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b Laboratory of Physical Chemistry of Materials (LCPM/PR2N), Lebanese University, Fanar, P.O. Box 90656, Jdeidet El Metn, Lebanon
c Department of Chemistry Faculty of Arts and Sciences, University of Balamand, Kelhat, Deir El Balamand, Lebanon
d Division of Science, New York University Abu Dhabi, Saadiyat Island, P.O. Box 129188, Abu Dhabi, UAE
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A B S T R A C T

Ultrasound-assisted co-precipitation method was used to synthesize Ni-LDH based catalysts for CO2 methanation. 
The influence of ultrasonic irradiation power density (90, 180, 270, and 360 W⋅L− 1) on the physico-chemical 
properties of the catalysts as well as on their catalytic behavior was studied as compared to catalysts prepared 
by conventional co-precipitation. Based on the XRD results, ultrasound decreases the crystallite size of LDH 
structure whatever the power density used as compared to the conventional method, and by increasing the ul
trasound power density, the crystallite size increases. This effect on dried samples leads to an increase in the size 
of nickel particles on the catalysts. 90 W⋅L− 1 improves Ni particle distribution, catalyst basicity, and reducibility. 
Finally, Ni Us 90, the most performant catalyst in the studied series, shows a CO2 conversion of 80 % and a CH4 
selectivity of 99.9 % at 350 ℃ with no deactivation for 100 hours under reaction conditions.

1. Introduction

Nowadays, society is largely dependent on fossil fuels, of whom the 
use creates severe environmental issues. The combustion of fossil fuels 
leads to the production of greenhouse gases, which are the primary 
cause of climate change [1]. The gradual depletion of fossil fuels and the 
environmental risks associated with their use requires the development 
of efficient and sustainable energy solutions such as solar power, wind 
power, and biomass-derived fuels [1]. Hydrogen produced from 
renewable energy sources like wind or photovoltaics, which has 
received a lot of attention in the sustainable energy society, is limited by 
its intermittency [2]. The end-user demand for power differs from the 
amount of electricity produced by renewable energy, suggesting a po
tential imbalance in the electrical network. A potential long-term and 
high-capacity renewable energy storage alternative is power-to-gas 
(PtG). This idea may be a promising approach to using extra elec
tricity to electrolyze water to generate hydrogen gas [3]. However, 

hydrogen’s low volume density and transportation challenges limit its 
use [3]. The formation of hydrocarbons and alcohols from CO2 and 
hydrogen has therefore been widely studied to address the aforemen
tioned problems [4]. The created fuels are also used to generate 
hydrogen at consumption locations and act as hydrogen storage media 
[4]. Methane serves as both a chemical feedstock and a fuel for gas 
turbines, which are used to produce electricity. Methane processing, 
storage, and transportation infrastructure are well developed because it 
is a significant part of natural gas [4]. The methanation reaction of CO2, 
often known as the Sabatier reaction, works as follows: 

CO2 + 4 H2 → CH4 + 2 H2O ΔH298 = -165 kJ.mol− 1                       (1)

Although this process is thermodynamically favorable, it remains 
kinetically limited [5]. An effective catalyst is required to accelerate the 
methanation reaction, which should demonstrate high activity, selec
tivity, and stability over a suitable temperature range, all while taking 
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into account economic considerations [6].
Several metals in the periodic table’s group VIII, including Ni, Co, Fe, 

Ru, and Rh, are catalyzing the methanation process [7–9]. The 
Earth-abundant Ni-based catalysts have long been the top option for 
industrial applications and methanation process [10]. The Ni active 
metal is only one of several variables that affect the catalytic activity at 
temperatures below 400 ℃; other variables include supports, promoters, 
preparation conditions, reduction, and activation. In order to create 
highly dispersed Ni-based catalysts, oxide supports with a high specific 
surface area, such as Al2O3, SiO2-Al2O3, and zeolites, are frequently 
used. Hotspots may form in the catalytic bed as a result of the 
exothermic nature of the reaction, which may result in the thermal ag
gregation of metallic Ni active sites and the catalysts become less stable. 
In order to solve these issues, well-defined crystalline structures are 
required to stabilize Ni active sites [11]. In this context, layered double 
hydroxide materials (LDH) were used as precursors to prepare our cat
alysts, which have been recently highlighted as promising candidates for 
CO2 methanation catalysts [12–14]. The LDH has the general formula: 
[M2+

1-x M3+
x (OH)2](An-)x/n.mH2O, where M is a metal and A is an anion 

[15]. They consist of multiple positively-charged lamellar layers of 
combined divalent (Ni2+, Mg2+, etc.) and trivalent (Al3+, etc.) metal 
cations surrounded by hydroxide ions and intercalated with anions such 
as CO3

