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Abstract: Within the idea to catalyze CO, methanation NiMgAl and NiMgAlFe oxides were synthesized
by the layered double hydroxide route using co-precipitation and ultrasound-assisted co-precipitation.
MgAl and MgAlFe oxides-supported Ni materials prepared by the impregnation method were used as
references. Inductively-coupled plasma optical emission spectroscopy, X-ray diffraction, thermal
decomposition, H,-temperature programmed reduction, N, physisorption, and transmission electron
microscopy were used to characterize the catalysts. NiMgAIl prepared using ultrasound-assisted co-
precipitation showed the best activity with no deactivation for 40 h under stream. This was attributed
mainly to the lower particle size, the higher specific surface area and pore volume as well as the better
dispersion of nickel active species at the surface of the concerned materials. In our case, the ultrasound
method saves a lot of time during the synthesis process since the maturation phase lasts only 30 min

instead of 18 h required for the traditional co-precipitation.
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1. Introduction
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Global climate change and the gradual depletion of fossil fuels are two of the most pressing issues
confronting humanity today [1]. The usage of renewable energy sources (RES), like wind or
photovoltaics, is one of the developed solutions [2]. However, they are intermittent [3]. The demand for
power from end-users differs with the generation of electricity from RES, implying a potential electrical
network imbalance. Power-to-Gas (PtG) is a potential long-term and high-capacity renewable energy
storage option. This concept can be an interesting way to use excess electricity to produce H, from water
electrolysis. However, safety concerns like a wide flammability interval, as well as storage and
transportation constraints (e.g., poor energy density, steel embrittlement) limit hydrogen's direct usage
[4]. Hydrogen can react with CO, stored or emitted according to the Sabatier reaction (Eq. 1).

CO,+4H, > CH;+2H,0  AHyg = - 165 kd.mol™ (Eq. 1)

This reaction enables the production of synthetic natural gas (SNG) methane that has a very high-energy
value, can be injected into the natural gas network, and can be directly used as a fuel in the transportation
sector [5]. The CH, produced offers a potential solution in order to manage fluctuating output of
renewable energy and mitigate CO, emissions at the same time [6]. However, even though the CO,
methanation reaction is thermodynamically possible in a practical range of conditions, it remains
kinetically limited [7]. An efficient catalyst will increase the rate of the methanation reaction, exhibit high
activity, selectivity and stability within an appropriate temperature range, while taking into account
economic constraints [8]. Several metals in the periodic table's group VI, including Ni, Co, Fe, Ru, and
Rh, are capable of undergoing the methanation process [9-11]. The Earth-abundant Ni-based catalysts
have long been the top option for industrial applications [12,13]. Furthermore, many oxides have been
studied as potential supports for the methanation reaction such as: CeO,, TiO,, MgO, Sm,05;, CeO,/Zr0,,
etc [13,14]. The stabilization of the active metal on these supports is very crucial to achieve good catalytic
activity and stability. However, the exothermic nature of the methanation reaction, results in the thermal
aggregation of metallic Ni active sites by hotspots formation in the catalytic bed. As a consequence, the
catalysts become less stable. In order to solve these issues, improved properties and well-defined
crystalline structures of supports frequently stabilize Ni active sites [15].

In this context, layered double hydroxide structures (LDH) gained a lot of interest as CO, methanation
catalyst precursors [16]. Indeed, they allow getting catalysts with well crystalline structure, high specific
surface area, small metal particle sizes, good thermal stability, and uniform distribution of active sites
[17].

The LDH has the general formula: [(M?*)1x (M**)(OH),](A™)xn.mH,0, where M is a metal and A is an
anion. The divalent cations M** can be Mg?* and/or another one, while the trivalent cation M** can be
AI** and/or something else [18]. Different possibilities are offered for the anions. Since a wide choice of

cations and anions is possible, LDH-type materials are promising candidates in heterogeneous catalysis.
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Therefore, oxides deriving from LDH are often used as active phase supports or as catalysts [19].
Different preparation methods such as co-precipitation, urea hydrolysis and sol-gel methods can be used
for the synthesis of the LDH structure [20-22]. Co-precipitation is the most common and generally used
process [23]. In order to obtain well-nanocrystallized materials, co-precipitation has been coupled to
ultrasound treatment [24]. In addition, the use of ultrasound during the synthesis of catalytic materials
showed many advantages over traditional approaches [24]. In this process, acoustic cavitation bubbles
collapse into each other, generating high temperatures and pressures developing hot spots [25], resulting
in solids with small homogeneous particles and increased specific surface area [26]. Enhanced catalytic
activity, selectivity, and stability are all a result of these features [27]. The preparation of LDH using
ultrasound routes have received a lot of interest recently due to their efficiency, affordability, simplicity,
large specific surface area, adjustable and well-dispersed particle sizes [28-30]. In the present work,
nickel was chosen as an active phase due to its high activity and relatively low cost [31]. It can be
introduced into the catalysts directly by substituting partially the magnesium or can be added by
impregnation the mixed oxides obtained after the treatment of LDH. Magnesium was used to increase the
basicity. Its interaction with the nickel phase is known to lead to its better distribution allowing the
capture of CO, [32]. In addition, MgO issued from LDH plays an important role as an active site for the
activation of CO, to form carbonate/hydrocarbonate species that react with hydrogen to form methane
[33], while the presence of aluminum ensures a high specific surface area [34,35]. According to the
literature, the partial substitution of Al by small quantities of iron is performed to improve the reducibility
of nickel species [36]. Thus, to explore the potential of having a high quantity of iron on the reducibility
of the catalyst and on the catalytic activity, we chose the composition of 14wt% of iron.

