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thanation over Ni-based catalysts
via La–Al mixed oxide synergy

R. B. Machado-Silva,a L. M. Andrés-Olmos,a N. Kosinov, b E. J. M. Hensen b

and A. Chica *a

LaAlO3 demonstrated a pronounced mixed-oxide synergistic effect as a support for Ni-based catalysts in

the CO2 methanation reaction. Catalysts supported on LaAlO3 exhibited higher CH4 yields and turnover

frequency (TOF) values than those supported on the individual oxides, La2O3 and Al2O3. This enhanced

performance was attributed to the higher density of intermediate-strength basic sites and the lower

apparent activation energies associated with the LaAlO3-supported catalysts. Among the tested

formulations, the 15 wt% Ni catalyst on LaAlO3 (15Ni/LaAlO3) showed the best performance, achieving

91% CO2 conversion and 99% CH4 selectivity at 350 °C under high space velocity conditions [10 000 mL

(g cat$h−1)]. A comprehensive characterization using SEM-TEM, TPR, and H2-chemisorption, combined

with a mechanistic assessment via time-resolved operando FT-IR spectroscopy, revealed that the

catalyst's activity stems from a well-balanced distribution of moderate basic sites and high Ni0 surface

availability. This combination favors the complete reduction of carbonated intermediates through

a hydrogen-assisted associative pathway, with monodentate carbonate and Ni0–CO identified as key

intermediates. Additionally, 15Ni/LaAlO3 was evaluated for the first time in biogas upgrading. Using

a model sweetened biogas mixture (60% CH4–40% CO2), the catalyst produced biomethane with 90.2%

CH4 content after 24 hours of continuous operation, confirming its potential for sustainable energy

applications.
1. Introduction

Mixed oxides have emerged as a versatile class of materials
whose physicochemical properties oen surpass those of their
single-oxide counterparts.1 In this sense, the concept of “mixed-
oxide synergy” refers to the cooperative interactions between
distinct cations and structural frameworks, which give rise to
new functionalities or enhanced performance in comparison
with the individual oxides.2

Such synergistic effects can manifest in a wide range of
phenomena, including increased thermal stability, improved
redox behavior, modied electronic structures, creation of novel
active sites, and modication of catalytic properties.3–5

Regarding the application in catalysis, several reports have been
explored for different reactions, such as N2O decomposition,6

acetic acid steam reforming7 and CH4 dry reforming8 reactions.
Despite the many processes already investigated, comparatively
few studies have focused on the CO2 methanation reaction,
even though it offers signicant potential.
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CO2 methanation, also known as the Sabatier reaction, is
a suitable approach for hydrogenating CO2 into CH4 using H2

obtained from green sources, such as solar or wind power-
driven electrolysis.9 At present, with the development of cata-
lytic technologies capable of optimizing Carbon Capture Utili-
zation and Storage (CCUS) processes, this reaction has taken on
a relevant scientic prominence with the aim of mitigating the
effects of global warming.

In addition, CO2 methanation plays a key role in biogas
upgrading, where the CO2 fraction present in biogas is con-
verted into CH4, enabling the production of high-quality bi-
omethane compatible with existing natural gas infrastructure.10

Due to the kinetic and thermodynamic limitations, this
reaction is conducted in the presence of a catalyst to optimize
the CO2 conversion and selectivity toward CH4.11,12 These cata-
lysts consist of metal nanoparticles supported on inorganic
support, and there is an ongoing interest in developing stable,
cheap, CH4-selective, and low-temperature-active materials.13

Regarding the metallic phase, different transition metals
present signicant catalytic activity (Ni, Ru, Fe, Co, and Rh).14–17

Ni-based catalysts typically exhibit high activity and superior
selectivity toward CH4, while minimizing the formation of
undesired by-products, as observed in Fe or Co-based ones. In
addition to these catalytic advantages, nickel offers substan-
tially lower cost and greater availability compared to noble
J. Mater. Chem. A
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metals, making it especially suitable for large-scale and indus-
trial applications without signicant concerns related to
resource scarcity.18

As for the support used for the catalysts, the material is
critical, as it signicantly impacts the material's performance,
stability, and activity. Inorganic oxides, such as Al2O3,19 ZrO2,20

TiO2,21 and other types of porous materials, such as zeolites,22

MOF's,23 sepiolite,24 and todorokite,25 have already been
described in the literature as support for this reaction. Despite
the study of various oxides as supports, the synergistic effect of
mixed oxides has not been widely explored, particularly for this
reaction.

Thus, in this study, a mixed oxide, lanthanum aluminate
(LaAlO3), was selected for the analysis and development of novel
Ni-based catalysts for the CO2 methanation reaction. This
material has also been extensively investigated as a catalyst
support due to its high-temperature stability, unique electronic
properties, and capability to stabilize metal nanoparticles.26–28

Notable catalytic applications include their use in methane
oxidative coupling, steam reforming of hydrocarbons,29

nitrogen monoxide reduction,30 preferential CO oxidation (CO-
PROX),31 and soot combustion processes.32

In light of the current state of knowledge, where no previous
research has addressed the potential synergistic contribution of
the mixed-metal structure of LaAlO3 to the CO2 methanation
reaction, this study was undertaken. The strategy adopted
comprised two main stages. First, LaAlO3-supported catalysts
were evaluated in comparison with Al2O3 and La2O3 counter-
parts. A multi-technique characterization protocol was applied,
including XRD, N2-physisorption, ICP, TEM, H2-chemisorption,
H2-TPR, CO2-TPD-MS, and operando FT-IR analyses, in order to
examine how variations in Ni0 particle size and available surface
area relate to modications in the concentration of
intermediate-strength basic sites, CO2 adsorption properties,
and their overall impact on the catalytic process.

