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In this work, Ni-based mixed metal oxide (MMOs) materials were synthesized by coprecipitation, and then ceria
(CeOy) was incorporated. The obtained structures were characterized by XRD, TEM, BET, H,-TPR, and CO2-TPD
techniques. The synthesized materials were evaluated in the CO, methanation process (250-400 °C range).
Firstly, the effects of space velocity and Ni loading on the catalyst were tested, and 36000 h* and 5 % of Ni were
found to be suitable conditions for CO, conversion. The addition of Co or Fe to the Ni-based MMO was then
assessed. Co improved the catalytic activity, meanwhile, the Fe addition did not have an enhancing effect. Af-

terward, the role of CeO, as support on Ni-, NiFe- and NiCo-based MMOs was evaluated, evidencing that
selectivity and space-time yields were enhanced in the materials by the CeO3 presence. Furthermore, due to the
characteristics of CeOy, the MMO containing nickel, cobalt, and ceria was more stable, showing ~85% con-
version of CO, after 1400 min of continuous use.

1. Introduction

The use of fossil fuels has enhanced global economic activity for
many years. At the same time, the continuous emission of carbon dioxide
(COy) from burning these fuels strongly affects the environment and the
sustainability of the earth due to its contribution to climate change [1,
2]. There are two main ways to address climate change: the decrease
emissions of greenhouse gases (such as COy) and increase the efficient
usage of alternative energy sources simultaneously [3]. In this pano-
rama, CO, methanation has attracted attention because of its potential
ability to decrease carbon emissions and generate methane, a fuel (or
energy carrier) and a precursor for manufacturing organic products [4].

The production of methane by catalytic hydrogenation of CO, has
been extensively studied through the Sabatier reaction (Eq. (1)), in
which methane is formed by the interaction between carbon dioxide and
hydrogen. The methanation process comes from the concept of power-
to-gas conversion, where an excess of electric power is converted into
a gaseous energy carrier (e.g., methane) by reaction with an external
carbon dioxide source [4]. As mentioned above, the methanation of CO,
is a catalytic process, and different metals have been employed in the
catalytic system. There are different accepted classifications depending
on the activity and selectivity of the catalysts. The order in terms of
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activity for representative metals in this reaction has been reported as
Ru > Fe > Ni > Co > Rh > Pd > Pt while for selectivity it has been
reported as Pd > Pt > Ir > Ni > Rh > Co > Fe > Ru [4].

COy(g) +4Hyg) = CHu() +2H,0() AH) = — 165 kimol ™' @

Despite the excellent catalytic properties of materials whose active
phase is a noble metal (e.g., Ru), these materials have disadvantages
such as their high cost and low availability [5,6]. Then, catalysts based
on Ni are a very attractive alternative thanks to the low cost and
abundance of this metal, as well as they have elevated catalytic activity
at high temperatures. Indeed, the literature offers an extensive overview
of the use of Ni as an active phase in catalytic systems used for metha-
nation reactions. Also, Ni can be supported in diverse materials for ap-
plications in the methanation process [4,7,8].

An important aspect of the hydrogenation of COs is the properties
that the support must provide to the catalytic systems. The influence of
the active phases on the metallic dispersion is highlighted as the key
factor in the activation of the CO, molecule. As CO is considered a
molecule with acid characteristics, greater activity will occur with
support with basic sites [2]. Recently, hydrotalcites (HTs) have become
more important as precursors of catalytic support for COy conversion
[3]. HTs are described as a set of sheets formed by hydroxides of
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Table 1

List of synthesized hydrotalcites and their respective MMOs obtained by calcination.
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Molar ratio” HT abbreviation

Theoretical MMOs MMO abbreviation

6 Mg:2A1:25H,0 HTMgAl
5 Mg:Ni:2Al:25H,0 HTNi
4.5 Mg:1.5Ni:2A1:25H,0 HTNil.5
4 Mg:2Ni:2A1:25H,0 HTNi2
4.7 Mg:Ni:0.3Co:2A1:25H,0 HTNiCo
5 Mg:Ni:0.3Fe:1.7Al:25H,0 HTNiFe

OMNi:0.3Ce[EDTA]
OMNiCo:0.3Ce[EDTA]
OMNiFe:0.3Ce[EDTA]

HTNi + Ce (R)
HTNiCo + Ce (R)
HTNiFe + Ce (R)

MgsAl>09 MMOMgALl
MgsNiAl;09 MMON;
Mga.5Niz 5A109 MMON;i1.5
Mg4NizAl,09 MMONi2

Mg 7NiCoo 3A1,09 MMONiCo
MgsNiAl; 7Feo.309 MMON;iFe
MgsNiAL,Oo + 0.3CeOs MMONi + Ce

Mg4.7NiCog 3Al509 + 0.3CeO,
MgsNiAl; 7Feg 309 + 0.3CeO,

MMONiCo + Ce
MMONiFe + Ce

2 The values of the molar ratios used for the synthesis. (R): prepared by the reconstruction method.

different divalent and trivalent metals. The most common HTs have
magnesium and aluminum as divalent and trivalent metals in their
framework, respectively. In 1915, Manese et al. published the molecular
formula of HTs, stating for the first time that carbonate ions between
sheets were essential to maintain the structure [9-11]. HTs are of special
interest in materials science because, upon calcination, they turn into
mixed metal oxides (MMO) with basic properties, having high metal
dispersion, and thermal stability [11]. Similar to MMOs derived from
HTs, cerium oxide (CeOy) can be another potential support due to its
oxygen storage properties. In various catalytic systems, CeO, improves
activity due to electronic and structural changes that increase both the
metal-support interaction and metal dispersion [12-14].

