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A B S T R A C T

The incorporation of alkali or alkaline-earth metals in unsupported Ni-based catalyst was analyzed as a strategy 
for high-temperature CO2 storage and chemical regeneration via methane, within the framework of CO2 stor
age–regeneration (CO2-SR) technology. It was observed that the addition of Ba, Ca, Sr and K into the Ni-catalyst 
modifies not only the textural but also the electronic properties of the catalysts. A restructuring of the unsup
ported oxide surface occurs by the reduction of the modified Ni-oxide catalyst when exposed to a H2-atmosphere 
at high temperature (600 ◦C). Upon oxygen release from NiO lattice, the alkali metals favor the reduction and 
stabilization of these Ni-metallic species. In such a way, nickel-metallic particles are formed from the NiO-bulk, 
thus generating unsupported metal catalysts; stabilized by interaction with alkali metals and anchored on the 
surface. The presence of Ba, Ca, Sr or K in the Ni-based catalyst formulation influences the CO2 storage capacity 
and regeneration by conversion employing CH4 registering the trend Ca>Ba>K>Sr for the catalytic activity at 
600 ◦C in term of CO2 removal capacity and CH4 conversion.

1. Introduction

CO2 and CH4 are two significant greenhouse gases, and their con
centrations in the atmosphere have been on a consistent rise due to 
human activities, thereby effectively contributing to climate change. 
CO2 emissions represent the 81 v/v % of total GHG with the transport 
and the electricity generation sectors currently making the greatest 
contribution, with almost 60 % of total emissions, followed by methane 
with over 12 v/v % [1]. The European Climate Law enshrines the 
objective set forth in the European Green Deal for Europe’s economy and 
society to become climate-neutral by 2050. Furthermore, the law also 
establishes the intermediate target of reducing net greenhouse gas 
emissions by at least 55 % by 2030 in comparison to 1990 levels. After 
nearly a decade of collaboration and dialogue, the recent United Nations 
Climate Change Conference, COP29, reached consensus on the key el
ements that will define the functioning of carbon markets under the 
Paris Agreement [2]. These commitments are a key factor in advancing 
Carbon Capture and Utilization (CCU) initiatives and encouraging in
vestment in innovative technologies that not only capture CO2 emissions 
but also transform them into valuable resources. By including Carbon 

Capture and Utilization (CCU) in the carbon market framework, COP29 
aims to encourage nations and industries to adopt more sustainable al
ternatives that will help reduce global CO2 emissions [3].

According to the International Energy Agency (IEA), to achieve a 
sustainable development by 2050, it will be necessary to implement a 
range of strategies aimed at regulating CO2 emissions and attaining the 
levels established in the climate summits [4]. These strategies must 
consider not only the capture of CO₂ but also its utilization and trans
formation into value-added products. To date, these technologies 
remain in a relatively early stage of development and significant efforts 
will be required to achieve short-term results with good expectations of 
future application. The utilization of CO₂ and CH₄ (GHGs) as carbon 
sources represents a significant opportunity for the utilization of these 
gases as a valuable resource. There have been numerous attempts to 
minimize the emission of CO2 and CH4 to prevent global warming. One 
of the most promising strategies for the mitigation of anthropogenic CO2 
emissions is the conversion of CO2 into chemical fuels and value-added 
chemicals [5]. The transformation of methane gas into synthesis gas (a 
mixture of H2 and CO) that can be conveniently processed to produce 
chemicals and fuels is one of the significant means to address these 
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environmental issues [6,7]. The main utilization routes are catalytic 
hydrogenation with catalysts derived from metal and metal oxide 
(chemical reduction of CO2 by hydrogen) for the synthesis of methanol 
as a transport fuel and the formation of methane for the regulation of the 
electrical network. The initial approach is oriented towards the pro
duction of a commodity and liquid fuel. The second route is the synthesis 
of methane (methane reaction) that can be produced during off-peak 
hours and combustion at peak hours to regulate the electricity grid; 
however, these processes are severely hydrogen-dependent, and it 
therefore of interest only in the case that the hydrogen comes from a 
renewable source. CO2 dry reforming with methane (DRM) has attracted 
significant attention as a process for converting CO2 into syngas (CO and 
H2), a valuable feedstock for the synthesis of synthetic fuels or higher 
hydrocarbons through Fischer-Tropsch synthesis [8–12].

In a previous study, Kim et al. [13] demonstrated the feasibility of 
incorporating a calcium-based CO2 capture process with a subsequent 
DRM process for the conversion of captured CO2 into syngas. Tian et al. 
[14] presented the use of a bifunctional sorbent-catalyst (CaO-Ni) for the 
in situ capture of CO2 and its conversion into syngas via DRM. The two 
pioneering studies offer promising results as a feasible Carbon Capture 
and Utilization technology (CCU) [15,16]. After the capture stage, the 
conversion of CO2 into valuable products requires the use of a reducing 
agent, such as hydrogen or hydrocarbons as CH4, to activate the C = O 
bond of CO2 molecules for its subsequent conversion [14,17]. Due to the 
stable molecular structures of CO2 and CH4, dry reforming typically 
necessitates a high operating temperature above 600 ◦C and low pres
sures [18].

The reaction of CO2 with methane (DRM) has attracted significant 
attention as a means of obtaining synthesis gas (CO and H2). Therefore, 
the strategy of CO2 revalorization into syngas using CH4, the second 
most harmful gas in the atmosphere, represents a potential alternative 
for the simultaneous reduction of two GHG emissions.

Integrated CO2 capture and conversion processes offer the promise of 
a drastic abatement of CO2 emissions, as well as their valorization into 
chemical building blocks such as CH4 and CO [19]. This technology 
takes advantage of the characteristics of the chemical looping process, 
whereby CH4 and CO2 are fed separately, thus avoiding the limitations 
imposed by the equilibrium conversion rate in the co-feeding mode [20,
21]. The development of advanced materials capable of efficiently 
capturing CO2 and converting it into valuable chemicals through a 
one-step reaction with CH4 ("one-pot" process) represents a compelling 
challenge and an innovative approach. The integration of both capture 
and conversion in a single reactor and utilizing only a single homoge
neous material entails substantial benefits in terms of process intensifi
cation. Currently, chemical looping conversions of methane and CO2 
have been widely reported [22,23]. It is necessary the presence of an 
adsorbent component, which is typically composed of alkali metal ox
ides or alkaline-earth metal oxides such as Ca or Na. Additionally, Li, K 
and Mg have also been proposed as potential alternatives [19,24,25]. 
Carbonates, such as the alkali/alkaline-earth carbonates such as K2CO3 
and BaCO3, can be reduced to their respective oxides and hydroxides 
and act as CO2 capture and storage materials over a wide temperature 
range, with temperatures expected to be even lower in a reducing at
mosphere [26]. The alkali/alkali-earth component provides basic sites 
for the direct capture of CO2 from flue gas in exhaust systems [27,28]. 
Thereafter, this can be converted on the same material through the 
intervention of a metal that must possess the adequate redox properties 
that allow it to return to its initial condition after being in contact with 
CO2, in an oxidized atmosphere. Despite the fact that noble metals have 
been shown to exhibit excellent low-temperature activity in dry 
reforming processes [29,30], they are not typically preferred due to their 
high cost [8,31,32].

