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KEYWORDS Abstract The dispersion of nickel catalysts is crucial for the catalytic ability of CO, methanation,
CO, Methanation: which can be influenced by the fabrication method and the operation process of the catalysts.
Hydrothermal; Therefore, a series of fabrication methods, including ultrasonic, hydrothermal, microwave, and
CH, Selectivity; co-precipitation, have been applied to prepare 25Ni-5Er-Al,O; catalysts. The fabrication method
Ultrasonic Method; can partially influence the structural and catalytic activity of the nickel aluminate catalysts. Among
Erbium-Promoted Ni Cata- the catalysts modified by Erbium prepared with various methods, the catalyst fabricated by ultra-
lysts Nanostructures sonic pathway exhibited better catalytic performance and CH, selectivity especially, at a tempera-

ture (400 C). The impact of the temperature of the reaction (200-500 °C) was examined under a

stoichiometric precursor ratio of (H,:CO,) = 4: 1, atmospheric pressure, and space velocity

(GHSV) of 25000 mL/gcath. The results demonstrate that the ultrasonic method is strongly efficient
for fabricating Ni-based catalysts with a high BET surface area of about 190.33 m?g ™. The catalyst
composed via the ultrasonic technique has 69.38 % carbon dioxide conversion and 100 % methane
selectivity at 400 °C for excellent catalytic performance in CO, methanation reactions. The
fabrication effect can be associated with its high surface area, which is achieved via the hot spot
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mechanism. Besides, the addition of Erbium promotes the Ni dispersion on the supports and stim-
ulates the positive reaction because of the erbium oxygen vacancies.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Anthropogenic actions constantly boost atmospheric CO, levels, being
accountable for climate change effects and global warming (Cox et al.,
2000; Gruber et al., 2019; Kind, 2009; Zhu et al., 2021). Existent tech-
nologies can efficiently captivate carbon dioxide from the source of the
manufacturing site, although the consequent disposal remains a chal-
lenge. Amidst every possible solution, catalytic reduction of CO, into
value-added goods, identified as “CO, utilization”, is a hopeful
approach because it not only can decrease the pure carbon effusion
but also generate commodity chemicals and fuels, which are of great
manufacturing quality (Gao et al., 2019; Peng et al., 2018; Tackett
et al., 2019). In addition, such technology could likewise be beneficial
for recycling oxygen atoms in closed ecological systems, including
crewed spacecraft and submarines (Wendel et al., 2005).

A comprehensive variety of goods can be achieved through the cat-
alytic reduction of CO,, such as alcohols, carbon monoxide, alkanes,
esters, alkenes, aromatic compounds, etc. (Asefa et al., 2019; Saeidi
et al., 2014). Amidst them, methane (CHy) is attractive as an ideal
energy carrier that can be distributed through the regular gas pipeline
system. In addition, the molecular hydrogen (H,) required for this
reaction can be produced by electrolysis of water using renewable
power (biomass, wind, solar, etc.) as a power input. Many aspects of
CO, methanation have been studied over the last few decades, for
instance, catalytic structures, mechanisms, etc. (Frontera et al., 2017;
Saeidi et al., 2014; Zhu et al., 2020).

Based on the report, methanation of CO, (Eq. 1), which is a highly
exothermic reaction (AHaogx = -165 kJmol ™), occurs through the CO
intermediate generation by the reverse water—gas shift (RWGS) reac-
tion (Eq. (2)), pursued via hydrogenation of CO to methane (Eq.
(3)) (Bin et al., 2016; Hu et al., 2021; Hu, et al., 2022a; Hu, et al.,
2022b).

4H, (g) + CO;, (g) — CH4 (g) + 2 HyO (g) Axs

1
= —165kJmol ™! M

CO, (g) + Hy(g) « H2O(g) + CO (g) Axs

2
— 441 kI mol ™! @

3H, (g) + CO (g) «» CH4 (g) + HyO (g) Axg

_ A3)
= —206kJmol™!

Nevertheless, through the hydrogenation procedure of CO, and
relying on the catalyst system and reaction state applied, some of the
generated carbon monoxides are not able to cooperate in the methana-
tion and produce methane, which reduces the methane selectivity
(Panagiotopoulou, 2017). Therefore, the development of highly active
catalytic systems capable of effectively converting carbon dioxide to
methane at suitable temperatures with high carbon resistance and
low CO generation are an urgent need. Up to now, comprehensive
investigations have been performed to assess and analyze the selectivity
and activity of multiple metals (such as Ni, Co, Ru, and Rh) on many
oxide supports (for example, CeO,, SiO,, TiO,, MgO, La,03, Y,0s,
Nb,Os, AL,O;, and ZrO,) for low-temperature purposes (Alarcon
et al., 2019; Gnanakumar et al., 2019; Guo et al., 2014; Li et al.,
1998; Yan et al., 2018).

