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Abstract:  18 

The ordered mesoporous silica SBA-16 with high specific surface area and pore volume 19 

was synthesized and used to prepare Ni/SBA-16 catalysts promoted with yttrium. These 20 

promoted catalysts were tested in CO2 methanation reaction and characterized by N2 21 

sorption, small-angle/wide-angle XRD, TEM, XPS, H2-TPR, CO2-TPD, and TGA/DSC-22 

MS. The results revealed that Ni/Y/SBA-16 catalysts performed better catalytic 23 

performance in CO2 methanation compared to the non-promoted Ni/SBA-16 catalyst. The 24 

best catalytic activity was found for the catalyst promoted with 10 wt.% Y. The improved 25 

performance of such catalysts was attributed to the increase of reducibility of nickel species, 26 

the increase in surface oxygen species, and the abundance of moderate basic sites caused 27 

by Y promotion. Furthermore, the CO2 reaction rate and turnover frequency of CO2 were 28 
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well correlated with the number of moderate basic sites. Finally, all the tested catalysts are 29 

highly stable during the 8h time-on-stream catalytic test.  30 

 31 
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1. Introduction 35 

Over the last decades, industrialization and urbanization across the world have led to a 36 

significant increase in carbon dioxide (CO2) emissions, well known as the main greenhouse 37 

gas (GHG) leading to global warming [1]. According to the World Meteorological 38 

Organization (WMO) report from 2020, then anthropogenic CO2 emission had risen by 39 

about 1% annually over the last decade, resulting in an increase of CO2 concentration 40 

between 2 and 3 ppm in the atmosphere. The consequences of this global warming are 41 

mostly desertification, rising sea levels, and animal species extinction [1]. Therefore, the 42 

reduction of CO2 emissions is one of the most important challenges for modern societies. 43 

Although in the last years, renewable energies have been used to reduce CO2 emission, the 44 

dependence on fossil fuels still cannot be relieved in short term. In such a case, the 45 

development of technologies to reduce CO2 emission directly from the source can be of 46 

importance. The CO2 capture and utilization (CCU) technology, which captures the CO2 47 

and uses it as feedstock to produce fuel, can play a significant role in CO2 reduction [2]. In 48 

this technology, the power-to-gas (PtG) route is regarded as a mature route because it can 49 

convert intermittent renewable energy to synthetic natural gas [3,4]. CO2 methanation, 50 
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which was for the first time reported by Paul Sabatier in 1902 [5,6], plays a key role in the 51 

PtG concept. In this concept, the captured CO2 reacts with the hydrogen originated from 52 

the water electrolysis by renewable energy, such as wind, solar, or hydropower to 53 

synthesize methane (CH4) [4]. In this regard, the fluctuant renewable energy can be stored 54 

in the form of CH4, which can be easily transported or injected into the existing gas 55 

pipelines [3]. Compared to other CO2 conversion reactions like methanol, dimethyl ether, 56 

and formic acid, etc. [7,8], CO2 methanation possesses many advantages, such as high 57 

activity and selectivity, low cost, and high energy efficiency [4,9]. CO2 methanation is a 58 

moderate reaction that can be performed at ambient temperature. The energy conversion 59 

efficiency from electricity to methane can reach 63.6% [4]. CO2 methanation is also a 60 

thermodynamically feasible and exothermic reaction, determined with the equation:  61 

CO2 + 4H2 → CH4 + 2H2O (∆H298K = -165 kJ•mol-1)              Equation (1) 62 

However, this reaction needs the presence of an appropriate catalyst due to the restriction 63 

of the kinetic barrier. The transition metal-based catalysts, such as Rh [10], Ru [11], Pd 64 

[12], Ni [9,13], Co [14], were widely used to catalyze this reaction. Among these catalysts, 65 

the noble catalysts including Rh and Ru can catalyze the reaction at a temperature lower 66 

than 200 ℃ [15,16]. However, the high cost and low availability limit their potential large-67 

scale commercialization. Meanwhile, Ni-based catalysts have already received intensive 68 

attention due to their high performance and low price [17]. Among them, Ni catalysts 69 

supported on various supports, such as CeO2 [18–20], Al2O3 [21], SiO2 [22–24], ZrO2 [25], 70 