Despite extensive research efforts, the mechanistic pathway
of CO2 methanation remains a matter of debate, since
a universal agreement on the reaction mechanism has not been
reached.33 Current evidence suggests that basic sites of inter-
mediate strength are involved in CO2 activation and the
generation of reaction intermediates such as Ni0–CO, carbon-
ates, and formates. However, their specic mechanistic func-
tion still requires deeper investigation.34

To provide further insights, we implemented time-resolved
operando FT-IR spectroscopy following established procedures
from our research group.35–37 When these results were inter-
preted together with kinetic measurements and CO2-TPD-MS
experiments, it became possible to propose new hypotheses
concerning the mechanistic participation of basic sites in this
family of catalytic systems.

Finally, in the second phase, aer thorough characterization
of the mixed-oxide synergy, nickel loading was optimized to
achieve a novel real-life application. Then, we report for the rst
time the application of a Ni-based catalyst supported on LaAlO3

in biogas upgrade by employing the CO2 methanation reaction
to increase the CH4 content in an emulated sweetened biogas
J. Mater. Chem. A
sample, thereby checking the feasibility of upgrading the
sample to renewable natural gas levels.
2. Experimental methodology
2.1 Preparation of catalysts

Commercially available La2O3 and Al2O3 supports (Sigma-
Aldrich) were used for the synthesis of the corresponding sup-
ported catalysts. The Al2O3 employed was the a-phase material,
selected due to its surface area being comparable to that of the
other supports. La2O3 was pre.

LaAlO3 was produced via the Pechini sol–gel method, as
previously reported in the literature.38

For the synthesis, La(NO3)3$6H2O and Al(NO3)3$9H2O were
dissolved in 300 mL of isopropanol under vigorous stirring at
60 °C for 30 minutes, maintaining a La concentration of
0.39 mol L−1. Subsequently, 200 mL of polyethylene glycol was
added dropwise at 2.25 mL min−1, while stirring continued for
an additional 30 minutes. The temperature was then raised to
80 °C for 1 hour to promote isopropanol evaporation. The
resulting precursor was calcined in air at 1050 °C for 4 hours.

Two distinct Ni-based catalyst series were prepared. The rst
group was obtained by incipient wetness impregnation (IWI),
employing Ni(NO3)2$6H2O as the metal precursor, followed by
calcination at 450 °C for 3 hours. These materials were desig-
nated as xNi/support, where x corresponds to the nominal Ni
loading in weight percent.

The second preparation strategy was based on the ex-
solution approach. A Ni-doped LaAlO3 perovskite containing
5 wt% Ni (denominated 5NiLaAlO3-ex) was synthesized using
the same method described for LaAlO3, but replacing the
precursor mixture with Ni(NO3)2$6H2O, Al(NO3)3$9H2O, and
La(NO3)3$6H2O in the appropriate stoichiometry. For both
families, reduced forms of the catalysts were generated by
treatment under a 150 mL min−1 H2 ow at 450 °C (heating rate
of 10 °C min−1), and the reduced materials were denoted with
the suffix “_R”.
2.2 Catalyst characterization

X-ray diffraction patterns were recorded using a PANalytical
CUBIX diffractometer operating at 40 kV and 30 mA with l =

1.5418 Å. Data were collected in the 2q range of 10–90° at a scan-
ning speed of 4.5° min−1.

Textural analysis was performed by N2 physisorption at
−196 °C using a Micromeritics Quantachrome ASAP 2020
instrument. BET, BJH, and t-plot methods were applied to
determine surface area and micro/mesopore volumes.

Transmission electron microscopy was carried out using
a JEOL JEM-2100F microscope operating at 200 kV to determine
the Ni0 particle size distribution. Prior to analysis, samples were
reduced at 450 °C under H2 ow (150 mL min−1) for 2 hours.
The morphology of the solids was additionally examined using
a eld-emission scanning electron microscope (FESEM, Zeiss
Ultra 55).

Metal loading was quantied by inductively coupled plasma
atomic emission spectroscopy (ICP-OES) using a Varian 715-ES
This journal is © The Royal Society of Chemistry 2026
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instrument (Agilent, Santa Clara, CA, USA). Samples were
digested by treating 50 mg of catalyst with 10 mL of 50 wt%
H3PO2 (Sigma-Aldrich) and 10 mL of an HF : HNO3 : HCl
mixture (1 : 1 : 3), prepared from commercial reagents.

H2-temperature-programmed reduction (H2-TPR) analyses
were performed using a Micromeritics Autochem 2910 system
equipped with a thermal conductivity detector. A total of 75 mg
of sample was pretreated in Ar for 15 min, then heated up to
900 °C under a 10 vol% H2 in Ar ow. The reducible fraction of
Ni species was calculated following procedures reported by our
research group.39

CO2-temperature programmed desorption coupled with
mass spectrometry (CO2-TPD-MS) was conducted using 100 mg
of catalyst. Samples were reduced under H2 ow (150mLmin−1)
at 450 °C for 2 hours, followed by saturation with CO2 pulses at
40 °C. Desorption was carried out up to 900 °C (10 °C min−1).
Evolved CO2 was monitored with a Balzers Prisma QME 200
quadrupole mass spectrometer by tracking the m/z 44 signal.
Quantication was referenced to a CeO2 standard.