Ni-based catalysts are a promising type of catalysts that are widely 
used in DRM reaction. This is due to their low cost and high activity [13,
33,34], which improve resistance to coke formation in the DRM [33,35]. 
The utilization of alkaline earth-Ni has been demonstrated to reduce 

coke formation [36,37], thereby accelerating the gasification of carbon 
via reverse Boudouard reaction [37,38]. Ni is capable of activating CH4 
and facilitating the migration of lattice oxygen [39], thus playing a 
crucial role in the activation of reactants [40]. Meanwhile, alkaline or 
alkaline earth metals are an excellent promising container for oxygen 
storage.

During the redox process, oxygen vacancies can enhance oxygen 
transfer and provide an efficient way for the surface reaction to transport 
oxygen through the bulk network and creates effective surface sites for 
reagent adsorption and subsequent activation [41].

The CO2 adsorption ability can be attributed to the presence of 
abundant oxygen vacancies, as evidenced by previous studies [42–44]. 
The mobility of O2 plays a key role in the efficient capture of CO2 during 
the initial stage of diffusion-controlled carbonation reaction. The cyclic 
stability of the CO2 reaction is directly correlated with the presence and 
abundance of oxygen vacancies in the additives [45]. However, the 
oxygen vacancy of the catalyst also favors the dissociation of products, 
thereby improving both the storage capacity and release capacity of 
oxygen. This results in the lowest CH4 activation and CO2 decomposition 
temperatures [46]. This provides an efficient way for surface reactions 
to transport oxygen through the bulk lattice, creating effective surface 
sites for reactant adsorption and subsequent activation [41]. Addition
ally, the mitigation of carbon coke deposition may be attributed to the 
higher concentration of oxygen vacancies [47].

The key to the CO2-SR technology is the use of a redox catalyst, 
which is required to be capable of activating carbon-species and trans
ferring lattice oxygen. Recently, our Research Group has developed a 
technology based on the LNT-NOx technology that operates in alter
nating stages involving the capture of CO2 (instead of NOx) contained in 
industrial combustion gases and the chemical revalorization to 
hydrogen through an internal in situ process of reforming with CH4 (CO2- 
storage-regeneration, CO2-SR technology). The catalytic material must 
exhibit both capacities at the same time, adsorption and chemical con
version, with the appropriate composition, structure and chemical 
properties to perform each step of the process [48,49]. The general 
objective of the research is to develop highly innovative dual function 
catalytic materials, based in Ni and modified by an alkaline or 
alkaline-earth metal, to facilitate the production of syn-gas from in
dustrial flue gas emissions, CO2 and CH4, the two most important 
greenhouse gases.

2. Experimental

2.1. Catalyst synthesis

A series of four unsupported bimetallic catalysts were synthesized by 
ultrasonically assisted coprecipitation of a nickel precursor combined 
with an alkali or an alkaline earth metal (Ba, Ca, K and Sr), using an 
atomic ratio Ni/Metal =10/1. Ni(NO3)2⋅6H2O, Ba(NO3)2, Ca 
(NO3)2⋅4H2O, KNO3 and Sr(NO3)2 were used as metal precursors. To the 
precursor mixture, 3 wt. % LUDOX HS-40 colloidal silica (Aldrich 
Chemistry, 40 wt. % SiO2 in H2O and a surface area of 198-258 m2⋅g− 1) 
was added, respect to the total mass of nickel and metal, as nucleating 
agent and surface promoter. The obtained solution was kept in agitation 
overnight at 30 ◦C. Then, 3-times sonications were carried out at room 
temperature for 15 s using an Ultrasonic Processor UIP1000hd 
(Hielscher) with a frequency of 20 kHz using a titanium sonotrode and a 
power intensity of 300 W⋅cm− 2. Subsequently, ammonia was added 
dropwise until a pH = 9–10 was reached, depending on the metal used. 
After co-precipitation, the resulting gel was washed and dried in static 
air at 90 ◦C for 12 h, and finally calcined in air at 800 ◦C (5 ◦C⋅min− 1) for 
4 h [48]. These catalysts will henceforth be referred to as NiM, where M 
represents Ba, K, Ca, or Sr.
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2.2. Catalysts characterization

The catalysts were characterized by adsorption-desorption of N2 at 
− 196 ◦C and CO2 at 25 ◦C on a Micromeritics ASAP 2020 analyzer, in 
which the solid was previously degassed in vacuum (10− 3 Pa) at 80 ◦C. 
The surface area was determined by the Brunauer-Emmet-Teller (BET) 
method and pore volume by Barret-Joyner-Halenda (BJH) methods.

X-ray Powder diffraction patterns were collected in the 10–80◦ (2Ɵ) 
range using an X’Pert ProMPD diffractometer (PANanalytical) with 
CuKα1 radiation (λ = 1.5406 Å) and a Ge (111) primary monochromator. 
The average crystal size was calculated by Debye Scherrer equation.

The X-ray photoelectron spectroscopy technique was carried out 
using a Physical Electronic spectrometer (model PHI 04–584) employing 
Al Kα radiation (1486.6 eV, 100 μm, 100 W and 20 kV) as excitation 
source and a dual-beam charge neutralizer to analyze the elements 
present in each catalyst. As a reference, the value of the maximum peak 
of adventitious carbon (C1s), set at a binding energy of 284.8 eV, was 
used to determine the position of the signals with a deviation of ±0.2 eV. 
All deconvolutions of experimental curves were done with Gaussian- 
Lorenzian line fitting of varying proportions (60-80 %).