2- that serve as compensation charges and H2O [16]. Catalyst 
materials such as LDH with characteristics having variable composition, 
adjustable acid-base properties, high surface area and dispersion, low 
crystallite size, and high stability and adsorption capacity are highly 
desirable [17,18]. Generally, LDH is synthesized by the traditional 
co-precipitation approach, which requires a long maturation phase [19]. 
Several new synthesis techniques have been invented to improve LDH 
texture, structural characteristics, and synthesis duration. Among these 
techniques, ultrasound irradiations have been used during the 
co-precipitation method [20–23]. Recently, ultrasonic irradiations have 
been used during the co-precipitation method. It can be utilized during 
the maturation phase [24,25] or in the early stages of co-precipitation in 
place of magnetic stirring [26]. On one hand, the acoustic cavitation 
induced by ultrasound technology leads to better particle dispersion, 
characterized by smaller sizes, a narrower particle size distribution, and 
an increased specific surface area as well as an increase in the number 
and strength of active basic sites, ultimately enhancing catalytic activity, 
selectivity, and stability [27–29]. On the other hand, the morphology of 
the materials can be strongly influenced by the duration of ultrasound 
exposure, density power, mode, amplitude, and frequency as well as the 
ultrasound apparatus [23,30,31]. Moreover, regarding the effect of ul
trasound conditions, Kalawoun et al. [32] studied the effect of power 
density, and irradiation time during precipitation to evaluate the effect 
of acoustic cavitation on the incorporation of La atoms into LDH struc
ture. They found that at a power density of 360 W.L− 1, applied succes
sively to the precipitation step and the aging step, at room temperature 
and in 45 minutes, it was possible to obtain pure hydrotalcite phase and 
optimize the textural parameters of the materials (reduction of average 
crystallite, increase of specific surface areas, homogeneous dispersion 
and better insertion of La). Moreover, Yadav et al. [33] indicated that 
during the MnFe LDH synthesis using an ultrasonic homogenizer, the 
sonication time (20–80 min) and percentage of amplitude of power 
input (50–100 %) have significantly affected the structural, cationic 
distribution and physical property of the obtained material. They 
showed that the crystallite size of NiFe2O4 spinel ferrite increases from 
1.8 to 22.1 nm by increasing the sonication time from 20 to 80 min and it 
increases from 19.3 to 25.5 nm by increasing the amplitude of power 
input from 50 % to 100 %. In addition, Munonde et al. [34] studied the 
impact of sonication time (3–20 min) and amplitude (50–90 %) in NiFe 
LDH synthesis in alkaline media using tip sonication. They found that by 
increasing the time and the amplitude, the interlayer spacing of the LDH 
structure decreases.

In this work, we have synthesized a series of LDH-type materials 
based on Ni active phase, basic magnesium, and stable alumina by the 

ultrasound-assisted co-precipitation method with different irradiation 
power densities (90, 180, 270, and 360 W⋅L− 1). These catalysts were 
compared with the same catalyst prepared by the traditional (non-ul
trasound-assisted) coprecipitation method. Unlike other studies that 
focus on the effect of ultrasonic frequency, time, and amplitude, the goal 
of this study is to investigate the influence of the ultrasonic power 
density in the ultrasound-assisted synthesis of Ni-based LDH catalysts for 
CO2 methanation, a question that has not been addressed before on these 
types of materials and in the context of CO2 methanation. Furthermore, 
this paper thoroughly examines the specific conditions employed in the 
ultrasound method, including ultrasonic power density, frequency, time, 
and mode. These factors can greatly influence the synthesis outcomes, 
thereby impacting catalytic performances and allowing the comparison 
of the obtained results with future studies.

2. Experimental section

2.1. Catalyst preparation

Co-precipitation and ultrasound-assisted co-precipitation methods 
were used to synthesize nickel, magnesium, and aluminum based-LDH 
precursors. The co-precipitation method (Cp) is thoroughly described 
in previous studies [35–37]. The solution containing the desired metal 
salts (Ni(NO3)2.6 H2O (Alfa Aesar, purity 98 %), Mg(NO3)2.6 H2O 
(ACROS ORGANICS, purity 99 %), Al(NO3)3.9H2O (Alfa Aesar, purity 
98 %)) is added dropwise to deionized water with Na2CO3 (1 mol⋅L− 1, 
ACROS ORGANICS, purity 99,5 %), whose pH is adjusted to 9 by a basic 
solution of NaOH (2 mol⋅L− 1, ACROS ORGANICS, purity 98 %). After 
precipitation, the mixture was stirred for 18 h (maturation phase). The 
mixture was then filtered and the precipitate was washed with hot 
deionized water until a neutral pH was reached. This washing removes 
soluble ions (nitrate, Na+, etc.). After 48 h in the oven at 60 ℃, the 
resulting dried solid was ground manually to powder in an agate mortar. 
The synthesis conditions were chosen according to the literature 
[38–41]. The sample prepared with this method was labeled as Ni Cp. 
The ultrasound-assisted co-precipitation method (Us) has the same steps 
as the co-precipitation at constant pH. The only difference is in the 
maturation step where the suspension was subjected for 30 min to ul
trasonic irradiation (30 s on and 30 s off) instead of being stirred for 
18 h. Four different power densities (90, 180, 270, and 360 W⋅L− 1) were 
used in the irradiation while preparing four different samples. These 
samples were designated by Ni Us Z where the terminology Z is replaced 
hereafter by the power density used. The apparatus used in this matu
ration step is neither an ultrasonic bath nor an immersion probe. It is 
equipped with an ultrasonic pipe of 700 mL fitted with eight ultrasonic 
transducers at 22 kHz, each with a maximum power of 50 W. The device 
is driven by a Nextgen frequency generator (SinapTec ultrasonic tech
nology) (see supplementary material). It should be noted that in our 
preparations, we took a molar ratio M(II)/M(III) = 3. In all samples, Ni 
content was 10 wt%. The resulting LDH were calcined under air 
(33 mL⋅min− 1) at 800 ℃ for 4 h with a temperature rise of 2 ℃⋅min− 1, 
and were reduced at 800 ℃ under pure hydrogen (20 mL⋅min− 1) for 2 h 
with a temperature rise of 5 ℃⋅min− 1. In the following of this article, the 
ending “LDH” is given for the dried samples, while the ending “calc” 
means that samples are calcined and the ending “red” designates 
reduced samples.