The objective of this work is the examination and comparison of the catalytic properties in the CO,
methanation reaction of (NiMgAl, NiMgAlIlFe) prepared by three different routes (traditional co-
precipitation (Cp), ultrasound-assisted co-precipitation (US), and impregnation method (Imp)). The
originality of this work is the differentiation of the three above-mentioned preparation methods for the
chosen material, a question that has not been addressed before in the context of CO, methanation.
Furthermore, the US method can be used in different ways (during co-precipitation and in the maturation
phase). Contrary to other works, the present paper explores in a rigorous way the operating conditions
used in the US method such as ultrasonic power, frequency, time and mode, which can indeed have a
significant impact on the synthesis results and consequently on the catalytic performances and allow the
comparison of the obtained results with the future studies. These operating conditions are then explained
in the experimental section. We also investigated the effect of a high quantity of iron on the catalytic

performance.
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2. Materials and methods

2.1. Catalysts preparation

Co-precipitation, ultrasound-assisted co-precipitation, and wet impregnation were used to synthesize our
catalysts.

First, NiMgAl, NiMgAIlFe, MgAl, and MgAlFe layered double hydroxides based on Ni (I1), Mg (1), Al
(1), and Fe(l1) were prepared by co-precipitation thoroughly described in previous studies [37]. The
solution containing the desired metal salts is added dropwise to deionized water with the Na,CO; (1
mol.L™) solution, whose pH is adjusted to 9 by a basic NaOH (2 mol.L™) solution. After precipitation, the
resulting mixture was stirred for 18 hours (maturation step). Then, the mixture was filtered and the
precipitate was washed with hot deionized water until a neutral pH was obtained. This washing allows the
removal of soluble ions (nitrate, Na*,...). After having been placed 48 h in the oven at 60 °C, the solid
obtained was manually ground to powder in an agate mortar. It should be noted that in our preparations,
we took a molar ratio M(I1)/M(I11) = 3. In all cases, Ni content was 10wt%. When substituting AI** by

Fe*, the molar ratio Al/Fe is equal to 1.

Second, regarding the ultrasound-assisted co-precipitation method, the same preparation steps were used,
but in the maturation phase instead of lasting for 18 h under agitation, ultrasound irradiations (50 W,
pulse mode of 30s on, 30s off) were used for 30 minutes and were carried out on a device driven by a
Nextgen frequency generator (SinapTec ultrasonic technology). The apparatus used in this maturation
step consists in an ultrasonic pipe with a volume of 700 ml. It is equipped with eight ultrasonic

transducers at 22 kHz with a maximum output power of 400 W.

Third, the wet impregnation method is used to synthesize impregnated catalysts that serve as reference
materials. In the same purpose, Ni was impregnated on the mixed oxides derived from MgAl or MgAlFe
LDH prepared by the co-precipitation method. In order to obtain the desired materials, all samples were
calcined under air at 800 °C and reduced under pure hydrogen at 800 °C. For better comprehension, the
synthesis protocols for each of the samples are summarized in table S1 in the supplementary information

sheet.

2.2. Catalysts characterization

The XRD analyses were performed on a BRUKER D8 diffractometer at room temperature. All samples'
scattering intensities were measured with a step size of 0.02 ° for an integration of 2 s throughout an
angular range of 5° < 26 < 80 °. Phase identification was accomplished by comparing the diffraction

patterns to the common XRD reference patterns in the JCPDS database.



100
101
102
103

104
105
106
107
108
109
110
111
112
113

114
115
116
117
118
119
120
121

122
123
124
125
126

127
128
129
130
131

Differential thermal or thermogravimetric analysis (DTA/TG) was carried out on a NETZSCH STA 409
starting from ambient temperature up to 1000 °C (temperature rise of 5 °C.min™") under an airflow of
100 mL.min™. For each analysis, the weight of the test sample was about 10 mg. The software "Universal

analysis" is used to process the results obtained.