H2-chemisorption was performed in a Quantachrome
Autosorb-1C instrument using a methodology previously re-
ported by our group.40 Approximately 250 mg of sieved catalyst
(0.2–0.4 mm) was reduced at 450 °C under H2 ow, followed by
adsorption–desorption cycles. The number of accessible Ni sites
per gram of catalyst, �Navailable,Ni, was determined assuming
a stoichiometric ratio H/Ni = 1 and applying the calculations
previously described.41

Operando transmission FT-IR experiments were carried out
using a custom-designed cell attached to a Nicolet 6700 spec-
trometer, following an adapted methodology from our earlier
work.25 Self-supported wafers (10 mm thick) were prepared from
dry catalyst powder. The material was reduced at 450 °C for 1
hour under He, cooled to 250 °C, and exposed for 10 min to
a CO2/He gas mixture (He:CO2 = 5 molar ratio, total ow 30
mL min−1), with spectra collected every 30 seconds at 2 cm−1

resolution with 32 scans. Aerward, CO2 was removed and
replaced by a H2/He mixture (He:H2 = 4 molar ratio, 30
mL min−1), maintaining the same acquisition frequency.
2.3 CO2 methanation and biogas upgrading tests

Catalytic activity measurements for CO2 methanation were
performed in a continuous-ow xed-bed reactor operating at
atmospheric pressure. The reaction temperature ranged from
250 °C to 450 °C, at 1 atm, with a WHSV= 38 000 mL$(gcat$h)

−1.
A total of 0.350 g of catalyst, with pellet sizes ranging from 0.2 to
0.4 mm, was diluted with SiC to maintain a constant bed
volume of 5 mL.

Prior to the reaction, the catalysts were reduced in situ by
owing H2 at 450 °C using a heating rate of 10 °C min−1.
Catalytic experiments were performed with an inlet gas feed of
250 mL min−1 composed of CO2, H2, and N2 in a 18 : 72 : 10
molar ratio, where N2 was used as an internal standard for
quantication. The reactor outlet composition was analyzed
online using a Varian 3800 gas chromatograph (Agilent, Santa
Clara, CA, USA) equipped with a HayeSep Q column and both
TCD and FID detectors. Each temperature point was measured
This journal is © The Royal Society of Chemistry 2026
in triplicate, and the results presented represent the corre-
sponding average. Only CH4, CO, and H2O were detected
throughout the entire range of experimental conditions
studied.

CO2 conversion (XCO2
), methane selectivity (SCH4

), methane
yield (YCH4

), and turnover frequency for CH4 production (TOF)
were determined following the equations below:

XCO2
¼ n

c
CO2 ;in � n

c
CO2 ;out

n
c
CO2 ;in

� 100% (1)

SCH4
¼ n

c
CH4 ;out

n
c
CH4 ;out þ n

c
CO;out

� 100% (2)

YCH4
¼ XCH4

� YCH4

100
% (3)

TOF ¼ n
c
CH4 ;out

0:350 g�Navailable;Ni

(4)

where _nCO2
, _nCH4

and _nCO are the ows, in mol h−1, of CO2, CH4

and CO, respectively, �Navailable,Ni, is the molar amount of Ni sites
per catalyst gram calculated by the H2-chemisorption analyses,
and the subscripts in and out refer to the input and output ow
of the reactor, respectively.

Kinetic measurements were performed in the temperature
range of 250 to 270 °C, where the CO2 conversion was main-
tained below 10% to ensure operation in the kinetic regime. The
apparent activation energy for methane formation (Ea,CH4

) was
determined from the slope of Arrhenius plots constructed from
these data.

To evaluate performance under conditions relevant to biogas
upgrading, catalytic tests were conducted using the best-
performing formulation, 15Ni/LaAlO3, in addition to the
initial tests. Contact time (s) optimization was carried out by
varying the WHSV between 6000 and 38 000 mL$(gcat$h)

−1 at
320 °C.

Subsequent biogas upgrading trials were executed under
similar operating conditions, but with an inlet gas mixture
representative of sweetened synthetic biogas. The feed con-
sisted of CO2, H2, N2, and CH4 ows of 45, 180, 25, and 67.5
mL min−1, respectively, resulting in a composition of 60% CH4

and 40% CO2.42 Catalyst stability was monitored for 24 hours
under these conditions, with outlet gas composition recorded
every 24.7 min. The material recovered aer the stability eval-
uation is labeled with the suffix “_ST”, corresponding to
“Stability Test”.

3. Results and discussions
3.1 Characterization results

To investigate the inuence of the mixed-oxide effect, three
supports were selected for initial evaluation: La2O3, Al2O3, and
LaAlO3. The corresponding 5 wt% Ni catalysts prepared via
incipient wetness impregnation were characterized by XRD
(Fig. S1 and S2). The diffractograms of La2O3 show its charac-
teristic reections (JCPDS 05-0602), together with additional
J. Mater. Chem. A
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peaks attributed to La(OH)3 (JCPDS 036-1481), which commonly
forms due to the strong hydrophilic nature of lanthanum oxide
surfaces.43

For the Al2O3-based sample, diffraction features corre-
sponding to crystalline a-Al2O3 were detected (JCPDS 036-1481).
In the case of LaAlO3 synthesized using the Pechini method,
a well-dened crystalline perovskite structure was observed.
Characteristic reections appeared at 2q values of 23.45° (012),
33.38° (110), 41.19° (202), 47.96° (024), 54.02° (116), 59.79°
(018), and 70.23° (208), which match the reference pattern for
LaAlO3 (JCPDS 31-0022). The absence of diffraction peaks
associated with La2O3 or Al2O3 indicates complete integration of
La3+ and Al3+ ions into the perovskite lattice under the selected
synthesis conditions, a conclusion consistent with ICP results
(Table S1).

