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A B S T R A C T   

The valorisation of CO2 through its capture and in-situ hydrogenation to methane, using dual function materials 
(DFMs), emerges as promising alternative to reduce CO2 emissions to atmosphere and the global cost of current 
CO2 Capture and Utilization (CCU) technology. This work investigates the viability of LaNiO3-derived formu-
lations as precursors of DFMs for CO2 capture and in-situ conversion to CH4. For this purpose, a set of DFMs 
obtained from 30% LaNiO3/CeO2, 30% LaNiO3/Al2O3, 30% LaNiO3/La-Al2O3 and LaNiO3 precursors were 
synthesized and systematically characterized before and after a controlled reduction process. Results of XRD 
analysis, STEM-EDX images, H2-TPR and CO2-TPD experiments reveal that the DFM obtained after reduction of 
30% LaNiO3/CeO2 formulation shows the smallest Ni0 particle size (7 nm) and the highest medium-strong basic 
sites concentration. In fact, this DFM widens operation window with methane production ranging between 80 
and 103 µmol g− 1 and maintains a selectivity towards methane above 90% in the range of 280–520 ◦C. The best 
catalytic behaviour is related to a better contact between the different nature basic sites and the homogenously 
distributed Ni0 sites, which favours a fast spill-over of dissociated H to near CO2 adsorption sites. The applica-
bility of this formulation is further evidenced by a highly stable CH4 production during long-term experiments 
and a promoted Ni0/NiO reversibility in the absence/presence of O2 during the CO2 adsorption period, which 
allows a fast and complete recovery of CH4 production in absence of O2. These aspects favour a versatile 
application of the 30% LaNiO3/CeO2-based DFM formulation to convert CO2 outlet streams from combustion flue 
gases of different nature.   

1. Introduction 

The increase in global energy demand has led to a rapid growth in the 
fossil fuels consumption. As a result, the emission of greenhouse gases 
has been constantly increasing during the last decades, contributing to 
global warming and ultimately to climate change [1]. CO2, mainly 
emitted from the power generation sector and the industrial and trans-
portation vehicles, is a major contributor to global warming due to its 
huge emission amounts [2,3]. Thus, the reduction of the CO2 emissions 
to the atmosphere is essential to limit global warming. In this context, 
carbon capture and sequestration (CCS) from industry and energy 
related sources as well as the increase in the efficiency of industrial 
processes and the widespread implementation of renewable energies, 
are expected to play an important role in overcoming this increasing 
problem [4]. However, CCS technology requires captured CO2 

purification and transport to storage places and its isolation, which in-
creases drastically the cost and the energy consumption of the process 
[5,6]. 

During the last years, there is keen interest in the integration of CO2 
capture and its utilization (ICCU), since this technological alternative 
allows reducing the cost of the overall process by eliminating trans-
portation and storage of CO2 by its conversion to fuels or value-added 
chemicals [7]. Farrauto et al. [8,9] have patented in 2015 the use of 
dual function materials (DFMs) to convert the captured CO2 from diluted 
exhaust gases into methane in a single reactor. Such ICCU process can be 
even greener when is carried out with hydrogen obtained by the elec-
trolysis of water using surplus renewable energies, contributing at the 
same time to store excess electrical energy in the form of methane. 
Therefore, ICCU-methanation technology reduces CO2 emissions to the 
atmosphere and contributes to solve the problem of intrinsic intermit-
tency of renewable sources [10]. Moreover, the cycling operation, in 
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contrast to the observed for the continuous hydrogenation of CO2, can 
be directly applied to an effluent gas without the necessity of additional 
heat input to perform the CO2 capture and does not need purification 
steps, which reduces the global costs of the process [11]. 

The selected DFM should selectively capture CO2 from steam- and 
O2-containing flue gas at different temperatures (200–550 ◦C), 
depending on the application and effluent gas properties; and then hy-
drogenate the adsorbed species to methane with H2 in a carbon neutral 
cycle. The overall CO2 adsorption-hydrogenation process follows the 
stoichiometry of the Sabatier reaction [12], which is thermodynamically 
favoured at low temperature due to its strong exothermicity. 

CO2 + 4H2⇄CH4 + 2H2O ΔH0 = − 164 kJ mol - 1 (1) 

However, the stable electronic structure of the CO2 molecule makes 
its activation difficult under mild conditions, such as low temperature 
and low pressure. The use of high reaction temperatures favours the 
kinetics of CO2 to CH4 conversion; however, it contributes to increase 
the equipment investment as well as the operational cost, which is un-
desirable for large-scale industrial utilization. Therefore, a high- 
performance catalyst that can activate CO2 and promote the reaction 
rate under relative low temperatures and pressures is vital for its 
widespread implementation. Based on the characteristics of dual oper-
ation, these catalysts require the presence of a storage material for CO2 
capture and an active site for H2 activation and CO2 hydrogenation to 
methane. Regarding to the CO2 adsorption functionality in DFMs, a wide 
variety of alkali/alkaline-earth phases have been proposed as CO2 
storage material, mainly Na [13,14], Ca [8,15], Mg [4,16] or K [4,17]. 
These storage components should be capable to reversibly operate at 
intermediates-high temperatures (200–450 ◦C) [18]. On the other hand, 
the catalytic and hydrogenation sites are usually based on Ni 
[15,19–21], Ru [13,14,22,23] or Rh [24] metals. Among them, Ni pre-
sents the best cost to activity ratio, which makes this alternative most 
suitable for industrial applications. Finally, both phases are usually 
dispersed on a high surface area carrier in order to increase the methane 
production. In this sense, previous studies reported that γ-Al2O3 is the 
most appropriate support among other materials [19,25]. 

Ni-based catalysts prepared by conventional preparation methods 
often lead to large and heterogeneous particle size distribution, which 
limits the control over the interaction between the metal nanoparticles 
(NPs) and the support [26]. Hence, Ni-based catalysts present limited 
catalytic activity at low temperatures and can be easily deactivated due 
to the metal sintering occurring at high temperatures. Furthermore, Ni- 
based DFMs have been considered only for process at intermediate-high 
temperatures, since Ni can be readily oxidized during the CO2 

adsorption period but not easily reduced back during the hydrogenation 
step at low temperatures [11,19]. Intense efforts have been made in 
order to design and improve Ni-based catalysts for their application as 
dual function materials (DFMs). The catalytic behaviour of the Ni-based 
materials depends on several factors such as the type of support, Ni 
loading, addition of a second metal and preparation method [27,28,29]. 

Largely based on the pioneering research of Daihatsu and Toyota, the 
ex-solution of active metal NPs from an oxide host, such as perovskite- 
type lattice, has been identified as a simple way to achieve a homoge-
neous active sites distribution, with good reversibility and controlled 
interactions between metal and the support [30]. This concept has been 
already explored for controlling Ni particle sizes and distribution of the 
catalysts used in the stationary CO2 methanation process [31–33]. 
Specifically, LaNiO3-type perovskites, partially doped with different 
components (i.e., Ce, K or Ca), have been proposed as promising host 
materials to carry out the inside-outside ex-solution of Ni NPs. Never-
theless, non-supported perovskites exhibited rather low surface areas, 
which could limit the active sites dispersion and the reaction in-
termediates diffusion. To address the aforementioned limitations, Li 
et al. [34] and Wang et al. [35] distributed LaNiO3-type perovskites on 
silica supports. The obtained catalysts have shown improved CO2 
methanation efficiency. Based on the well-known promoting effect 
observed for ceria in its application to the conventional Ni/CeO2 catalyst 
for the stationary CO2 methanation [36–38], we recently explored the 
viability of ceria-supported LaNiO3 perovskites as precursor of highly 
active and stable materials for the continuous CO2 methanation [39]. 
These catalysts present notably higher methane production than the 
conventional Ni/CeO2 catalyst and that obtained from the bulk LaNiO3 
in the stationary CO2 to CH4 hydrogenation process. Nevertheless, to the 
best of the authors’ knowledge, the use of LaNiO3 perovskite as pre-
cursor of highly efficient DFM material for CO2 capture and hydroge-
nation to methane has not been published to date. 

Considering this background, the aim of this work is to evaluate for 
the first time in the scientific literature the applicability of supported 
LaNiO3 perovskites, as precursors of efficient dual function materials for 
CO2 adsorption and in-situ hydrogenation to methane. For that, the 
previously developed 30% LaNiO3/CeO2 formulation as well as others 
here synthesized over conventional DFM supports, such as Al2O3 and La- 
Al2O3, are evaluated in cycles of CO2 adsorption and hydrogenation to 
CH4. Taking into account the characterization results, the in-
terrelationships between physico-chemical properties, activity, and 
stability are discovered. 