Raman spectra were recorded on a DXR Raman microscope (Ther
moScientific), working at 532 nm and 7 mW and with a Charge Couple 
Device (CCD) detector. The spectra were collected at room temperature 
in the Raman shift range 100–2000 cm− 1 with an accumulation time of 5 
s.

Quantitative analysis of the elements Ba, Ca, K, Sr and Ni was per
formed on an inductively coupled plasma mass spectrometer, ICP-MS 
Nexion 300D (Perkin Elmer), with a single quadrupole analyzer and a 
collision cell with He gas. For acid digestion, a Milestone Ultrawave 
pressure microwave digester was used, using 240 ◦C temperature and 40 
Bar pressure.

Tests to determine CO2 adsorption capacity were performed at at
mospheric pressure in a U-shaped fixed bed reactor connected to a 
Pfeiffer Prisma QMS 200 mass spectrometer. The system was purged in 
He and then the sample was activated at 600 ◦C (10 ◦C⋅min− 1) with a 
stream of 3 % H2 in He for 1 h. After, CO2 adsorption was carried out by 
feeding at a concentration of 2000 ppm equilibrated in He at the same 
temperature with a constant total flow rate of 100 mL min− 1. The value 
of CO2 stored was calculated by subtraction of the numerical integrated 
responses for CO2 fed and the CO2 line registered during a rectangular 
pulse of 2000 ppm of CO2 according to Eq. (1) at 600 ◦C, for reduced 
catalyst in H2-atmosphere. 

COstored
2 (molCO2 )

gcat
=

Aretained
CO2

⋅F
gcat

(1) 

where Aretained
CO2 

is the net adsorbed CO2 and F represents the total fed 
volumetric gas flow.

CO2-Temperature-Programmed Desorption (CO2-TPD) and Temper
ature Programmed Reduction (H2-TPR) were determined using a 
Micromeritics Autochem III instrument. For CO2-TPD, a sample of 15 mg 
was pretreated with He at 800 ◦C and a flow rate of 50 ml⋅min− 1 for 1 h 
to remove water and other contaminants. Then, the sample was cooled 
to room temperature and saturated with 50 ml⋅min-1 of pure CO2 at 60 
◦C for 10 min. After this, CO2 desorption was performed up to 800 ◦C 
with a heating ramp of 30 ◦C⋅min− 1. The H2-TPR were performed in a 
tubular reactor containing 15 mg of catalyst coupled to a TCD-GC. The 
sample was reduced in a gaseous mixture of 10 % H2 balanced in Ar from 
room temperature to 800 ◦C at 10 ◦C⋅min− 1 with a flow rate of 50 
ml⋅min− 1.

2.3. Catalytic activity in CO2-SR cyclic conditions

To evaluate the catalytic behavior, cyclic CO2 storage and CH4 
regeneration steps were performed at a constant temperature of 600 ◦C 
and atmospheric pressure using the Transient Response Method (TRM). 

Each gas was introduced in 10-minute pulses with 10,000 ppm of CO2 or 
CH4 in He, followed by a He purge. The experiments were conducted in a 
U-shaped fixed-bed reactor connected to a QMS 200 mass spectrometer 
(Pfeiffer Vacuum Prisma™), using 60 mg of catalyst and a 100 ml⋅min⁻¹ 
inlet flow to achieve a GHSV of 2.12 × 10⁴ h⁻¹. Prior to the experiment, 
the catalyst was activated in situ under a 3 % H2-He atmosphere for 1 h at 
600 ◦C, followed by a He purge until all signals returned to baseline. The 
selected signals were normalized and calibrated to eliminate any inter
ference between the m/z species: 2 (H2), 4 (He), 12 (C), 14 (N), 15 (CH4), 
18 (H2O), 28 (CO), 32 (O2), and 44 (CO2). Prior to each experiment, a 
blank test (without catalyst) was conducted.

The percentage of CO2
stored+converted was calculated according to Eq. 

(2) and the percentage ( %) of CH4 converted according to Eq. (3).: 

% COremoved
2 =

mol COstored+converted
2

mol COin
2

⋅100 (2) 

% CHconverted
4 =

mol CHconverted
4

mol CHin
4

⋅100 (3) 

Where mol − COstored+converted
2 =mol-CO2

removed and mol − CHconverted
4 

were obtained by subtraction of the numerical integration of the cali
brated MS responses for CO2

in or CH4
in and the CO2 or CH4 line registered 

during storage and regeneration steps, extended almost for 10 alter
nating cycles, respectively. Whereas the selectivity values of H2 and CO, 
as main products in the regeneration step, were calculated from the 
following equations: 

SH2 =
mol Hproduced

2
∑P

j=0mol productj
⋅100 (4) 

SCO =
mol COproduced

∑P
j=0mol productj

⋅100 (5) 

3. Results and discussion

3.1. Catalysts characterization

Structural properties of NiM catalyst are presented in Table 1. As can 
be seen, all catalysts possessed a higher specific surface area than ex
pected for non-supported material obtained by a similar preparation 
procedure [50] because of the addition of colloidal silica in the prepa
ration procedure, that act as a promoter of textural properties. They 
presented a mesoporous structure, with small pore volume (0.07–0.17 
cm3 . g − 1) and a discrete pore size diameter between 3.6 and 7.5 nm. 
The incorporation of colloidal silica provides an improvement of 
textural properties to the catalyst.

Fig. 1a) shows the powder XRD diffraction lines of the NiM catalysts 
after calcination. The diffraction patterns are sharp and narrow, indi
cating the presence of a face-centered cubic (FCC) phase, which is 
consistent with ICDD number 04–016–1090 related to NiO. Character
istic peaks were observed at 37.76◦, 43.76◦, 63.4◦, and 75.6◦, 

Table 1 
Morphological and structural properties of the NiM catalysts.