In addition to the role of the support, other important aspects of
catalysts to consider for CO, methanation are the active metal loading (i.
e., the quantity of metal) and multi-composition (i.e., the presence of
several active metals). These parameters influence dispersion and
interaction with the support, crystallinity, surface area, and basicity,
and consequently, they determine the catalytic performance [15]. It is
therefore relevant to have a proper balance between the loading of
active metal and the concentration of basic sites to prepare a catalyst
with high activity for the methanation process. Bearing this in mind,
many previous studies have reported the synthesis of Ni-based MMOs
derived from HTs and their use in CO, conversion [2,3,16]. However,
the enhancement of catalytic activity and stability in the development of
catalysts for CO, methanation remains a challenge [2]. Thus, the present
research considers the incorporation of ceria in Ni-, Co-, and
Fe-hydrotalcite-derived materials, as a strategy to improve the conver-
sion, selectivity, and stability of the catalyst in the CO, methanation
process. It can be mentioned that a recent work deals with the metha-
nation of carbon dioxide using ceria-supported cobalt but such a work
did not consider the role of other metals (e.g., Fe), the combination of Co
and Ni, or MMOs obtained from HTs [17]. Additionally, although pre-
vious literature reports the use of Co-Ni-Mg-Al mixed oxides in the
methanation process, the incorporation of Ce into such MMOs is not
presented therein [18]. Therefore, this lack of information about CO,
methanation using hydrotalcite-derived catalysts is covered in our work.

The present study tested the performance of Ni-based MMO on the
CO4 methanation process by the introduction of Co, Fe, or ceria. In this
work, Ni-based MMOs from HTs were synthesized and characterized,
and the effect of catalyst mass and Ni loading on the material was
initially assessed in the CO5 methanation process (in the 250-400 °C
range). Those initial tests provided the proper conditions of space ve-
locity and Ni loading values to operate the methanation process. Then,
the effects of a second metal addition (i.e., Co or Fe) to the Ni-based
MMO on catalytic performance (i.e., CO5 conversion and selectivity)
was evaluated, and the performance was linked to the properties of the
materials (e.g., reducibility and basicity). Afterward, the performance of
ceria (CeO2) as a support in Ni-, NiFe-, and NiCo-based MMOs was
assessed using the reconstruction method. An improvement in the cat-
alytic activity and the space-time yield was found due to the ceria
presence. Finally, stability was tested for the two catalysts that per-
formed best at CO5 methanation (i.e., MMONiCo and MMONiCo + Ce).
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We can remark that the material containing nickel, cobalt, and ceria was
the most stable, with no significant changes in the catalytic activity (i.e.,
high carbon dioxide conversion) after a long treatment time.

2. Materials and methods
2.1. Hydrotalcite and mixed oxide synthesis

HTs were synthesized by the coprecipitation method. Nitrates me-
tallics such as Mg(NO3)2 (Merck, 99.3 %), AI(NO3)3 (Merck, 99.7 %), Co
(NO3)2-6H50 (J.T Baker, 99.3 %), Fe(NO3)3-9H0 (Merck, 99.9 %) and
(NO3)2-6H20 (Alfa Aesar, 98.5 %), were used to the synthesis. The
respective nitrates were added gradually to sodium carbonate solution
(JT Baker, 99.0 %) at 65 °C, without pH change to avoid problems of the
crystalline structure formation. Once the nitrates were added, the so-
lution was stirred for 1 h and crystallized for 4 h. The resultant solid was
washed until neutral pH and then dried at 90 °C for 24 h. In this way, the
HTs with different compositions were obtained.

To produce the MMOs, the synthesized HTs were calcined at 500 °C
for 8 h. Due to difficulties precipitating Ce in the HT synthesis, the
reconstruction methodology from the MMO was used. This method is
advantageous due to most of the metal remains near the surface [5],
which provides special properties for applications in catalysis [6,7]. A
fixed amount of Ce(NO3)3-6H,O (Merck, 99.99 %) was used and com-
plexed with EDTA solution at pH 10 to get the chemical species of Ce
[EDTA]. The MMO from the HT was added to the solution (1 mol of Ce
for each 3 mol of Ni) and vigorously stirred for 24 h. The resulting solid
was filtered, washed, and finally dried at 80 °C for 24 h [19]. Table 1
shows the molar ratio of the hydrotalcites and, in a simplified way, their
corresponding MMOs.

2.2. Characterization

The XRD patterns of the catalysts were obtained using a PANalytical
Empyrean diffractometer with Cu Ka radiation (A = 1.5404 A). The
analyses involved a time of 50 s per step and a step size of 0.05° between
5° and 80° (20) in the reflection configuration. The compositional ana-
lyses were carried out in a Thermo Scientific Ice 3000 atomic absorption
(AA) spectrometer. The sample (50 mg) was diluted with acid (100 pL)
of concentrated HNO3 at room temperature. The resulting mixture was
dissolved into 100 mL and dilutions were made for analysis.