Nomenclature 

CB Carbon Balance (%) 
Fin

i Molar flow at the reactor inlet of the component i (μmol 
min-1) 

Fout
i Molar flow at the reactor outlet of the component i (μmol 

min-1) 
SCH4 Selectivity towards CH4 (%) 
STOCO2 CO2 stored (μmol g-1) 
t Time (min) 
T Temperature (◦C) 
W Sample mass (g) 
YCH4 CH4 production (μmol g-1) 
YCO CO production (μmol g-1) 
YH2O H2O production (μmol g-1) 

Acronyms 
CCS CO2 Capture and Sequestration 

CCU CO2 Capture and Utilization 
DFM Dual Function Material 
EDS Energy Dispersive Spectroscopy 
ICCU Integration of CO2 Capture and Utilization 
ICP-AES Inductively Coupled Plasma Atomic Emission 

Spectroscopy 
LNO LaNiO3 perovskite 
NP Nanoparticles 
SNG Synthetic Natural Gas 
STEM-HAADF Scanning Transmission Electron Microscopy - High 

Angle Annular Dark Field 
TCD Thermal Conductivity Detector 
TPD Temperature Programmed Desorption 
TPR Temperature Programmed Reduction 
XRD X-Ray Diffraction  
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2. Experimental 

2.1. Perovskite-based formulations preparation 

Prior to the preparation of perovskite-based formulations, different 
supports were obtained. On the one hand, the ceria support was ob-
tained by direct calcination of the Ce(NO3)3⋅6H2O (Sigma Aldrich, 
99.9%) precursor at 500 ◦C for 4 h in static air. On the other hand, the 5 
wt% La-Al2O3 support was obtained by wetness impregnation method 
over previously calcined γ-Al2O3 (650 ◦C, 2 h). For that, the amount of 
La(NO3)2⋅6H2O (Merck, 99.0%), neccesary to obtain a 5 wt% of La2O3 
over the support, was incorporated onto γ-Al2O3 (Saint Gobain, SA6173) 
inside a rotary evaporator (vacuum and 35 ◦C). 

Once different supports (Al2O3, La-Al2O3 and CeO2) were obtained, 
supported perovskites were prepared by combining citric acid and 
impregnation methods, as reported elsewhere [39]. For that, nominal 
perovskite loading of 30 wt% was impregnated over these supports. The 
adopted nomenclature for the fully formulated samples was the 
following: LNO, 30% LNO/CeO2, 30% LNO/Al2O3 and 30% LNO/La- 
Al2O3. Note that this nomenclature corresponds to the precursors of the 
catalysts for CO2 methanation reaction. In order to obtain different 
DFMs, these precursors were in-situ reduced in the reaction bench. 

2.2. Catalysts characterization 

X-ray diffraction (XRD) analyses of the fresh and used samples were 
carried out using a Philips PW1710 diffractometer. For that, all samples 
were subjected to Cu Kα radiation in a continuous scan mode in the 2θ 
range 5–70◦ with 0.02◦ per second sampling interval. PANalytical X‘pert 
HighScore and Winplotr profile fitting software were used for data 
treatment. ICDD (International Centre for Diffraction Data) database 
cards were used for comparative purposes to identify the phases present 
in the samples. 

Scanning Transmission Electron Microscopy - High Angle Annular 
Dark Field (STEM-HAADF) images were taken for the samples after 
reduction and CO2 methanation reaction with a Cs-image-corrected 
Titan (Thermofisher Scientific). This equipment operated at a working 
voltage of 300 kV, and was equipped with a CCD camera (Gatan) and a 
HAADF detector (Fischione). The instrument has a normal field emission 
gun (Shottky emitter) equipped with a SuperTwin lens. Alternatively, 
the TEM apparatus was also equipped for X-ray Energy Dispersive 
Spectroscopy (EDS) experiments with an Ultim Max detector (Oxford 
Instruments). A 2 k × 2 k Ultrascan CCD camera (Gatan) was positioned 
before the filter for TEM imaging, using an energy resolution of 0.7 eV. 
The acquisition time for the analysis was 50 ms per spectrum and the 
used energy dispersion was 0.2 eV pixel− 1. Prior to these experiments, 
the samples were sonicated in ethanol and dropped onto a holey, 
amorphous carbon film supported on a copper grid. 

Textural properties of the fresh and used samples, that is, after 
controlled reduction and CO2 methanation, were determined by N2 
adsorption–desorption isotherms at − 196 ◦C, using a Micromeritics 
TRISTAR II equipment. All samples were pretreated with flowing N2 on a 
Micromeritics SmartPrep instrument at 300 ◦C for 10 h. 

La, Ni, Al and Ce contents were quantitatively determined by 
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP–AES). 
The analyses were carried out using a mass spectrometer with a plasma 
source (Q-ICP-MS XSeries II model of Thermospectrometer). Prior to the 
analysis, the samples were digested at 120 ◦C with an acid mixture 
(HNO3:HCl = 1:3) inside a microwave furnace. 

The redox behaviour of the fresh samples was examined by means of 
Temperature Programmed Reduction with a 5% H2/Ar mixture (H2- 
TPR) in a Micromeritics AutoChem II equipment. For that, the quartz tube 
reactor was loaded with 0.1 g of sample, which was pretreated in 30 mL 
min− 1 of 5% O2/He mixture at 600 ◦C for 30 min. Then, the sample was 
cooled down to 35 ◦C under inert conditions, and finally the temperature 
was increased from 35 to 950 ◦C in a 5% H2/Ar mixture (30 mL min− 1) 

using a heating rate of 10 ◦C min− 1. Water generated during samples 
reduction was removed by condensation in a cold trap placed before 
TCD detector. The outlet gas stream was continuously monitored with a 
Hiden Analitical HPR-20 EGA mass spectrometer. 

The basicity of the samples was evaluated by Temperature Pro-
grammed Desorption of CO2 (CO2-TPD) experiments, which were car-
ried out in a Micromeritics AutoChem II equipment. The quartz tube 
reactor was loaded with 0.15 g of the fresh samples. Aiming to obtain a 
catalytic material similar to that analyzed in the activity test, bulk 
perovskite and ceria- and alumina-supported samples were completely 
reduced in a 5% H2/Ar mixture (50 mL min− 1) at 650, 550 or 800 ◦C (2 
h), respectively. Then, the reduced samples were cooled down to 40 ◦C, 
under inert conditions (He flow stream). Once this temperature was 
reached, the adsorption of CO2 was performed by exposing the samples 
to a 5% CO2/He flow stream (50 mL min− 1) for 60 min. Finally, the 
samples were heated from 40 to 900 ◦C at 10C min− 1 in He (50 mL min1) 
and the desorbed gases were continuously monitored with a Hiden 
Analitical HPR-20 EGA mass spectrometer. 

2.3. Catalytic activity 

CO2 adsorption and hydrogenation cycles were carried out in a 
vertical stainless steel tubular reactor inside a 3-zone tube furnace. The 
reactor was filled with 1.0 g of pelletized (0.3–0.5 mm) fresh formula-
tion, where the operating temperature was continuously measured 
through a thermocouple placed in the centre of the catalytic bed. Prior to 
the catalytic test, fresh samples were in-situ reduced with a stream 
composed of 10% H2/Ar leading to the conformation of the final DFM 
due to the controlled reduction of perovskite-based formulation. With 
that aim, the temperature was progressively increased from room tem-
perature to 650, 550 or 800 ◦C (2 h) for bulk and ceria- and alumina- 
supported samples, respectively. Note that the reduction temperature 
for each support was already optimized in a previous study [39]. 

Once the DFM was obtained, CO2 adsorption and hydrogenation 
experiments were carried out, increasing the reaction temperature 
progressively from 280 to 520 ◦C, in steps of 40 ◦C. During the 
adsorption period (60 s), the feed composition was 10% CO2/Ar. Then, 
this step was followed by a purge with Ar (120 s) to remove weakly 
adsorbed CO2 and prevent mixing of streams. Finally, CO2 was replaced 
by a 10% of H2 during the hydrogenation (methanation) period (120 s). 
Before starting the following CO2 adsorption period, the catalyst and the 
system were again purged with Ar for 60 s. The catalytic tests were 
carried out with a total flow rate of 1200 mL min− 1. This flow corre-
sponds to space velocities of around 45,000 and 140,000 h− 1 for ceria- 
and alumina-supported samples, respectively. CO2, CH4, CO and H2O 
were continuously quantified by a MKS MultiGas 2030 FT-IR analyser. 