CexZr1-xO2 [26], TiO2 [27], mesoporous silicas [9,28,29], perovskite [30], and hydrotalcite-71 

derived mixed oxides [31–36], always showed higher activity due to the beneficial effect 72 

of the used supports.  The support plays an important role in the catalytic systems, allowing 73 
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to improve surface area and porosity [37,38], nickel dispersion [39], nickel particle size 74 

distribution [40], basicity [38], reducibility [41], oxygen vacancies [13,42], and metal-75 

support interaction [43,44]. The above-mentioned properties can significantly affect the 76 

activity and stability of Ni catalysts.   77 

Mesoporous materials with highly ordered structures have been utilized as supports for Ni 78 

catalysts due to their high surface area, porosity, and unique ordered structure [9,29,45–79 

49]. For CO2 methanation, Bacariza et al. [49] compared the performance of Ni catalysts 80 

supported on SBA-15, MCM-41, and USY zeolite. The results revealed that the Ni/MCM-81 

41 catalyst showed the highest turnover frequency (TOF) values, which was due to 82 

weakened poisoning effects of carbonyl species. The Ni metal particle size on SBA-15 was 83 

lower due to the bigger pore size than that on MCM-41. It was also found that the 84 

incorporation of cerium could notably increase the activity of Ni catalysts supported over 85 

different supports. Guo et al. [50] prepared Ni catalysts supported on ZSM-5, SBA-15, and 86 

MCM-41 by wet impregnation method and compared their performance in CO2 87 

methanation with conventional Al2O3 and SiO2 supported catalysts. The Ni catalysts 88 

supported on ZSM-5 and SBA-15 showed superior activities than alumina and silica-89 

supported catalysts. The higher performance of Ni/ZSM-5 was assigned to the enhanced 90 

basic properties and the synergistic effect between nickel metal and support. To further 91 

improve the catalytic activity of mesoporous supported Ni catalysts, promoters such as La 92 

[48,51], Mg [9], and Ce [52] were also applied. The promotion with Ce usually leads to an 93 

increase of the oxygen vacancies on the catalyst due to its redox property (Ce4+-Ce3+), 94 

which can promote the adsorption and dissociation of CO2 [53–55]. Besides, the presence 95 

of Ce on Ni/SBA-15 catalysts led to the decrease of Ni particle size [56,57]. The 96 
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incorporation of lanthanum could promote Ni dispersion due to the intensified interaction 97 

La-Ni and the adsorption and activation of CO2 [48]. Meanwhile, the modification with Mg 98 

was found to increase medium basic sites, which can promote monodentate formate species 99 

during methanation reaction [9]. However, both MCM-41 and SBA-15 are 2-dimensional 100 

mesoporous materials that may have contributed to some extent to the remarkable sintering 101 

of Ni° particles [58,59]. In this regard, 3-dimensional material, such as SBA-16 could be 102 

an interesting alternative due to the possible confinement of active metals, leading to high 103 

stability in long time running [47,60–63]. SBA-16 has been already reported to be 104 

promising support, allowing to obtain small Ni particle size due to its cage-like mesoporous 105 

structure [64]. Regarding CO2 methanation, only a few studies dealt with SBA-16 based 106 

catalysts. Canggih et al. [64] investigated Ni/SBA-16 catalysts in CO2 methanation and 107 

found that the Ni particle size was very small due to the confinement of SBA-16. However, 108 

the activity and CH4 selectivity of Ni/SBA-16 catalysts in CO2 methanation were not ideal 109 

due to the lack of basicity. Chen et al. [60] applied carboxylic acid-modified SBA-16 based 110 

Ni catalysts in CO2 methanation, but the reported activity was not ideal compared to the 111 

other catalysts. Recently, it has been demonstrated that the presence of ceria as a promoter 112 

could significantly enhance the activity of Ni/SBA-16 catalysts [25]. Besides ceria, yttrium 113 

can also be a good promoter. It has been widely reported that the modification with yttrium 114 

can promote the activity of Ni catalysts supported on different materials in various CO2 115 

valorization reactions including CO2 methanation [13,31,65,66]. Moreover, the yttrium has 116 

more available ore deposits compared to other rare earth elements (REEs), making it 117 

potential in large-scale application towards CO2 utilization [67]. Yttrium have 118 

demonstrated positive effects on Ni catalysts supported on different materials 119 
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[13,19,30,31]. Regarding the effect of yttrium on mesoporous silica supported Ni catalysts, 120 

several researches focused on methane reforming of CO2 reaction [68,69]. However, few 121 

studies dealt with Ni catalysts supported on mesoporous silicas promoted with yttrium 122 

applied in CO2 methanation. In previous studies, we found that the presence of Y could 123 

significantly improve the activity of hydrotalcite-derived and SBA-15 supported Ni 124 

catalysts [31,70]. However, the effect of Y on Ni catalyst supported on SBA-16 material 125 

has never been reported. Herein, we studied the effect of Y on Ni/SBA-16 catalysts for 126 