Catalysts based on nickel endure deactivation at low temperatures
owing to the generation of the nickel carbonyl, which is obtained from
the interplay of CO with metal species. This nickel carbonyl formation

can stimulate the sintering of metal (Daza et al., 2010; Liu et al., 2018a;
Zhan et al., 2018). The support type utilized to prepare the catalysts is
a fundamental parameter in preventing catalyst deactivation. The cat-
alytic behavior and also the basic and acidic features can be affected by
the catalyst support type (Le et al., 2017). The interplay between sup-
port and metal has a notable impact on catalytic behavior, and it is
generally called the “metal-support interaction.” The support plays
an essential role in the catalytic performance and stability and, like-
wise, on the production of inactive spinel phases and the distribution
of the active metal (Jimenez et al., 2017; Liu et al., 2016; Yang et al.,
2016).
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Fig. 1 The XRD patterns of 25Ni-5SEr-Al,O; (a) with different
fabrication method (M = microwave, H = hydrothermal,
C = co-precipitation, and U = ultrasonic) and (b) in three

different sonication powers (30, 50 and 80 W).
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The synthesis procedure can influence the textural properties of
the methanation catalysts. Different synthesis approaches, for exam-
ple, ultrasonic (U), co-precipitation (C), sol-gel, impregnation, and
solid-state, have been employed for the nanocatalyst preparation
(Salavati-Niasarietal., 2008). Based on the researches, the incorporation
of rare earth elements into the Al,Oj3 lattice develops its thermal resis-
tance and may generate further oxygen vacancies. The oxygen vacancies
are extremely helpful in limiting the aggregation of metal particles (for
example, Ni) (Siakavelas et al., 2021a). In particular, the formation of
solid solutions with trivalent rare-earth metal cations generates a non-
stoichiometry of oxygen, which intensifies the movement of O ions
(Luisetto et al., 2019). In this regard, different fabrication methods,
including ultrasonic (U), hydrothermal, microwave (M), co-
precipitation (C), were applied to prepare 25Ni-5Er-Al,O5 catalysts.
The ultrasonic method has been widely utilized to accelerate the synthe-
sis of materials (decreasing the reaction time from hours to a few min-
utes) compared to conventional hydro/solvothermal techniques, and
its benefits have been investigated in several practical studies.
(Daroughegi et al., 2020; Salavati-Niasari, 2005; Salavati-Niasari,
2006). As is known, this is the first time that Er-promoted alumina has
been applied as a support for nickel-based catalysts in the CO, methana-
tion reactions. Therefore, in the current research, we fabricated a nickel-
based catalyst on Al,O5 support, promoted by Er elements with different
preparation methods for the first time, demonstrating an excellent cat-
alytic performance and selectivity of methane with superior durability
at a lower temperature of the reaction.

2. Experimental section

2.1. Precursors

Erbium(III) nitrate pentahydrate (Er(NOj3);-5H,0), Nickel(II)
nitrate hexahydrate (Ni(NO;),-6H,0), Sodium hydroxide

Table 1
Al,O5 catalysts prepared with different fabrication methods.

(NaOH), Aluminum nitrate nonahydrate (Al(NOs)3;-9H,0),
ethyl alcohol, Ethylene glycol (EG) were procured from
Sigma-Aldrich and employed without extra refinement.

2.2. Preparation of catalyst

2.2.1. Synthesis of Ni/Al,03

25Ni/Al,O5 was prepared from aluminum nitrate nonahydrate
and nickel(II) nitrate hexahydrate by sonochemical method. In
short, 5.15 g of AI(NO3);-9H,0 was liquified in 25 mL of dis-
tilled water (DW). 1.23 g Ni(NO3),-6H,O was liquefied in
20 mL DW and added to AI(NO3);-9H,O solution. Under
ultrasonic radiation (QSONICA-Q700 Sonicator), an aqueous
NaOH (1 M) solution was added to the above solution as a
precipitant to adjust the pH at 10. The precipitate was washed
with DW and ethyl alcohol multiple times and parched at 75 °C
for 12 h. Eventually, the powder was calcinated at 700 °C for
4 h at a temperature increase rate of 3 ‘C/min (Chang et al.,
2021).