The actual Ni, Mg, Al and Fe weight contents of the prepared materials were assessed by inductively-
coupled plasma optical emission spectroscopy (ICP-OES) with an Agilent 5100 SVDV spectrometer.
Samples were mineralized typically as follows. 50 mg of powder was digested with 1 mL of HNO; (65%
Normatom) at 80-90 °C during 4-6 h and then diluted in 50 mL of ultrapure water. 1 mL of the latter
solution was finally diluted by adding HNO3(2%) until obtaining a total volume of 10 mL. For each
analysis, three replicates were performed. Blanks were also analyzed to monitor instrument and digestion
procedure contamination. Standard solutions were prepared from pluri-elemental and mono-elemental
standards (SCP Science) and analyzed for calibration and quality control (drift, reproducibility, and
accuracy). The concentration of each element was calculated as the average of the data recorded with 3 or

4 wavelengths.

Temperature programmed reduction (H,-TPR) experiments were carried out in a Micromeritics
Autochem 1l chemisorption analyzer. About 50 mg of sample were deposited in a quartz tube and
pretreated under an argon flow of high purity. This argon flow of 50 mL.min™, circulates under a
temperature ranging from ambient to 150 °C with a rise of 5 °C.min™* under Ar flow. This pretreatment is
done to eliminate atmospheric contaminants and water molecules. After this pretreatment, the sample was
cooled to room temperature under Ar flow, and then the catalyst is heated to 900 °C with a rise of
5 °C.min™* under a H, flow (5 % H, in Ar, 50 mL.min™) followed by naturally cooling down under an Ar

flow.

Textural analysis was performed on a Micromeritics 3Flex version 5.03 instrument. The pre-treatment is
done under vacuum (continuous draft) at 350 °C for 4 h. The tubes are weighed and then a N,
physisorption analysis is performed. When the analysis started, the tubes are dipped in a liquid nitrogen
bath at -196 °C. The specific surface is determined by the Brunauer-Emmett-Teller (BET) method. The

Barrett-Joyner-Halenda (BJH) method was used to determine pore distribution and pore volume.

Transmission Electron Microscopy (TEM) analyses were carried out using a JEOL 2100Plus UHR
microscope operating at 200kV. The powdered materials were dispersed in ethanol, and then, a drop was
evaporated on a carbon-coated copper grid. Mean surface diameters (d=(nidi3)/(nidi2)) were calculated
by measuring at least 300 particles for each examined sample from TEM images. Scanning transmission

electron microscopy (STEM) images using a high-angle annular dark-field (HAADF) detector were
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acquired. The image contrast in this mode is strongly correlated with the atomic number: heavier elements
contribute to brighter contrast (Z-contrast). Analytic investigations were performed with an energy
dispersive X-ray spectrometer (EDX) attached to the microscope column.

2.3. Catalytic tests

The catalytic activity was examined at atmospheric pressure, in a fixed-bed U-shape reactor with a K-type
thermocouple at temperatures ranging from 100 °C to 400 °C. 150 mg of catalyst diluted with SiC to
achieve a catalytic bed volume of 1 cm® was placed in the reactor. Before the test, the catalysts are
reduced for 2 hours at 800 °C (5 °C/min) under pure hydrogen flow of 20 mL/min. After cooling, the
reactor is fed with a gas mixture of CO,/H,/N, with respective volume ratios 10/40/50 with a total flow
rate of 100 mL/min (GHSV=6000h"). The reaction temperature is increased from 100 to 400 °C with a
rise of 5 °C/min. Each temperature step is maintained for 30 min. A gas chromatography system from
Global Analyser Solutions is used to analyze the reagents (CO, and H,) as well as the reaction products
(CH4 and CO). There are two analytical modules in it. The CO, gas is separated using the RTQ bond
module, while the H,, CO, and CH, gases are separated using the Molsieve 4A module. These compounds
are detected using thermal conductivity detectors (TCD; and TCD,). The quantification of the reagents
(CO; and H,) and products (CO and CHy) present in the reaction was done from the values obtained from
the chromatograms and the calibrations carried out for each gas. The general formulas used for the
calculations of conversions and selectivities are given below (Eq. 2, 3, and 4)

ncCo2 in—nCo02 out
nCO2 in

Conversion of CO,: Xco, (%) = x 100 (Eq.2)

nCH4 formed
nCO2 in—nCO2 out

Selectivity of methane: Scny (%) = x 100 (Eg. 3)

nCO formed
nCO2 in—nCO2 out

Selectivity of CO: S¢o (%) = x 100 (Eq.4)

NCOy, and NCO,,, are respectively the number of moles of CO, at the inlet and the outlet of the reactor,

NCH, formea @Nd NCO ¢meq are respectively the number of moles of CH, and CO obtained.

3. Results and Discussion

3.1. Characterization of the dried samples
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Figure 1. X-ray diffraction patterns of the dried samples prepared by conventional co-precipitation (Cp)
and by co-precipitation assisted by ultrasound (US). (a) MgAl and NiMgAl samples; (b) MgAlFe and
NiMgAlFe samples. *: Layered double hydroxide phase (JCPDS N° 22-0700).