Catalyst SBET 

(m2g− 1)a
Pore Volume 
(cm3g− 1)b

Pore diameter 
(nm)c

NiO Crystallite 
size (Å)d

NiBa 55 0.10 7.52 250
NiCa 125 0.13 4.17 229
NiK 125 0.17 5.54 230
NiSr 82 0.07 3.62 111

a calculated by BET equation
b BET adsorption pore volume
c BET adsorption average pore diameter (4V/A) and d average crystalline 

diameter using Scherrer equation from XRD.
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corresponding to the diffraction planes (111), (200), (220), and (311), 
respectively. Using the Scherrer equation, the average NiO crystallite 
size was calculated and included in Table 1. Interestingly, no additional 
oxide phases were observed in the high-temperature calcined NiBa, NiK, 
NiSr, and NiCa samples, suggesting that the incorporation of barium, 
calcium, strontium, or potassium does not result in the formation of 
distinct phases during the synthesis process. Minor signals correspond
ing to barium carbonate (ICDD n◦ 04–009–6036 and ICDD n◦

04–016–3101) and silica (SiO2, ICDD n◦ 00–016–0380) were detected in 
the NiBa catalyst. The diffraction profile of the NiSr catalyst exhibited 
notable differences in terms of crystallinity with broader Bragg peaks. A 
NiO crystallite size of 111 Å was estimated for NiSr, which is smaller 
than those calculated for the other catalysts, where the crystallite sizes 
are in the range of 229–250 Å. Additionally, strontium silicate (ICDD n◦

04–013–5411) and strontium carbonate (ICDD n◦ 01–078–4340) were 
identified. The presence of silicates species is attributed to the incor
poration of colloidal silica during the preparation process.

Fig. 1b shows the XRD patterns of the NiM catalysts after activation. 
The activation process involved reducing the catalysts for 1 h in a 3 % 
H₂/He stream at 600 ◦C. Once undergone activation, most of the NiO 
oxide peaks disappeared or their intensity were further reduced, and a 
cubic metallic Ni crystalline structure was observed at 44.5◦, 51.86◦, and 
76.39◦ (ICDD n◦ 04–006–1675) for all NiM catalysts. This indicated that 
the thermal treatment with hydrogen at high temperature provokes the 
Ni-formation from its oxide form, resulting in a bulk catalyst where part 
of the nickel is present as metallic Ni supported on the remaining nickel 
oxide (Ni/NiO), as evidenced by the overlapping diffraction patterns 
associated to Ni and NiO structures. No reduction of side species car
bonates or silicates was observed, although these signals were irrelevant 
for the NiBa, NiCa, NiK and NiSr catalysts.

The ratio of intensities associated with the X-ray diffraction (XRD) 
signals, resulting from the coexistence of Ni/NiO crystalline species after 
H₂ reduction, varies depending on the type of unsupported NiM catalyst 
used. In general, the incorporation of transition metals or alkaline 
metals can increase the reduction difficulty of NiO species because of the 
interaction between NiO and M [51]. This suggests that the addition of 
different metals—such as barium or alkali and alkaline earth metal
s—can influence the reduction of nickel oxide (NiO) to metallic nickel 
(Ni). Specifically, the presence of barium produces the highest Ni/NiO 
intensity ratio, with the majority diffraction signal for the reduced Ni 
phase being 7.6-times greater than that for the remaining NiO after 
activation in hydrogen. For the NiCa system, the intensity ratio was 4.6, 

while for potassium (NiK) and strontium (NiSr), the ratio is close to 
approximately 1.7. These findings indicate that barium and calcium 
facilitate the reduction process more effectively than potassium and 
strontium. This effect is likely due to an increase in electron density on 
the surface, which enhances the conversion of nickel oxide to metallic 
nickel. In contrast, nickel-bulk surface is less prone to reduction without 
the influence of alkali-or alkaline earth-metals.

Raman spectra of calcined unsupported catalysts are shown in Fig. 2. 
Undopped NiO bulk catalyst presented peaks at 400, 530, 730, 900, 
1090 cm− 1 [52,53].

The prepared NiM catalysts features a primary band near 510 cm⁻¹ 
and a very weak band at 710 cm⁻¹, which are attributed to Ni–O 
stretching vibrational modes. A shoulder peak around 380 cm⁻¹ in
dicates the non-stoichiometry of NiO. For the NiM catalysts, signals 
recorded with maximun in the 505–514 cm⁻¹ range are associated with 
dispersed nickel oxide crystals and exhibit shifts in Raman intensity 
depending on the nature of the incorporated metal. Additionally, a less 
intense and broad signal corresponding to crystalline NiO were observed 
in the 780 to 1200 cm⁻¹ range. Compared to bulk-NiO, the peaks in the 
NiM samples are weaker and shift to higher frequencies, suggesting that 
an interaction occurred between NiO and the alkaline earth metal oxide 
during preparation. Another signal near 475 cm⁻¹, not present in pure 
NiO, can be attributed to the formation of BaO.NiO, K2O.NiO, CaO.NiO 
or SrO.NiO side species linked to the vibrations of intermetallic surface 
species. For oxidized catalysts no signals were detected at 620 cm⁻¹, 
which are typically associated with surface oxygen vacancies. Ba, K, Ca, 
or Sr interact with the NiO species, modifying the intensities of both the 
510 and 1100 cm⁻¹ modes. This interaction occurs at the surface level, 
particularly in supported catalysts or through metal intercalation into 
the NiO lattice. As seen in the XRD patterns, no signals related to other 
crystalline metallic oxides were detected, although some may not be 
Raman-active phases. However, certain carbonate crystalline phases, 
also observed in the XRD, should overlap with the NiO Raman region 
(505–516 cm− 1) in agreement R. E. Benner et al. was earlier reported 
[54]. Furthermore, for the H₂-activated catalyst treated at 600 ◦C for 1 h 
in a 3 % H₂/He atmosphere (Fig. 2b), Raman spectra exhibited an un
usual flat profile, with a significant attenuation of the Ni-oxide-related 
modes. Ni does not show any peaks in the Raman spectrum as Ni 
face-centered cubic (FCC) metal has a single atom primitive unit cell and 
does not show any polarizability change due to the interaction between 
the electric field of the monochromatic light and dipole moment within 
the material [55]. The absence of Ni-related Raman signals cannot be 
attributed to an amorphization of the material. In its metallic form, 
particularly in the face-centered cubic (FCC) structure, nickel (Ni) does 

Fig. 1. XRD patterns of NiBa, NiCa, NiK and NiSr catalysts after a) calcination 
at 800 ◦C and b) a reduction treatment in 3 % hydrogen at 600 ◦C for 1 h. The ● 
symbol represents NiO, the ○ represents Ni0, the ☆ represents CaCO3, the ▾ 
represents BaCO3, the ■ represents SiO2 and the ▴ represents Sr2SiO4.