2.2.2. Ultrasonic preparation of 25Ni-5Er-Al,03

In a conventional approach, 5.15 g of AI(NO3);-9H,0 was dis-
solved in 25 mL of DW (solution A). In the next step, 1.23 g Ni
(NO3),-6H,O was dissolved in 20 mL DW and agitated for
15 min. 0.11 g Er(NO3)3-5H,O was also dissolved in 15 mL
DW. The solution containing Er was added to the solution
A and stirred for 15 min. Then, the solution of Ni ions was
added and agitated for another 30 min (solution B). An aque-
ous NaOH (1 M) solution was added to solution B under
ultrasonic radiation (15 min 30 W) as a precipitant to adjust

BET surface area (Sggt), total pore volume, mean pore diameters, H,-TPR result, and crystal size of the promoted Ni-Er-

Catalyst Sger (m? g7 h) Viore (ecm® g1 dpore (nm)  Crystallite size (nm)*  Crystallite size  H, consumption (mmol g
(nm)~"

25Ni-ALLO; 73.62 0.34 18.65 19.21 23.37 7.41

25Ni-5Er-ALO; U 190.33 0.39 8.33 8.69 21.76 8.64

25Ni-5Er-Al,O; C 61.20 0.29 19.35 7.44 12.13 6.78

25Ni-5Er-Al,Os H  143.01 0.42 11.94 6.76 14.52 5.18

25Ni-5Er-ALO; M 38.33 0.17 18.09 25.02 26.77 6.52

" Obtained from Scherrer formula.
™ Obtained from Williamson Hall equation.

Table 2 BET surface area (Sggt), total pore volume, mean pore diameters, H,-TPR result, and crystal size of the promoted Ni-Er-

Al,O; catalysts prepared in three different sonication powers.

Catalyst Sper (m? g7 1) Voore (ecm® g7h dpore (nm)  Crystal size (nm)*  Crystal size (nm)w H, consumption (mmol g~
25Ni-Al,O4 73.62 0.34 18.65 19.21 23.37 7.41
25Ni-5Er-Al,O; 30 w 190.33 0.39 8.33 8.69 21.76 8.64
25Ni-5Er-AlL,O; 50 w  160.33 0.26 7.22 5.18 10.59 7.40
25Ni-5Er-Al,O; 80 w  135.64 0.22 7.24 591 6.77 6.23

" Obtained from Scherrer formula.
™ Obtained from Williamson Hall equation.
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the pH of the solution at 10. The obtained precipitate was
e rinsed with DW and ethyl alcohol many times and parched
M at 75 °C for 12 h. Eventually, the powder was calcined at
1632 1518 700 °C for 4 h at a temperature increase rate of 3 ‘C/min.
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Fig. 2 FTIR spectra of (a) 25Ni-ALO;, and 25Ni-5Er-Al,Os Temperature [°C]

catalyst prepared by different fabrication methods: (b) ultrasonic,
(c) co-precipitation, (d) hydrothermal, and microwave (e).

Fig. 4 TGA spectrum of of 25Ni-5Er-Al,O5 catalyst prepared
by ultrasonic method.
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2.2.3. Hydrothermal preparation of 25Ni-5Er-Al,0; Teflon reactor and transferred to an oven at 180 ‘C for
All steps until reaching solution B were similar to the ultra- 12 h. The collef:ted precipitate was rinied with DW ‘and ethyl
sonic method. An aqueous NaOH (1 M) solution was then alcohol many times and parched at 75 C for 12 h. Finally, the
added to the mixture as a precipitant to adapt the pH of ~ Ppowder was Ealcn}ed at 700 °C for 4 h at a temperature
the solution to 10. The obtained mixture was moved to a increase of 3 'C/min.

View field: 4.61 pm
SEM MAG: 30.0 kx | Date(m/dly): 04/05/21

MIRA3 TESCAN

Date(m/dly): 04/05/21 |

Fig. 5 The FESEM micrographs of (a) 25Ni-Al,O; catalyst, 25Ni-5Er-Al,Oj5 catalyst with different fabrication method ((b) ultrasonic,
(c) co-precipitation, (d) hydrothermal, and microwave (e)).
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2.2.4. Microwave preparation of 25Ni-5Er-Al,0;

All steps until reaching solution B were similar to the
above procedure. The solvent of all precursors was ethylene
glycol. The mixture was placed under microwave irradiation
at 900 W for 5 min after adjusting the pH to 10. The
resulted powder was centrifuged with ethanol and DW
three times and dried at 75 °C for 12 h. Finally, the powder
was calcined at 700 °C for 4 h at a temperature increase
rate of 3 ‘C/min.