2.2. Characterization

The XRD investigations were carried out at room temperature using a 
BRÜKER D8 diffractometer. This diffractometer was operated with a 
LynxEye detector, a rotating sample holder (to prevent preferential 
orientations), and a copper anticathode generating K alpha radiation 
and operated at 40 kV and 40 mA. The standard acquisition parameters 
are an angle range in 2θ of 5–80 ◦, a measurement step size of 0.02 ◦, and 
an integration duration of 2 s. The diffractograms are compared to those 
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of reference compounds in the database of the "Joint Committee on 
Powder Diffraction Standards (JCPDS) database created by the Inter
national Center for Diffraction Data (ICDD)" to determine the crystalline 
phases. The EVA software is used for this comparison.

On a NETZSCH STA 409, differential thermal and thermogravimetric 
analysis (DTA/TG) was performed, with 10 mg for each sample, starting 
at room temperature and continuing up to 1000 ◦C (temperature rise of 
5 ◦C⋅min− 1) with an airflow of 100 mL.min− 1. The obtained results are 
processed using the program "Universal analysis."

Using an Agilent 5100 SVDV spectrometer and inductively-coupled 
plasma optical emission spectroscopy (ICP-OES), the real Ni, Mg, and 
Al, weight contents of the produced materials were determined. The 
typical mineralization of the samples was as follows. 50 mg of powder 
was dissolved in 50 mL of ultrapure water after being digested for 
4–6 hours at 80–90 ◦C with 1 mL of HNO3 (65 % Normatom). Finally, 
1 mL of the latter solution was diluted to a final volume of 10 mL by 
adding HNO3 (2 %). Three duplicates of each analysis were carried out. 
To track instrument and digestive process contamination, blanks were 
also examined. Standards for calibration and quality control (drift, 
repeatability, and accuracy) were created from multi- and single- 
element standards (SCP Science). The average of the data collected 
with three or four different wavelengths was used to determine each 
element’s concentration.

Temperature programmed reduction (H2-TPR) experiments were 
carried out in a Micromeritics Autochem II chemisorption analyzer. 
About 50 mg of calcined sample were deposited in a quartz tube and 
pretreated under an argon flow of high purity. This argon flow of 50 mL. 
min− 1, circulates under a temperature ranging from ambient to 150 ◦C 
with a rise of 5 ◦C⋅min− 1. This step allows the catalyst activation by 
eliminating water and adsorbed surface impurities. After that, it is 
heated to 900 ◦C with a rise of 5 ◦C⋅min− 1 under a H2 flow (5 % H2 in Ar, 
50 mL⋅min− 1) followed by naturally cooling down under an Ar flow.

H2-chemisorption of catalysts, reduced at 800 ℃, was carried out on 
the AutoChem III 2930 (Micromeritics Instrument Corporation) to 
determine nickel metal dispersion. Prior to pulse H2 chemisorption, the 
800 ℃ reduced catalyst was pretreated in 5 % H2/Ar at a temperature 
rise rate of 10 ℃⋅min− 1 up to 500 ºC, and held at 500 ℃ for 1 h. The 
sample was then purged and cooled to 35 ℃ in Ar flow. Pulse H2 
chemisorption was performed at 35 ℃ using 5 % H2/Ar and repeated 10 
times to obtain the saturated peak.

On a Micromeritics 3Flex version 5.03 instrument, textural analysis 
was carried out. The pre-treatment is performed at 350 ◦C for 4 hours 
under vacuum (continuous draft). The Brunauer-Emmett-Teller (BET) 
method is used to determine the specific surface area. Pore size distri
bution and volume were determined using the Barrett-Joyner-Halenda 
(BJH) method.

The XPS analyses were carried out with a SSX 100/206 photoelec
tron spectrometer from Surface Science Instruments (USA) equipped 
with a monochromatized micro focused Al X-ray source (powered at 
20 mA and 10 kV). The samples powder pressed in small stainless-steel 
troughs of 4 mm diameter were placed on an aluminum conductive 
carousel. The pressure in the analysis chamber was around 10− 6 Pa. The 
angle between the surface normal and the axis of the analyzer lens was 
55◦. The analyzed area was approximately 1.4 mm2 and the pass energy 
was set at 150 eV. In these conditions, the full width measured at half 
maximum (FWHM) of the Au 4 f7/2 peak for a clean gold standard 
sample was about 1.6 eV. A flood gun set at 8 eV and a Ni grid placed 
3 mm above the sample surface were used for charge stabilization. The 
following sequence of spectra was recorded: survey spectrum, C 1 s, O 
1 s, Ni 2p, Fe 2p, Mg 2 s, Mg 2p and C 1 s again to check the stability of 
charge compensation with time. The C-(C,H) component of the C1s peak 
of carbon has been fixed to 284.8 eV to set the binding energy scale. Data 
treatment was performed with the CasaXPS program (Casa Software Ltd, 
UK). Some spectra were decomposed with the least squares fitting 
routine provided by the software with a Gaussian/Lorentzian (85/15) 
product function and after subtraction of a non-linear baseline. Molar 

fractions were calculated using peak areas normalized based on acqui
sition parameters and sensitivity factors provided by the manufacturer.

Transmission electron microscopy (TEM) analyses were performed 
using a JEOL 2100Plus UHR microscope operating at 200 kV. The 
sample powder was ultrasonicated in ethanol and one drop of the 
resulting suspension was deposited on a copper grid coated with carbon 
film. For each sample, the mean surface diameters (d=(nidi

3)/(nidi
2) with 

ni: number of particles of diameter (di)) were determined by measuring 
at least 800 particles from TEM images. Scanning transmission electron 
microscopy (STEM) images were acquired using a high-angle annular 
dark-field (HAADF) detector. The image contrast in this mode is strongly 
correlated to the atomic number: heavier elements contribute to 
brighter contrast. Analytical investigation was performed with an 
energy-dispersive X-ray spectrometer (EDX) attached to the microscope 
column.