Fig. 2. Raman spectra of NiBa, NiCa, NiK and NiSr after a) calcination at 800 
◦C in air and b) a reduction treatment in 3 % hydrogen at 600 ◦C for 1 h.
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not generate Raman signals, which is typical for metallic materials. 
These generally exhibit weaker Raman signals compared to the systems 
after calcination in air. When metallic Ni is present in a mixture with 
NiO, a complete disappearance of the Raman signals occurs.

The surface compositions and chemical valence states of the calcined 
catalysts were examined using X-ray photoelectron spectroscopy (XPS) 
and data are reflected in Table 2. The XPS spectra of the metallic ele
ments (Ni, Ba, Ca, K, and Sr) were analyzed. The Ni 2p₃/₂ peak of NiM 
could be deconvoluted into two Ni²⁺ signals near 855–856 eV, with a 
satellite signal at approximately 861 eV [54]. A notable shift in the peak 
maximum was observed upon incorporation of the second metal, which 
can be attributed to the differences in electronegativity between Ni (1.91 
on the Pauling scale) and Ba (0.89), K (0.82), Ca (1.00), or Sr (0.95). The 
main Ni 2p₃/₂ peak shifted to higher binding energies, likely due to 
charge transfer from the alkaline metal to the adjacent Ni. This trend 
follows the electronegativity order: Ca>Sr>Ba for divalent cations. 
Potassium exhibited the largest shift, although it is the only monovalent 
cation. The Ba 4d spectrum indicated the presence of Ba²⁺, with the 
core-level deconvolution revealing two binding energies corresponding 
to BaO and BaO.CO2 -BaO.NiO [56]. Calcium and strontium, with a 
single signal, were predominantly present in their intermetallic oxide or 
their carbonated forms, being CaO.CO2 and CaO.NiO for NiCa, and 
Sr-OH for NiSr catalyt [57], while potassium appeared as a oxide 
hydroxyl‑hydroxycarbonate [58]. Table 2 also includes the Ni/M ratios 
calculated from ICP-MS analyses where the NiBa and NiK catalysts 
exhibited Ni/M ratios lower than the theoretical ratio set in the exper
imental section. This discrepancy suggests defective Ni loading, likely 
due to the slower precipitation kinetics of nickel, which may have been 
removed as Ni²⁺ during washing steps [59]. In contrast, the NiCa and 
NiSr catalysts displayed ratios slightly greater than 10/1.

H2-TPR consumption profiles of the Ni-based catalyst are shown in 
Fig. 3. H2-TPR profile presented two main peak-range reduction max
ima. Superimposed weaker peaks registered in the 350–500 ◦C range 
attributed to the reduction of small NiO particles interacting with the 
alkaline-alkaline earth species on the surface of unsupported catalysts; 
The maximum ca. 420 ◦C is attributed to Ni+2 nano-spread mixed spe
cies reduction and related to the reduction of Ni2+ to metallic Ni at 
surface of NiO to Ni (Ni2+→Ni0) [60]. The different H2-consumption 
registered for modified-NiO catalysts indicated that the MO.NiO inter
metallic structures provoke T-shifts in the low range associated with 
multistep hydrogen consumption processes. A broad and progressively 
increasing H₂ consumption signal with a Tmax at 730–740 ◦C was 
attributed to the gradual interior-reduction of the main NiO bulk phase 
but may also involve additional hydrogen consumption by decarbon
ation of local carbonate species.

CO2-TPD analysis was performed to identify the nature of basic 
surface sites for the synthetized catalysts and the results are presented in 
Fig. 4. In Fig. 4a) the CO2 desorption profile expressed in ppm as a 

function of temperature is presented for the bimetallic unsupported 
catalysts. The catalysts presented desorption peaks in different tem
perature regions: the first signal of CO2 desorption was observed in the 
range between the 100–300 ◦C and the second between 400–600 ◦C, 
which corresponds to weak and moderated to strong basic sites, 
respectively [61].

The CO2-release detected for all the catalyst, as a very broad signal at 
temperatures lower than 300 ◦C are attributed to CO2 chemisorption of 
weak basic sites. Moreover, a second and intense signal of CO2 at 507 ◦C 
was detected only for NiCa catalyst that could be related to the presence 
of strong basic sites. According to the literature, the weak basic sites are 
attributed to linear adsorption of CO2 whereas medium and strong basic 
sites are due to formation of stable bridged adsorption state of CO2; CO2 
absorbed in weak basic sites is associated with monodentated carbon
ates and/or formate-species formation while CO2 adsorbed on strong 
basic sites will be retained as monodentated carbonate species [62].

The electronegativity and alkaline character of the incorporated 
metals affect the basicity distribution by changing the CO2 desorption 
temperature in the region of the weak basic sites (< 300 ◦C). It is 
observable a T-shifts from 135 to 150 ◦C as a narrow signal for NiCa and 
NiBa to a wide desorption CO2 signal for NiSr or NiK catalysts. The in
crease of narrow to a wider distribution of weak basic sites from 135 to 
150 ◦C is result of the interaction NiO and the metal oxide alkaline 
character incorporated. The amount of CO2 is correlated with the 
number of basic sites of catalyst, it can be assumed that K and Sr addition 
leads to increase of weak basicity sites population, much higher than 
registered for the Ba and Ca. In addition, these weak basic sites are 
directly involved in adsorption of CO2 and hence, an increase of weak 
sites population due to the alkaline metal nature affects potential CO2 
storage capacity.

Calculated CO2 storage and desorption capacity values are presented 
in Table 3. CO2-storage net capacity was calculated by numerical inte
gration of a CO2-He cycle at 600 ◦C, as was reported in the experimental 
section, and considering that part of CO2 is retained and partially des
orbed during the He purge step, such that the difference between CO2 
fed (CO2

in area) and [CO2
adsorbed-CO2

desorbed] determines the net retention 
capacity.