2.2.5. Co-precipitation preparation of 25Ni-5Er-Al,03

5.15 g of AI(NO3);-9H,0 was dissolved in 30 mL DW (solu-
tion A). In the next step, 1.23 g Ni(NO3),-6H,0 was dissolved
in 20 mL DW and stirred for 15 min. 0.11 g Er(NO3);-5H,0
was also dissolved in 15 mL DW. The solution containing Er
was added to the solution A and stirred for 15 min. Then,
the solution of Ni ions was added and agitated for another
30 min (solution B). An aqueous NaOH (1 M) solution was
then added to the mixture as a precipitant to adjust the pH
of the solution at 10. The obtained precipitate was washed with
DW and ethanol many times and dried at 75 °C for 12 h.
Finally, the powder was calcined at 700 °C for 4 h at a temper-
ature increase rate of 3 °C/min.

2.3. Catalytic hydrogenation of CO,

A quartz tubular fixed-bed reactor (10 mm in diameter) was
used for the catalytic evaluation of 25Ni-5SEr-Al,O5 catalysts
for CO, methanation at atmospheric pressure. The catalyst
powder was pressed into tablets and then ground into 0.25-
0.5 mm particles before the reaction. The catalyst test used a
100 mg catalyst (60-100 mesh) diluted with 100 mg of inert
SiO,. The temperature of the reaction was estimated by a
temperature-measuring device positioned in the middle of the
catalyst bed. The catalyst was stimulated at 700 °C for 1 h in
a stream of pure hydrogen (25 mLmin~') before testing the
catalytic activity. Then the temperature dropped to 200 C.
CO, and H, interacted with the molar ratio of CO,: H, = 1:
4 at a gas hourly space velocity (GHSV) of 25000 mL/gcath.
Specifically, the catalytic behavior was investigated at 200—
500 °C (Shafiee et al., 2021). The generated gas flow was mea-
sured online by gas chromatography (GC, Shimadzu).

2.4. Physical instruments

The Philips X’ Pert Pro X-ray diffractometer with Cu Ka radi-
ation (A = 0.154 nm) was utilized to register XRD patterns.

Fig. 6 The HRTEM micrographs of 25Ni-5Er-Al,O5 catalyst prepared by ultrasonic method.
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X’Pert HighScore Plus software was involved in identifying the
crystallographic phase of compounds. The texture characteris-
tics of the catalysts were accomplished by degassing at 250 °C
for 2 h and then applying N, adsorption/desorption to the
Micromeritics Tristar II 3020 analyzer at —196 °C. The mor-
phology of the catalyst was apperceived with a Vega Tescan
microscope operating at 10 kV. Before taking images, the pow-
der sample was uniformly spread on the SEM stubs. Eventu-
ally, the specimen was covered with a gold layer. The
nitrogen adsorption/resorption was employed as a calculation
technique to evaluate the specific surface area, while BJH tech-
nique was used to estimate the pore volume and radius. Ther-
mogravimetry/Differential Thermal Analysis (TG/DTA) was
conducted on a Bahr STA 503 device by heating the catalysts
from 25 to 800 °C at a speed of 10 °C/min below air current.
The reduction performance of the catalysts was studied via
temperature-programmed reduction (TPR) analysis utilizing
a Micromeritics chemisorb 2750 analyzer equipped with a ther-
mal conductivity detector (TCD). 100 mg of each catalyst was
preprocessed underneath a stream of Argon at 250 °C for 1 h.
It was then heated from 35 °C to 900 °C at a 15 °C/min with
10 % Hydrogen/Argon (30 mLmin~"). The composition of the
product was determined using a Shimadzu gas chromatograph
containing a Carboxen-1000 column.

3. Results and discussions

3.1. Catalyst description

Fig. 1a depicts the XRD patterns of unmodified and modified
alumina-supported Ni catalysts prepared with different fabri-
cation methods. Two major crystallographic phases corre-
sponding to the Al,O3 and NiAl,O4 phases are identified in

all catalysts. The XRD pattern of the unpromoted Ni-Al,O3
catalyst is formed from NiAl,O4 (JCPDS NO. 10-0339) and
AlLO; (JCPDS NO. 80-0955) phases. As can be seen, no
diffraction peaks related to Er phase were detected for Er-
promoted catalysts owing to the small crystal formation with
great distribution or low crystallinity. Besides, since the nickel
oxide particles are highly dispersed in these samples, they were
not identified in the XRD patterns. NiO (JCPDS NO. 047-
1049) phase exists in these patterns, which is attributed to
the fact that the NiO crystals actively cooperate with the cata-
lyst carrier, causing the high distribution of NiO (Liu et al.,
2018c). Fig. 1b depicts the effect of sonication powers (30,
50, and 80 W) on the structure of the catalyst. As observed,
the peak intensity and crystallinity of the product have
decreased by increasing the sonication power due to the incre-
ment in the reaction temperature. According to the XRD data,
the 25Ni-5Er-Al,Os3 catalyst prepared in low power (30 W) has
better crystallinity than others. The crystal size (D) of the cat-
alysts was specified by the Scherrer (Eq. (4)) (Abkar et al.,
2021; Anand et al., 2011) and Williamson Hall (W-H) equa-
tions (Eq. (5)) (Pourshirband & Nezamzadeh-Ejhieh, 2021,
2022)