CO2-TPD studies were carried out utilizing a CATLAB apparatus from 
Hiden Analytical outfitted with a QGA mass spectrometer for gas anal
ysis to assess the basicity of the produced catalysts. 60 mg of the sample 
was positioned in a quartz microreactor and preheated under 
50 mL⋅min− 1 He flow (500 ℃ for 1 hour). The samples were cooled and 
subjected to 50 mL⋅min− 1 15 % CO2 in He flow (50 ℃ for 1.5 hours). The 
catalysts were then purged for three hours with 50 mL⋅min− 1 and then 
heated to 800 ◦C (5 ◦C⋅min− 1) to desorb the carbon dioxide. The 
amounts of desorbed CO2 were obtained by integration of the desorption 
profiles and referenced to the signals calibrated for known volumes of 
the analyzed gases.

2.3. Catalytic test

For each catalytic test, the catalyst powders are sieved to obtain 
particle sizes between 355 and 500 μm. In addition, these tests are 
carried out using 150 mg of catalyst diluted with SiC to have an identical 
gas hourly space velocity (GHSV) of 6000 h− 1, regardless of the catalytic 
material used [42]. Prior to the evaluation of catalytic performance, the 
samples were reduced at 800 ◦C (5 ◦C.min− 1) for 2 h under a pure 
hydrogen flow of 20 mL⋅min− 1. The catalytic test was conducted with a 
fixed-bed reactor under atmospheric pressure and fed with a gas mixture 
of CO2/H2/N2 with respective volume ratios 10/40/50 and a total flow 
rate of 100 mL⋅min− 1. The catalytic tests are performed at temperatures 
of 100, 150, 200, 220, 240, 260, 280, 300, 320, 340, 360, 380, and 400 
◦C with a rise of 5 ◦C⋅min− 1. At each temperature, the sample was kept 
for 30 min. Each test was performed three times, and the results for each 
catalyst did not vary by more than 1 %. The stability test was performed 
at 350 ℃ for 100 h under the same conditions. The composition of outlet 
gas (CO2, CO, H2 and CH4) was analyzed by a Compaq gas chromatog
raphy system from Global Analyser. There are two analytical channels. 
The CO2 gas is separated using the RTQ bond column, while the H2, CO, 
and CH4 gases are separated using the Molsieve 4 A column. These 
compounds are detected using thermal conductivity detectors (TCD1 
and TCD2). The CO2 conversion and the CH4 and CO selectivity are 
defined as: 

Conversion of CO2 : XCO2(%) =
nCO2in − nCO2out

nCO2in
× 100 (2) 

Selectivity of methane : SCH4(%) =
nCH4formed

nCO2in − nCO2out
× 100 (3) 

Selectivity of CO : SCO(%) =
nCO formed

nCO2in − nCO2out
× 100 (4) 

nCO2in and nCO2out are respectively the number of moles of CO2 at the 
inlet and the outlet of the reactor, nCH4 formed and nCO formed are 
respectively the number of moles of CH4 and CO obtained.

The turnover frequency (TOF) values towards CO2 were calculated 
according to Eq. 5 [43]. 
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TOF
(
sec− 1) =

[CO2]in × XCO2 × M
m × L × A%

(5) 

where CO2 (in) represents the molar flow rates of CO2 at the inlet 
(mol⋅s− 1); XCO2 represents the conversion of CO2; m represents the 
weight of catalyst (g); L represents the loading of Ni in the catalyst 
determined by ICP (taking into account the degree of nickel reduction 
determined by H2-TPR); M represents the molar weight of Ni (g⋅mol− 1); 
A% represents the accessibility of Ni, which is determined by H2- 
chemisorption.

3. Results and discussion

3.1. Characterization of the dried LDH samples

LDH samples were characterized after synthesis by X-ray diffraction 
and thermal analysis. X-ray diffractograms are presented in the sup
plementary material and confirm that the LDH structure was obtained 
when ultrasound was used in the maturation phase while reducing 
synthesis time. The cell parameters "a" and "c" determined from the X-ray 
diffractograms corresponding respectively to the average cation-cation 
distance in the layers and the thickness of the hydroxide layers [44]
were calculated for all samples and presented in the supplementary 
material. "a" does not change when changing the power density, while 
"c" decreases when using ultrasound and increasing the density power. 
Furthermore, LDH crystallite size was calculated using the 
Debye-Scherrer equation, taking the first most intense peak for calcu
lation. These results are presented in Table S1 in the supplementary 
material. The crystallite size of the LDH prepared by ultrasound-assisted 
coprecipitation is smaller, regardless of the power density used, than 
that of the sample prepared by the conventional method. The use of 
ultrasound appears to increase the nucleation rate relative to the crystal 
growth rate [26,32]. Moreover, the LDH crystallite size increases from 
54 to 59 Å while increasing the power density from 90 to 360 W⋅L− 1. 
These results may be due to local overheating of the suspension when 
the power density increases during ultrasonic treatment [45].

Finally, it is interesting to mention that at 800 ℃, the LDH structure 
is destroyed in all our samples as shown by thermal analysis (see sup
plementary material). Moreover, from these temperatures, the recorded 
mass loss is negligible. Hence the choice of this temperature for the 
treatment of the synthesized dried solids.

