likely by favoring the associative reaction pathway 
through formate species over CO2 dissociation promoting in this way 
methanation.

To assess the effect of MgO on catalytic stability, long-term tests were 
conducted for the CZr, CZrMg5, and CZrMg15 catalysts at 250 ◦C for 48 
h (Fig. 11c). The MgO-free catalyst (CZr) exhibited a 25 % loss in activity 
during the first 20 h of reaction, after which it stabilized, maintaining a 
CO2 conversion of 8.7 % for the remainder of the test. In contrast, the 
MgO-modified catalysts demonstrated significantly improved stability. 
The CZrMg5 catalyst showed only a 4.1 % activity loss, while the 
CZrMg15 catalyst, with the highest MgO content, exhibited an even 
smaller decrease (loss activity of 2.5 %).

As shown in Fig. 10c, all catalysts reached a steady state after 
approximately 25 h at 250 ◦C. At this reaction point, CH4 selectivity was 
compared with the initial values to evaluate not only conversion sta
bility but also selectivity trends. The CZr catalyst showed a decreases in 
CH4 selectivity from 98 % to 95.2 % after 25 h at 250 ◦C, indicating 
greater formation of undesirable byproducts (carbon monoxide). In 
contrast, the MgO-containing catalysts maintained nearly constant CH4 
selectivity, with values of 99.6 % for CZrMg5 and 99.9 % for CZrMg15. 
These findings indicate that MgO incorporation enhances both catalytic 
stability and selectivity toward methane, effectively suppressing CO 
formation. The stabilizing and selective effects of MgO become more 
pronounced with increasing MgO content in the support.

There is also an increase in the amount of surface oxygen adsorbed 
on the MgO modified catalysts due to the increase in the amount of 
surface oxygen vacancies caused by the change in the crystalline 
structure of the materials favoring the formation of oxygen anions to 
maintain their neutral charge which in turn facilitates electronic 
mobility favoring the reduction of adsorbed carbonate species and 
increasing CO2 conversion.

The H2-TPR study showed that in catalysts with low MgO content 
easily reducible rhodium species compared with the others catalysts, 
increasing thes CO2 conversion. However, it was shown that there is a 
fraction of rhodium species strongly interacting with the surface support 
as the MgO loaded was increment, affecting its catalytic activity. On the 
other hand, the particle size distribution indicates that the CZrMg5 and 
CZrMg10 catalysts possess smaller average particle sizes, as supported 
by the H2 consumption observed in the TPR analysis. The higher 
dispersion of Rh in these samples likely contributes to their enhanced 
catalytic activity.

The TPD-CO2 analysis shows that in catalysts with low MgO content 
there is a strong interaction between the catalyst surface and the CO2 
molecule due to a higher concentration of OH sites and the formation of 
additional oxygen vacancies, this interaction was losing strength as the 
amount of MgO added increased due to agglomeration of MgO which in 
turn is reflected in the catalytic activity where materials with low 
magnesium content showed better CO2 conversion. The MgO incorpo
ration increased the basicity properties of the catalysts, particularly 
weak to moderate ones associated with surface hydroxyl groups and 
low-coordinated oxygen atoms. The principal CO2 desorption peak 
observed in the TPD-CO2 analysis, initially at lower temperatures for 
CZr, shifted toward higher temperatures with increasing MgO content, 
peaking at 130 ◦C in CZrMg15. This shift indicates stronger CO2 
adsorption, a consequence of enhanced basicity. However, it was also 
observed that higher MgO coverage in CZrMg15 could cover the zirconia 
surface and reduce the number of accessible medium-strength basic 
sites. This behavior correlates with the observed catalytic activity and 
selectivity. At higher MgO content, CO2 adsorption increases; however, 

the stronger interaction of CO₂ with the surface may lead to the for
mation of more stable, strongly bound CO2 species. These species may be 
less reactive, thereby hindering their subsequent conversion to CO and 
methane.

The catalytic activity observed in CO2 methanation over Rh- 
supported catalysts is strongly influenced by the dispersion of Rh spe
cies on the support surface. Catalysts with higher Rh dispersion 
(CZrMg5), exhibit greater surface exposure of active Rh0 sites, which are 
essential for efficient H2 dissociation and subsequent hydrogenation of 
CO2-derived intermediates. This is supported by the H₂-TPR profiles and 
XPS Rh/Zr atomic ratios, which indicate enhanced Rh dispersion at 
moderate MgO loadings. Consequently, CZrMg5 demonstrated the 
highest CO2 conversion (37.8 % at 325 ◦C), attributable to the higher Rh 
dispersion and surface basicity. In contrast, at higher MgO contents 
(CZrMg15), Rh dispersion decreased slightly, leading to reduced cata
lytic activity. Therefore, the lower amount of MgO incorporation en
hances Rh dispersion and catalytic performance.

FTIR analysis under reaction conditions provides comprehensive 
insights into the performance and selectivity of MgO-enhanced catalysts. 
The reduction in signal intensity in the area linked to the C–O stretching 
vibration of Rh⁰ carbonyls in MgO-enhanced catalysts indicates a sup
pression of the RWGS reaction. This is reflected in a greater preference 
for methane gas and a lower proportion of CO, depending on the amount 
of MgO incorporated (CZrMg15 <CZrMg10<CZrMg5<CZr). The bands 
associated with monodentate and polydentate carbonates in MgO and 
ZrO2 emerge alongside the signals linked to formate species. These are 
regarded as crucial intermediates in the methanation process. This 
proves the significant function of these carbonates in CO2 activation, as 
shown by the enhanced catalytic performance of those catalysts modi
fied with low MgO concentrations (CZrMg5 and CZrMg10).