Thermal analysis of the impregnated materials conrmed
the successful decomposition of Ni(NO3)2 into NiO below the
selected calcination temperature of 450 °C (TG-DSC, Fig. S3).44

Furthermore, ICP-OES quantication (Table S1) showed that
the measured Ni contents were in close agreement with the
nominal values, conrming efficient metal incorporation.

SEM and TEM analyses (Fig. 1, S4 and S5) revealed that
LaAlO3 forms rod-like nanoparticles with lengths ranging from
Fig. 1 TEM and SEM characterization of reduced catalysts containing
different Ni amounts: 5Ni/LaAlO3_R (a) TEM (d) SEM, 10Ni/LaAlO3_R
(b) TEM (e) SEM, and 15Ni/LaAlO3_R (c) TEM (f) SEM.

J. Mater. Chem. A
approximately 100 to 500 nm, consistent with previous reports
employing similar synthesis routes.45

For Ni-impregnated LaAlO3 materials, XRD patterns exhibi-
ted reections at 2q = 37.40° and 43.46° attributed to NiO
(JCPDS 47-1049), with intensity increasing as Ni loading
increased, indicating a progressive presence of surface NiO
species (Fig. S6). TEM-EDS mapping further veried the locali-
zation of NiO on the perovskite surface (Fig. S5). Aer H2

reduction, the NiO reections disappeared, and new peaks
associated with metallic Ni0 emerged (JCPDS 01-045-1027)
(Fig. S7 and S8). Consistent with particle growth behavior,
higher Ni loadings resulted in larger average Ni0 particle sizes,
as determined from TEM size distribution analyses (Fig. S9).

For the sample in which Ni was incorporated into the
aluminate phase by coprecipitation to generate a Ni0 active
phase through ex-solution (5NiLaAlO3-ex), no NiO reections
were detected in the XRD pattern (Fig. S6). Instead, a slight shi
of the LaAlO3 peaks toward lower 2q values was observed. This
behavior is attributed to the presence of Ni3+ ions substituting
Al3+ in the perovskite lattice, as previously reported by Gibert.46

Since Ni3+ (ionic radius 60 pm) is slightly larger than Al3+ (ionic
radius 50 pm), the substitution results in lattice expansion,
which explains the shi in Bragg peak positions.

Aer the reduction treatment, the ex-solved 5NiLaAlO3-ex_R
sample exhibits smaller Ni0 crystallites compared with its
impregnated counterpart, as conrmed by TEM images. This
effect is attributed to the well-dispersed metallic nanoparticles
emerging from the perovskite lattice upon reduction, in agree-
ment with the observations by Oliveira et al..47 The formation of
the Ni0 phase is further conrmed by XRD results (Fig. S8).

Textural properties determined by N2 adsorption–desorption
isotherms (Table 1) show that the BET surface area (SBET) of the
synthesized LaAlO3 is 15 m2 g−1, consistent with previously re-
ported values.38 The SBET values measured for the commercial
La2O3 and a-Al2O3samples were similarly aligned with those
previously reported.48,49 a-Al2O3 was intentionally selected due
to its low surface area, similar to that of La2O3 and LaAlO3, to
maintain comparable Ni particle sizes across all catalysts and
therefore enable the direct evaluation of the support effect on
catalytic performance.

Aer Ni deposition, a slight decrease in SBET is observed for
all supports. This behavior can be attributed to two distinct
contributions. First, NiO crystallites partially block the meso-
pores of the supports, which reduces the mesopore surface area.
Second, the addition of a lower surface area phase (NiO) results
in a dilution effect that decreases the surface area per gram of
catalyst,50 especially in higher Ni loading samples (Table 1).

H2-TPR results (Fig. 2) indicate that catalysts prepared on
different supports exhibit multiple reduction events between
200 and 500 °C. The low-temperature peaks correspond to the
reduction of NiO weakly interacting with the support, while the
intermediate-temperature peaks reect NiO species more
strongly interacting with the surface.51 Small peaks at higher
temperatures are attributed to Ni2+ species incorporated into
spinel-type phases such as NiAl2O4 and NiLa2O4, which are
more difficult to reduce due to the strong metal–lattice
interaction.52 The temperature at which the highest-
This journal is © The Royal Society of Chemistry 2026
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Table 1 Surface properties: BET surface area (SBET), t-plot mesopore area (SMESO), t-plot mesopore volume (VMESO), Ni0 metallic surface area
(SNi), Ni0 average crystallite size, (DNi), and molar H2 monolayer uptake

Sample SBET
a SMESO

a VMESO
a SNi

b DNi
b (nm) H2 uptake

b (mmol g−1)

La2O3 13 11.7 0.030 — —
5Ni/La2O3 10 9.2 0.027 3.0 10 43.6
Al2O3 15 14.9 0.041 — —
5Ni/Al2O3 11 9.6 0.035 3.7 11 54.3
LaAlO3 15 11.6 0.032 — —
5NiLaAlO3-ex 14 10.9 0.030 3.2 8 40.0
5Ni/LaAlO3 15 11.3 0.026 3.4 10 48.3
10Ni/LaAlO3 10 9.5 0.023 5.7 12 73.2
15Ni/LaAlO3 7 8 0.021 6.2 16 78.8

a Determined by N2-adsorption–desorption technique. b Determined by H2-chemisorption technique.
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temperature peak appears follows the order: Al2O3 (663 °C) <
LaAlO3 (750 °C) < La2O3 (799 °C). This trend correlates with
differences in oxophilicity, since Al interacts more strongly with
oxygen than La due to higher polarizability, while LaAlO3

displays an intermediate behavior.53
Fig. 2 Hydrogen temperature-programmed reduction profiles for (a)
catalysts supported on different oxides and (b) samples with different
nickel concentrations. Reduction peak temperatures are provided
adjacent to each signal.