The amount of CO2 stored was calculated from Eq. (2). With that aim, 
the amount that leaves the reactor must be subtracted from the amount 
fed. To determine the amount of CO2 fed, the stream from the feed 
system was led directly to the analyser. The obtained profile corresponds 
to the actual CO2 input that was fed to the reactor. 

STOCO2
(
μmol g− 1) =

1
W

∫ t

0

[
Fin

CO2
(t) − Fout

CO2
(t)

]
dt (2) 

On the other hand, the CH4, CO and H2O productions were calcu-
lated from the following expressions: 

YCH4

(
μmol g− 1) =

1
W

∫ t

0
Fout

CH4
(t)dt (3)  

YCO
(
μmol g− 1) =

1
W

∫ t

0
Fout

CO(t)dt (4)  

YH2O
(
μmol g− 1) =

1
W

∫ t

0
Fout

H2O(t)dt (5) 

CH4 selectivity is determined by relating the CH4 and CO productions 
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since they were the only two products that were detected: 

SCH4 (%) =
YCH4

YCH4 + YCO
× 100 (6) 

Finally, the carbon balance check was carried out from the following 
expression: 

CB(%) =

(
YCH4 + YCO

STO CO2

)

× 100 (7)  

3. Results and discussion 

3.1. Catalysts characterization 

Fig. 1 includes XRD patterns of 30% LaNiO3/CeO2, 30% LaNiO3/ 
Al2O3 and 30% LaNiO3/La-Al2O3 samples before (a) and after (b) CO2 
methanation reaction. The corresponding XRD diffractograms of ceria 
(CeO2) and alumina (Al2O3) supports as well as of bulk perovskite (LNO) 
are also included as reference. 

Regarding to fresh samples (Fig. 1a), intense diffraction peaks (○) at 
28.6, 33.1, 47.5, 56.3 and 59.1 ◦2θ are observed for ceria support, 
whereas wide peaks (+) at 7.6, 45.9 and 67.0 ◦2θ are identified for 
alumina support. These reflections are characteristic of a cubic highly 
crystalline ceria and an amorphous cubic alumina phases, respectively. 
On the other hand, the bulk perovskite (LNO) shows three mains 
diffraction peaks (Δ) at 32.9, 47.4 and 58.7 ◦2θ, which are characteristic 
of a rhombohedral LaNiO3 phase. Furthermore, this sample also shows 
additional peaks in form of impurities, characteristic of hexagonal 
La2O2CO3 (●), cubic NiO (□) and tetragonal La2NiO4 (▴) phases, 
respectively. Their presence suggests that a fraction of Ni2+ and La3+ is 
not inserted inside the perovskite structure during perovskite structure 
conformation, due to a limited stability of LaNiO3 oxide. 

Supported samples (30% LaNiO3/CeO2, 30% LaNiO3/Al2O3 and 30% 
LaNiO3/La-Al2O3) show an intermediate diffractogram to that described 
for the bulk perovskite and the corresponding support. However, it is 
worth mentioning that the peaks of the ceria support overlap those of the 
perovskite in the case of the 30% LaNiO3/CeO2 sample. In any case, the 

small displacement of the peak situated at 33.1 ◦2θ to lower 2θ positions 
with respect to bare ceria support suggests the coexistence of both 
phases in the supported samples (Figure S1). Finally, it can be noticed 
that the relative intensity of the characteristic diffraction peaks of 
La2O2CO3 (●), NiO (□), and La2NiO4 (▴) impurities, increases for 
Al2O3- and La-Al2O3-supported samples with respect to bulk perovskite 
and CeO2-supported samples. These results suggest that the LaNiO3 
conformation is partially limited over alumina-supported samples, 
especially for bare Al2O3 support. 

Once LaNiO3 perovskite is conformed, Ni should be ex-solved from 
the perovskite host with controlled size to conform the desired DFM. In 
order to confirm the Ni nanoparticles (NPs) ex-solution, XRD measure-
ments were carried out for the samples used in cyclic CO2 adsorption and 
in-situ hydrogenation (Fig. 1b). Note that these samples were in-situ 
reduced prior to the catalytic test at the temperatures specified in Sec-
tion 2.3. As can be observed, all samples show intense diffraction peaks 
of corresponding supports (CeO2 or Al2O3), which confirm their high 
stability. In contrast, no diffraction peaks are discernible for LaNiO3, 
NiO and La2NiO4 phases. These results confirm the complete reduction 
of NiO, LaNiO3 and La2NiO4 phases, leading to cubic Ni0 ( ) and La2O3 
formation. However, an increase in the intensity of La2O2CO3 diffraction 
peaks is observed, instead of La2O3 phase identification. In agreement 
with that reported in previous works [40,41], this fact is due to CO2 
adsorption on La2O3 sites during CO2 methanation. Hence, XRD results 
demonstrate the controlled ex-solution of Ni0 nanoparticles from the 
LaNiO3 during the controlled reduction process. Ultimately, DFMs are 
obtained with the following general formulation: Ni-La2O3/support 
(with support = Al2O3, La-Al2O3 or CeO2). 

The Ni0 crystallite sizes are determined by applying the Scherrer 
equation to the peak located at 51.8 ◦2θ in the used samples (Table 1). As 
can be observed, the crystallite size of the 30% LNO/CeO2 sample is 7.0 
nm, whereas it increases to 12.4 and 11.5 nm for 30% LNO/Al2O3 and 
30% LNO/La-Al2O3 samples, respectively. In agreement with XRD re-
sults (Fig. 1a), the ceria support favours the formation of a higher pro-
portion of LaNiO3 perovskite, instead of impurities; as a consequence, 
this fact increases the Ni3+ available to be ex-solved, in form of smaller 

Fig. 1. XRD diffractograms of: a) fresh and b) reduced and used 30% LaNiO3/CeO2, 30% LaNiO3/Al2O3 and 30% LaNiO3/La-Al2O3 samples. LaNiO3 perovskite, 
Al2O3 and CeO2 supports are also included as reference. (●) La2O2CO3, (○) ceria, (□) NiO, (▴) La2NiO4, ( ) Ni0, (Δ) LaNiO3, (+) Al2O3, (*) La(OH)3 and (^) LaAlO3. 
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Ni0 NPs, during the reducing step. In any case, these values are signifi-
cantly lower than that observed for the bulk perovskite (31.7 nm). Thus, 
supporting the LaNiO3 perovskite over different nature supports seems 
to be an efficient way to promote the ex-solution of Ni NPs with smaller 
crystallite size. 

Different phase’s distribution of 30% LaNiO3/CeO2, 30% LaNiO3/ 
Al2O3 and 30% LaNiO3/La-Al2O3 used samples were analyzed by STEM- 
HAADF images and representative EDS elemental maps (Fig. 2). 
Furthermore, their Ni particle sizes distribution, estimated by measuring 
the size of at least 100 particles identified in these images, is also 
included in the form of a histogram. As a general trend, Ce (dark blue 
colour) or Al (light blue colour) and La (green colour) elements coexist 
with homogeneous distribution in all analyzed areas. Furthermore, 
small-sized Ni NPs (red colour) uniformly distributed on La and Ce or Al 
surface can be identified irrespective the analyzed support. Neverthe-
less, the Ni particle’s agglomeration is higher for the alumina-supported 
samples (Fig. 2b and c), which leads to a more heterogeneous Ni particle 

size distribution in the right side histogram. In agreement with the Ni 
size estimated by XRD experiment (Table 1), the lowest average size 
(5.0 nm) corresponds to 30% LaNiO3/CeO2 sample (Fig. 2a), whereas 
both alumina-supported samples show a Ni average size above 10 nm. 
These observations evidenced that the utilization of ceria as support 
favours the formation of a DFM with smaller Ni NPs. As previously 
suggested by XRD diffractograms (Fig. 1), the LaNiO3 perovskite for-
mation is favoured with respect to the formation of impurities (i.e. 
La2O2CO3, NiO and La2NiO4), favouring the ex-solution of Ni0 NPs with 
smaller size from the perovskite host. Furthermore, the ceria-supported 
sample requires lower reduction temperature (550 ◦C vs. 800 ◦C) to 
completely ex-solve the Ni0 NPs from the different Ni-based phases, 
which limits their sintering during reduction step. Finally, these aspects 
seem to favour a more homogenous distribution of the La-based phases 
for ceria-supported samples. 