The thermograms were obtained through the utilization of a TA In-
struments TGA 5500 analyzer. The experimental procedure involved the
placement of approximately 25 mg of the sample in a Pt pan, which was
then positioned in an IR oven. The sample was subjected to heating at a
ramp rate of 10 °C min~! until it reached a temperature of 800 °C.
During the heating process, an airflow of 40 mL min~! was maintained.
The Nj adsorption-desorption isotherms were determined using a
Micromeritics ASAP2020plus instrument. Initially, 250 mg of the sam-
ple was prepared at 350 °C for 4 h under a high vacuum to eliminate
adsorbed contaminants. The specific surface area (Sggr) was calculated
by the BET equation, which involved the relative pressure range of
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Table 2
HTs structural parameter and MMOs elemental composition.
HTs
HT abbreviation Cell parameters CR (%)
a (nm) c (nm)
HTNi 0.3067 2.3358 100
HTNil.5 0.3057 2.3336 80
HTNi2 0.3054 2.3236 41
HTNiCo 0.3057 2.3262 37
HTNiFe 0.3056 2.3264 37
HTNi + Ce (R) 0.3061 2.3250 17
HTNiCo + Ce (R) 0.3061 2.2959 18
HTNiFe + Ce (R) 0.3058 2.2860 15
MMOs
MMO Metal(%) Molar ratio MMO® (c*/
abbreviation Ni c = ch
i 0 e MMOP
MMON;i 15.8 - - Mgs 1Nij 0Al; gOg g 3.3
MMONi1.5 22.6 - - Mg, sNij 5Al; 9O0g g 3.3
MMONi2 202 - - Mg4.0Nig,0Al; §Og.7 3.3
MMONiCo 15.5 4.7 - Mg4.6Nip.0C00.3Al1.90g.7 3.1
MMONiFe 155 - 41  MgsoNip oAl 6Feg 308 3.2
MMON; + 10.8 - - Mg gNig 7Al5 10g.1+0.3CeO 2.6
Ce
MMONiCo 11.9 3.0 - Mg, 5Nig gC0g.2Al1 907.8+0.3Ce0 2.9
+ Ce
MMONiFe + 141 - 5.4 MgssNip oAl oFeq4052+0.3Ce0, 2.4
Ce

@ Metals determined by AA.
b Molar ratio of divalent and trivalent cationic species.

0.01-0.1 p/p0 in a linear plot of ((po/p) ™) vs. p/po [20]. Additionally,
the total pore volume (Viota)) Was determined at the last point of p/po,
and the t-plot method was employed to calculate the external area (Sext)
and micropore volume (Vpjcro)- The morphology of the catalysts was
examined using scanning electron microscopy (SEM) in a JEOL
JSM-6490LV instrument. Transmission electron microscopy (TEM) with
FEI Tecnai F20 Super-Twin TMP was employed to investigate the dis-
tribution of metal particles within the catalysts at a nanoscale level.

Energy dispersive X-ray (EDX) analyses were utilized for mapping
the elemental composition present in the catalysts. X-ray photoelectron
spectroscopy (XPS) tests were conducted using a SPECS® ultra-high
vacuum spectrometer (UHV) to analyze the surface of the catalysts.
The instrument was equipped with a 150 1D-DLD PHOIBOS® hemi-
spherical analyzer with an angular resolution of fewer than 0.5° and a
monochromatic Al X-ray source. To calibrate the spectrum binding en-
ergy positions, the Cl1s peak at 284.6 eV was employed as the reference
value. It is important to mention that the XPS and TEM analyses were
performed on the reduced samples but with low exposure to air. The
temperature-programmed reduction (TPR) profiles for the catalysts
were acquired using a Chemisorb 2720 unit manufactured by Micro-
meritics. The procedure involved placing a sample of 100 mg into a
quartz reactor, followed by activation in an argon atmosphere flow at
500 °C for 1 h to eliminate contaminants. The reduction process was
conducted using a 10% Ha/Ar gas mixture with a flow rate of 30 mL
min~! at 10 °C min~! within the temperature range of 25-900 °C. The
consumed hydrogen was monitored by a TCD detector. The COy
temperature-programmed desorption (CO»2-TPD) analyses were con-
ducted in the Chemisorb 2720 unit. The sample (100 mg) was placed in a
quartz reactor and activated in a helium atmosphere at 500 °C for 1 h.
The adsorption process was carried out at 80 °C with a feed of 10% COy/
He for 1 h. The desorption step was recorded over a temperature range
from 25 to 900 °C, with a ramp of 10 °C min ™. The variation of CO5 in
line was quantified using a TCD detector.

The active metal surface area of the samples was analyzed using a
Chemisorb 2720 apparatus. Initially, 200 mg of the sample was reduced
at 850 °C with a flow rate of 100 mL min ' of a 10% Hy/Ar mixture gas
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for 1 h. After the reduction process, the sample was purged with 100 mL
min~! of Argon for 0.5 h and then allowed to return to room tempera-
ture. Subsequently, the sample was titrated with hydrogen (Hy) using a
pulse of 250 pL of a 10% Ha/Ar gas mixture. The signal of Hy was
monitored using a mass spectrometer (Cirrus II), to ensure the complete
saturation of the active metals on the sample. The active metal surface
was determined using Eq. (2), which contains the adsorbed Hy volume in
cm® per gram of sample (V,qs), the Avogadro number (Nx: 6.023 x 10%3
molecules mol’l), the cross-sectional area of active metal (6,,: 6.51 A for
Ni, 6.59 A for Co, 6.09 A for Fe) [21], stoichiometric factor (S¢. 2 atoms
of Ni, Co or Fe per 1 molecule of Hy) [22], molar volume of gas at STP
(Vg: 22414 cm®mol™!) and weight percent of the active metals (%M, see
Table 2).

Vs ® Npeo es;
V, e %M

Active metal surface area (m2 g !

)= @

2.3. Catalytic activity

The methanation reactions were performed in a fixed bed reactor
with a mixture of gases with a molar ratio of Hy/CO = 4 in Ar balance
(40 % Hy and 10 % COy). The catalyst was placed in the quartz reactor
and activated with 10 % Hj at a flow of 50 mL min~! at 800 °C for the
materials without ceria and at 850 °C for the solids having ceria, the
maximum peak reduction, with a ramp of 10 °C min~! for 1 h. The
system was cooled and changed to the gas mixture for the methanation
reaction. The flow was set at 50 mL min ' and stabilized for 30 min. The
reactor was heated at a ramp of 10 °C min~' at the temperatures of
interest (250, 300, 350, and 400 °C) and stabilized for 30 min at each
temperature. The consumption of H, and CO; was determined by
analyzing the signals detected in the mass spectrometer m/z = 2 and 44,
respectively. The quantification process was regulated by injecting a
250 pL pulse after temperature stabilization.