This journal is © The Royal Society of Chemistry 2026
For the LaAlO3-supported catalysts prepared by impregna-
tion, an increase in Ni loading results in a larger reduction peak
area, which is expected due to the higher content of reducible
Ni2+ species. Increasing the metallic loading also shis
the main reduction peak to lower temperatures: 5Ni/LaAlO3

(380 °C) >10Ni/LaAlO3 (363 °C) >15Ni/LaAlO3 (347 °C). This shi
is related to the larger crystallite sizes and weaker interactions
with the support at higher metal contents, as reported by Singha
et al..54 Additionally, broader peaks are observed for higher Ni
loadings, which is attributed to a wider crystallite size distri-
bution (Fig. S9) and a broader range of metal–support interac-
tion strengths.

As previously discussed, the 5NiLaAlO3-ex catalyst exhibits
a distinct reduction behavior compared with the materials
prepared by impregnation. The rst reduction event at 311 °C
corresponds to the transition of Ni3+ to Ni2+, accompanied by
the formation of La2NiO5 and La2NiO4 phases.47,55 The subse-
quent peaks at 441 and 467 °C are associated with the reduction
of Ni2+ to Ni0, occurring in two steps due to differences in the
interaction strength of Ni2+ species embedded in the perovskite
lattice.

H2-chemisorption measurements (Table 1) show that the
metallic surface area (SNi) of the 5 wt% Ni catalysts supported
on the different oxides has a comparable magnitude, with Ni0

dispersion and average crystallite size (DNi) exhibiting a similar
trend. The 5Ni/Al2O3 sample displays slightly higher H2 uptake
values, which may be associated with the amphoteric character
of Al2O3 that provides a greater concentration of surface acid
sites capable of stabilizing hydrogen atoms through spillover
phenomena.56

In contrast, 5NiLaAlO3-ex presents a slightly lower SNi and H2

uptake in comparison to 5Ni/LaAlO3, since a fraction of Ni
remains incorporated within the crystal lattice, reducing the
amount of accessible metallic Ni0 sites on the surface.

The CO2-TPD proles obtained for the pure supports were
evaluated considering three characteristic desorption temper-
ature regions: low (50 to 150 °C), intermediate (150 to 400 °C),
and high (400 to 900 °C), corresponding to weak, moderate, and
strong basic sites.43 , respectively (Fig. 3). The results (Table S2)
show that LaAlO3 exhibits the highest total CO2 uptake among
the supports examined, followed by La2O3 and Al2O3.
J. Mater. Chem. A
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Fig. 3 CO2-TPD-MS results for (a) supports and (b) catalysts with
varying Ni loadings, with desorption event temperatures displayed
beside each peak.

Fig. 4 Catalytic performance in CO2methanation: (a) CO2 conversion
and (b) CH4 selectivity as a function of temperature. Reaction condi-
tions: 250–450 °C, 1 atm, WHSV = 38 000 mL (gcat h)

−1, H2/CO2 = 4.
Equilibrium values were calculated using the DWSIM process
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Regarding the distribution of basic site strengths, LaAlO3

also shows the largest contribution of intermediate basic sites
(BCO2

), characterized by desorption maxima centered at 363 °C
and 419 °C. In contrast, La2O3 displays its most intense peak
at signicantly higher temperature (787 °C), while Al2O3 pres-
ents a predominant desorption signal at a lower temperature
(309 °C).

The intense peaks in the high-temperature region for La2O3

(710, 787, and 846 °C) are attributed to the formation of stable
La2O2CO3 species [65]. This behavior has been linked to the
suppression of carbon deposition in catalysts used for methane
dry reforming.57 On the other hand, Al2O3 does not form oxo-
carbonate species, and CO2 adsorption occurs mainly on
surface hydroxyl and oxide groups that decompose at lower
temperatures, reected by the peak centered at 309 °C.58

For LaAlO3, intermediate basicity behavior is observed. The
coexistence of Al3+ and La3+ surface sites promotes signicant
CO2 uptake through La2O2CO3 formation and interactions with
J. Mater. Chem. A
surface oxide/hydroxide groups, while the presence of Al3+

facilitates CO2 desorption, shiing the main desorption peak to
lower temperatures compared with La2O3.

Four resolved desorption features at 272, 363, 419, and 551 °C
correspond to distinct carbonate coordination environments.59

The formation and reactivity of these carbonate species toward
methanation will be further conrmed by operando FT-IR results.