The analysis of the main textural properties of the used samples was 
carried out by isothermal (–196 ◦C) N2-adsorption–desorption. As ex-
pected, all perovskite-based formulations show type IV isotherms 
(Figure S2) according to the IUPAC classification, which are character-
istic of mesoporous materials. Table 1 summarizes the corresponding 
specific surface areas (SBET) and pore volumes (Vp) for the used and fresh 
samples (in brackets). 30% LaNiO3/CeO2, 30% LaNiO3/Al2O3 and 30% 
LaNiO3/La-Al2O3 samples present SBET of 37, 103 and 105 m2 g− 1, 
respectively. This trend is ascribed to the progressive overlap of the 
pores and the supportś surface by the deposition of the LaNiO3 perov-
skite, together with pores narrowing due to calcination as well as 
reduction at high temperatures, in line with the proportional decrease in 
pore volume observed. In any case, these values are much higher than 
that of the bulk perovskite (12 m2 g− 1), which contributes to the ex- 
solution of smaller Ni NPs. 

In order to investigate the redox properties of the samples, Fig. 3 
shows the hydrogen consumption profiles, normalized per sample mass 

Table 1 
Specific surface areas (SBET), pore volumes (Vp), Ni content and Ni0 crystallite 
sizes for the LaNiO3, 30% LaNiO3/CeO2, 30% LaNiO3/ Al2O3 and 30% LaNiO3/ 
La-Al2O3 samples after reduction and CO2 methanation reaction.  

Sample SBET, m2 g− 1 Vp, cm3 g− 1 Ni, % dNi, nm a 

CeO2 78 0.16 – – 
Al2O3 193 0.54 – – 
La-Al2O3 179 0.48 – – 
30% LNO/CeO2 37 (47) 0.12 (0.17) 9.2 7.0 
30% LNO/Al2O3 103 (118) 0.34 (0.36) 9.3 12.4 
30% LNO/La-Al2O3 105 (116) 0.34 (0.36) 9.4 11.5 
LNO 12 (21) 0.09 (0.12) 26.9 31.7 

*In brackets are shown the corresponding values to fresh samples. 
aNi0 crystal size estimated by Scherrer equation for reduced and used samples. 

Fig. 2. STEM-HAADF images and the corresponding EDS maps obtained for: a) 30% LaNiO3/CeO2, b) 30% LaNiO3/Al2O3 and c) 30% LaNiO3/La-Al2O3 samples after 
controlled reduction and CO2 methanation reaction. The Ni particle sizes distribution was also included for each sample in form histograms. 
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unit, for fresh 30% LaNiO3/CeO2, 30% LaNiO3/Al2O3 and 30% LaNiO3/ 
La-Al2O3 samples. For comparative purposes, the H2–TPR profiles of 
bulk LaNiO3 perovskite (LNO) and CeO2 support are also included. 

In agreement with the results in our previous work [39], the ceria- 
supported perovskite shows an intermediate reduction profile between 
the CeO2 support and bulk LaNiO3 perovskite. Specifically, two main H2 
consumption regions can be identified, i.e. below and above 650 ◦C. As 
observed for the bulk LaNiO3, the low temperature region presents three 
main peaks centred at 225, 375 and 475 ◦C, which are ascribed to the 
progressive reduction of NiO, LaNiO3 and La2NiO4 phases following the 
stoichiometry of Eqs. (8–10). Note that the Ce4+ at the surface is also 
reduced in this temperature region. Meanwhile, the peak above 650 ◦C is 
ascribed to the final reduction of the bulk CeO2 (Eq. (11)) [42]. 

4LaNiO3 + 2H2→La4Ni3O10 + Ni0 + 2H2O (8)  

La4Ni3O10 + 3H2→La2NiO4 + 2Ni0 + La2O3 + 2H2O (9)  

La2NiO4 + H2→Ni0 + La2O3 + H2O (10)  

2CeO2 + H2→Ce2O3 + H2O (11) 

The reduction profiles of alumina-supported samples (30% LaNiO3/ 
Al2O3 and 30% LaNiO3/La-Al2O3) differ from that observed for ceria- 
supported sample. On the one hand, the reduction of NiO, LaNiO3 and 
La2NiO4 phases (Eqs. 8–10) takes place more progressively. On the other 
hand, a new contribution, centred around 750–800 ◦C, is observed. 
Taking into account that Al2O3 and La-Al2O3 support are no reducible, 
this peak is associated with the reduction of highly stable NiAl2O4 phase 
formed during calcination step [43]. These results denote a high inter-
action between the Ni and alumina support, which limits the confor-
mation of the perovskite oxide and favours the presence of impurities, as 

previously suggested by XRD analysis (Fig. 1). 
As can be observed, the reducibility is clearly enhanced for ceria- 

supported samples with respect to those observed for the bulk perov-
skite and the ceria support. In contrast, this shift is limited for the 
alumina-supported samples, especially for the perovskite deposited onto 
bare alumina. However, it is worth to mention that species below 250 ◦C 
are more easily reduced for alumina-supported samples than for ceria- 
supported and bulk perovskites. As previously suggested, the reduc-
tion of NiO, not inserted in the perovskite lattice, also occurs at this 
temperature region and is favoured by the higher specific surface area of 
alumina-supported samples with respect to the ceria-supported one. In 
any case, the concentration of the species reduced in the low tempera-
ture region (below 650 ◦C) is significantly higher for the ceria-supported 
samples. These results evidence that the redox properties of the samples 
are favoured with ceria as support, which leads to an easier reduction of 
Ni-based species as well as of ceria support [44]. Thus, synergetic effects 
between LaNiO3 and ceria phases are evidenced, which promote the 
accessibility of the former and the reducibility of the latter due to spill- 
over effect of activated H2 [32]. 

To gain insight on the hydrogen consumption occurred during H2- 
TPR experiments, the effluent gas was analyzed by mass spectroscopy 
for ceria- and alumina-supported samples (Figure S3). As can be 
observed, a noticeable methane formation can be identified in both cases 
due to the hydrogenation (CO2 + 4H2 ⇄ CH4 + H2O) of the CO2 released 
due to La2O2CO3 decomposition on Ni0 sites, specie formed during the 
perovskite reduction at lower temperatures. As a result, this process 
implies the consumption of additional H2. Thus, the H2 consumption 
observed between 250 and 600 ◦C is not only due to the reduction of 
reducible species but also due to the methane formation of the adsorbed 
CO2 at the surface. Among different supports, the 30% LNO/CeO2 
sample shows the highest CH4 production below 400 ◦C. This trend 
suggests that the activation of CO2 methanation takes place at lower 
temperatures for the DFMs obtained from the ceria-supported sample, in 
line with the higher reducibility observed during H2-TPR experiments 
(Fig. 3). 

Table 2 shows the integrated area related to the reduction of the 
different species per gram of sample. Based on the reduction steps 
described in Eqs. (8–10), 1.5 mol of hydrogen are consumed per 1 mol of 
LaNiO3 perovskite, whereas 0.5 mol of hydrogen are consumed in the 
reduction of CeO2 support (Eq. (11)). In contrast, no hydrogen con-
sumption is expected due to the La-Al2O3 or Al2O3 supports reduction. 

Fig. 3. H2-TPR profiles normalized per sample mass of fresh: 30% LaNiO3/ 
CeO2, 30% LaNiO3/Al2O3 and 30% LaNiO3/La-Al2O3 samples. The reduction 
profiles of CeO2 support and bulk LaNiO3 perovskite (LNO) are included 
as reference. 

Table 2 
Deconvoluted H2 consumption ascribed to the reduction of different species of 
the fresh CeO2 support, bulk LaNiO3 perovskite (LNO) and, 30% LaNiO3/CeO2, 
30% LaNiO3/Al2O3 and 30% LaNiO3/La-Al2O3 samples.  