CO2 hydrogenation to methane. 127 

In this study, Ni/SBA-16 catalysts promoted by different loadings of yttrium were 128 

synthetized and further investigated their activity and stability in CO2 methanation. The 129 

catalysts were characterized by a temperature-programmed reduction in H2 (H2-TPR), 130 

temperature-programmed desorption of CO2 (CO2-TPD), N2 physisorption, small-angle 131 

and wide-angle X-ray diffraction (SAXRD and WAXRD), high-resolution/transmission 132 

electron microscopy (TEM/HRTEM), energy-dispersive X-ray spectroscopy (EDS), X-ray 133 

photoelectron spectroscopy (XPS), and thermogravimetric analysis/differential scanning 134 

calorimetry-mass spectrometer (TGA/DSC-MS). Finally, a relation between activity and 135 

physicochemical properties was drawn.  136 

 137 

2. Experimental part 138 

2.1. Catalyst preparation 139 

2.1.1. SBA-16 synthesis 140 
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The SBA-16 materials were synthesized based on an improved method presented 141 

elsewhere [71]. Typically, 3 g of Pluronic F127 (EO106PO70EO106) copolymer (BASF) was 142 

dissolved with 144 g of distilled water in a Teflon bottle followed by adding 5.94 g of 143 

concentrated hydrochloric acid (HCl, 37 wt.%, Sigma Aldrich). After stirring for 30 min, 144 

9 g of butanol-1 (BuOH, Sigma Aldrich) was added into the aforementioned solution as a 145 

co-surfactant. The molar ratio of F127:BuOH was chosen as 1:3. After stirring for 1 h, 14.2 146 

g of tetraethyl orthosilicate (TEOS, Sigma Aldrich) was added into the solution above at 147 

40°C, then the mixture was kept at 40°C for 24 h. Afterward, the container of the solution 148 

was placed under a static condition at 80 °C for 48 h for the hydrothermal process. 149 

Subsequently, the mixture was filtered and washed with distilled water. Then, the 150 

precipitant was dried at 100 °C for 12 h. Finally, the solid was calcined at 550 °C for 5 h 151 

with a heating rate of 5 °C/min under flowing air (20 mL/min) to remove the copolymer 152 

template F127.  153 

 154 

2.1.2. Ni catalysts preparation 155 

The Ni/xY/SBA-16 catalysts were prepared by a two steps impregnation method. The as-156 

synthesized SBA-16 material was used as support.  157 

First, Y-modified SBA-16 (xY/SBA-16) was synthesized by impregnating an aqueous 158 

solution of yttrium nitrate (Y(NO3)3·6H2O, >99%, Sigma-Aldrich) onto the support. 159 

Typically, the appropriated weight of Y(NO3)3·6H2O was dissolved in distilled water. Then, 160 

2 g of SBA-16 was added into the above-mentioned solution followed by the treatment in 161 

an ultrasonic bath (Elmasonic S30) for 1.5 h to obtain a well-dispersed suspension. 162 
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Subsequently, the suspension was placed in static condition for 24h for the impregnation 163 

part. Afterward, the container was placed in an oven at 100℃ for 12h. After drying, the 164 

solid was grounded and calcined at 550℃ for 5h with a heating rate of 5℃/min. The weight 165 

percent of Y relative to SBA-16 was adjusted to 5, 10, and 20 wt.%. 166 

The synthesized xY/SBA-16 supports were used to synthesize Ni/xY/SBA-16 catalysts by 167 

wet impregnation using nickel nitrate (Ni(NO3)2·6H2O, >99%, Sigma-Aldrich). The 168 

procedure was nearly the same as the process of xY/SBA-16 with the use of ethanol (99.9%, 169 

Sigma-Aldrich) instead of distilled water. The nickel loading relative to SBA-16 was 10 170 

wt.% for all the samples. The synthesized catalysts were denoted as: 10Ni/SBA-16, 171 

10Ni/5Y/SBA-16, 10Ni/10Y/SBA-16, and 10Ni/20Y/SBA-16. The schematic diagram 172 

was displayed in Scheme 1. 173 

 174 

Scheme 1. Schematic diagram of the morphology of SBA-16 and Ni/SBA-16 catalyst. 175 