It is important to emphasize that the CO2-TPD-MS results
show a clear increase in the amount of CO2 adsorbed aer the
introduction of the metallic Ni0 phase onto the supports,
a trend consistently observed for all three materials (Table S2).
Additionally, as the Ni loading increases, the total CO2

adsorption also rises, as seen in the LaAlO3-supported catalyst
series (Table S2). This enhancement can be attributed to the
formation of Ni-carbonyl species, which result from the inter-
action between CO2 molecules and metallic Ni0 sites as previ-
ously described.60,61 The presence of these carbonyl species will
be further conrmed by in situ spectroscopic analyses.

Previous studies using phyllosilicates,62 SBA-16,63 C3N4,64

ZrO2,65 and Al2O3 (ref. 66) consistently demonstrate that the
concentration of moderate basic sites enhances CO2 conversion
simulator.

This journal is © The Royal Society of Chemistry 2026
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Table 2 Catalytic performance and selected physicochemical prop-
erties of La- and Al-based supported catalysts: CH4 yield at 250 °C
(Y250°C), turnover frequency at 250 °C (TOF250°C), activation energy for
CH4 formation (Ea,CH4

), concentration of moderate basic sites (BCO2
),

and average Ni0 crystallite size (DNi)

Catalyst Y250 °C (%) TOF250 °C (s−1) Ea,CH4

a BCO2

b DNi (nm)c

5Ni/La2O3 4.7 0.124 89 0.62 11
5Ni/Al2O3 6.4 0.131 80 0.91 10
5NiLaAlO3-ex 5.4 0.043 90 2.64 8
5Ni/LaAlO3 8.5 0.302 75 3.03 11
10Ni/LaAlO3 10.5 0.385 68 3.30 12
15Ni/LaAlO3 17.3 0.429 66 3.36 16

a Obtained from kinetic measurements in the 250–300 °C range.
unit: kJ mol−1. b Obtained via CO2-TPD-MS analysis. unit: mmol CO2
g−1. c Obtained via H2-chemisorption analysis.
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and CH4 selectivity, which is consistent with the trends
observed that will be discussed in the next section.
3.2 CO2 methanation catalytic tests

3.2.1 Support effect: La2O3, Al2O3, and LaAlO3. Catalytic
performance was evaluated in terms of CO2 conversion and CH4

selectivity (Fig. 4), ensuring a carbon balance within ±5%.
Catalysts with higher Ni loading on LaAlO3 approached equi-
librium conversion, as expected for an exergonic process.67

At 250 °C, the CO2 conversion values follows the trend: 5Ni/
La2O3 <5Ni/Al2O3 <5Ni/LaAlO3. This sequence is consistent with
TOF values at 250 °C (Table 2) and with the activation energy for
CH4 formation (Ea,CH4

) (Fig. 5), conrming the superior intrinsic
activity of LaAlO3-supported catalysts.

Given the comparable SNi and DNi values among these cata-
lysts (Table 1), the superior performance of LaAlO3-supported
materials can be attributed to themetal-oxide interaction in this
support, which enhances CO2 adsorption at moderate-strength
basic sites and increases the concentration of surface carbonate
intermediates. As demonstrated by the mechanistic insights
Fig. 5 Temperature-dependent Arrhenius plots for Ni-supported
catalysts over various oxides (250–270 °C). Apparent activation
energies (Ea) were calculated from the slopes of the corresponding
linear fits.

Fig. 6 (a) Transmission FT-IR spectra of 15Ni/LaAlO3 collected over
time during CO2 adsorption. (b) Enlarged spectral region from 1750 to
2075 cm−1, showing distinct Ni0–CO bonding configurations. (c)
Deconvolution example for the 10-minute spectrum, illustrating the
relative contributions of each Ni0–CO species.

This journal is © The Royal Society of Chemistry 2026
from operando IR spectroscopy presented in the next section,
these carbonate species actively participate in the reaction
pathway; therefore, their higher surface abundance results in
increased TOF values.

These ndings align with those reported by Italiano et al.68

who observed elevated TOF values for CO2 methanation cata-
lysts supported on Y2O3, a material characterized by a higher
J. Mater. Chem. A
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density of moderate basic sites. Their operando analysis results
conrmed that on Y2O3, an associative reaction mechanism
prevails, with moderate-strength basic sites directly involved in
intermediate formation.

3.2.2 Ni loading and catalyst preparation method analysis.
Aer identifying LaAlO3 as the most suitable support among the
three studied, the inuence of Ni loading was investigated. As
anticipated, increasing the Ni content enhanced both CO2

conversion (XCO2
) and CH4 selectivity (SCH4

), which can be
rationalized by two key factors: the Ni0 particle size and the
concentration of intermediate basic sites.

To correlate these catalytic observations with mechanistic
insights, the catalyst with the optimal Ni loading, 15Ni/LaAlO3,
was subjected to operando FT-IR experiments to probe the
intermediates formed during the reaction (Fig. 6) and for the
rst time, published in the literature. The full dataset is
provided in the SI (Fig. S10).

Upon CO2 introduction, carbonate species were detected,
with characteristic bands at 1378, 1495, 1603, and 1653 cm−1

(Table S3). Simultaneously, metal-carbonyl species formed with
varying coordination environments: linear m1-CO (2026 cm−1),
Fig. 7 (a) Evolution of 15Ni/LaAlO3 surface species monitored by
time-resolved in situ FT-IR during H2 flow following CO2 adsorption.
(b) Time profiles of normalized intensities for representative peaks.

J. Mater. Chem. A
bridged m2-CO (1918 cm−1), and multi-bonded m3-CO
(1859 cm−1), reecting differences in the electronic density of
the C–O bond.69

When the CO2 ow was replaced with H2 (Fig. 7a), CH4

formation was observed, as indicated by its characteristic
rotovibrational peaks at 3016 and 1302 cm−1.