Sample NiO +
LaNiO3 

(a), 
µmol H2 

g− 1 

La4Ni3O10 +

CeO2 (surf.) 
(b), µmol H2 

g− 1 

La2NiO4 
(c), µmol 
H2 g− 1 

CeO2 

(bulk)/ 
NiAl2O4 

(d), 
μmol H2 

g− 1 

Total (e), 
µmol H2 

g− 1 

CeO2 – 1626 – 3389 5015 
30% 

LNO/ 
CeO2 

1087 2752 1310 2358 7507 

30% 
LNO/ 
Al2O3 

507 1122 1928 1187 4745 

30% 
LNO/ 
La- 
Al2O3 

376 1316 2022 871 4584 

LNO 2722 8271 5225 – 16,218 

aSum of integrated peaks located below 250 ◦C. 
bSum of integrated peaks located between 250 and 450 ◦C. 
cSum of integrated peaks located between 450 and 650 ◦C. 
dSum of integrated peaks located above 650 ◦C. 
eSum of all integrated peaks. 
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Moreover, noticeable hydrogen consumption is related to carbonates 
reduction, in line with the high CH4 production identified in Figure S3. 
In fact, this contribution should be more relevant for ceria-supported 
samples. As a result, the overall H2 uptake decreases from 7507 µmol 
H2 g− 1 for ceria-supported samples to values below 4745 µmol H2 g− 1 for 
alumina-supported samples. 

It is worth to mention that the increase in H2 consumption for the 
30% LNO/CeO2 sample is especially remarkable below 400 ◦C (Table 2). 
In order to explore in more detail this aspect, Fig. 4 plots the evolution of 
the H2 uptakes below 250 ◦C related to Ni content for different sup-
ported samples and bulk perovskite. Note that this hydrogen consump-
tion was previously assigned to the partial reduction of Ni3+ in the 
perovskite lattice together with the reduction of highly dispersed NiO 
nanoparticles, since no CH4 formation is observed in this temperature 
region (Figure S3). As can be observed, the H2/Ni ratio progressively 
decreases from 0.82 for 30% LNO/CeO2 sample to 0.23 for 30% LNO/ 
La-Al2O3 sample. This result confirms that the H2 activation during CO2 
methanation is promoted at lower temperatures by the use of ceria 
support due to the increase in the concentration of highly reducible Ni- 
based species in LaNiO3 perovskite. 

To investigate the interaction between the CO2 molecule and the 
catalyst surface, the CO2–TPD profiles of the LaNiO3, 30% LaNiO3/CeO2 
30% LaNiO3/Al2O3 and 30% LaNiO3/La-Al2O3 samples, as well as those 
of the corresponding supports (CeO2, Al2O3 and La-Al2O3) were 
compared (Fig. 5). Each sample was prereduced following a similar 
procedure to that achieved prior to catalyst test (Section 2.3). On the one 
hand, ceria support shows a single desorption peak centred at 100 ◦C, 
which is assigned to the CO2 decomposition arising from bridged and 
bidentate carbonates adsorbed onto ceria surface. Meanwhile, the weak 
signal, observed above 400 ◦C, is assigned to the decomposition of 
carbonates not eliminated during calcination and reduction steps [45]. 
On the other hand, bare Al2O3 and La-Al2O3 supports present an 
asymmetric desorption peak at 100 ◦C, which is assigned to CO2 
desorption from weak Brönsted OH– groups [43]. It is worth to note that 
the shoulder at higher temperatures is slightly higher for La-Al2O3 
support, due to the CO2 desorption from monodentate carbonates 
adsorbed on highly dispersed La2O3 formed on catalytic surface. 

Regarding bulk perovskite, three main desorption peaks can be 

observed: below 200 ◦C, between 200 and 550 ◦C and above 550 ◦C. In 
increasing order of temperature, these peaks are assigned to the 
decomposition of weakly adsorbed CO2 on Ni0 sites [46], and decom-
position of monodentate carbonates linked to highly dispersed and bulk- 
like La2O3 species in the form of La2O2CO3 [27,44], respectively. As 
expected, supported perovskites show an intermediate CO2 desorption 
profile to that observed for the bulk LaNiO3 perovskite and the corre-
sponding support. Nevertheless, two main differences can be identified. 
On the one hand, the desorption of the different adsorbed species takes 
place at lower temperatures with respect to bulk perovskite. On the 
other hand, a more progressive CO2 decomposition during the whole 
temperature range is favoured for ceria-supported sample. As previously 
discussed, the impregnation of the LaNiO3 perovskite on a high surface 
area supports limits its agglomeration during calcination. This fact 
promotes a more homogeneous distribution of the La2O3 phases at the 
surface, which favours the formation of monodentate carbonates of 
different stability on the La2O3 sites. However, this process is partially 
limited for alumina-supported samples due to the formation of NiAl2O4 
in detriment of LaNiO3 perovskite conformation, in line with XRD results 
(Fig. 1). This fact limits the ex-solution of La2O3 from the perovskite, 
favouring its sintering during the reduction at high temperatures, which 
ultimately leads to more heterogeneous distribution of the La2O3 phase 
than in ceria-supported samples (Fig. 2). 

According to desorption temperature or chemical bond strength, 
basic sites can be classified into weak (T < 150 ◦C), medium (T =
200–550 ◦C) and strong (T > 550 ◦C). Based on this distribution, the 
concentration of the different species was determined after the decon-
volution and integration of the different peaks identified in the 
desorption profile (Table 3). Comparing supported samples, the lower 
concentration of the weak basic sites corresponds to the reduced 30% 
LaNiO3/CeO2 sample. As observed in Table 1, this fact is ascribed to its 
lower specific surface area, which leads to almost total coverage of the 
ceria surface. In contrast, this sample shows significantly higher medium 

Fig. 4. H2 consumption (below 250 ◦C) related to Ni content for the fresh 30% 
LaNiO3/CeO2, 30% LaNiO3/Al2O3 and 30% LaNiO3/La-Al2O3 samples. 

Fig. 5. CO2-TPD profiles normalized per sample mass of reduced 30% LaNiO3/ 
CeO2, 30% LaNiO3/Al2O3, 30% LaNiO3/La-Al2O3, LaNiO3 samples, and CeO2, 
Al2O3 and La-Al2O3 supports. 
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and strong basic sites concentration than alumina-supported samples 
(30% LaNiO3/Al2O3 and 30% LaNiO3/La-Al2O3). Specifically, the con-
centration of medium and strong basic sites ranges from 120.6 and 87.1 
µmol CO2 g− 1 for the 30% LNO/CeO2 sample to 29.0 and 58.5 µmol CO2 
g− 1 for the 30% LNO/Al2O3 sample, respectively. As suggested in our 
previous work [39], the controlled reduction of 30% LaNiO3/CeO2 
sample leads to the formation of additional medium strength basic sites 
(NiO-CeO2 interface) for CO2 adsorption with respect to alumina- 
supported samples and bulk perovskite. Furthermore, the high interac-
tion of Ni with the support leads to the presence of NiAl2O4 phase 
(Fig. 3), which limits the LaNiO3 perovskite conformation, increases the 
proportion of impurities (La2O3 and NiO) for fresh samples (Fig. 1a), and 
needs a higher reduction temperature (800 ◦C vs. 550 ◦C). Ultimately, 
these aspects limit the ex-solution of highly dispersed La2O3 basic sites 
from LaNiO3 host, leading to a significant decrease of the concentration 
of medium strength basic sites. 

In order to gain insight on this issue, Table 3 shows the ratio of 
desorbed moles of CO2 per mol of La2O3. Note that for the accurate 
determination of the amount desorbed from the La2O3 adsorbent, the 
moles of CO2 desorbed from the corresponding support were subtracted. 
According to decomposition reaction of lanthanum carbonate 
(La2O2CO3 ⇄ La2O3 + CO2) 1 mol of CO2 should be desorbed per mol of 
La2O3, if this compound was completely carbonated during saturation 
step. However, this ratio is below 1 for all samples. Among them, the 
lowest value (0.08) corresponds to LaNiO3 perovskite, whereas sup-
ported perovskites show values more than twice of that of bulk coun-
terpart. Although ceria supported sample show significantly lower 
specific surface area (Table 1), it presents the highest value (0.28). This 
trend confirms the higher accessibility of La2O3 sites and the presence of 
additional CO2 adsorption sites in the NiO-CeO2 interface (180–360 ◦C). 
Finally, this fact leads to a significant increase of the surface density of 
medium basicity species, from 0.39 μmol CO2 m− 2 for alumina- 
supported samples to 3.26 μmol CO2 m− 2 for ceria-supported one. 
Thus, these results confirm that supporting LaNiO3 perovskite over ceria 
support increases the accessibility and the concentration of CO2 
adsorption sites with respect to alumina-supported samples. 

3.2. Catalytic activity in CO2 adsorption and hydrogenation to CH4 

3.2.1. CO2 adsorption and hydrogenation mechanism 
Aiming to introduce the basic principles of the operation, Fig. 6 

displays the evolution with time of the outlet concentration of CO2, CH4, 
CO and H2O during an entire CO2 adsorption and hydrogenation cycle at 
400 ◦C. Although these results correspond to the DFM derived from 30% 
LaNiO3/CeO2 formulation, the global reaction evolution is similar for 
alumina-supported samples and bulk perovskite. 