The diffraction peaks are observed at 20 of 11.5 °, 23.5 ©, 35.0 °, 38.0 ©, 46.2 °, 60.5 °, and 61.8 ° and are
respectively indexed to the lattice planes (003), (006), (012), (015), (018), (110), and (113) [38].
Furthermore, aside from the typical LDH lines, no other lines were detected, showing that pure LDH was
successfully synthesized in all the solids. Bragg's law, which is provided by the relation in the
supplementary material sheet, is used to calculate the inter-planar spacing (dy.) that corresponds to these
peaks. The different cell parameters are given in Table 1. Two parameters “a” and “c” should be
evaluated for a LDH structure since it crystallizes in a 3R rhombohedral reticular system [38]. Knowing
the lattice planes (hkl) and the inter-planar spacing (di«), the cell parameters can be determined [24,39]

The calculation details of the cell parameters are presented in the supplementary material sheet.

Table 1. Cell parameters (a and c) and crystallite size of the dried samples.

Dried solid a(Ad) c(A) Crystallite size (A)

MgAl LDH 3.06  23.11 104
Cp

NiMgAl LDH 3.06  23.19 80
Cp

NiMgAl LDH 3.06  23.09 58
us

MgAlFe LDH 3.07  22.78 103
Cp

NiMgAIFe 306  23.11 68
LDH Cp

NiMgAlFe 307 22.73 60
LDHUS

[a] Determined by Debye-sherrer equation.

Table 1 lists the crystallographic parameters “a” and “c” of the dried solids determined by XRD
measurements. As predicted, there is not any remarkable difference for the “a” parameter for both series
of samples, since the crystallographic parameter “a” corresponds to the average cation-cation distance in a
hydroxide sheet [39]. Indeed, the values of the radii of Fe** and Ni?* cations do not differ much from that
of AI** and Mg?**, respectively. Regarding the crystallographic parameter "c", which provides details on
the interlayer domain's thickness [40], a decrease of this parameter is noticed when the ultrasound-
assisted co-precipitation method is used. The electrostatic interactions between the sheets are thus
strengthened leading to a more “"compact” LDH structure as the ultrasound is used in the aging phase.
These results are in agreement with Macedo et al. [41] who obtained a decrease in the values of the ¢

parameter of NiMgAICe LDH structure when using ultrasound during the aging phase. The intensity of
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the indexed peaks decreases when using ultrasound in the aging phase (Figure 1). The crystallite size of
LDHs prepared by ultrasound-assisted co-precipitation is smaller compared to the sample prepared by
conventional co-precipitation (Table 1). This effect was also found by Climent et al. [42] who synthesized
a series of LDHs using ultrasound in the preparation method. This phenomenon is attributed to the
collapse of cavitation bubbles which causes a shock wave and micro-jets on the surface of the particles
leading to their breaking [43]. Moreover, the use of ultrasound in the solution results in generation of
sufficient nuclei, thereby lowering the supersaturation available for further growth [44]. Thus, ultrasound
can be used to control nucleation rates [45]. Furthermore, thermal decomposition analyses were
conducted over all the LDH samples. Three endothermic peaks are observed for all solids. Each peak
corresponds to a mass loss. The first peak, is due to the loss of physisorbed water from the outer surface
of the crystallites. The second peak and the third peak are due to the collapse of the LDH structure and the
formation of metal oxides [46]. These three weight loss zones are characteristic of LDH and therefore, in
this study, further confirms that LDH structure was achieved for all the samples via different preparation
methods. The DTA/TG profiles for all the samples are shown in Figure S2 in the supplementary material
sheet. Finally, it is worth mentioning that at 800 °C, the LDH structure is destroyed in all our samples.
Moreover, from this temperature, the recorded mass loss is negligible. Hence this temperature was chosen

for the treatment of the synthesized dried solids.

3.2 Characterization of calcined samples

Figure 2 shows the X-ray diffractograms of NiMgAl and NiMgAIFe prepared by the three preparation
methods used and calcined at 800 °C. The diffractograms of all NiMgAl samples prepared by the three
preparation methods were compatible with the following structures: MgO periclase, cubic structure of
MgNiO, or rhombohedral structure of NiO, and spinel oxides NiAl,O, and MgNiO,. The X-ray
diffractograms for the NiMgAIFe samples show the presence of new phases corresponding to Fe,O; [47],
Fe;0, and NiFe,O,4 [48] at 20 = 31 °, 36 and 58 °, respectively. Indeed, these samples with a molar ratio
AIP*/Fe* = 1 possess a high iron weight content. As a result, the formation of iron oxides may be due to
the high iron content present in this solid [47]. Moreover, we note that the change in the preparation

method does not affect the formation of crystalline phases.
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Figure 2. X-ray diffraction patterns of the calcined samples (a) the NiMgAl samples, (b) the NiMgAIFe,
samples.

* MgO periclase JCPDS N° 43-1022, ! MgNiO; cubic JCPDS N° 24-0712, ™ NiO rhombohedral JCPDS
N° 44-1159, @ MgAl,0, JCPDS N° 75-0713, # Fe,0; Maghemite JCPDS N° 39-1346, o NiAl,O, JCPDS

N° 65-3102, ¢ Fe;0, Magnetite JCPDS N° 98-3854, [ NiFe,O, Trevorite JCPDS N° 86-2267.