Modication of the monodentate carbonate bands at 1653
and 1609 cm−1, observed as shoulders to the main bands,
occurs upon H2 introduction, with a decrease in intensity,
conrming their active participation in the reaction mecha-
nism, as indicated by the evolution of their normalized areas
(Fig. 7b). In contrast, the bidentate carbonate and formate
intermediates (1495 and 1378 cm−1, respectively) remain largely
unchanged, acting as spectator species. Peaks corresponding to
metal–carbonyl groups also diminish, suggesting their
involvement in the reaction pathway.

Collectively, these observations indicate that the CO2

methanation over 15Ni/LaAlO3 follows a predominantly H-
assisted associative mechanism (Fig. S11), in which bicar-
bonate species are hydrogenated to CH4. The concurrent
decrease in metal-carbonyl peak intensity also suggests
a possible contribution from a dissociative pathway.

Integrating these insights with catalyst performance, the
superior activity of higher Ni-loading samples can be attributed to
two primary factors: the concentration of intermediate basic sites
(BCO2

) and the available metallic surface area (SNi). To quantify this
effect, the ratio BCO2

/SNi, was calculated, and its correlation with
catalytic activity, expressed as ln(TOF), was analyzed (Fig. 8).

Regarding the support effect, 5Ni/La2O3, 5Ni/Al2O3, and 5Ni/
LaAlO3 exhibit similar Ni0 surface areas, with differences
primarily arising from their basicity. Previous studies have
shown that Ni/Al2O3 and Ni/La2O3 also proceed via an associa-
tive mechanism, where moderate basicity sites facilitate the
formation of reactive monodentate carbonate intermediates.70,71

Thus, the mixed-oxide synergy in LaAlO3, which enhances
the concentration of moderate basic sites, directly promotes the
Fig. 8 Impact of the ratio between moderate basic sites concentra-
tion, BCO2

, and the available metallic surface area, SNi, on catalytic
performance. The red curve is shown as a visual guide.

This journal is © The Royal Society of Chemistry 2026
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formation of monodentate carbonates and contributes to
higher catalytic activity, as conrmed by operando FT-IR. Addi-
tionally, among LaAlO3-based catalysts, variations in SNi play
a signicant role: larger metallic surface areas correlate with
increased catalytic performance, reecting the positive inu-
ence of more Ni0 sites at the support-metal interface on H2

uptake (Tables 1 and 2).
Another relevant aspect when analyzing the inuence of Ni

loading, beyond its effect on the accessible metallic surface
area, is the structure-sensitive nature of the reaction, which is
intrinsically linked to the size of Ni0 particles. For the
5NiLaAlO3-ex catalyst, for instance, the applied reduction
conditions led to substantially smaller Ni0 particles (8 nm)
compared with the other samples (Fig. 9). This morphological
difference contributes to the observed variations in Ea,CH4

and
TOF values at 250 °C (Table 2).

The trend indicates that the lower Y250°C values obtained for
5NiLaAlO3-ex can be attributed to its higher Ea,CH4

, which results
from the reduced particle size. As the average Ni0 particle size
increases, the turnover frequency gradually approaches a near-
constant regime, indicating that structure-sensitivity becomes
more pronounced for particles below approximately 12 nm.

These ndings alignwith the results reported by Varvoutis et al.
72, who demonstrated that Ni0 particles smaller than 10 nm
diminish the extent of the peripheral interface between the
support and step/edge or kink/corner Ni0 sites, features recog-
nized as the primary active sites for CO2 activation. Conversely,
particles in the range of 15–20 nm appear to deliver enhanced
performance by achieving a balance between interfacial activity
and the diminishing effect of excessively large metallic domains.
3.3 Biogas upgrade tests

The catalyst exhibiting the best performance, 15Ni/LaAlO3, was
subsequently evaluated for biogas upgrading to assess its
applicability under conditions relevant to practical energy
systems. Raw biogas, aer purication steps such as desulfur-
ization and drying, typically contains 50–75% CH4 and 25–50%
Fig. 9 Relationship between Ni0 particle size and the turnover
frequency (TOF) for CH4 formation over the series of LaAlO3-sup-
ported catalysts.

This journal is © The Royal Society of Chemistry 2026
CO, with the exact composition depending on the feedstock and
anaerobic digestion conditions.76

By reacting the CO2 fraction with H2 via CO2 methanation,
the methane concentration can be signicantly increased, while
simultaneously valorizing CO2 as a carbon source and utilizing
H2 from renewable sources.73 This upgrading process enables
the production of high-quality renewable fuels, such as bi-
omethane with CH4 contents above 90%74 or synthetic natural
gas (SNG) exceeding 95% CH4,75 which are compatible with
existing natural gas infrastructure for storage, transport, and
end-use applications.

Enhancing the CH4 content in this manner increases the
energy density of biogas, improving its viability as a renewable
energy source and enabling transport via existing natural gas
infrastructure.77,78 To simulate a representative sweetened
biogas, a mixture of 60% CH4 and 40% CO2 was adopted,
reecting an average biogas composition.

Based on the temperature dependence of CO2 conversion,
320 °C was selected for the biogas tests, as this temperature lies
below the reaction equilibrium, allowing any catalyst deactiva-
tion to be detected.