3.2. Characterization of the calcined and reduced samples

Fig. 1 shows the X-ray diffractograms of Ni Cp and Ni Us Z calcined 
under air (33 mL⋅min− 1) at 800 ℃ for 4 h (a), and reduced at 800 ℃ 
under pure hydrogen (20 mL⋅min− 1) for 2 h (b).

The diffraction peaks at 37 ◦, 43 ◦, and 62 ◦ in Fig. 1(a) are ascribed to 
simple oxides MgO (JCPDS N◦43–1022), solid solutions MgNiO2 (JCPDS 
N◦24–0712), and spinels NiAl2O4 (JCPDS N◦65–3102) and MgAl2O4 
(JCPDS N◦75–0713). In general, calcination at high temperatures (800 
◦C) promotes the formation of spinel-like solid solutions of Ni2+–Al3+

and Mg2+–Al3+ [46,47]. These phases are particularly evident on the 
calcined sample, which was analyzed prior to reduction. Some oxide 
phases are also detected on the reduced material (Fig. 1(b)), demon
strating that not all oxides were reduced following H2-pretreatment. The 
metallic Ni (JCPDS N◦ 04–0850) lines appear at 2θ = 44 ◦, 52 ◦, and 76 ◦. 
Moreover, using ultrasound irradiations in the maturation phase and 
increasing its output density power does not affect the crystalline 
phases.

The specific surface area, the pore diameters and volumes, and the 
experimental metal loading determined by ICP-OES analysis of the 
different calcined solids are grouped in Table 1.

The values of the experimental metal loading from ICP analysis 
(Table 1) are very close to the desired content in the catalysts. All 
samples revealed a nickel content around 8.5–9.5 wt%. The calculated 
M2+/M3+ atomic ratios were reasonably close to the nominal ones 
presented in parentheses in the table, indicating that LDH composition 
can be easily controlled as previously reported [48].

N2 adsorption and desorption isotherms recorded at – 196 ◦C for the 
calcined Ni Cp and Ni Us Z materials are presented in the supplementary 
material. For all solids, they are of type IVa, according to the IUPAC 
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Fig. 1. : X-ray diffraction patterns of the calcined samples Ni Cp and Ni Us z (a), and reduced samples Ni Cp and Ni Us z (b).
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classification [49]. This type corresponds to mesoporous materials. The 
hysteresis loops of the various solids are of type H3, characteristic of 
uniform pore size [50,51]. The pore size distribution (see supplementary 
material) shows the uniformity of the pore size diameter.

Comparing the specific surface area, pore diameter, and pore volume 
of Ni Cp calc and Ni Us Z calc (Table 1), an increase is noted when ul
trasound is used in the maturation phase, regardless of the power density 
used, except for the specific surface area of Ni Us 360 calc, which is 
similar to that of Ni Cp calc. In the Ni Us Z calc series, a decrease in 
specific surface area, pore volume, and pore diameter is observed for a 
power density of 360 W⋅L− 1. It seems that beyond 270 W⋅L− 1, the use of 
ultrasound destroys the porous structure, leading to a decrease in spe
cific surface area, pore volume, and pore diameter. The same effect was 
obtained by Shamskar et al. [52], who synthesized NiO-Al2O3 using the 
ultrasound-assisted co-precipitation method. It seems that the bubbles 
generated during ultrasonic irradiation collapse locally and forcefully 
after several acoustic cycles in the irradiation solution, producing high 
temperatures and pressures thus increasing the probability of destroying 
the porous structure.

Furthermore, the specific surface area of micropores determined by 
the t-plot method is higher for the sample prepared without ultrasound 
than for all samples prepared with ultrasound, regardless of the power 
density (Table 1). These results show that ultrasound can introduce 
more mesoporosity than microporosity into the material, which explains 
the increase of pore volume and pore diameter with increasing power 
density from 90 to 270 W⋅L− 1 while the specific surface area remains the 
same. These findings correlate with those of Zhuang et al. [53] who 
synthesized a series of zeolites with and without ultrasound while 
changing the sonication time, and showed that when using ultrasound, 

the mesopore volume increases and the micropore one decreases.
The H2-TPR profiles of Ni Cp calc and Ni Us Z calc samples are shown 

in Fig. 2.
First of all, for all the samples, nickel oxide species are reduced at 

high temperatures (between 788 and 820 ◦C) as a result of spinel for
mation [54], as suggested by the XRD study. Due to the production of 
spinel, a characteristic event undergone by catalysts formed from 
LDH-like precursors, the reduction temperatures of NiMgAl mixed ox
ides are high. This suggests that nickel ions in the solid matrix have 
strong interactions, making it challenging to reduce nickel oxide species 
at lower temperatures. This difficulty in nickel species reduction renders 
it more resistant to sintering, resulting in the ability to maintain a high 
dispersion and finite size of Ni0 [55]. The reduction temperature for the 
Ni Us 90 calc and Ni Us 180 calc samples is lower than for the Ni Cp calc 
sample. Moreover, it is higher for Ni Us 270 calc and Ni Us 360 calc than 
for the Ni Cp calc sample. It should be noted that under our TPR con
ditions, aluminum and magnesium oxides are not reduced [56]. The 
theoretical value for H2 consumption is close to the experimental values 
(Table 2). These values are typically lower than their theoretical coun
terparts. These results indicate that not all species have been converted 
into metallic ones which may be due to the presence of spinel oxides, as 
revealed by XRD, which are difficult to reduce. The highest experimental 
value of the amount of hydrogen consumed is obtained for the Ni Us 90 
calc sample. This indicates that nearly all of the nickel in this sample has 
been reduced. This might occur since a large dispersion of the active 
phase makes it more accessible to the reducing agent. These results are 
very important, especially for the industry, because a minimal power 
density of 90 W⋅L− 1 is sufficient to obtain a good distribution and 
reducibility of nickel compared to other power densities while saving 
energy consumption by a factor of 3 compared to the highest power 
density used.