In heterogeneous catalysis, it is essential to understand the textural characteristics of the resulting oxides.
Some catalytic behaviors can be explained by the specific surface area, the pore diameter, the pore
volume and the pore type. These characteristics also give us information about the accessibility of the
active sites to the reagents. The nitrogen adsorption and desorption isotherms for all the samples are

shown in figure S3 in the supplementary material sheet. According to the IUPAC classification [49], all
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our mixed oxides have a type IVa isotherm. Thus, the preparation method has no effect on the type of
isotherms. On the other hand, we notice an effect on the type of hysteresis loop. More details concerning
this issue are found in the supplementary material sheet. Table 2 shows the textural features and elemental
composition of the prepared solids after calcination at 800 °C. The experimental metal loading are very
close to the nominal contents in the catalysts with no big difference between the three methods of
preparation. The specific surface area and pore volume increase when ultrasonic irradiation was applied
during co-precipitation. Ultrasonic irradiation significantly alters the morphology of the particles on the
surface. It creates small nanoparticles with a uniform dispersion which led to the increase of the available
surface area [50]. However, these values decrease when the active phase (nickel) is added by
impregnation, suggesting a clogging of the pores during the addition of the active phase. The specific
surface area varies in the following order for the first series: NiMgAl US>NiMgAIl Cp>NiMgAl Imp,
similarly for the second series, it varies in the following order: NiMgAIFe US>NiMgAIFe Cp>NiMgAl
Imp. Moreover, the specific surface area of the iron-containing samples is smaller than that of the iron-
free samples regardless of the preparation method used. This may be due to the formation of Fe,Os
following the addition of iron. In fact, Fe,O; has a very small specific surface area compared to Al,O;
[51]. Regarding the pore diameter, we obtained average diameters between 6 and 12 nm confirming that
we obtained mesoporous materials. The use of ultrasound leads to an increase in pore volume, whereas

the addition of the active phase by impregnation leads to a decrease in pore volume.

Table 2. Specific surface area, pore diameter, pore volume and experimental metal loading of the

calcined samples

Catalyst Sger™  Dp™  vpM Nill  Mmg® A Fel
BUOMERY (m) (emtal)  wite) (wite) (wite)  (Wi%)

Nil\éIgAl 202 9.8 0.44 9.01 2875 1291 -
p

Nill\J/IgAl 232 111 0.74 9.28 2958  13.56 -

NiIMgAI 162 6.7 0.38 9.36 3059 13.01 -
mp

NiMgAIFe 125 128 0.46 10.42 246 7.39 16.37
p

NiML?SAIFe 139 134 0.55 7.947 25.63 5.81 12.54

Nil\{IgAIFe 120 6.7 0.31 8.705 31.43 7.02 15.29
mp

[a] determined by BET method. [b] determined by BJH method. [c] determined from ICP-OES analysis.



263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

282
283

284

The H,-TPR profiles of the different NiMgAIl and NiMgAlIFe solids are shown in Figure 3. It is to be
mentioned that aluminum and magnesium oxides are not reduced in our TPR conditions [52]. First of all,
for the samples NiMgAl in figure 3 (a), nickel oxide species are reduced at high temperatures (810, 788
and 803 °C, peak 2) as a result of spinel formation [53], which is suggested to occur by the XRD study.
For the sample NiMgAI Imp, we note a lower temperature reduction peak (353 °C, peak 1) attributable to
nickel oxide weakly interacting with the support [53]. Due to the production of spinel, a characteristic of
catalysts formed from hydrotalcite-like precursors, which was evoked in the XRD examination of the
calcined samples, the reduction temperatures of NiMgAl mixed oxides are high. This suggests that the
nickel ions in the solid matrix have strong interactions, which makes it difficult for NiO species to be
reduced at lower temperatures. This difficulty in the reduction of nickel species makes it more resistant
towards sintering, resulting in an ability to maintain high dispersion of Ni° [48]. The experimental values
of H, consumptions (presented in table 3) are close to those obtained theoretically (1.7 x 10° pmol.g™).
For the calculation of the theoretical amount of hydrogen, it was assumed that the nickel is in the form of
NiO and has been reduced into Ni°. The experimental value (1.68 x 10 pmol.g™ ) of the amount of
hydrogen consumed for both samples NiMgAIl Us and NiMgAI Imp are very close to the theoretical one
(1.7 x 10° umol.g™). This may be due to a better dispersion of the active phase rendering it more
accessible to the reducing agent. The lower experimental value of hydrogen consumption (1.33
x 10° umol.g™) of NiMgAI Cp indicates that part of the species has not been completely reduced into

metallic ones.
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Figure 3. Hp-temperature programmed reduction (TPR) profiles. (a) NiMgAl samples, (b) NiMgAlFe
samples.