The inuence of contact time (s) was rst evaluated by
varying the WHSV from 6000 to 43 000 mL (gCAT h)−1 while
maintaining a constant inlet ow composition (250 mL$min−1;
CO2 : H2 : N2 = 18 : 72 : 10). Maximum CO2 conversion was
observed at 10 000 mL (gCAT h)−1, consistent with literature
reports showing a plateau in conversion as contact time
increases79 (Fig. S12).

This behavior likely occurs because, under the applied space
velocities, the system operates in a mass-transfer-limited
regime. Under such conditions, increasing the contact time
beyond a certain threshold does not further enhance the reac-
tion rate, since the transport of reactants to the active sites and
the removal of products from these sites are no longer
improved.

This WHSV was then applied in long-term biogas stability
tests under the conditions described in Section 4.3. CH4

remained inert, as indicated by identical inlet and outlet ows,
conrming the absence of side reactions. The initial CO2

conversion was 80.0%, slightly lower than the 83.0% observed
without CH4 (Fig. 10), likely due to the reduction in partial
pressure caused by CH4 addition, which affects reaction
kinetics.80 (Fig. 10).

Despite minor initial deactivation, the material exhibited
steady stability over 24 hours, with CO2 conversion remaining
around 75.4%, CH4 selectivity at 99.6%, and CO being the only
detectable byproduct. The carbon balance stayed within ±5%,
indicating negligible coke formation throughout the
experiment.

Based on these results, if the outlet stream is puried to
retain only CO2 and CH4, feasibly achieved via pressure swing
adsorption using pore-tailored materials,81 the resulting gas
composition would be CH4 90.2%/CO2 9.8%, corresponding to
an increase of approximately 50.3% in CH4 content relative to
the inlet biogas. As this upgraded stream exceeds 90% CH4, it
qualies as biomethane according to the thresholds reported by
J. Mater. Chem. A
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Fig. 10 Time-on-stream evolution of CO2 conversion (C) and CH4

selectivity (A) during the stability test of 15Ni/LaAlO3_R using
a sweetened synthetic biogas feed. Reaction conditions: 320 °C, 1 atm,
WHSV = 10 000 mL (gcat$h)

−1. Inlet composition: CO2, H2, N2, CH4 =
45, 180, 25, and 67.5 mL$min−1, respectively.
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Kapoor et al.,74 enabling transport through existing pipeline
infrastructure without requiring technological modications.82

An alternative approach is to retain a fraction of unreacted
H2 in the ow, allowing direct hydrogen to blend into the bi-
omethane. This strategy has been proposed as a near-term
pathway to reduce CO2 emissions while integrating H2

produced via low-carbon processes such as electrolysis.83

SEM and TEM analyses of the 15Ni/LaAlO3<ST> catalyst aer
the stability test (Fig. S13) indicate that the initial deactivation
can be attributed to slight metallic sintering. XRD results show
an increase in the average Ni0 crystallite size from 34 nm (15Ni/
LaAlO3) to 41 nm (15Ni/LaAlO3<ST>) (Fig. S14), while no NiAl2O4

phase formation was detected, and the overall phase composi-
tion remained consistent with the post-reduction state.
Elemental analysis and microscopy conrmed the absence of
carbon deposits, demonstrating that coke formation did not
occur under the applied experimental conditions.
4. Conclusions

For the rst time, a comparative study of Ni-based catalysts
supported on La2O3, Al2O3, and LaAlO3, was conducted for the
CO2 methanation reaction. Initial catalytic tests demonstrated
that LaAlO3-based catalysts exhibit a clear metal-oxide synergy,
which is rationalized through a multi-technique characteriza-
tion approach that included H2-chemisorption, CO2-TPD-MS,
and SEM-TEM analyses.

Despite similar Ni0 crystallite sizes and metallic surface
areas across the series, LaAlO3-supported catalysts displayed
a markedly higher concentration of moderate basicity sites,
which promoted the formation of carbonate species with
varying coordination modes. Operando FT-IR experiments
revealed that monodentate carbonate species anchored on
these sites play a central role in the associative CO2 methana-
tion mechanism, highlighting the positive effect of tuning
moderate basicity site concentration on catalytic performance.
J. Mater. Chem. A
Once LaAlO3 was identied as the most promising support,
the inuence of Ni loading and preparation method was eval-
uated. The 15 wt% Ni catalyst prepared by incipient wetness
impregnation (15Ni/LaAlO3) achieved the best performance,
attributed to a synergistic combination of favorable Ni reduc-
ibility, higher available metallic surface, and formation of
monodentate carbonate intermediates at moderate basicity
sites. Operando FT-IR studies conrmed that the interaction of
H-species with these carbonate intermediates drives CH4

formation via the associative mechanism, consistent with the
kinetic analysis.

Finally, 15Ni/LaAlO3 was tested for upgrading a sweetened
synthetic biogas (60% CH4/40% CO2). Under optimal condi-
tions, 24-hour stability tests at 320 °C achieved high CO2

conversion (XCO2
= 75.4%) and CH4 selectivity (SCH4

= 99.6%),
producing a biomethane mixture with 90.2% CH4 and 9.8%
CO2. The unreacted H2 in the outlet stream could potentially be
blended into the biomethane, demonstrating the potential of
this catalytic system for injection into existing natural gas
infrastructure.

Overall, these ndings clarify the role of moderate basicity
sites in CO2 methanation and provide mechanistic insight
critical for designing more efficient catalysts. Moreover, this
study demonstrates the innovative application of LaAlO3-based
catalysts for biogas upgrading, opening avenues for exploring
other mixed-oxide supports.
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