High resolution TEM (HRTEM) was used to examine the Ni particle 
crystal structure. Fig. 3 shows an image of individual particle of Ni Us 90 

Table 1 
Specific surface area, pore diameter, pore volume, and experimental metal loading of the calcined samples.

Sample SBET
[a] (m2⋅g¡1) Sμ[b] 

(m2⋅g¡1)
Smeso

[c] (m2⋅g¡1) Vp
[d] (cm3⋅g¡1) dp

[d] (nm) Ni[e] (wt%) Mg[e] (wt%) Al[e] (wt%) M2þ/M3þ

Ni Cp calc 202 36.49 165.51 0.44 9.82 9.01 28.75 12.91 2.92 (3.0)[f]

Ni Us 90 calc 232 23.47 208.53 0.74 11.15 9.28 29.58 13.56 2.87 (3.0)
Ni Us 180 calc 233 21.58 211.42 1.09 14.47 8.75 28.59 12.81 2.91 (3.0)
Ni Us 270 calc 233 18.72 214.28 1.2 15.09 9.28 30.3 13.62 2.91 (3.0)
Ni Us 360 calc 200 19.68 180.32 0.64 10.33 9.53 28.62 13.68 2.79 (3.0)

[a] determined by BET method. [b] determined by the t-plot method. [c] calculated by Smeso=SBET-Sμ. [d] determined by BJH method. [e] determined from ICP-OES 
analysis. [f] calculated from nominal values.
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Fig. 2. : H2-temperature programmed reduction (TPR) profiles for Ni Cp and Ni 
Us Z calc.

Table 2 
Experimental and theoretical hydrogen consumption and degree of reduction of 
nickel in Ni Cp and Ni Us Z materials.

Sample Experimental 
hydrogen 
consumption 
(103 µmol.g¡1)

Theoretical hydrogen 
consumption (103 

µmol.g¡1)[a]

Degree of 
reduction[b] 

(%)

Ni Cp 
calc

1.33 1.62 82

Ni Us 90 
calc

1.68 1.68 100

Ni Us 
180 
calc

1.43 1.58 91

Ni Us 
270 
calc

1.56 1.68 93

Ni Us 
360 
calc

1.51 1.73 87

[a] calculated using the experimental nickel loading determined by ICP.
[b] percentage of reducible species that have actually been reduced.
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red sample as an example. Fast Fourier Transform (FFT) on the red- 
framed region reveals the distinctive cubic phase structure for metallic 
nickel.

Fig. 4 displays representative TEM-measured particle size distribu
tions for the reduced samples. In the case of the Ni Us 90 red catalyst 
(Fig. 4(b)), a homogeneous distribution of nickel particles is observed 
with an average of around 8.2 nm, while it is around 13.5 nm for the Ni 
Us 180 red (Fig. 4(c)), 14.1 nm for the Ni Us 270 red (Fig. 4(d)) and 
around 15.8 nm for Ni Us 360 red (Fig. 4(e)). For the sample prepared 
without ultrasound, the average diameter of the nickel particle is 
13.1 nm (Fig. 4(a)). This study demonstrates that all applied power 
densities permit a particle size reduction compared to a conventional co- 
precipitation sample. Among all power densities, the sample prepared 
with 90 W⋅L− 1, has the smallest particles. This may be due to the fact 
that beyond an optimal power, the use of ultrasound increases the 
probability of agglomerate formation, leading to an increase of the size 
of the particles [52,57].

Nickel dispersion estimated by TEM and determined by H2-chemi
sorption shows the same trend (Table 3). But the former shows higher 
values than the latter. These results are in line with those obtained by 
Daoura et al. [59]. This underestimation of nickel dispersion determined 
by H2-chemisorption can be attributed to hydrogen accessibility to 
nickel sites present only at the surface. Note that in the TEM, the nickel 
dispersion was estimated taking into account particles present in the 
sample (on the surface and in the bulk). Furthermore, Ni dispersion 
determined by H2-chemisorption was increased from 6.7 % to 8.1 % 
when 90 W⋅L− 1 was used during the ultrasound irradiation (Table 3). 
These results confirm that the sample with the smallest nickel particle 
size exhibits the greatest dispersion, as already shown by Razzaq et al. 
[60]. The application of ultrasound in the maturation phase of LDH 
causes acoustic cavitation within the medium. This generates numerous 
micro-bubbles that violently collapse, resulting in the release of signif
icant amounts of energy [61]. In this distinctive environment, ultrasonic 
energy’s results in the intense shear, mixing, and distribution of the 
metals present in the solution. It also triggers particle fragmentation 
through inter-particle collisions that effectively break apart aggregates 
and reveal fresh and exposed surfaces [62,63]. On the other hand, as 
ultrasonic density power increases, nickel dispersion decreases. This 
result confirms that this may be since 90 W⋅L− 1 is an optimal density 

power to give the necessary energy to enable better dispersion, whereas 
a higher power density allows to increase the energy and temperature of 
the solution, thus increasing the probability of forming aggregates as 
revealed by XRD.

Fig. 5 illustrates the TPD-CO2 profiles of the reduced Ni Cp and Ni Us 
Z samples.