As can be seen, NiBa and NiSr presented lower values than NiK and 
NiCa ranging between 0.160 and 0.196 mmolCO2⋅gcat

− 1; this fact can be 
attributed to the nature of Ca and K oxides and their abilities to storage 
CO2 as carbonates or hydrogen-carbonates stable species. The values are 
lower than those found in the literature for adsorbents for CO2-capture 
from flue gas [63], thus, MgO typically used as sorbent for CO2 capture 
has a maximum capture capacity close to 8.2 mg CO2⋅gadsorbent

− 1 [64] or 
CaO using in calcium looping technology presented the highest 
adsorption capacity (0.38 g CO2⋅gadsorbent

− 1 ) but its stability is poor due to 
sintering and diffusion of CO2 through the CaCO3 layer formed on the 
surface [65]. However, these catalysts are developed for their use in 
storage and regeneration alternating cycles operation instead of as 
CO2-adsorbent materials. Based on the amount of CO2 adsorbed 
(Table 3) registered at 600 ◦C catalyst were ranked in the following 
order: NiCa=NiK>NiBa>NiSr associated with the basic-sites popula
tion. It should be noted that the amount desorbed throughout the tem
perature range is considerably lower than the retention capacity of these 
materials and following the order Ca>K>>Ba>Sr. Calcium desorbs 
practically 65 % of the CO2 retained between 350–600 ◦C associated 
with strong basic sites that are not detected in the rest of the catalysts.

Due the interaction of CO2 with those alkaline oxide-modified Ni- 
based catalysts the CO formation is often-overlooked during the CO2- 
TPD. The small fraction of CO desorbed is also correlated with the 
population of basic sites and the signals at medium temperature range 
are also observed, with CO-Tmax peaks between 350–600 ◦C. The highest 
intensity CO-signals correspond to NiK with a maximum of 544 ◦C. For 
NiCa catalyst a medium signal in the 400–600 ◦C range was registered. 
For NiBa, CO formation shifts to lower temperature with a maximum at 
407 ◦C. No CO signal was detected for NiSr catalyst. CO formation 

Table 2 
XPS data resume and Ni/M ratio of calcined samples at 800 ◦C.

Catalyst Ni 2p3/2 Alkaline metal Ni/ 
Ma

B. E. 
(eV.)

Species Region B. E. 
(eV.)

Species

NiBa 855.1 
861.1

Ni+2 

Ni+2 

sat.

Ba 4d5/ 

2

87.9 BaO 9
89.9 BaO.CO2 

BaO.NiO
NiCa 855.5 

861.6
Ni+2 

Ni+2 

sat.

Ca 2p3/ 

2

346.4 CaO.CO2 

CaO.NiO
11

NiK 855.9 
861.8

Ni+2 

Ni+2 

sat.

K 2p3/2 294.5 K4H2(CO3)3⋅1⋅5H2O 8

NiSr 855.2 
861.4

Ni+2 

Ni+2 

sat.

Sr 3d5/ 

2

132.9 SrO.CO2 

Sr-OH* 
*[Sr(OH)2⋅8H2O]

12

a from ICP-MS measurements.
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during CO2 desorption in inert atmosphere must be related to redox 
properties modification by presence of alkaline or alkaline earth during 
thermal reduction of CO2. The trend observed in XPS of the decrease in 
the value of the nickel oxide binding energy due to interaction with the 
incorporated metals follows the order Ba<Ca<K; which coincides with 
the order of temperatures at which the reduction of CO2 occurs by 
detection of CO. Moreover, the origin of CO formation on these unsup
ported catalysts is related to the coexistence of NiO and Ni-metallic 
species that play a role favoring the formation of CO by decomposi
tion of adsorbed CO2. CO2 storage is increased due to carbonates and 
bicarbonates formation, this last promoted by strong- hydroxyl surface 

groups; so, the release of CO at high temperature, and CO2, is further 
evident for K and Ca oxides in correlation to overall basicity.

Although the CO2 adsorption capacity determined by isothermal 
measurements at 600 ºC provides valuable insight into the availability of 
basic sites, it does not fully account for the catalytic performance 
observed under CO2-SR cyclic conditions. The CO2 removal efficiency 
and product distribution are influenced not only by the density and 
strength of surface basic sites, but also by the redox properties of the 
Ni–M systems, which govern the activation of stored species and the 
regeneration of active sites during the CH4 step. Therefore, the apparent 
discrepancy between the CO2 adsorption trend (NiCa ≈ NiK > NiBa >
NiSr) and the catalytic activity ranking (NiBa > NiCa > NiK > NiSr) 
reflects the multifactorial nature of the process, where reactivity is 
determined by the interplay of basicity, reducibility, and the dynamics 
of oxygen transfer at the Ni–MO interface.

3.2. Comparative activity in CO2-SR alternated-cyclic technology

Recently, our research group developed a novel technology based on 
the LNT-NOx methodology, adapted to operate in alternating stages [48,
49]. This process involves the capture of a CO2 stream (in the absence of 
NOx or other contaminants), simulating its presence in an industrial 
combustion effluent, and its chemical revalorization into hydrogen-rich 
syngas through an in-situ methane reforming step. This dual-function 

Fig. 3. H2-TPR profiles of the calcined bimetallic unsupported catalysts.

Fig. 4. a) CO2 concentration profile and b) MS-signal of CO obtained from the CO2-TPD measurements.

Table 3 
CO2-storage capacity calculated from the accumulation step at 600 ◦C and 
desorption capacity calculated from total CO2-TPD measurements.

Catalyst Adsorption capacity at 600 ◦C*
mmolCO2⋅gcat− 1

Desorption Capacity (25–800 ◦C)**
µmCO2⋅gcat− 1

NiBa 0.171 6.4
NiCa 0.196 35.2
NiK 0.197 31.6
NiSr 0.160 13.3

* From saturation curve at 600 ◦C.
** From CO2-TPD.
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cycle is referred to as CO2-storage–regeneration (CO2-SR) technology.
This technology takes the advantage of the chemical loop process, 

where two greenhouse gases as CH₄ and CO₂ are fed separately, thereby 
overcoming the limitations imposed by equilibrium conversion rates in 
the co-feed mode. This strategy combines CO₂ capture and subsequent 
reduction in a single process with two distinct steps: (i) the capture of 
CO₂ on a storage component of the catalyst and (ii) the release of CO₂ 
and direct catalytic reaction of stored CO₂ by a reducing gas (CH₄), with 
the simultaneous catalyst regeneration promoted by the metallic 
component (Ni) of the catalyst. These alternated phases operated 
isothermally.

This study examined how the incorporation of barium, calcium, 
potassium and strontium influences the lattice structure of the uncon
ventional bimetallic NiM unsupported catalysts. The performance of the 
unsupported catalysts was evaluated at 600 ◦C.