Kl
" BcosO

“4)

fcost = (%) +2Aesin (5)

Here, B is the full width at half maximum (FWHM), 0 is the
diffraction angle, and A is the wavelength of the X-ray, K is the
Scherrer constant (Anand et al., 2009, 2010) and ¢ is the strain.
The calculated crystallite sizes are listed in Tables 1 and 2. As
observed, the Scherer equation gives a smaller crystallite size

Fig. 7 EDS mapping of Al, Ni, O, and Er elements of 25Ni-SEr-Al203 catalyst.
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than the Williamson-Hall plot for non-zero residual stress
(stress leads to an increase in peak width; therefore, only using
the Scherer equation that relies on a very large FWHM and
large peak width. Therefore, we have too small crystallite size.

Fig. 2 shows the FTIR spectra of 25Ni-Al,O5 (support sam-
ple) and 25Ni-5Er-Al,O3 prepared by different fabrication
methods. The characteristic bands at 34383441 cm ™' are asso-
ciated with the OH stretching vibrations. In addition, the
peaks at around 1630 cm™' are correlated to H,O bending
vibrations in molecules (Padmaja et al., 2001; Salavati-
Niasari, 2009). The characteristic bands in the range of 500—
750 em ™! are correlated to the Al—O and Ni—O stretching
vibrations (Adamczyk & Dtugon, 2012). The addition of Er
as a promoter did not change the FTIR spectrum of the cata-
lysts, and it slightly shifted the positions of bands. In addition,
the FTIR spectra of different fabrication methods are similar,
and the spectra did not change through the prepration process.

3.2. BET data

The N, adsorption/desorption isotherms and pore size distribu-
tion diagram of the unmodified Ni-Al,Oj3 catalyst and modified
with Er are demonstrated in Fig. 3. According to the [UPAC cat-
egorization, catalytic isotherms belong to Type-IV with H2-type
hysteresis loops, indicating that a closely cylindrical mesostruc-
ture material containing ink bottle-shaped pores was produced
(Dutta et al., 2012). The varieties of pores can be classified into
intra-particle pores (within crystals) and inter-particle pores (be-
tween crystals). The source of porosity can be both intra- and
inter-particle pores of the produced catalyst. Tables 1 and 2
show the sample texture properties. It is worth mentioning that
the structural and textural properties of the catalysts are highly
influenced by the processing factors. As observed, the type of
hysteresis does not alter when the second metal (Er) is intro-
duced into the catalyst (Fig. 3a). Also, changing the fabrication
methods does not change the hysteresis type. A broad pore size
distribution is observed in the range of 1-15 nm for unmodified
catalysts (Fig. 3b).

The BET surface area was increased (Table 1) after introduc-
ing Er as a promotor, which decreased the breadth of the hys-
teresis loop (Bayat et al., 2016). The pore size distribution of
25Ni-5Er-Al,O5; U shows a mesoporous structure, containing
a smaller size distribution (<5 nm) than the 25Ni-Al,O3 cata-
lyst. The pore size distribution curves are shifted to the smaller
sizes when the ultrasonic method is used to prepare the 25Ni-
SEr-Al,Os; catalyst. The physical attributes of 25Ni-Al,O3 and
25Ni-5Er-Al,O3 prepared by various methods are presented in
Tables 1 and 2. The ultrasonic method intensified the total pore
volume (from 0.34 to 0.39 cm’g ') and reduced the mean pore
radius (from 18.65 to 8.33 nm) relative to 25Ni-Al,O5;. The
BET surface area of the 25Ni-Al,O5 was 73.62 m*g ™, and the
addition of Er improved the BETsurface area to 190.33 m%g ™!
for 25Ni-5Er-Al,O5 U. The results confirm that the catalyst fab-
ricated by ultrasonic (25Ni-5Er-Al,O3; U) has a larger Sggt than
others. The addition of Er prepared by co-precipitation and
microwave methods decreased the Sppr area to 61.20 and
38.33 m?g ! for 25Ni-5Er-Al,O; C and 25Ni-5Er-AL,O; M,
respectively. Moreover, the 25Ni-5Er-Al,O; C revealed the
highest mean pore diameter (19.35 nm) in comparison to other
fabricated catalysts. Therefore, 25Ni-5Er-Al,O3 U prepared at

low sonication power (30 W) possesses the largest surface area
and smallest mean pore diameter.