In this respect, recent DFT studies have clearly emphasized that the 
formation of oxygen vacancies allows an enhanced charge transfer 
during CO2 adsorption compared to pure stoichiometric surfaces leading 
to significant bending of adsorbed CO2 [59]. This leads to a higher 
propensity for CO2 activation leading in the presence of H2 to carbonate 
species which further decompose into *CO adsorbed entities. At this 
stage, the substoichiometric surface promotes the subsequent hydroge
nation into CH4 while in a final stage, CH4 desorption allows H2 to 
regenerate the oxygen vacancy sites completing the catalytic cycle [60]. 
These DFT studies therefore are in complete agreement with our present 
observations.

Notably, the intensity of the Rh⁰-carbonyl bands in the CZrMg5 
catalyst was lower compared to the CZr sample (Figs. 9 and 10). Fig. 12
presents the IR region corresponding to Rh⁰-CO at 250 ◦C under reaction 
conditions, where the highest concentration of carbonyl species was 
observed on the bare MgO catalyst (CZr). As shown in Fig. 12, a clear 
trend emerges in which the MgO incorporation leads to a decrease in the 
intensity of Rh⁰-CO bands. This indicates that MgO not only alters the 
crystalline phase of zirconia but also reduces the formation of CO species 
on Rh⁰ sites, possibly because that magnesium oxide partially inhibits 
CO2 dissociation on rhodium sites, preventing their blockage by adsor
bed CO (COads) and oxygen (Oads) species. This effect could enhance H2 
dissociation on Rh⁰ sites, thereby promoting methane formation through 
the hydrogenation of formate species.

Furthermore, Fig. 11 shows that the FTIR band corresponding to 
Rh⁰–CO species shifts toward lower wavenumbers in catalysts contain
ing MgO, with the lowest frequency observed at 2018 cm⁻1 for the 
catalyst with the highest MgO content (CZrMg15). This shift is attrib
uted to electronic effects exerted by the support on the Rh particles, 
indicating stronger Rh–CO interactions as MgO content increases. The 
enhanced interaction suggests that CO molecules are more tightly bound 
to Rh sites, potentially leading to site blocking. As a result, the avail
ability of active Rh sites for further CO2 hydrogenation may be reduced, 
which could explain the diminished CO formation observed in catalysts 
with higher MgO loading.

Based on these findings, it is plausible that the reaction proceeds, at 
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least in part, through a redox mechanism involving surface oxygen va
cancies and intermediate transformations such as CO2 ⇌ CO ⇌ HCOO ⇌ 
H. This hypothesis is supported by the observed oxygen desorption 
behavior and the known redox properties of zirconia-based supports. 
The incorporation of MgO notably increases the concentration of oxygen 
vacancies, which could facilitate such redox processes. These vacancies 
may not only participate in CO2 activation but also contribute to the 
stabilization and transformation of reactive intermediates such as 
formate and carbonyl species. Operando FTIR analyses provide evidence 
for the presence of both formate and Rh0–CO species, which supports the 
potential involvement of a redox cycle mediated by oxygen and its va
cancies, which also aligns with the observed trends in catalytic stability.

4. Conclusions

In this study, MgO-modified ZrO2 supports were synthesized via the 
coprecipitation method and subsequently impregnated with 1 wt % Rh 
to develop catalysts for CO₂ methanation. All catalysts exhibited activity 
for CO2 hydrogenation to CH4 within the temperature range of 175–325 
◦C under atmospheric pressure in a continuous packed-bed reactor. 
Notably, the MgO-containing catalysts demonstrated higher selectivity 
towards CH4 compared to the unmodified Rh/ZrO2 reference material. 
Among them, catalysts with Mg:Zr molar ratios of 5:95 (CZrMg5) and 
10:90 (CZrMg10) achieved higher CO₂ conversions.

XRD characterization revealed that MgO incorporation alters the 
crystallization process of ZrO2, promoting the formation of the cubic 
phase in place of the monoclinic structure typically observed in un
modified ZrO2. This structural modification led to an increase in the 
surface area and a greater density of weak to moderate basic sites, as 
confirmed by CO₂-TPD, thereby enhancing CO₂ adsorption. H₂-TPR re
sults further indicated improved Rh reducibility in CZrMg5 and 
CZrMg10, correlating with their superior catalytic performance.

FTIR characterization under reaction conditions revealed the for
mation of various surface species during CO₂methanation. For the Rh/ 

ZrO2 catalyst (CZr), Rh–carbonyls and formate species were identified as 
key intermediates in CH4 production. Notably, an increase in MgO 
content led to a significant decrease in the intensity of Rh–CO bands, 
suggesting that MgO incorporation suppresses CO formation (formed 
possibly via RWGS reaction). Instead MgO appears to promote the 
methanation pathway through the hydrogenation of formate in
termediates. These findings indicate that MgO incorporation to ZrO2 
modifies the crystalline structure and the surface chemistry generating 
an improvement in the catalytic activity of CO2 methanation.
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D. Lozano-Castello, U. De-La-Torre, B. Pereda-Ayo, J.A. González-Marco, J. 
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