The CO; conversion was calculated using the area of CO, at room
temperature without conversion (AOcp2) and the area of CO, at the
specific temperature (ATco2) as seen in Eq. (3). On the other hand, the
CHy4 selectivity was calculated using the area of methane produced at the
specific reaction temperature (ATcy4) and the response factor between
CO2 and CHy4 (F) as seen in Eq. (4). Space-time yield (STY), which rep-
resents the number of converted CO, molecules to CH4 per time (Qcpa4)
per catalyst volume (Eq. (5)) was determined for all the catalysts [3].
This was achieved by utilizing the CO5 molar flow per hour (Qcoz), the
yield to CHy4 at 350 °C (Y3s50), and the catalyst volume in liter (Vca)

introduced in the reactor. To assess the catalyst stability, a
time-on-stream run was conducted for 1400 min at 350 °C.
AOcor— AT,
CO, Conversion (%) — Do A 7C02 10 3)
Alcoz
.. ATcyy oF
CH, Selectivity (%) =——————100 4
4 Selectivity (%) Acoy— ATeos 4)
11\ _ Qcma
STY (mol CH, L' h™') = v (5)
cat

3. Results and discussion
3.1. Characterization of the prepared materials

3.1.1. Structural and compositional analyses

Initially, the structural and compositional characteristics of the
prepared materials were established. Table 2 shows the changes in
structural parameters due to the incorporation of metals in the frame-
work of the HTs. Firstly, to verify the possibility of isomorphic sub-
stitutions, the ionic radii of the metals (0.870 A Ce**, 0.720 A Mg?*,
0.690 A Ni?*, 0.650 A Co?*, 0.645 A Fe>*, and 0.535 A AI*") involved in
the synthesis was considered. The increase of the Ni loading on HT
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Fig. 1. XRD patterns of A) HTs. B) MMOs with different Ni loadings. (*)
Hydrotalcite, (@) NiAl;04, (@) MgAl;04, (v) MgO, (a) NiO.

caused a contraction in the unit cell volume (HTNi >
HTNil.5>HTNi2.0), especially in the laminar direction (¢ parameter),
indicating an isomorphic substitution at the Mg?" position for Ni2* with
smaller ionic radio. The incorporation of Co?* and Fe>* jons was also
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evidenced by the greater cell contraction concerning HTNi. However, in
the reconstructed materials, there was no obvious cell expansion, indi-
cating that the Ce metal is not substituted and probably remains on the
surface [23].

From the experimental elemental composition analyses of each MMO
(Table 2), the molar ratios confirmed the values calculated theoretically.
The remaining di- and trivalent metal ratio is close to 3, which is ex-
pected as the precipitation was carried out at pH 10. Therefore, the only
species that can stay in solution are determined by the K, of each cation
[24]. The crystallinity value (CR) of the synthesized HTs diminished
when the metal was incorporated into the framework. This is due to the
increase in defects, resulting from the differences in ionic ratios [24].
Furthermore, the reconstructed materials showed a more drastic
decrease in crystallinity (they exhibited CR values below 15-18 %,
Table 2), indicating that the reconstruction would only be possible in the
periphery of MMO particles and not in the total domain of the
framework.

Figs. 1 and 2 contain the XRD patterns for all the synthesized ma-
terials. In Fig. 1A, the patterns of the Ni-based HTs exhibited the profiles
of pure hydrotalcite for the three Ni loadings, with no visible NiO
segregate impurities detected by the technique. This observation sug-
gests that Ni has been successfully incorporated into the framework. On
the other hand, Fig. 1B presents the XRD results for the MMOs, with
broad peaks at 20 = 37.7°, 44.0°, and 55.8°. The peaks of MMON:i fit to
the spinel framework of MgAl,O3 (20 = 36.5°, 44.1°, 55.0°), NiAl,O4
(20 = 37.7°, 45.3°, 55.5°), and the periclase MgO (20 = 37.3°, 42.9°),
indicating that the material is a solid solution, where the Mg and Ni
components coexist [3,25,26]. In the successive loading of Ni, the
presence of segregate NiO phase (20 = 37.3°, 43.2°) is observed, as
indicated by a shift of the peak at 44.0° towards lower angles [27].

When incorporating metals such as Fe or Co, the profile patterns
show the formation of a complete hydrotalcite phase without the pres-
ence of Fe or Co oxides impurities (Fig. 2A). In turn, the MMOs con-
taining Co and Fe exhibited the same spinel and periclase phases,
indicating their incorporation into the Ni-Mg mixed oxide framework.
This is supported by the absence of aggregates of Co or Fe oxides in all
the patterns (Fig. 2B). On the other hand, Fig. 2C shows the XRD patterns
of HTs containing Ce. The results indicate a successful reconstruction

A B C D
HTNiFe MMONiFe HINiFe+Ce MMONiITe! Ce
S
=z
) .
= .
'z b4 [ ] +
=} + L)
& Ye . 8 /e [ ]
§ ; M
MMONiCo MMONiCot+Ce
= +
Z M +
2 -7 %
] W S
L ]

% HTNi MMON1 MMONi+Ce
= h
|
= +
\ g 0y LR
2 n & b ':.JA‘\ . W‘W " ’[" MWJ.WA\ .
= ) \ n

M b B [T Nt AMA oI pa

e \*_)‘\/\j\\“)“b S|

10 20 30 40 50 60 7020 25 30 35 40 45 50 55 60

200 20 (%)

10 20 30 40 S0 60 7020 25 30 35 40 45 50 55 GO
20(%) 260()

Fig. 2. XRD patterns of A) Ni, Fe, and Co HTs, B) Ni, Fe, and Co MMOs, C) Ni, Fe, and Co HTs with the addition of Ce, and D) Ni-, NiFe-, and NiCo-based MMOs with
ceria. (*) Hydrotalcite, () NiAl,O4, (@) MgAl>O4, (v) MgO, (a) NiO, (H) CeO,.
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Fig. 3. Hy-TPR results for the synthesized MMOs. A) MMO with different Ni
loadings, B) Effect of Co and Fe on Ni-based MMOs, and C) Effect of ceria on Ni-
based MMOs.

process [28]. However, the peaks at 20 equal to 28.6°, 33.1°, 47.5°, and
56.3° evidenced the existence of CeOo, suggesting an extra-framework
compound that is probably segregated on the solid surface [29].
Meanwhile, Fig. 2D shows the respective MMOs with the addition of
ceria on the less intense peaks of MgO and Ni-Mg-Al mixed oxides. This
is expected due to the amorphization and a smaller crystallite size [23].