Concerning the H,-TPR of the iron-containing samples in figure 3 (b), we note the presence of three
reduction peaks for the samples prepared by co-precipitation and ultrasonically assisted co-precipitation
and four peaks for the sample prepared by impregnation. Some nickel oxide species are reduced at high
temperatures (806-810 °C, peak 4), likely as a result of spinel formation. As for the samples prepared by
impregnation, we still notice the reduction peak due to the formation of nickel oxide in weak interaction
with the support (323 °C, peak 1). As for the Fe,Os iron oxide species, the peak at 366, 400 or 430 °C
(peak 2) is attributed to the reduction of Fe,Os; iron species into Fe;O, while the peak at a higher
temperature (625-650 ° C, peak 3) is due to the reduction of Fe;O, species to Fe° [54] according to the
equations (eq. S1) presented in the supplementary material sheet. The theoretical value (5.37 x 10°
umol.g™) of hydrogen consumption is higher than those obtained experimentally. These results indicate
that some of the species have not been completely reduced into metal. As it can be seen in table 3, the
experimental H, consumption of the fourth peak in NiMgAlFe samples is higher of 37% when the
ultrasound is used in the maturation phase compared to the traditional co-precipitation, and 30%
compared to the impregnation method. These findings confirm that while using ultrasound, the nickel
species is more accessible on the surface. Regarding the effect of iron on the reducibility of the nickel
species, if the same preparation method is chosen, the H, consumption for the reduction of nickel oxide of
NiMgAIl US is 1.68 x 10° pmol.g™ while it is 0.43 x 10° umol.g™* for NiMgAIFe US. This shows that a

part of the nickel is covered by iron or that iron takes the place of nickel on the surface.
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Table 3. Experimental and theoretical H, consumption for each peak of the calcined samples.

Sample Experimental H, consumption Theoretical H, consumption
(10% pmol.g™) (10° pmol.g™)
Peak 1 Peak2 Peak3 Peak4 Total Peak Peak Peak Total
2 3 4+1
NiMgAl Cp - - - 1.33 1.33 - - 1.7 1.7
NiMgAl Us - - - 1.68 1.68 - - 1.7 1.7
NiMgAl Imp 0.118 - - 1.55 1.67 - - 1.7 1.7
NiMgAlFe Cp - 0.265 0.903 0.270 1.44 042 3.38 157 5.37
NiMgAlFe Us - 0.125 1.385 0.43 1.94 042 3.38 157 5.37

NiMgAlIFe Imp 0.019 0.035 0.245 0.299 062 042 338 157 537

3.3. Characterization of reduced samples

The calcined samples were reduced at 800 °C during 2 h under pure hydrogen flow. The X-ray
diffractograms of all the reduced samples NiMgAl samples (figure 4 (a)) prepared by the three
preparation methods were compatible with the following structures: MgO periclase, and metallic nickel.
The X-ray diffractograms for the reduced NiMgAIFe samples (figure 4 (b)) show the presence of a new
phase corresponding to Feggs-Nig 35, and the absence of metallic nickel. This confirms that a large amount

of iron can hinder the formation of metallic nickel (active phase for CO, methanation) [48].
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Figure 4. X-ray diffraction patterns of the reduced samples (a), (b).

* MgO periclase JCPDS N° 43-1022, # Ni nickel JCPDS N° 04-0850, ¢ Fegg4-Nig 35 iron nickel JCPDS
N° 47-1405.

Figure 5 displays representative TEM-measured particle size distributions for the reduced NiMgAI series
(the corresponding TEM images of the samples are shown in figure S4-S6 in the supplementary material
sheet). In the case of the NiMgAI Cp catalyst (figure 5 (a)), a heterogeneous distribution of nickel
particles is observed and their average diameter is 13.1 nm, while it is 8.2 nm for the NiMgAI US catalyst

(figure 5 (b)), and 15.2 nm for NiMgAl Imp catalyst (figure 5 (c)). These results agree with the crystallite
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size obtained from XRD (Table 4). This study reveals that the ultrasound assisted co-precipitation method
allows decreasing the size of the particles. Similar results were obtained by Kim et al. [55] who confirm
that the preparation methods influence the morphology and size of the metal particles. As an example, the
scanning transmission electron microscopy (STEM) image of the NiMgAIl Cp catalyst shows a good
dispersion of heavy nanoparticles (bright spots) on the matrix (Figure 6). The scanning mode was used to
get local and precise chemical analysis at the nanometer scale. However, the results of element mapping
suggest a good dispersion of the elements (Mg, Al, O, and Ni) and a high homogeneity of them, based on
an analysis of several zones, randomly selected. Figure 7 shows one of these zones. These results confirm
the advantages of using LDH precursors in order to obtain homogeneous catalytic materials. They also
confirm the identity of nickel particles as observed in Figure 6. To investigate the crystal structure of the
Ni particles, high resolution TEM (HRTEM) was performed. Figure 8 shows a HRTEM image of an
individual particle. Fast Fourier Transform (FFT) on this area reveals the characteristic pattern of the

cubic phase for metallic nickel [56].