During the adsorption cycle (1 min) a gas stream composed of 1.4% 
CO2/Ar is fed. To estimate the amount of CO2 adsorbed on the catalyst, 
the CO2 concentration profile when the reactor is bypassed is also 
included. As can be observed, CO2 concentration is almost negligible at 
the beginning of the adsorption period; in fact, no CO2 signal at the 
reactor outlet is detected during the first 35 s. Following, it increases 
rapidly achieving almost the inlet concentration at the end of the storage 
period. This trend reveals the progressive CO2 adsorption on storage 
sites, mainly La2O3 phase [47] and, in minor extent, on NiO–CeO2 
interface, up to their total saturation through the following reaction: 

La2O3 + CO2 ⇄ La2O2CO3 (12) 

Few seconds delayed, an increasing H2O signal is detected at the 
reactor outlet. The identification of this compound during the adsorp-
tion period reveals that CO2 is progressively displacing pre-adsorbed 
H2O due to its competitive adsorption on La2O3 storage sites through 
Eq. (13). However, it can be concluded that the CO2 adsorption pref-
erentially occurs onto free La2O3 sites, since H2O is detected quite 
delayed with respect to CO2 identification. Once La2O3 adsorption sites 
are completely carbonated (Eq. (12)), the storage of CO2 is transferred to 
La(OH)3 sites (Eq. (13)). 

Table 3 
Deconvoluted CO2 desorption related to different basic sites, medium basic sites density and adsorbent utilization factor for bulk LaNiO3 perovskite (LNO) and, 30% 
LaNiO3/CeO2, 30% LaNiO3/Al2O3 and 30% LaNiO3/La-Al2O3 samples after reduction in 5% H2/Ar.  

Sample Weak basicity a, µmol 
CO2 g− 1 

Medium basicity b, µmol 
CO2 g− 1 

Strong basicity c, µmol 
CO2 g− 1 

Total basicity d, µmol 
CO2 g− 1 

Medium basic sites densitye, 
µmol CO2 m2 

Ratio CO2/ 
La2O3

f 

30% LNO/ 
CeO2 

29.5 (49.6) 120.6 (8.0) 87.1 (26.2) 237.2 (84.4) 3.26 (0.10)  0.28 

30% LNO/ 
Al2O3 

74.2 (34.4) 29.0 (11.2) 58.5 (5.4) 161.7 (50.9) 0.28 (0.06)  0.20 

30% LNO/La- 
Al2O3 

93.8 (52.7) 41.1 (21.0) 46.9 (3.6) 182.3 (77.3) 0.39 (0.12)  0.20 

LNO 11.6 75.0 73.3 159.5 6.25  0.08 

*In brackets are shown the corresponding values to each support (CeO2, Al2O3 and La-Al2O3). 
a Sum of integrated peaks located below 200 ◦C. 
b Sum of integrated peaks located between 200 and 550 ◦C. 
c Sum of integrated peaks located above 550 ◦C. 
d Sum of all integrated peaks. 
e Determined as the µmoles of CO2 desorbed between 200 and 550 ◦C per specific surface area. 
f Moles of CO2 desorbed, once the amount desorbed from the corresponding support was subtracted, per mol of La2O3. 

Fig. 6. CO2, CH4, H2O and CO concentration profiles during a complete CO2 
adsorption and hydrogenation to CH4 cycle at 400 ◦C for the DFM obtained 
after the controlled reduction of the 30% LaNiO3/CeO2 precursor. 
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2La(OH)3 + CO2 ⇄ La2O2CO3 + 3H2O (13) 

Note that the desorption of a small fraction of H2O stored on ceria or 
alumina supports in form of hydroxyls cannot be ruled out, which can 
conform bicarbonates during CO2 adsorption period. However, it is well- 
known that their stability is limited at working temperatures, which 
makes this adsorption route minority with respect to that expressed by 
Eqs. (12–13), especially for the ceria-supported sample [38]. 

From these data, the amount of CO2 adsorbed onto the catalyst is 
calculated by Eq. (2) (Table 4). In order to assess the stable behavior of 
the DFM, the corresponding values to 3 consecutive cycles is included, 
which results in values between 86.4 and 90.7 µmol CO2 g− 1. Further-
more, an almost negligible CO peak is observed during the adsorption 
period, which value is determined by Eq. (4) and summarized in Table 4 
(around 9 µmol g− 1), which is related to the incomplete hydrogenation 
of adsorbed CO2 with H2 chemisorbed on the Ni0 sites during the pre-
vious hydrogenation period following the reverse water gas shift reac-
tion (RWGS, Eq. (14)). Alternatively, other authors related CO formation 
to the progressive decomposition of adsorbed formate species [48]. 

H2 + CO2 ⇄ CO + H2O (14) 

Once the adsorption period is completed, the CO2 is removed from 
the feed stream and a constant Ar flow rate is fed during 2 min, in order 
to purge the catalyst as well as the reaction system. As a result, CO2 and 
H2O signals progressively decrease practically to zero during this period. 

Then, the hydrogenation period (2 min) begins with the admission of 
a gas stream composed of 10% H2/Ar. Immediately after the injection of 
10% H2/Ar mixture, a sudden CH4 production is observed with a long 
tail extended during the rest of the period. Besides, H2O formation is 
detected around 10 s delayed from CH4 detection. This process can be 
described by the following reaction scheme: 

Step 1 : La2O2CO3⇄ La2O3 + CO2 (15)  

Step 2 : 4H2 + CO2⇄ CH4 + 2H2O (1)  

Step 3a : La2O3 + 3H2O ⇄ 2La(OH)3 (16)  

Step 3b : Ce2O3 + 3H2O ⇄ 2Ce(OH)3 (17) 

Firstly, lanthanum oxide carbonate is decomposed to form gaseous 
CO2 (Eq. (15)). Then, the CO2 released reacts with hydrogen to form 
methane and water following Sabatier reaction (Eq. (1)). Taking into 
account the stoichiometry of Eq. (1), 2 mol of H2O should be detected 
per mol of CH4; nevertheless, the experimental ratio during 

hydrogenation period ranges between 1.38 and 1.40, which reveals that 
part of H2O is stored on the surface La2O3 sites (Eq. (16)) or ceria support 
(Eq. (17)). As we already reported in previous work for conventional Ni/ 
CeO2 catalysts [49], the water adsorption on ceria sites is limited due to 
its high oxygen mobility, which favours water desorption during the 
hydrogenation period. Indeed, the H2O/CH4 ratio is significantly higher 
than that observed for conventional Ru-CaO/Al2O3 and Ru-Na2CO3/ 
Al2O3 DFMs (H2O/CH4 < 1.14) [13]. Finally, a small fraction of CO 
(around 1 µmol g− 1) is also detected during the hydrogenation period 
due to RWGS reaction (Eq. (14)). 

If the entire CO2 adsorption and hydrogenation cycle is considered, a 
H2O/CH4 ratio ranging between 2.00 and 2.03 is obtained, that is close 
to the stoichiometry value (H2O/CH4 = 2) defined by Sabatier reaction 
(Eq. (1)). With the aim of giving more reliability to the results obtained, 
the carbon balance was also determined (Eq. (7)). As can be observed in 
Table 1, the amount of CO2 stored during the adsorption period is 
around 88 µmol g− 1, whereas around 80 µmol g− 1 of CH4 and 8 µmol g− 1 

of CO are produced during CO2 hydrogenation period. Thus, carbon 
balance closed within ± 5% since CH4 and CO are the only products 
detected by FTIR during the reaction. 

3.2.2. Support effect on CO2 adsorption and hydrogenation cycles of 
LaNiO3-derived DFMs 

Catalytic activities of LaNiO3-derived DFMs are evaluated by 
analyzing the evolution of CH4 and CO production per cycle with re-
action temperature (Fig. 7). These parameters were estimated applying 
Eqs. (2–3) for the data obtained from similar CO2 adsorption and hy-
drogenation experiments to that reported in Fig. 6. Aiming to mimic an 
effluent gas from a combustion process, the CO2 concentration during 
storage period was increased from 1.4 to 10% in these experiments, in 
which the carbon balance closed with an error below 5%. 