The isothermal alternated cyclic performance of NiBa, NiCa, NiK and 
NiSr catalysts in the CO2 storage and regeneration process was evalu
ated, feeding CO2-He and CH4-He pulses (10,000 ppm each one and 
GHSV of 2.12x104 h− 1) with an intermediate purge of He, using Ar as a 
tracer at 600 ◦C and ordinary pressure. Catalysts were previously 
reduced in situ at 600 ◦C under hydrogen atmosphere. In Fig. 5, the 
concentration profiles of CO2, CH4, CO, H2 at the reactor outlet for a 
representative cycle are represented. The ion-current of H2O-signal ap
pears to be perturbed during the whole experiment and unfortunately, 
the peak-shape was not well-defined inside of pulse-width and conse
quently was not included in the figures, as well as the signal associated 
with the square pulse of the Ar. It is worth mentioning that for NiBa 
catalyst, the steady-state is reached after the third-fourth operation 

cycle, for NiK and NiSr a similar behavior was observed, whereas NiCa 
did not present a stable performance and the data represented in Fig. 5
corresponds also to the fourth cycle. Additionally, for each catalyst, CO2 
removed in the storage step and CH4 conversion and H2/CO ratios 
during the regeneration phase calculated in the cycles represented in 
Fig. 5 are shown in Table 4.

During the CO2-storage step, the typical CO2 saturation profile was 
observed along with the production of CO. The first difference observed 
for NiM catalysts is the time in which CO2 saturation is reached. For the 
feeding of 10,000 ppmv of CO2, the time of saturation follows the trend 
NiCa>NiBa>NiK=NiSr, since for NiBa, CO2 saturation is achieved 
within 2–3 min, 3–4 min are needed for NiCa and 1–2 min for NiK and 
NiSr. CO was detected from the very first time on the cycle, reaching a 
maximum which is closely dependent on the NiM catalyst and falling to 
zero at the end of the CO2 pulse. Besides, a slight evolution of the 
baseline of the signal associated with hydrogen can be seen and is 

Fig. 5. CO2, H2, CH4 and CO concentration profiles during alternating cycles of CO2 adsorption and CH4 regeneration with 10 min He purges over the catalysts a) 
NiBa, b) NiCa, c) NiK and d) NiSr.

Table 4 
Activity values of NiM catalysts in terms of CO2 removed, CH4 converted and 
selectivity as H2/CO ratio for a representative cycle performed at 600 ◦C.

Catalyst % COremoved
2 * % CHconv

4 ** H2/CO**

NiBa 2.15 3.40 19
NiCa 2.64 3.52 19
NiK 1.56 2.57 5
NiSr 1.53 2.17 8

* During the adsorption step.
** During the regeneration step.
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related to the presence of hydrogen traces due to the previous CH4-step.
In the regeneration step using methane (as a reducing and regener

ating agent), methane at the outlet was recorded, indicating an initial 
consumption that depends on the catalyst used. The evolution of the 
signals associated with H2, CO2 and CO was also registered during this 
pulse. Hydrogen was the main product detected, in concentrations 
higher than CO2 and CO, which are almost coincident, and with maxi
mums that depended on the alkaline or alkaline-earth incorporated in 
the formulation, being similar for K and Sr and much higher for Ba and 
Ca. Low CO formation and CO2 production may be due to reforming 
reactions and desorption.

At 600 ◦C, the values of CO2 and CH4 conversions are presented in 
Table 4. The values of CO2 removed should be understood as the sum of 
CO2 stored and converted since the data were obtained as was explained 
in the experimental section from the differences between inlet and outlet 
CO2 mass signals.

CO2 removal capacity for NiBa and NiCa, with values of 2.15 and 
2.64 %, was higher than those values observed for NiK and NiSr, 1.56 
and 1.53 %, respectively. These values are in agreement with the satu
ration period observed at the beginning of the CO2 storage step of the 
cycle but not exactly with the adsorption capacity or basicity of the 
catalysts tabulated in Table 3, in which NiK and NiCa systems are those 
with the highest adsorption capacities measured at 600 ◦C, indicating 
that the activity in the storage stage does not depend only on the CO2 
retention capacity of the catalyst. The reactivity of the alkaline or 
alkaline earth metal is what controls the CO2 removal capacity achieved, 
which could be related to the redox behaviour of the catalysts. Calcium 
is often used in Looping Dry Reforming of Methane (CaLDRM) since it 
could realize CO2 capture and in-situ valorization into syngas [66] and 
barium is used as model catalyst [49]. Moreover, during the regenera
tion step, CH4 conversion values are always higher than CO2 values for 
all the catalysts tested, indicating other reactions involved in contrast of 
those reported by single CO2-reforming reaction [9,37,67]. Addition
ally, the H2/CO ratios are higher than expected, especially for NiBa and 
NiCa; this deviation has been attributed to the contribution of other side 
reactions. Methane decomposition as parallel reaction causes the in
crease in hydrogen production above the stoichiometric value for 
methane reforming with CO2. The extent of these reactions depends on 
the nature of the metal incorporated into the unsupported bimetallic 
catalyst. The reaction scheme for both CO2 storage and CH4 regenera
tion steps was outlined in previous studies [48,49] for the NiBa catalyst. 
Given that the same component distribution was detected in the gas-off 
stream, shown in Fig. 5, it is assumed that the reaction network remains 
similar, although the possibility of additional reactions cannot be 
excluded.

In the case of NiM catalysts, CO₂ storage occurs on Ba, Ca, K or Sr 
basic sites. Meanwhile, CH₄ conversion takes place at Ni-reduced mixed 
centers, involving the CO2 saturated sites. The rate-limiting step is the 
reaction between the CO2-storage centers and CH₄, which leads to the 
production of H₂ and CO through mainly dry reforming reaction of 
methane and the regeneration of metal and basic sites. CO2-storage, 
involving heterometallic mixed-centers Ni-MO, and the production of 
CO and H2 can be explained taking into account four different reactions, 
depending on the phase in the cycle and can be described by the 6–10 
equations: activated CO2 decomposition (Eq. (6)), methane dry 
reforming DRM (Eq. (7)), CO2-carbon gasification (Eq. (8)), the internal 
reverse water-gas shift, RWGS as (Eq. (9)) and methane decomposition 
(Eq. (10)) contribution as co-side reaction. 