3.1.2. Reducibility, basicity, and active metal surface area of the mixed
metal oxides

The results of the Hy-TPR experiments for the MMOs obtained are
presented in Fig. 3 and Table 3. From Table 3 can be noted that an in-
crease in the Ni loading induces a higher consumption of Hy. However,
the metal-reduced fractions were very similar for the MMONi at the
different Ni loadings, probably due to not all the Ni particles present in
the MMO is available for the reduction (i.e., at higher Ni loadings more
atoms are in the core of particle than in the surface exposed to Hy). In the
case of Co addition, there is no change in the metal-reduced fraction,
whereas the Fe addition decreased this parameter. This could be
explained by considering the oxidizing capability of these two metals.

International Journal of Hydrogen Energy 60 (2024) 985-995

Indeed, Co is a better oxidizing agent toward Hy than Fe [30]. In
contrast, those materials containing ceria exhibited the highest
metal-reduced fraction because ceria presence has a partial reduction
(Eq. (6)), thus augmenting the metal-reduced fraction regarding the
other materials without ceria.

Fig. 3A shows the results for the Ni-based MMOs with a first minor
event at 550 °C corresponding to the reduction of NiO species coordi-
nated with the outer layer of the MgO structure [31]. The major event
was observed at 800-850 °C, and this could be associated with the
reduction of NiO that is linked to the MgO lattice (i.e. in a bulk solid
solution). This would explain the high-temperature reduction [3]. There
was also a decrease in the maximum reduction temperatures when the
nickel percentage was increased (850 °C for MMONi, 820 °C for
MMON:I1.5, and 815 °C for MMONi2), which is attributable to the loss of
interaction with the lattice and therefore more facile reduction process
[32].

As above-mentioned, the increase in the Ni loading increased H,
consumption (Eq. (7)). Furthermore, the profile (Fig. 3A) suggests that
the excess Ni mainly migrated to the inner MgO lattice due to the high
calcination temperature to which the solids were subjected [33]. On the
other hand, the incorporation of other metals like Co and Fe in the
MMOs had a positive effect since the Hy consumption increased in each
MMO (Table 3). The incorporation of these metals promoted the
appearance of peaks at temperatures between 350 and 500 °C (Fig. 3B)
thanks to the partial reduction of other metallic species that had
developed (Egs. (8)-(11)) [16,34]. For MMONiCo, the minor peak at
380 °C is attributed to the reduction of Co304 to CoO (Eq. (8)), whereas
for MMONiFe, the peak at 450 °C is associated with the partial reduction
of Fe;03 to Fe(II) species (Eq. (10)) [35,36]. The high-temperature event
for MMONiCo, with a peak at 780 °C associated with the NiCoO species
(Fig. 3B), showed a shift to a temperature lower than that for MMONi
(Fig. 3A), which could be explained by a weakening of the interactions
among the Ni-Co species and the MgO-Al,O3 support. In contrast, the
high-temperature event for FeNi MMO occurred at 850 °C, indicating
that the incorporation of Fe, especially the Fe*' state, in the MMO
strengthens the interaction of the NiO species with the MgO-Al;03
support [37,38].

Fig. 3C presents the results of the Hp-TPR analyses for the MMOs
produced from hydrotalcite reconstructed with Ce (i.e., MMONi + Ce,
MMONiCo + Ce, and MMONiFe + Ce), exhibiting an increase in the
intensity and reduction temperature (>850 °C) and such a high-
temperature peak can be attributed to the reduction of bulk CeO,
[39]. This reinforces the strong metal-support interaction among Ni, Co,
and Fe to CeO, Moreover, these materials had two peaks at 380 and
480 °C (which are absent in MMONI, Fig. 3A), belonging to the surface
and partial reduction of ceria underneath the surface (Eq. (6)), respec-
tively. The signals increase and overlap with the most oxidized species of
Co and Fe in MMONiCo + Ce and MMON;iFe + Ce, respectively [40,41].
Therefore, the ceria support contributes to the reducibility capacity at

Table 3
Hydrogen consumption of mixed oxides and basicity.
MMOs H, consumption (mmol  Metal-reduced Active metal surface area BET surface area Basicity
-1 -~ 2,1 2 -1
&) fraction m”g) (mg) Total (mmol Weak Medium Strong
g (%) (%) (%)
MMONi 2.4 0.56 11.8 218 0.54 24 28 48
MMONi1.5 3.5 0.55 111 245 0.44 25 30 45
MMON;i2 4.6 0.54 13.8 235 0.45 25 37 37
MMON;iCo 3.2 0.54 11.3 235 0.50 19 31 49
MMON;iFe 3.6 0.46 0.1 245 0.36 30 43 28
MMONI + Ce 1.5 0.61 4.9 160 0.52 4 47 49
MMON:iCo + 2.0 0.63 5.3 192 0.55 3 41 55
Ce
MMONiFe + 2.4 0.69 0.0 200 0.52 18 19 63
Ce

 For the metal-reduced fraction calculation, it was assumed that 1 mol of H, requires 2 mol of metal.
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Table 4

XPS quantification of the species on the surface and the exposed Ni’/Ni®* ratio.
MMOs Mg Al(%) Ni(%) M(%) Ce R (Ni°%/

%) %) Ni*H)
MMONi 1.22 28.60 0.25 - 1.61
MMON;iCo 1.04 30.51 0.28 0.19 - 1.55
MMONiFe 1.17 26.11  0.12 - - 1.46
MMONi + Ce 1.19 22.06 0.24 - 0.14 1.25
MMON:iCo + 1.22 27.95 0.22 0.09 0.15 1.56
Ce

MMONjFe + Ce 1.14 21.15 0.09 0.12 -

low temperatures of the synthesized catalysts.