As can be observed in Fig. 7a, the evolution of CH4 production with 
reaction temperature is influenced by the type of perovskite-based 
formulation used as precursor of the corresponding DFM in each 
experiment. As expected, methane production increases up to 440 ◦C for 
DMFs obtained after the reduction of bulk LaNiO3 and 30% LaNiO3/ 
CeO2 formulations. Above this temperature, CO2 conversion slightly 
decreases due to a destabilization of adsorbed carbonates. In contrast, 
DFMs obtained from alumina-supported perovskites (30% LaNiO3/ 
Al2O3 and 30% LaNiO3/La-Al2O3) achieve their maximum CH4 pro-
duction at 280 ◦C. Then, a progressive decrease in the amount of CH4 
produced is observed at increasing temperatures. As previously 
observed, weak strength basic sites are predominant for alumina- 
supported DFMs (Table 3). Thus, the maximum CH4 production 
observed at 280 ◦C is related to a more efficient CO2 adsorption on weak 
strength basic sites, main adsorption sites at this temperature range. On 
the contrary, as the reaction temperature increases, the adsorbed CO2 on 
weak basic sites become less stable, limiting their hydrogenation for 
alumina-supported samples. Meanwhile, the presence of higher strength 
basic sites for non– and ceria-supported samples favours decomposition 
of a major quantity of the adsorbed CO2 species to be hydrogenated to 
CH4 at higher temperatures. Thus, Ni-La2O3 interface higher accessi-
bility can be considered as a key parameter to maximize CO2 adsorption 
and in-situ hydrogenation at this temperature range. 

Regarding to CO formation (Fig. 7b), all samples show an increasing 
CO production with reaction temperature. This trend is ascribed to the 
promotion of the RWGS reaction (Eq. (17)) during the CO2 hydrogena-
tion step. In any case, the CO production is below 31 µmol g− 1 for all 
samples, which remarks the high selectivity towards methane of here 
developed materials. 

Among different samples, the DFM obtained after the reduction of 
the LaNiO3 formulation exhibits the highest CH4 production (117 µmol 
g− 1), in line with the higher density of medium basic sites identified in 
Table 3. However, the DFM derived from 30% LaNiO3/CeO2 precursor 
maintains the highest CH4 production, if the whole temperature range is 
considered. Furthermore, this sample shows a CO production 3 times 

Table 4 
Catalytic parameters estimated during 3 consecutive CO2 adsorption and hy-
drogenation cycles at 400 ◦C with 30% LaNiO3/CeO2 catalyst.   

period STOCO2
a, 

µmol g− 1 
CH4

b, 
µmol 
g− 1 

CO c, 
µmol 
g− 1 

H2O d, 
µmol 
g− 1 

CB e, 
% 

H2O/ 
CH4 

ratio f 

cycle 
1 

ads. 88.9 0.0 9.0 63.7 102.0 2.03 
hyd. – 80.8 1.0 115.3 

cycle 
2 

ads. 86.4 0.0 9.0 62.8 104.6 2.00 
hyd. – 80.4 1.0 113.0 

cycle 
3 

ads. 90.7 0.0 8.9 64.3 99.0 2.02 
hyd. – 80.0 0.9 111.8  

a Stored CO2 during the adsorption and hydrogenation steps together with the 
following purging period. 

b Produced CH4 during adsorption and hydrogenation steps. 
c Produced CO during adsorption and hydrogenation steps. 
d Released H2O during the adsorption and hydrogenation steps together with 

the following purging period. 
e Carbon balance during the entire CO2 adsorption and hydrogenation 

process. 
f H2O to CH4 ratio during the entire CO2 adsorption and hydrogenation 

process. 
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lower (8 vs. 31 µmol g− 1) than the DFM obtained from bulk perovskite, 
which is ascribed to the higher strength of CO2 adsorbed species [50,51]. 

To better understand the differences in the catalytic behaviour, Fig. 8 
plots CH4 concentration profiles during complete CO2 adsorption and 
hydrogenation cycles at 280, 400 and 520 ◦C for DFMs obtained from 
30% LaNiO3/CeO2, 30% LaNiO3/La-Al2O3 and LaNiO3 precursors. 
Profiles corresponding to the 30% LaNiO3/Al2O3 precursor have not 
been included since they are similar to those of La-Al2O3-supported 
sample. In general, the evolution of CH4 is significantly affected by DFM 
composition, especially at intermediates-high temperatures. The 
maximum CH4 production is observed at initial times for the alumina- 
supported sample, whereas this process is delayed and takes place 
more progressively for the DFM obtained from bulk perovskite. On the 
other hand, the ceria-supported sample shows an intermediate CH4 
production profile. As previously observed in Table 1, the specific sur-
face area was significantly higher for supported samples with respect to 
that observed for the DFM derived from bulk perovskite, which leads to 
the exsolution of Ni NPs with significantly lower average particle size 
than bulk counterpart (31.7 nm), especially for ceria-supported sample. 
Furthermore, this sample shows the higher proportion of medium basic 
sites with respect to strong basic sites. Taking into account that the close 
contact between storage component and the Ni0 NPs is regarded as the 
key factor to efficiently transfer of dissociated H to desorb, and subse-
quently to hydrogenate, adsorbed CO2, these facts explain the wider 
temperature window of the DFM derived from the 30% LaNiO3/CeO2 
formulation. In contrast, the stability of adsorbed species is limited for 
alumina-supported sample, favouring only the CH4 production at the 
beginning of the hydrogenation period and low temperatures. 

To sum up, the 30% LaNiO3/CeO2 emerges as the optimal catalytic 
precursor, resulting in a dual function material with high efficiency to 
adsorb CO2 and in-situ hydrogenate it to methane. This fact is ascribed 
to an proper balance of different basic sites concentration, where CO2 
adsorption takes places (Ni-CeO2 interface as well as highly dispersed 
and bulk-like La2O3), and higher accessibility of active sites for H2 
activation and CO2 methanation (Ni0 NPs). Ultimately, this fact also 
favours a higher selectivity towards methane. Furthermore, this sample 
is able to produce a high fraction of methane at initial period of the 
hydrogenation cycle. As suggested in our previous works [52,53], the 
duration of the hydrogenation period should be enough to ensure high 
CH4 production but not too long to limit hydrogen conversion. Hence, 
optimal hydrogenation time will provide a best balance between more 
efficient use of reductant agent and CH4 production. As a result, the 
faster kinetics discovered with the DFM derived from 30% LaNiO3/CeO2 
catalytic precursor, makes it a first-class alternative as promotes the 
joint optimization of H2 conversion and CH4 production. The last aspect 
to consider is that the Ni content is around 70% lower with respect to 

bulk LaNiO3, which reveals a superior intrinsic activity of this sample. 
In order to have a more realistic view of the relevance of the reported 

results, the CH4 and CO productions obtained with this DFM where 
compared to those obtained with 15% Ni-15% CaO/Al2O3 model DFM 
(Figure S4) [13], showing comparable CO2 adsorption and in-situ hy-
drogenation to CH4. These results remark that here developed DFMs can 
be considered as promising novel materials for CO2 methanation tech-
nology. The still limitation of higher CH4 production at higher temper-
atures is actually under study in our labs with the use of other alkaline or 
earth-alkaline adsorbents, such as Ca, Ba, Na and K. 

3.2.3. Evaluation of the real-world applicability of LaNiO3-derived DFMs 
The real-world applicability of the DFM obtained after the controlled 

reduction of 30% LaNiO3/CeO2 precursor was more deeply analyzed by 
subjecting this DFM to long-term CO2 adsorption/hydrogenation ex-
periments under hard operational conditions. This study was completed 
by evaluating the influence of the presence of O2 during adsorption 
period on its CO2 adsorption and hydrogenation efficiency. 

Fig. 9 shows the evolution of CH4 and CO productions with the 
number of CO2 adsorption/hydrogenation cycles for 30% LaNiO3/CeO2- 
derived sample at 520 ◦C. As can be observed, CH4 and CO productions 
as well as selectivity towards methane remain almost stable irrespective 
of time elapsed. Specifically, the CH4 production slightly decreases from 
80 µmol g− 1 to 78.4 µmol g− 1, whereas CO production keeps at 9.3–9.4 
µmol g− 1. This catalytic behaviour reveals the high stability of the 
developed DFM towards CO2 adsorption and hydrogenation in consec-
utive cycles. The close contact between Ni0 NPs, La2O3 and CeO2 phases 
(Fig. 2), formed after the controlled reduction of 30% LaNiO3/CeO2, 
prevents the thermal agglomeration of Ni NPs during calcination and 
CO2 methanation reaction processes, in line with the observed by Wang 
et al. [35] for Ni-La2O3/SBA-15 catalyst. 