3.3. DTA-TGA analysis

The TGA and DTA analyses were performed (Fig. 4) to inves-
tigate the decomposition/mass loss process and the thermal
behavior of the 25Ni-5Er-Al,O3 (optimal sample) with the
maximum surface area. The TGA profile showed three levels
of weight loss. The first showed a slight mass loss (about
3.53 wt%) at temperatures below 250 °C, which is due to the
dehydration of hygroscopic water or loss of free water evapo-
ration (such as physical adsorption) by an endothermic reac-
tion (Liu et al., 2018b). In the next level, a significant
29.37 % weight loss at about 400 °C was due to the thermal

(2)
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——25Ni-5Er-ALO, U
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Fig. 8 TPR spectra of 25Ni-5Er-Al,O5 catalysts with different
fabrication method (M = microwave, H = hydrothermal,
C = co-precipitation, and U = ultrasonic) (a), and (b) in three
different sonication powers (30, 50, and 80 W).
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decomposition of metal hydroxides (NiCOs;, AI(OH);, Er
(OH)3, and NH4NO3) into oxides (NiO and CO,, Al,O5; and
H,O, Er,03 and H,0, NH; and NO,) (Rafique et al., 2018).
At the high-temperature stage of 600-900 °C, there was nearly
no weight loss. The TGA data prove the production of high
quantities of carbon deposited on the catalyst. The DTA curve
displays an endothermic peak associated with the dehydration
of adsorbed water at about 300 °C and an exothermic peak at
335 °C for the catalyst.

3.4. Morpholophy of catalysts

Fig. 5 depicts the FESEM images of Ni-Al,O; and the Er-
modified Ni-Al1203 catalysts prepared with various fabrication
methods. Since the control of particle size and morphology is
easier in the hydrothermal method, the catalysts made in this
way have a smaller and more uniform particle size than the
others. On the other hand, the catalyst prepared by the micro-
wave method has large particles and microstructures. Besides,
the tiny Ni species particles dispersed on the surface of 25Ni-
Al,O; and 25Ni-5Er-Al,O3; U. Fig. 6 reveals the HRTEM
micrographs of 25Ni-5Er-Al,O; U in multiple scales (100,
50, and 20 nm). The morphology of the HRTEM confirms
the FESEM image of Ni-5Er-Al,O3 U. As observed, small par-
ticles are formed next to the larger particles.

EDS mapping images of 25Ni-5Er-Al,O; catalyst are dis-
played in Fig. 7. Multi-elemental EDS mapping images of
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Al, O, Ni, and Er are depicted in this figure. The correspond-
ing maps of Ni, O, Er, and Al manifested shiny spots corre-
sponding to the areas of calcification and demonstrated a
uniform distribution of these elements.

3.5. TPR data

A temperature programmed reduction (TPR) analysis was
conducted for comparison of reduction properties of the as-
prepared catalyst. Fig. 8 shows the H,-TPR spectra of the
25Ni-Al,O3 and 25Ni-5Er-Al,O;5 catalysts prepared with dif-
ferent fabrication methods. Different reduction peaks are iden-
tified based on the fabrication methods. For the 25Ni-Al,O3
catalyst, there are three major reduction peaks at 491 °C,
716 °C, and 814 °C. The peak located at 716 C was assigned
to the NiO reduction greatly interconnected by the catalytic
carrier, and the peak at 814 C was created by NiAl,O4
(Daroughegi et al., 2017). The band at 491 °C is associated with
the Ni,O5 reduction. Three reduction bands appeared in the
25Ni-5Er-Al,O3 U catalyst. The band at 374 °C is the reduc-
tion of Er’* ions, or bulk NiO or Ni,Os (Li et al., 2016). It
is noteworthy that the second reduction peak moved from
716 °C to 710 °C due to the addition of Er to the catalyst sys-
tem. Besides, the reduction intensity peak of 25Ni-SEr-Al,O5
U could be because of the lack of complex composition of
nickel aluminate. Generally, the bands displayed at low tem-
peratures are associated with NiO species reduction that inter-
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Fig.9 Catalytic activity of 25Ni-5Er-Al,O; catalysts with different fabrication method and in three different sonication powers (a and c)
CO, conversion and (b and d) CHy selectivity, and H,:CO, = 4:1 M ratio and GHSV = 25000 mL/gcath.
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acts weakly with the catalytic carrier. The other bands at high
temperatures are clarified by the reduction of nickel oxide with
high interplay by the carrier. The reduction peaks moved to
lower temperatures by changing the preparation procedure,
which indicates that the variation in preparation led to the gen-
eration of more easily reducible nickel species. The 25Ni-5Er-
Al,O5 U catalyst possesses a hydrogen consumption band in
the range of 300 to 400 °C, which is related to the reduction
of Er;0y species to Er metal (Phaltane et al., 2017). The out-
comes verified that the ultrasonic method with low sonication
power (30 W) enhanced the catalyst reduction.