A single peak was observed in the 100–300 ◦C temperature range and 
attributed to weak basic sites [64]. At low temperatures, CO2 desorption 
is linked to CO2 released by bidentate carbonates formed on weak basic 
sites [65]. These weak sites are characteristic of CO2 molecules inter
acting with surface hydroxyl groups and Mg2+-O2- and Al3+-O2- pairs 
[47,66]. The samples contain a total amount of basic sites ranging from 
77 to 94 μmol⋅g− 1 (Table 3). These samples do not contain strong basic 
sites attributable to CO2 strongly adsorbed on the surface [67,68]. It is 
worth mentioning that Ni Us 90 red shows the highest amount of basic 
sites. This could be explained by the fact that using a power density of 
90 W⋅L− 1 leads to a greater number of irregularities on the surface, 
resulting in a greater number of exposed HO- sites [27]. These results 
show that ultrasonic irradiation power densities above 90 W⋅L− 1 do not 
increase the basicity of materials.

The X-ray photoelectron spectroscopy (XPS) spectra for the reduced 
Ni Cp and Ni Us z samples is shown in Fig. 6.

They confirmed the presence of both Ni2+ and Ni0 on the sample 
surface. The high-resolution Ni 2p3/2 spectra (Fig. 6) shows three major 
peaks. The lower energy components at 852.3 eV is attributed to 
metallic Ni species, while the component at 855.6 eV is assigned to Ni2+

and the one at 861.4 eV is a satellite peak from Ni2+ [69–71]. The XPS 
measurement findings are summarized in Table 4.

The Ni 2p3/2 for all catalysts is accompanied by a satellite peak at 
861–863 eV, which is consistent with the presence of Ni2+ [72]. The 
ΔEsat values in Table 4 show that these peaks are typically 4.8–6 eV 
higher than the primary Ni 2p3/2 peak [73]. Since XPS analysis is sur
face sensitive, the variations in binding energies suggested that the 
electronic state of the Ni species on the surface has been changed [62], in 
this case as a result of the use of ultrasound during the catalysts’ pro
duction and with changing its power density. The extent of the 
metal-support interaction between the Ni phase and the support was 
also changed as revealed by a change in binding energy [74]. The 
samples prepared with a density power of 90 and 180 W⋅L− 1 have a 
binding energy of Ni2+ a little bit lower than those obtained for the 
samples prepared without ultrasound and with ultrasound under 270 
and 360 W⋅L− 1. In this instance, other researchers have noted a shift to 
lower binding energies brought on by ultrasound compared with sam
ples prepared without ultrasound [75]. This change in electron density 
may have an impact on the bonding of chemical intermediates to the 
active sites, as shown by the difference in reduction temperatures of 
nickel species determined by TPR. In particular, the shift in the reduc
tion peak to lower temperature while using the power densities 90 and 
180 W⋅L− 1, further supports this idea of small deterioration in Ni-matrix 
interactions.

The CO2 conversion over Ni Cp and Ni Us Z as a function of tem
perature is presented in Fig. 7.

Thermodynamics states that practically total CO2 conversion is 
achievable at temperatures below 200 ℃, and that it declines with rising 
the temperature, as indicated by the dashed line, due to the coexistence 
of parallel processes, which produce undesirable side products, 
including carbon monoxide. At temperatures below 200 ◦C, the CO2 
conversion of all catalysts is negligible (Fig. 7(a)). The conversion of CO2 
increases with temperature. Although the CO2 molecule is relatively 
stable and the methanation reaction is exothermic, the activation of this 
molecule requires a significant energy input due to its chemical inertia. 
This energy is delivered thermally. For all the catalysts an almost 
complete selectivity (99.9 %) at 350 ℃ towards methane was recorded 
which validates that changing the ultrasound power density does not 
affect the selectivity. First of all, comparing the CO2 conversion at 350 
◦C of all catalysts (Fig. 7(a)) reveals that the sample prepared with 

Fig. 3. : HRTEM image of a nickel particle of the Ni Us 90 red sample. The inset 
shows the FFT of the red squared area.
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90 W⋅L− 1 of power density has the highest CO2 conversion, followed by 
the sample prepared without ultrasound irradiation and the samples 
prepared with 180 W⋅L− 1, 360 W⋅L− 1, and 270 W⋅L− 1. These results 
demonstrate that 90 W⋅L− 1 of power density is adequate to achieve a 
high CO2 conversion at 350 ℃. The XPS investigations show a shift to 
lower binding energies brought on by using 90 W⋅L− 1 as power density 
compared with other samples prepared with different power densities 
and with samples prepared without ultrasound. This change in electron 
density may have an impact on the bonding of chemical intermediates to 
the active sites, as shown by the difference in reduction temperatures of 
nickel species determined by TPR. The sample Ni Us 90 shows that its 
nickel particles reduce at the lowest temperature among all other sam
ples prepared by Cp Us and Cp. Furthermore, all nickel presented in Ni 
Us 90 is reduced (100 % reduction percentage according to Table 2). 
This can be related to the smaller nickel particle size (8.2 nm) obtained 
by TEM as well as the larger nickel particle distribution determined by 
H2-chemisorption. Thus, a small particle size results in a better disper
sion than larger particles, thus increasing catalytic activity. This is 

because larger Ni particles have less concentration of active sites due to 
low dispersion, resulting in poor catalytic activity [60,76]. In addition, 
Ni Us 90 has the highest amount of basic sites (94 μmol⋅g− 1) which is 
very important for capturing more the CO2. It is for these reasons that Ni 
Us 90 shows the highest CO2 conversion at low temperatures. Fig. 7(b) 
shows the stability test of Ni Us 90. The latter remains stable for 100 h 
under the stream with no deactivation, and the selectivity for methane 
remains higher than 99.5 %.