Table 4. Nickel particle and crystallite size and Ni-Fe crystrallite size.

Catalyst Ni cr)(/rs],tnaql)lg]e size Ni p?m]c)l[% size Ni;li:Zeec(rryl/%t)a[;]ite
NiMgAI Cp 11.1 13.1 -
NiMgAI US 10.0 8.2 -
NiMgAI Imp 17.4 15.2 -
NiMgAlIFe Cp - - 11.5
NiMgAIFe US - - 10.2
NiMgAlFe Imp - - 14.3

[a] Ni and Ni-Fe crystallite size determined by Debye-scherrer equation based on (200) peak.
[b] Ni particle size determined by TEM analysis, Ni-Fe particle size not measured by TEM analysis
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364  3.4. Catalytic activity
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Figure 9 shows the catalytic performance in CO, conversion over NiMgAl and NiMgAlFe catalysts
prepared by co-precipitation, ultrasonic assisted co-precipitation and impregnation. Thermodynamics
state that practically total CO, conversion is achievable at lower temperatures, and that it declines with
rising temperature, as indicated by the dashed line (Figure 9.a, 9.b and 9.d), due to the coexistence of
parallel processes which produce undesirable side products, including carbon monoxide. All catalysts
show negligible CO, conversion at temperatures below 200 °C (Figure 9.a, 9.b and 9.d). The conversion
of CO, increases with temperature. Indeed, although the methanation reaction is exothermic, the
activation of the CO, molecule, which is very stable, requires a significant energy input due to its
chemical inertia. This energy is provided in thermal form. The conversion of CO, varies according to the
following order: NiMgAIl US> NiMgAIl Cp> NiMgAIl Imp> NiMgAIFe US> NiMgAIlFe Cp> NiMgAlFe
Imp. Moreover, all the catalysts of the NiMgAIl series are very selective to methane, while the catalysts of
the NiMgAlFe series are more selective in CO than in CH,4 (Table 5). This can be related to the presence
of a high amount of iron. The NiMgAl US catalyst shows the best conversions amounting to
approximately 80% at 400 °C. The NiMgAIl US catalyst is also very selective towards CH, production
with selectivity values close to 100% (Table 5). This can be related firstly to the higher specific surface
area and larger pore volume, secondly to the higher amount of reducible species as shown by H,-TPR,
and thirdly to the smaller Ni particle size. Regarding the samples containing iron, whatever the
preparation method, their CO, conversion and selectivity to methane decrease as compared to samples
without iron. This may be due to the presence of a large amount of iron in the samples (mass content =
14%). This effect was demonstrated by Pandey et al. [57] who prepared a series of unsupported Ni-Fe
bimetallic catalysts. These authors showed that when going from a weight content of 10% Fe to 25%, the
CH, yield decreased from 80% to 30%. This result would be due to the decrease of the specific surface
area and pore volume when the iron content increases. This may also be due to the fact that a high amount
of iron promotes the reverse water gas shift reaction (RWGS), leading to high CO selectivity [36]. Fe,0;
phase is present in the sample NiMgAlFe as shown in XRD results. Therefore, according to TPR results,
the H, consumption for the reduction of nickel oxide of NiMgAIl US is 1.86 x 10° umol.g™ while it is 0.43
x 10% pmol.g™ for NiMgAIFe US. We can conclude that a part of the nickel is covered by iron or that iron
takes the place of nickel on the surface. In addition, when Fe,O; is present in a catalyst, a different
mechanism can occur during the methanation reaction. The formate species is not stable and is
decomposed to CO by a reverse gas-to-water shift reaction [14,58-60]. Then, the carbon monoxide might
be converted to metal carbide and directly gives C1 to higher hydrocarbons (including olefins and
kerosenes) especially at high pressure [58,61]. On the other hand, Ni-based catalysts convert CO, to

carbonate and then to formate leading to the formation of methane [62]. The H,-TPR and TEM analysis
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showed that in NiMgAI US catalyst, the nickel active phase is better dispersed. These results revealed that
using ultrasound during the maturation increases the distribution of the active phase. Figure 9.c shows the
stability test of NiMgAIl US. The latter remains stable for 40 h under stream with no deactivation. A
comparison between our best catalyst NiMgAl US and industrial catalyst 50%Ni/Al,Os is shown in Figure
9.d. At 400 °C, CO, conversion for both catalysts is approximately the same (80%), but the industrial
catalyst started to convert CO, at lower temperature. However, it is important to mention that our catalyst
contains only 10wt% of nickel while the industrial catalyst contains 50wt%. This makes our catalyst
significantly and advantageously cheaper than the industrial one. In addition, in order to verify the
presence of carbon and particle sintering, XRD and thermal analysis were carried out on the samples after
catalytic testing. The results of the thermal analysis showed only one exothermic peak attributed to the
oxidation of metallic nickel, and the results of the XRD analysis showed that the size of the nickel
crystals exhibited the same trend before and after the catalytic test. Thus, we can conclude that for all
three preparation methods and for the NiMgAI and NiMgAlFe samples, there is no presence of carbon or

particle sintering (results are presented in the supplementary material).