 176 

2.2. Physicochemical characterization 177 
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N2 physisorption isotherms were obtained on a TriStar 3000 Micromeritics apparatus. 178 

Before N2 adsorption, the sample was degassed at 300 ℃ under vacuum conditions for 3 h 179 

[72]. After the pretreatment, the N2 adsorption-desorption experiment was carried out 180 

under liquid nitrogen temperature (-196 °C) [73]. The specific surface area (SSA) was 181 

calculated by the Brunauer-Emmett-Teller (BET) method. The total pore volume (Vp) and 182 

mean pore size (rp) were calculated by the Barrett-Joyner-Halenda (BJH) method.  183 

The wide-angle X-ray diffraction (XRD) experiments were performed on a PANalytical-184 

Empyrean diffractometer equipped with a Cu Ka radiation source (λ = 0.15406 nm, 40 kV, 185 

40 mA). The patterns were recorded from 10 to 90° with a step of 0.02° (2θ). The crystallite 186 

size of nickel species was calculated by the Scherrer equation (2): 187 

𝐷!"# =	
$%

&!"#'()*
   (Equation 2) 188 

In which k is the Scherrer parameter (0.9); λ is the radiation wavelength (λ=0.15406 nm), 189 

βhkl refers to the full width at half maximum (FWHM) of the reflection peak, and θ 190 

represents the Bragg diffraction angle. 191 

The small-angle X-ray scattering (SAXS) patterns were obtained in the range 0.5-5.0° with 192 

a step of 0.01° (2θ) on a Bruker D8 instrument using Cu Ka radiation (λ=1.5406Å) on a 193 

silicon sample holder. The structural parameter of d110 was acquired from the XRD 194 

diffractogram by using the Jade 6.5 software. The a0 and h were calculated by a0=2d110/√3 195 

and √3/2 × a0 – D, respectively [74].  196 

Transmission electron microscopy (TEM), High-resolution transmission electron 197 

microscopy (HRTEM), and Energy Dispersive X-ray spectroscopy (EDX) experiments 198 

were carried out in a JEM-2010 UHR (JEOL, Tokyo, Japan) equipment for reduced 199 
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catalysts. Before analysis, the catalyst was reduced at 500 °C for 1.5 h in a mixture of 200 

5%H2/Ar. Afterward, the catalyst was dispersed in ethanol solution and added dropwise on 201 

a copper grid covered by carbon film. Finally, the prepared specimen was used for the 202 

microscopy analysis. 203 

DNi (%) is the Ni dispersion calculated by TEM measurement as shown in Eq. 4. It assumes 204 

that the Ni particle is hemispherical, in which VM is the bulk atomic volume (1.09×10−23 205 

cm3) and AM is the Ni atomic area (6.51×10−16 cm2), and the surface-weighted average 206 

diameter dsw (nm) were calculated by Eq. 3 [75]. The di and Ndi represent the diameter of 207 

the particle and the number of particles with a diameter of di, respectively.  208 

𝑑!" =
∑ $!""#$
%

∑ $%""#$
%

%"
&

%"
'              Equation (3) 209 

𝐷+, (%) = 6×109 
&("
'("

· (
%)*

  = )*+	*-	!./-012	$3	04*)!
)+,-·6

    Equation (4) 210 

In which, mcat represents the weight of catalyst in reaction; W is the weight percent of Ni. 211 

X-ray photoelectron spectroscopy (XPS) analyses were conducted in an AXIS Ultra DLD 212 

spectrometer from KRATOS with a radiation from a monochromatic Al source (Al-Kα, 15 213 

kV, 10 mA, 150 W). Prior the test, the sample was reduced under H2/Ar gas mixture (5%; 214 

100 mL/min) at 500 °C for 1.5 h. After cooling down to ambient temperature the same gas 215 

mixture, the sample was placed in the sample chamber for the XPS test. The spectra were 216 

recorded at room temperature under high vacuum conditions. The registered spectra were 217 

calibrated by the C1s peak at 284.6 eV originating from the contamination during the 218 

preparation of the sample. 219 
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The reducibility of the catalysts was measured by temperature-programmed reduction in 220 

H2 (H2-TPR) conducted on a BELCAT-M apparatus from BEL Japan Inc, which was 221 

equipped with a thermal conductivity detector (TCD). Prior measurements, the sample (60 222 

mg) was treated in pure helium (He, 50 mL/min) at 350 °C for 1 h for impurities removal. 223 