According to the literature [77–80], two commonly accepted path
ways have been suggested for CO2 methanation, the formate pathway 
also known as associative CO2 methanation, and the CO pathway also 
known as dissociative CO2 methanation. On our types of material and 
according to in situ DRIFTS measurements in the literature [6,81], the 
main CO2 adsorption intermediates were carbonate-type species 
(1600–1000 cm− 1), which reacted with hydrogen and gradually dis
appeared into formate-type species, then methane. Therefore, CO2 
methanation follows the formate pathway.

The turnover frequency (TOF) values towards CO2 (Fig. 8) were 
defined as the number of CO2 molecules converted per surface metallic 
Ni active site per second [82]. The comparison of TOF values of the 
catalysts towards CO2 conversion with a CO2 conversion value of less 
than 15 % allows the potential effect of mass and heat transfer to be 
neglected [83,84]. Ni Us 90 exhibits the highest TOF value (0.066 s− 1) 
at 260 ℃ (Fig. 8), implying its higher intrinsic activity in CO2 metha
nation. This is because an increase in dispersion and a decrease in par
ticle size are promising in catalysis, as more active sites are then 
accessible to the reactants [62]. Furthermore, by increasing the density 
power, the nickel particle size decreases, which reduces nickel disper
sion and therefore TOF. 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 
(see supplementary material) showed only one exothermic peak attrib
uted to the oxidation of metallic nickel. Furthermore, the results of the 
XRD analysis (see supplementary material) 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 the samples Ni Cp and Ni Us Z, 
there is no presence of carbon or particle sintering.

The catalyst reported in the present study is more effective than most 
of the already reported catalysts based on LDH, with a CO2 conversion of 
approximately 80 % and a CH4 selectivity of 99.9 %. In our previous 
study [85], we synthesized 10 % of Ni impregnated on NiMg mixed 
oxides issued from LDH precursors. This catalyst showed 35 % of CO2 
conversion and 99.9 % of methane selectivity at 350 ℃. With the same 
amount of nickel, the catalyst 10 %Ni-LDH prepared by Wierzbicki et al. 
[86] was evaluated with a GHSV (12000 h− 1), different than that 
employed in our study (6000 h− 1), and had a CO2 conversion of 
approximately 62 %. On the other hand, with a higher amount of nickel, 
the 59 %Ni-LDH catalyst prepared by Bette et al. [87] converted 74 % of 
the CO2 at 350 ℃, and the 33 %Ni-LDH catalyst prepared by Dias et al. 
[88] and the 20 %Ni-LDH catalyst prepared by Wierzbicki et al. [89]
converted 70 % of the CO2 at 350 ℃ with different GHSV. This succinct 
summary was used to compare the Ni Us 90 performance to studies that 
were published in the literature. Considering essential factors like metal 
loading and contact time, our Ni Us 90 catalyst prepared by 
ultrasound-assisted co-precipitation method appears to be particularly 
active in the CO2 methanation reaction.

4. Conclusion

Nickel-based LDH were successfully synthesized using the 
ultrasound-assisted co-precipitation method.

Unlike other studies that focus on the effect of ultrasonic frequency, 
and time, this paper investigates the influence of ultrasonic power 
density during the maturation phase. The resulting properties are 
compared to those obtained through the conventional co-precipitation 
method. Treating the solids with different ultrasonic power densities 

Table 3 
Ni particle size and dispersion and total amount of basic sites in reduced Ni Cp 
red and Ni Us Z red samples.

Sample Ni particle 
size[a] 

(nm)

Ni 
dispersion[b] 

(%)

Ni 
accessibility[c] 

(%)

Total amount 
of basic sites[d] 

(μmol⋅g¡1)

Ni Cp 
red

13.1 10.1 6.7 85

Ni Us 90 
red

8.2 16.1 8.1 94

Ni Us 
180 
red

13.5 9.8 6.2 82

Ni Us 
270 
red

14.1 9.4 5.4 77

Ni Us 
360 
red

15.8 8.3 4.8 79

[a] Ni particle size determined by TEM analysis.
[b] Ni particle dispersion calculation based on Ni particle size. The calculation 
details can be found in the reference [58].
[c] Ni particle accessibility determined by H2-chemisorption.
[d] Amount of CO2 desorbed during TPD-CO2.
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affects the crystallite size of the dried LDH materials, and increasing the 
power density, the crystallite size increases, meaning that the proba
bility of agglomerate formation increases. In addition, ultrasound affects 
the porosity of the materials, as their application in the maturation 
phase increases mesoporosity more than microporosity. Furthermore, 
modifying density powers affects nickel particle size and dispersion. 
Precisely by increasing density power, nickel particle size increases, thus 
reducing dispersion.

The catalyst synthesized by the ultrasound-assisted co-precipitation 
method with 90 W⋅L− 1 shows a CO2 conversion of 80 % at 350 ℃. This is 

due to the smaller size of the highly distributed nickel particles with 
improved reducibility and the presence of higher amount and more basic 
sites. These results are very important, particularly for industry, as the 
ultrasound-assisted co-precipitation method reduces time from 18 hours 
to 30 min compared to conventional co-precipitation. In addition, Ni Us 
90 prepared by the Us method with a power density of 90 W⋅L− 1 

remained stable for 100 hours under reaction conditions. This catalyst 
therefore offers great potential to be employed in the methanation 
process, while saving time and energy. It is important to mention that 
90 W⋅L− 1 is the lower limit density power that our available Us equip
ment made it possible to explore.
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