The developed DFM should also selectively capture CO2 from O2- 
containing flue gas at relatively high temperatures and then, hydroge-
nate the adsorbed species to methane with H2. With the aim of evalu-
ating the influence of the presence of O2 during storage period a 10% of 
O2 is jointly fed with a 10% of CO2 during adsorption cycles. Fig. 10 
plots the evolution of CH4 and CO productions with the number of CO2 
adsorption/hydrogenation cycle at 400 ◦C for 30% LaNiO3/CeO2- 
derived sample. Note that the cycles 1–2 and 8–9 were carried out in the 
absence of O2 in the feed stream, whereas this compound was fed in 
cycles 3–7. 

Comparing cycles 1–2 with cycles 3–7, a negative effect on CH4 
production can be detected for the experiments in the presence of O2 
during the adsorption period. Indeed, the CH4 yield immediately de-
creases from 99 to 47 μmol g− 1 from the 2nd to 3rd cycle, whereas no 
significant changes are observed for cycles 4–7. Zheng et al. [54] 

Fig. 7. Evolution of: a) CH4 and b) CO productions with temperature for DFMs obtained after the controlled reduction 30% LaNiO3/CeO2, 30% LaNiO3/La-Al2O3, 
30% LaNiO3/Al2O3 and LaNiO3 precursors. 
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justified the loss of activity for O2-containing experiments by the 
oxidation of the active metallic phase during the adsorption step. In 
agreement with their results, a small CO2 signal and a significant 
decrease in methane production is observed at the beginning of the 
hydrogenation period for the oxygen-containing experiment with 
respect to oxygen-free experiment (Figure S5). This fact reveals that 
some carbonates, adsorbed during the storage period, are released 
without being hydrogenated due to the absence of enough Ni0 active 
sites to reduce them towards CH4. In any case, the decrease in methane 
production for O2-containing experiments is significantly lower to that 
observed for 10% Ni-6.1% NaO/Al2O3, where no methane formation 
was observed when the sample was exposed to O2 and H2O during the 
CO2 capture step [19]. On the other hand, it is worth to mention that, in 
contrast to that observed in our previous work for conventional 10% 
Ni–10% Na2CO3/Al2O3 [11], CO production remains invariable after 
inclusion of O2 in the feed stream. This trend discards the promotion of 

RWGS reaction (Eq. (14)) due to a partial oxidation of Ni0 to NiO. 
During the next cycles (i.e. from the 8th to the 9th), CO2 adsorption/ 

hydrogenation cycles were again carried in an oxygen-free environment. 
Remarkably, the CH4 production is recovered immediately after the 
oxygen is removed from the feed stream. Note that the 8th and 9th cycles 
show similar CH4 and CO productions than 1st and 2nd cycles. Thus, 
these results reveal that the here discovered DFM has a high ability to 
restore activity once O2 is not fed during CO2 adsorption, which it is one 
of the main limitations of the conventional Ni-based formulations 
[19,55,56]. In agreement with the H2-TPR results, the high reducibility 
of different Ni species implies that Ni can be easily reduced back during 
the hydrogenation step at low temperature. Therefore, 30% LaNiO3/ 
CeO2-derived DFM can be considered a superior candidate for real 
conditions process at intermediate-high temperatures. 

In summary, the confinement of Ni NPs on La2O3 or La-Ce-O in-
terfaces prevents them from thermal agglomeration and favours their 

Fig. 8. CH4 concentration profiles during a complete CO2 adsorption and hydrogenation to CH4 cycle at: a) 280, b) 400 and c) 520 ◦C for the DFMs obtained after the 
controlled reduction of 30% LaNiO3/CeO2, 30% LaNiO3/La-Al2O3 and LaNiO3 precursors. 
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redox properties. Hence, ceria-supported LaNiO3 perovskites can be 
considered as an efficient precursor of highly stable and versatile dual 
function materials for the cyclic CO2 adsorption and hydrogenation to 
methane technology. 

4. Conclusions 

This work is focused on the analysis of the viability of LaNiO3-based 
formulations as precursor of active, stable and versatile dual function 
materials for CO2 adsorption and hydrogenation into CH4. In particular, 
the following perovskite-based formulations are prepared by combining 
citric acid and wetness impregnation: LaNiO3, 30% LaNiO3/CeO2, 30% 
LaNiO3/Al2O3 and 30% LaNiO3/La-Al2O3. The prepared formulations 
are widely characterized before and after controlled reduction process. 
XRD experiments reveal the presence of LaNiO3 as well as of impurities 
in form of La2O2CO3, NiO and La2NiO4 for all calcined samples. The 
concentration of these impurities increases for 30% LaNiO3/Al2O3 and 

30% LaNiO3/La-Al2O3 samples with respect to LaNiO3, 30% LaNiO3/ 
CeO2 ones, whereas the specific surface area follows the opposite trend. 
Among different samples that supported on ceria oxide (30% LaNiO3/ 
CeO2) shows the higher reducibility in H2-TPR experiments, whereas the 
redox properties are limited for 30% LaNiO3/Al2O3 and 30% LaNiO3/La- 
Al2O3 due to the higher perovskite-support interaction, which favours 
the NiAl2O4 formation instead of LaNiO3 conformation. 

After the controlled reducing process, Ni is exsolved from perovskite 
host in developed formulations, leading to the formation of a mix be-
tween Ni0 nanoparticles and La2O3 phase. However, the interaction of Ni 
nanoparticles with the La2O3 phase and support is controlled by the 
characteristic of the precursor used. The best compromise between 
specific surface area and LaNiO3 stability observed for ceria-supported 
sample (30% LaNiO3/CeO2) promotes the formation of smaller Ni0 

nanoparticles and a more homogeneous La2O3 distribution. As a result, 
the obtained DFM presents a stronger interaction between Ni0 NPs and 
the La2O3 and CeO2 phases and a more modulated basicity. Finally, this 
fact favours the transfer of dissociated H to hydrogenate near-adsorbed 
CO2 at the studied operating temperature. As a result, the material ob-
tained after the reduction of the 30% LaNiO3/CeO2 formulation exhibits 
the highest CH4 production, if the whole temperature range is consid-
ered. Specifically, its maximum CH4 production per cycle is 104 µmol 
g− 1 (440 ◦C) and its selectivity towards CH4 formation is above 90% in 
the whole temperature range. Furthermore, this DFM also emerges as 
promising approach to promote the joint optimization of H2 conversion 
and CH4 production, since its present quite fast kinetics during CO2 
hydrogenation to methane. 

The 30% LaNiO3/CeO2-derived DFM also shows promising proper-
ties for the real-world applicability. On the one hand, it demonstrates 
high stability during long-terms experiments under hard reactions 
conditions, even above than other conventional Ni-based DFMs. On the 
other hand, although, the presence of O2 during the CO2 capture step has 
a detrimental effect on CH4 production, the decrease is lower than that 
reported for other conventional Ni-based catalysts. Indeed, the activity 
recovery capacity is higher when the system comes back to an oxygen- 
free environment due to the enhanced redox properties of this novel 
DFM. Thus, ceria-supported LaNiO3 perovskites emerge as promising 
precursors of highly active, versatile and stable novel dual function 
materials for CO2 adsorption and hydrogenation to methane under wide 
variety of operational conditions. 
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Fig. 9. Evolution of CH4 and CO productions during the stability test (16 cycles 
at 520 ◦C) for the DFM obtained after the controlled reduction of the 30% 
LaNiO3/CeO2 precursor. 

Fig. 10. CH4 and CO productions during CO2 adsorption and hydrogenation to 
CH4 at 400 ◦C without (cycles 1–2 and 8–9) and with (cycles 3–7) O2 during the 
adsorption step for the 30% LaNiO3/CeO2 DFM. The feed was 10% CO2/Ar or 
(10% CO2 + 10% O2)/Ar (1 min) in the adsorption step and 10% H2/Ar (2 min) 
in the hydrogenation step. 
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Appendix A. Supplementary data 

Supporting information includes detailed information on character-
ization of fresh and used samples, i.e. Enlargement of XRD results, N2 
adsorption-desorption isotherms and CH4 and CO2 mass spectroscopy 
signals during H2-TPR experiments. A comparison of CH4 and CO pro-
ductions with respect to conventional 10% Ni-15% CaO/Al2O3 during 
CO2 adsorption and hydrogenation cycles is also included as reference. 
Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fuel.2022.123842. 
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