Data from studies that were published on CO, methanation in the presence of various catalysts are
summarized in Table S2 presented in supplementary material sheet. The catalyst reported in the present
study is more effective than most of the already reported catalysts, with a CO, conversion of
approximately 80% and a CH, selectivity of 99.9%. The catalyst 50%Ni/C catalyst prepared by
Gongalves et al. was evaluated with a GHSV (60000 mL.g™.h™), different than that employed in this work
(40000 mL.g™.h™), and had a CO, conversion of 82% at 400 °C [63]. Consequently, a greater Ni
concentration is the cause of the substantially higher CO, conversion. On the other hand, the Ni(59%)
LDH catalyst prepared by Bette et al. converted 74% of the CO, at 350°C [31] and the
15%Ni/Ceq 72210280, catalyst prepared by Ocampo et al. [64] converted 82% of CO, at 400 °C under
different GHSV and higher amount of nickel. In addition, the 20%Ni-3%Fe/Al,Os-ZrO, catalyst
synthesized by Wu et al. converted 70% of the CO, at 400 °C [65] with a higher amount of nickel and a
small amount of iron. In addition, our catalyst is more effective than those made by Alcalde-Santiago et
al. [66], Wierzbicki et al. [67], Dias et al. [68], and Ashok et al. [69] utilizing LaOx, mixed oxides made
from LDH, SiO,, and ZrO,-CeO, as supports, although with the same nickel loading (10wt%).

This succinct summary was used to compare the NiMgAI US performance to studies that were published
in the literature [31,63-71]. Considering crucial factors like metal loading, and contact time, and price,
our NiMgAI US catalyst prepared by ultrasound-assisted co-precipitation method looks to be very active

in the CO, methanation reaction.
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433  Figure 9. CO, conversion on (a) NiMgAl samples, and (b) NiMgAlFe samples (P = 1 atm, H,/CO, = 4
434  and GHSV = 6000 h™), (c) long-term stability test over NiMgAl US catalysts at 400 °C (H,/CO,=4, and
435  GHSV=6000 h™), and (d) CH, yield of NiMgAIl US and industrial catalyst (50%Ni/Al,O5).

436  Table 5. CH4 and CO selectivity of all the catalysts at 400 °C.

Catalyst CH, selectivity CO selectivit
y (%)4 y %) y

NiMgAI Cp 99.9 0.1

NiMgAIl US 99.9 0.1

NiMgAl Imp 99.6 0.4
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4. Conclusion

NiMgAIl and NiMgAlFe catalysts have been synthesized by three different preparation methods, namely
co-precipitation, ultrasound-assisted co-precipitation, and impregnation. They have been characterized
and tested for CO, methanation. In all the catalysts, 10% of nickel was added either by substituting
partially the magnesium or by impregnation. In order to explore the potential of having a high quantity of
iron on the reducibility of the catalyst as well as on the catalytic activity, 14wt% of iron was substituted
for aluminum in order to obtain a molar ratio Al/Fe=1 in the NiMgAIFe series. Thus, we can conclude
that the addition of iron, regardless of the preparation method, decreases CO, conversion and methane
selectivity. This would be due to the decrease in specific surface area and pore volume following the
presence of a large amount of iron in the samples (mass content = 14%), and it could be that a big amount
of iron takes the place of active nickel so hindering its activity. In addition, when Fe,0s, the formate
species is not stable and is decomposed to CO by a reverse gas-to-water shift reaction. However, the
NiMgAl Us catalyst was very effective in the CO, methanation reaction with only 10 wt% of nickel. It
achieved approximately 80% of CO, conversion at 400 °C with a selectivity close to 100% towards
methane production. Furthermore, it demonstrated flawlessly steady performance up to 40 h of operation.
Among all the preparation methods used in this study, the ultrasound-assisted co-precipitation is the best
method of preparation. First, it saves a lot of time during the synthesis process since ultrasound reduces
the required time of maturation from 18 h (traditional co-precipitation) to 30 minutes. Second, it permits
to increase the specific surface area and pore volume, to decrease the Ni particle size, as well as to
improve its reducibility. These results confirm that the use of acoustic cavitation is a useful innovative
method for obtaining solids with improved catalytic characteristics. We anticipate that this preparation
method using specific devices for ultrasonic generation with the possibility of modifying parameters such
as power, frequency, time and mode and not using ultrasonic baths whose purpose is to clean the
glassware can be used to synthesize different oxides for different applications saving time and energy. It

is important to mention that our catalyst shows competitive activity compared to a representative
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industrial catalyst and it is significantly cheaper than the latter. This suggests that our catalyst offers great
potential to be employed in the methanation process.
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