CeO, +yH, — CeO,_y + yH,0 (6)
NiO 4 H, - Ni + H,0 )
Co30, +H, = CoO + H,0 (8)
CoO +H, — Co 4+ H,0 9
Fe,0; +H, — 2FeO + H,0 10
FeO +H, — Fe + H,0 an

The basicity strength was measured by the TPD of COs. In general, all
the MMOs evidenced three types of basic sites from the deconvolution,
as shown in Fig. 4. The first site has a weak nature at 100 °C associated
with the basic OH-group on the surface, followed by the medium site at
200 °C linked to the bidentate carbonates, involving the metal-oxygen
pairs [3]. The third basic site is strong, related to monodentate
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Fig. 5. Ols X-photoelectron spectra for the MMOs based on Ni and NiCo, and
doped with ceria.

carbonates coming from oxygen anions of low-coordination. Also, there
was a decrease in the total basicity with an increase in Ni loading,
mainly representing a systematic depletion in the strong basic sites.

The addition of Co did not result in a significant change compared to
MMON:i, especially with the medium and strong acid sites. Therefore,
the performance of catalysis when based on the alkalinity features
would be the same. On the other hand, the incorporation of Fe resulted
in significant depletion at strong basic sites, as fewer free oxygen pairs
were available with Fe (III) species in the MgO lattice, probably leading
to poor catalytic activity. Furthermore, an increase in the medium and
strong basic sites was seen when ceria was added to the MMOs. Mean-
while, CeO- is not basic itself, as reported in the literature where CO,
desorption remains below 200 °C [42,43]. We propose that CeO5 stim-
ulates the medium and strong basicity of the MMO (Table 3) that came
from a reconstructed HT. The reconstruction process increased the de-
fects and therefore resulted in low coordination in the oxygen. More-
over, the oxygen mobility coming from the redox characteristics of Ce
strengthens the oxyphilic characteristics [42-44].

The data in Table 3 shows an increase in the surface area in the
MMOs as the amount of Ni added to the HT increased. This could be due
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Fig. 6. TEM of the samples, A) MMONi and B) MMONi + Ce. Mapping of metals in the samples, C) MMONi and D) MMONi + Ce.

to a decrease in the crystallite size of the materials, as also shown by the
unit cell contraction. The same trend appears when incorporating both
Fe and Co [45]. However, as seen above, in the structure of the recon-
structed hydrotalcites, the incorporation of Ce was not completed,
causing the respective mixed oxide to lose some surface area. Table 3
also depicts the active metal surface area, which could provide infor-
mation about the catalytic behavior. Metal surface area is linked to the
number of active metal sites that can be found on the surface of the solid
material (Ni, Co, and Fe). As shown in Table 3, the MMOs based on Ni
show a metal surface area of between 11.1 and 13.8 m? g 1. The amount
of Ni did not increase the metal surface area significantly probably
because the increase of Ni leads to a decrease in the metal dispersion
[46]. Therefore, an increase in the Ni loading is not a recommended
strategy to improve catalysis. Meanwhile, the materials that contained
Co retain the metal surface area at 11.3 m? g~! as MMONi, which would
indicate that any change in catalysis would be related to other properties
more than the metal surface area. In turn, the materials containing Fe
presented an undetectable metal surface area by the analytical tech-
nique. At the same time, the results suggest that the incorporation of Fe
in this ratio had no synergy with Ni to chemisorb Hj likely due to the
high oxidation state of iron on the surface. In the same way, a decrease in
the metal surface area was observed when incorporating Ce in the ma-
terial structure, which agrees with the high energy/temperature
required to reduce these MMOs [16,34].

3.1.3. XPS and TEM analyses

Table 2 shows the molar ratios of the solids that represent the
chemical composition of bulk materials. However, there are significant
differences when compared with the values obtained from the surface
analysis performed by XPS (Table 4). It can be noted that the Ni and Mg
species change significantly, which migrate to the bulk leaving a high
proportion of Al on the surface of materials. The highest surface stability
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was therefore related to aluminum on the surface. Even so, high basicity
values were found with a lower-than-expected proportion of Mg.
Moreover, it is possible that the high reduction temperatures also favor
the migration of these species to the bulk of the solid, as previously
shown by other authors [47-49].

The solid materials were not completely reduced. However, the Ni%/
Ni2* ratio is greater than 1, which indicates that a high proportion of Ni
has been reduced and, as previously shown for the MMOs containing Fe
and Ni, this reduction was not observed on the surface. Although the
Ni%/Ni2" ratio can be misleading because the reduction process and
equipment placement involve short periods of exposure to the air, the
high ratio indicates that most of the Ni was reduced. Nevertheless, it is
difficult and risky to look for correlations that somehow explain the ratio
of metallic nickel to divalent nickel.

Another important aspect to consider is the surface oxygen of the
analyzed oxides. Fig. 5 shows the three oxygen species that refer to bulk
oxygens (0?7), surface oxygens that give an idea of the species bound to
the metal surface, and hydroxylated oxygen species (OH), with values of
529.7 eV, 531.5 eV, and 532.9 eV, respectively [47]. The bulk oxygen is
of great importance due to the basicity generated by the Lewis basic
sites. On the other hand, the metallic oxygen is related to surface
aluminum, as shown in Table 4. However, there may also be contribu-
tions from other metals such as Mg, Ni, and Ce. Finally, the oxygen
associated with hydroxylated species refers to the water adsorbed onto
the surface. Although the solids were previously reduced, the contact
with the environment promotes water getting adsorbed onto them.