3.6. Catalytic behavior

Fig. 9 represents the catalytic behavior of 25Ni-Al,O3 and
25Ni-5Er-Al,O5 with different prepration methods. It has been
shown that the catalytic performance of catalysts is organized
as below: 25Ni-5Er-Al,O; U > 25Ni-5Er-Al,O; H > 25Ni-
Al,O3 > 25Ni-5Er-Al,O;3 C > 25Ni-5Er-Al,O; M (Fig. 9a).
Hence, the carbon dioxide conversion and methane selectivity
of the 25Ni-5Er-Al,O3 catalyst fabricated with the ultrasonic
technique (at low power (30 W)) manifested greater perfor-
mance (Fig. 9¢c) at low temperatures. It was seen that a proper
fabrication method could enhance CO, adsorption by produc-
ing activated carbonate (CO3) species and prevent the accu-
mulation of nickel particles (Seok et al., 2002; Toemen et al.,
2014). Moreover, due to the formation of Er,Os;, the spinel
structure of the modified catalyst was disordered during the
calcinating process, and surface basicity properties were devel-
oped, the absorptivity of acidic CO, molecules was improved,
and the excellent catalytic action of Er-modified Ni-Al,O5; was
obtained in CO, methanation (Toemen et al., 2016; Zhou
et al., 2018a). In addition, the improved catalytic activity in

Table 3 Comparison of catalyst activity of different catalysts.

terms of carbon dioxide methanation and methane selectivity
of the Er-modified catalyst can occur owing to the production
of active metal nanoparticles with wide distribution on the cat-
alyst outside and high reduction at lower temperatures, as
shown with the TPR and XRD data in Figs. 1 and 8. Corre-
sponding to the outcomes of TPR (Fig. 8), the incorporation
of Er advanced the reducing ability of the Ni-Al,O5 catalyst
at low temperature, and it became possible to provide more
Ni® active sites by manipulating carbon dioxide methanation.
It is noteworthy that the use of ultrasonic waves affects the

O, conversion
Y CH; selectivity
~ 100
Jd
< \ \ \ \
Z
Z
2 80
&
=
2
-
E 60
S
&}
40
T T
3.5 4
Molar ratio of Hy/CO»

Fig. 10  Effect of H,:CO, molar ratio on the catalytic activity of
25Ni-5Er-Al,O5 catalyst prepared by ultrasonic method at 400 °C,
GHSV = 25000 mL/gcath.

Catalysts Preparation Promoters Conditions %CO, %CHy4 Ref
Methods Metal Conversion Selectivity
Ni-Er-Al, O3 Sonochemical Er GHSV = 25000 mL g'h™! 69.38 100 This work
Hz/COz = 4/1
Ni/Pr-Ce Sol-gel microwave Pr GHSV = 25000 mL g'h™'  54.5 100 (Siakavelas et al., 2021b)
assisted H,/CO, = 4/1
Ni/La-Pr-CeQ,  Sol-gel-microwave La-Pr GHSV = 25000 mL g "h™" 55 100 (Siakavelas et al., 2021b)
assisted H,/CO, = 4/1
Ni/Ce0,-ZrO,  wetness -impregnation Ce GHSV = 20000 mL g'h™' 55 99.80 (Ashok et al., 2017)
Na-Co/AlL,O; Incipient-wetness Na GHSV = 16000 mL g'h™" 52 67 (Zhang et al., 2020)
impregnation H,/CO, = 4/1
La; ,Ca,NiO3 Pechini Ca GHSV = 16000 mL'-h~! 57.7 100 (Lim et al., 2021)
Hz/COz = 4/1
Ce-Co30,4 co-precipitation Zr GHSV = 18000 mL g'h™' 582 100 (Zhou et al., 2018b)
HZ/COZ = 4/1
Co—Cu-ZrO, Co-precipitation Co-Cu H,/CO, = 3/1 58 86.3 (Dumrongbunditkul et al.,
Co:Cu:ZrO, 2016)
20:40:40
Ca -NiTiO3 Coprecipitation- Ca GHSV = 5000 Ml.g 'h! 55 99.70 (Do et al., 2020)
impregnation H,/CO, = 4/1,
Mg -Ni-AlL O3 Self-assembly (EISA) Mg GHSV = 15000 mL g'h™! 65 96 (Xu et al., 2017)
H,/CO, = 4/1
Ni-KOH/ALO; Incipient-wetness K GHSV = 16000 mL g'h™' 40 45 (Zhang et al., 2019)