2CO2 (cat) → COsto
2 + CO (g) + O∗ (6) 

COsto
2 + CH4 → 2CO (g) + 2H2 (g) (7) 

CO2 (g) + C (s) ↔ 2CO (g) (8) 

CO2 (g) + H2 (g) → CO (g) + H2O (g) (9) 

CH4 (s) ↔ C (s) + 2H2 (g) (10) 

To further compare the influence of alkaline or alkaline-earth on the 
occurrence of these reactions, the production of CO in both storage and 
regeneration steps has been analyzed. In Fig. 6 the CO concentration in 
ppm for NiM catalysts are presented. During the CO2-storage step, an 
instant CO formation with a sharp signal is detected which is related to 
the occurrence of two parallel reactions: the reaction between CO2 with 
the deposited carbon (C(s)) species through gasification reaction (Eq. 
(8)) and the dissociative decomposition reaction of CO2 adsorbed on the 
basic sites (Eq. (6)). That was confirmed for a similar NiBa catalyst by 
labeled 13CO2 experiment [49]. There is a notable difference in the CO 
concentration attributable to the second metal added to Ni. A higher CO 
concentration was observed for both NiBa and NiCa, as a consequence of 
a major extension of the gasification reaction with more carbon depos
ited according to the methane conversion values during the regeneration 
stage, shown in Table 4. The contribution to CO formation from the 
decomposition reaction of stored CO2 cannot be ruled out and would be 
related to the lower temperature of CO formation as was registered in 
the TPD-CO2 experiments shown in Fig. 4b. During the regeneration 
step, the amount of CO produced for all catalysts is an order of magni
tude lower than those registered during the storage period. CO is pro
duced by the dry reforming reaction of methane (Eq. (7)) without ruling 
out that, although the system is working in dry conditions, the water 
generated by parallel reactions could react with the methane fed 
through the steam reforming reaction (Eq. (11)). In particular, NiK 
presented the highest value and therefore the lowest H2/CO ratios; the 
high CO concentration can be associated with the presence of a partially 
hydroxylated potassium surface in the form of hydroxycarbonates 
highly reactive and able to perform the reaction presented in Eq. (12). 

CH4 (g) + H2O (cat) ↔ CO (g) + 3H2 (g) (11) 

CH4 (g) + OH ∗ ↔ CO (g) + 5 /2H2 (g) (12) 

Although all bimetallic developed catalysts are active in the re
actions described for the overall behaviour in the CO2-SR technology, a 
clear enhanced catalytic activity for the systems containing Ba and Ca 
was registered in terms of CO2 and CH4 conversion values and even H2/ 
CO ratios, producing a H2-enriched stream in the outlet gas. NiBa 
catalyst exhibits lower CO2 adsorption and desorption capacities 
compared to NiCa and NiK (as shown in Table 3 and Fig. 4), its superior 
performance under cyclic CO2-SR conditions can be attributed to its 
enhanced redox properties and surface reactivity. As evidenced by the 
H2-TPR profiles, NiBa presents the highest reducibility among the tested 
catalysts, facilitating the activation of stored CO2 and promoting 

Fig. 6. CO concentration profiles during alternating cycles of CO2 adsorption 
and CH4 regeneration with 10 min He purges over NiBa, NiCa, NiK and 
NiSr catalysts.
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effective regeneration with CH4. Furthermore, the presence of Ba- 
containing species such as BaO⋅NiO and BaCO3 provides moderate 
basic sites capable of both capturing and activating CO2 in a reactive 
form. This highlights that, beyond the static CO2 storage capacity, the 
dynamic redox behavior and oxygen transfer ability of the catalyst play 
a decisive role in the overall performance of the CO2-SR cycle. Another 
important property for the catalytic activity of alternating cycles is 
stability, which has been addressed as repeatability in terms of CO2 
removal capacity, by conversion or storage. Thus, Fig. 7 shows the CO2 
conversion during four consecutive and alternating cycles for the NiCa 
and NiBa catalysts, which are overall the most active. While for the 
bimetallic catalyst NiBa the CO2 removal value remains constant slightly 
above 2 %, the CO2 conversion value for the NiCa catalyst progressively 
decreases to 1.5 %, which are the average values obtained for the cat
alysts containing K and Sr. This decrease is due to methane is not able to 
completely regenerate the catalyst surface at 600 ◦C because of the 
formation of stable calcium carbonates is increased with the consecutive 
cycles. Therefore, NiCa system would need a stronger reductant agent or 
higher operating temperature for the thermodynamic reversibility of 
CaO/CaCO3 system in agreement with J. Hu et al. [66].

The 1/10 promoter M/Ni ratio in the catalyst was selected based on 
previous results that suggested that these concentrations of alkali metals 
can help to not only to enhance and control the selectivity in the CO2-SR 
technology via alkali metal− Ni interaction but also to the generation of 
reactive-oxygen species due to incorporation of alkali in the NiO-lattice. 
The unsupported bimetallic catalytic material developed possess dual 
functionality: adsorption-storage and chemical regeneration capabil
ities. This study has shown that the incorporation of alkaline or alkaline- 
earth elements modifies the capacity for CO2 retention and regeneration 
with methane at high temperatures, producing different concentrations 
of CO in both stages and hydrogen-enriched streams when methane is 
fed. This is associated with the fact that the interaction of alkaline or 
alkaline-earth metal with nickel causes the modification of the popula
tion of NiO.MO centers and the reducibility of the material, which is 
directly associated with the activity in cyclic storage and regeneration 
technology. The reaction route is maintained; however, the extent of the 
reactions is a function of the second element incorporated.

This work provides new insights into the design of bifunctional un
supported catalysts for CO2 storage and reduction co-aided by the 
incorporation of an active alkaline or alkaline-earth metal component.

4. Conclusions

Highly innovative dual function catalytic materials aim to facilitate 
the production of syngas from industrial flue gas emissions, CO2 and 
CH4, working in alternating-cyclic operation conditions. The role of 
alkaline and alkaline-earth metal was addressed in a set of NiM catalyst 
synthetized, characterized and tested in the CO2-SR technology, where 
M are Ba, Ca, K and Sr. CO2 removal capacity for NiBa and NiCa, with 
values of 2.15 and 2.64 %, was higher than those values observed for 
NiK and NiSr, 1.56 and 1.53 %, respectively. Methane conversion is 
always higher than carbon dioxide conversion and a complex set of re
action was described including, reforming, carbon gasification mainly. 
Otherwise, barium and calcium facilitate the reduction process more 
effectively than potassium and strontium. This effect is likely due to an 
increase in electron density on the surface, which enhances the con
version of nickel oxide to metallic nickel.
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