Figs. 6 and 7 show the TEM analyses for the reduced forms of MMOs.
Fig. 6 shows the mapping of the most important elements, Al(green), Mg
(yellow), Ni(blue), and Ce(white), indicating a good atom distribution
and the presence of Ce and Ni as the species of interest. In turn, Fig. 7
presents the size of the metallic distribution, where the effect of the
second metal and the addition of Ce can be observed. The addition of Fe
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causes a particle size increase, except in the case of cobalt where no
effect was detected. However, for all catalysts that have Ce, there was an
increase in the average metallic particle size, which can be explained by
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the high reduction temperatures to which the Ce catalyst was subjected
(Fig. 3).

3.2. Catalytic activity of the materials in the methanation reaction

3.2.1. Impact of the catalyst mass and amount of Ni on the catalytic
activity

The catalytic activity for the synthesized MMOs based on Ni was
evaluated as a function of the temperature, also considering the impact
of the catalyst mass on the reaction. Fig. 8 depicts the control experi-
ments/systems (equilibrium and blank) and the reaction profiles at
different masses of MMON:i (i.e., different space velocities). The ther-
modynamic equilibrium profile is also shown as a reference for the
maximum conversion values that can be obtained at atmospheric pres-
sure [50]. In the blank reaction, which was carried out only with quartz
wool and the Mg and Al-based mixed metal oxides, a low conversion was
observed. There was no production of methane due to the absence of
metal. In turn, for the catalyst at different space velocities, 20 mg of
MMONi (space velocity: 72000 h™!) was not enough to properly develop
the reaction. It should be noted that the increase in the catalyst mass
from 20 mg (72000 h™H to 40 mg (36000 h™1) enhanced the conversion
of CO,. However, when the catalyst mass was raised from 40 mg (36000
h™H to 60 mg (24000 h’l), no significant differences were found at the
maximum conversion temperature (i.e., 350 °C, Fig. 8). Therefore,
36000 h~! was used as a fixed value in all future reactions. At high space
velocity, the catalyst bed could have been very short to provide enough
contact time between the mixture of reacting gas and the catalyst,
affecting the catalytic activity. These results are similar to those ob-
tained by other authors [18].

As shown in Fig. 8, the increase in temperature led to higher CO,
conversion percentages. The temperature increase induces higher in-
teractions/collisions among the reactants and catalyst, favoring the
process performance (i.e., kinetic aspect) [51]. However, the catalytic
activities decrease at temperatures over 350 °C because a thermody-
namic limitation in the form of a reverse water-gas shift (RWGS) reac-
tion (Eq. (12)) becomes more favorable [1,3,52] and thus decreases the
conversion of COy. At the same time, higher catalyst mass (which de-
termines the space velocity) induced a high CO, conversion because
more catalytic sites were provided to the reaction system [53]. Never-
theless, a very high catalyst mass (such as in the case of 60 mg of
MMONi) did not improve the performance of the process, possibly
because an excess of the catalyst provided many non-used active sites. At
60 mg of MMONI, there was no enhancement of CO, conversion.
Considering the results in Figs. 8 and 40 mg of catalyst (i.e., 36000 h™1)
was used as a fixed value to continue the research.

COx(g) + Hae) = COfq) +2H,0(y AH) =41 kJmol ™ 12)

After evaluating the effect of space velocity on the reaction of
methanation, the role of the Ni loading in the catalytic performance was
assessed. Fig. 9A shows the profiles of reaction for solids with different
Ni loadings (MMONi, MMONil.5, and MMONi2) prepared at different
temperatures. It can be observed that the catalytic activities of these
materials were moderate at 250 °C (lower than 40% of conversion),
suggesting that the methanation reaction began slowly. Moreover, for
the three catalysts, the maximum CO; conversion was obtained between
350 °C and 400 °C. This demonstrates that the Ni-based MMOs induced
CO2 methanation at lower temperatures. Such behavior was similar to
the results reported for other NiMgAl-mixed oxides derived from
hydrotalcite [3].

The results in Fig. 9A also revealed a decrease in catalytic perfor-
mance when the percentage of Ni was increased from 10 % to 20 %
(which corresponded to MMONi1l.5 and MMONi2.0, respectively). The
loading of metal on a supported catalyst strongly modifies its dispersion
and interaction with the support, which in turn affects the catalytic
performance. In general, the lower the loading of metal, the greater its
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dispersion, and vice versa [15]. Furthermore, it is important to note that
the increase in the Ni loading diminished the total basicity of the catalyst
(as shown in Table 3), which worsened the adsorption of CO5 and its
subsequent conversion and selectivity. Moreover, the decrease in cata-
lytic performance could be associated with a loss of active sites due to
the Ni sintering at high reduction temperatures. These results were
consistent with the literature, considering that MMONi (which has 10 %
of Ni doping) exhibited the best catalytic performance (Fig. 9A). Pre-
vious studies have shown that a specific Ni doping of 5-10 % is ideal for
obtaining good reactivity on the catalyst [15]. Thus, it can be concluded
that the combined effects of Ni loading, and basic sites determine the
catalytic activity of the prepared material [3].