impregnation

Hz/COz = 4/1
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particle size and distribution of activated metals as well as the
catalytic ability. The lower carbon dioxide conversion
of Er-modified catalysts prepared by microwave and
co-precipitation methods contrary to unpromoted catalysts
could be due to the slower reduction rate of the carbon dioxide
methanation reaction and the smaller number of active
regions, as confirmed by the TPR reports. Besides, Fig. 9
exposes the impact of reaction temperature on product selec-
tivity and carbon dioxide conversion. This figure shows that
enhancig the temperature of reaction from 200 °C to 400 °C
significantly increases the CO, conversion of the catalyst.
Whereas, CO, conversion, together with CHy4 selectivity, was
reduced when the temperature was above 400 °C owing to
thermodynamic constraints and the reverse water—gas shift
reaction (RWGS) (Eq.2). The catalytic activity of several cat-
alysts was listed in Table 3. The 25Ni-5Er-Al,O5 could contest
with other modified catalysts listed in Table 3. We can desig-

120 -
V. CO, conversion
NN CH, selectivity
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£
2
-
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E, 80
£
g
»
)
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o
]
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16000 19000 22000 25000 28000
GHSV ml/g,h
Fig. 11  Effect of GHSV on the catalytic activity of 25Ni-5Er-

AlLO; catalyst prepared by ultrasonic method at 400 °C, H:
CO, = 4:1 M ratio.

120

nate this compound as a new and efficient catalyst for CO,
conversion and CHy selectivity.

3.7. Impact of operational parameters

The CHy selectivity and conversion of CO, of the 25Ni-5Er-
Al,O3 U catalyst (at 400 °C) vs molar ratio of H,:CO, are pre-
sented in Fig. 10. The catalytic ability was developed by
increasing the molar ratio from 3 to 4. Due to the stoichiom-
etry of the carbon dioxide methanation reaction, when the
molar ratio of H,: CO, is smaller than 4, H, plays as a limiting
precursor, which generates the carbonate hydrogenation on
the catalyst surface. Hence, as shown in Fig. 10, the hydro-
genation development was boosted by increasing the molar
of H,. Furthermore, no significant variations were detected
in the CHy4 selectivity by raising the molar ratio owing to the
absence of CO, decomposition at 400 ‘C (Rahmani et al.,
2014).

The effect of GHSV on the selectivity and catalytic behav-
ior of 25Ni-5Er-Al,O3 U catalyst at 400 °C for CO,methana-
tion is presented in Fig. 11. As a result, reducing the
catalytic efficiency of the catalyst by increasing GHSV from
16,000 to 28000 mL/gcath is related to a reduced residence
time and a reduced quantity of reagents adsorbed at high
GHSV.

The durability essay on the 25Ni-5Er-Al,O5 U at 400 °C for
6000 min is depicted in Fig. 12. No notable decrease in the
selectivity of methane and CO, conversion was recognized,
confirming that the 25Ni-5Er-Al,O; U catalyst was stable, dur-
able, and resistant to deactivation of the catalyst influenced
with the deposition of carbon and nickel particles sintering.

4. Conclusions

In this research, 25Ni-5Er-Al,O; catalysts were manufactured by sev-
eral prepration techniques, including ultrasonic, hydrothermal, micro-
wave, and co-precipitation methods for the CO, methanation reaction.
BET studies have shown that the addition of erbium as a promoter led
to the production of larger mesopores. In addition, the addition of
erbium resulted in a stronger interaction between the aluminum oxide
and the nickel species, which resulted in the production of smaller crys-
tallite sizes with a higher distribution on the surface of the catalyst. For

CO, conversion

B2 cH, selectivity
100

80+
60

40

conversion, selectivity (%)

20

Fig. 12
CO, = 4:1 M ratio.

Time (h)

Stability test of the of 25Ni-5Er-Al,O; catalyst prepared by ultrasonic method at 400 °C, GHSV = 25000 mL/gcath and H:
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erbium addition, nickel-based alumina catalysts have advanced low-
temperature performance in the methanation of carbon dioxide reac-
tion. The catalyst prepared with the ultrasonic method showed supe-
rior catalytic activity of 69.38 % conversion of carbon dioxide and
100 % selectivity of methane at 400 °C. Furthermore, the highest
adsorption capacity of CO, was achieved for the Er-promoted catalyst
prepared by ultrasonic, which can be presumed to have enhanced cat-
alytic behavior. We can conclude that the 25Ni-5Er-Al,O; has a per-
manent and durable catalytic capacity and can be regarded as an
excellent inherent catalyst for the hydrogenation of carbon dioxide.
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