3.2.2. Effect of adding Co, Ce, and Fe to the MMONi structure

The catalytic activity and dispersion of the active metal can be tuned
via the addition of a second metal component [1]. The effect of the
modification of MMONI by the addition of cobalt or iron was therefore
assessed. Fig. 9B shows the results for catalytic methanation using
MMONiCo and MMONiFe. The material containing Co experienced
better CO; conversions (~80 % at 350 °C) than that containing Fe (50 %
at 350 °C). The presence of cobalt improved the reactivity for the con-
version of carbon dioxide into methane. Indeed, MMONIiCo had a higher
hydrogen consumption and CO5 adsorption than MMONi but a similar
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basicity (Table 3), probably due to the high reducibility of cobalt [54].
On the contrary, the worst catalytic activity was for MMON;iFe, possibly
due to its low CO2-chemisorption capability, as evidenced by having the
lowest basicity (Table 4). Furthermore, Fe-doping decreased the metal
surface area, blocking the availability of Ni species. In fact, the low
reducibility of Fe>* species could have affected Ni species on the surface
of the material, thus altering the catalytic performance. The role of each
metal depends on its loading, and it may be beneficial to adjust the
amount of Fe in the catalyst [36,55].

The effect of incorporating CeO, into MMONiCo, MMONiFe, and
MMON:i on catalytic activity was also studied. Fig. 9C presents the re-
sults for all the ceria-containing materials. No significant differences
were observed in terms of CO5 conversion between the catalysts con-
taining CeOz (i.e., MMONiFe + Ce, MMONiCo + Ce, and MMONi + Ce)
and the catalysts without CeOy (i.e., MMONiFe, MMONiCo, and
MMONiI). Interestingly, a substantial improvement can be observed in
selectivity to methane for MMONiCo + Ce and MMONi + Ce, especially
at low temperatures. The latter results indicate a greater activation of
CO4 when CeO3 coexists on the catalyst surface [56]. It should be noted
that the presence of ceria in the catalyst enhanced the total basicity (and
consequently the CO, chemisorption) of MMONiFe + Ce, MMONiCo +
Ce, and MMON] + Ce regarding their corresponding materials without
CeO,. However, the consumption of Hy and metal surface area of the
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MMONiFe + Ce catalyst was the lowest (Table 3), explaining its worse
performance (Fig. 9C) despite the presence of ceria. The improvement in
selectivity to methane for MMONiCo + Ce and MMONi + Ce at low
temperatures can be linked to how ceria helps to reduce the catalysts (as
demonstrated in section 3.1.2.) and CO5 adsorption, thereby, limiting
the formation of coke (Egs. (13)-(15) [1]) and favoring the generation of
methane, as suggested by previous works [57,58]. However, experi-
mental research to determine coke deposits, on the catalysts tested for
the CO, methanation, should be performed in future works.

CO, +2H, - C+2H,0 13)
2CO +2H, - 2C +2H,0 14
CH; - C+2H, (15)

3.2.3. Extent of the process: yield and stability of the best MMO

The space-time yield (STY), which is a measurement of the catalytic
activity yield of the materials, and represents the number of converted
CO4 molecules to CHy4 per volume of catalyst per unit of time [59,60],
was calculated and presented in Fig. 10A. The SYT values followed the
order MMONiCo + Ce (168 mol CH4 h™! L™!) > MMONiCo (150 mol
CH4h 'L™!) > MMONi + Ce (148 mol CH4 h™! L™!) > MMON:iFe + Ce
(108 mol CH4 h™' L™!) > OMN:i (105 mol CH4 h™! L) > MMONiFe (80
mol CHy4 h~'L~1). These STY values show that the materials containing
both cobalt and ceria have a high catalytic activity yield. Furthermore,
the comparison of our catalysts with the other materials used for
methanation reveals that MMONiCo + Ce and MMONiCo have a higher
STY than diverse Ni-based MMO catalysts (STY range: 1.8-137 mol CH4
h™' L7 [60].

The stability (also called a time-on-stream, TOS run [3]) was also
evaluated for the two materials with the best catalytic performance (i.e.,
MMONiCo + Ce and MMONiCo). Fig. 10B depicts the CO5 conversion at
350 °C for 1400 min. The TOS run fitted well with the previous catalytic
performances for such materials (Fig. 9B), exhibiting CO5 conversions
higher than 80 % even after 1400 min. Remarkably MMONiCo + Ce
remained more stable than MMONiCo with no significant changes in
catalytic activity (~85 % of CO5 conversion after 1400 min of contin-
uous use). Hence, it can be concluded that ceria improved both the
catalytic activity and stability of the MMONiCo catalyst. Also, it was
observed that our MMONiCo + Ce material had a similar stability
behavior compared to other NiCo-HT-derived catalysts previously re-
ported in the literature [18].

4. Conclusions

Ni-based MMOs were effectively synthesized from HTs and then
characterized. The MMONIi materials efficiently promoted CO2 metha-
nation at low temperatures (350-400 °C) and a high space velocity
(36000 h’l). However, an excess of Ni loading (e.g., >10 %) had a
detrimental effect on the catalytic performance due to its effect on metal
dispersion and interaction with the support, and the fact that it dimin-
ished the basicity of the catalyst. The addition of a second active metal
such as Co or Fe modified the activity of the catalyst. The presence of
iron (i.e., MMON;iFe material) affected the conversion of CO,, probably
because it is hard to reduce and has lower basicity, and due to the
decrease in the metal surface area. In contrast, Co had a positive effect as
it enhanced catalytic activity because its high reducibility favored Hy
consumption. It was possible to successfully incorporate ceria (CeO3) in
Ni-based and NiCo-based MMOs by using the reconstruction method.
The incorporation of ceria as a support improved the selectivity toward
methane at low temperatures (250-350 °C) and this led to a greater
extent of the process when CeO, was present and MMONi had Co as a
dopant. Indeed, the STY results suggest that the material containing
nickel, cobalt, and ceria (i.e., MMONiCo + Ce) converts the CO, into
CH4 molecules very efficiently. This can be linked to the fact that ceria
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greatly helps to reduce the catalysts and has a higher basicity and metal
surface area. Additionally, the MMONiCo + Ce material showed high
stability, achieving elevated CO; conversion (~85 %) even after 1400
min of continuous use.
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