Afterward, the sample was cooled to 50 °C before being filled by a mixture of H2/Ar (v/v: 224 

5%, 50 mL/min) for 20 min. Thereafter, the sample was heated from 50 °C to 900 °C with 225 

a temperature ramp of 10 °C/min under the same gas mixture. The pure bulk copper oxide 226 

(CuO) was used as a reference for H2 consumption.   227 

The basicity of the catalyst was carried out by temperature-programmed desorption of CO2 228 

(CO2-TPD) performed in the same set-up as H2-TPR. Before measurement, a sample of 60 229 

mg was reduced in a 5% H2/Ar gas mixture (50 mL/min) at 500 °C for 1.5 h. Afterward, 230 

the sample was cooled down to ambient temperature under the same gas flow following by 231 

the blow of pure He for 15 min (50 mL/min). After that, the same sample was saturated by 232 

a 10% CO2/Ar gas mixture (50 mL/min) for 1 h. After adsorption of CO2, the sample was 233 

flushed with He (50 mL/min) for 30 min to desorb the physically adsorbed CO2. The TPD 234 

program was carried out in He (50 mL/min) from 50 to 900 °C with a heating rate of 235 

10 °C/min.  236 

Thermogravimetric analysis coupled with differential scanning calorimetry and mass 237 

spectrometry (Netzsch STA 449C Jupiter, MS: Netzsch Aëolos QMS 403C) was conducted 238 

to analyze possible coke deposition on the catalyst after methanation. The spent catalyst 239 

was heated in a temperature range of 35-900 °C with a heating ramp of 5°C/min in the air 240 

(55 ml/min) with a simultaneous recording of products formed during decomposition 241 

(mass-to-charge ratio, CO2: m/z = 44; H2O: m/z=18). 242 
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2.3 Catalytic performance test in CO2 methanation 243 

The catalytic performance in CO2 methanation was evaluated in a static tubular quartz 244 

reactor (U-type, inner diameter: 8 mm) under 1 atm. The catalyst was heated by a 245 

temperature-programmed electric furnace equipped with a K-type thermocouple positioned 246 

near to the catalyst bed (<1mm) to record the temperature. Before the catalytic test, the 247 

sample (0.5 mL) was pretreated in an H2/Ar gas mixture (v/v: 5%; Flow rate: 100 mL/min) 248 

from ambient temperature to 500 °C and kept for 1.5 h with a temperature ramp of 249 

10 °C/min. After pretreatment, the sample was cooled down to 200 °C and feed gas 250 

mixtures (CO2/H2/Ar = 15/60/25, 100 mL/min) were fed into the sample with a gas hourly 251 

space velocity (GHSV) of 12,000 h−1. The products of the outlet were analyzed by a gas 252 

chromatograph from Agilent (490 Varian) equipped with a thermal conductivity detector 253 

(TCD). The flow rates in the inlet and outlet of the reactor were controlled by mass flow 254 

controllers (5850TR, Brooks) and the actual flow rates were measured by a soap-film 255 

flowmeter placed at the outlet. The reaction temperature was controlled in the range of 256 

200-450 °C with a step of 50 °C. The reaction was kept at least for 30 minutes at each 257 

temperature to reach a steady state. The products after reaction recorded by GC were CH4 258 

and CO (the only by-product). CO2 conversion and CH4 selectivity were calculated by the 259 

following equations (5) and (6):  260 

XCO2(%) = -./0,$%23450,&'(
-./0,$%

× 100%        Equation (5) 261 

SCH4(%) = -.67,&'(
-.67,&'(	9-./,&'(

× 100%       Equation (6) 262 

where X indicates CO2 conversion; S represents CH4 selectivity; FCO2,in and FCO2,out are the 263 

molar flow rate of CO2 with “in” and “out” referring to the inlet and outlet, respectively; 264 
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FCH4,out and FCO,out represents the molar rate of CH4 in the outlet. The molar flow rate was 265 

calculated based on the volumetric flow rate and the compositions from the GC. 266 

The CO2 methanation reaction rate (𝑟./)) was calculated using the following equation (7) 267 

[75]: 268 

𝑟./) =
-*+),$%×;*+)

<
     Equation (7) 269 

in which rCO2 is the reaction rate (mmol·gcat-1·min-1); FCO2,in represents the CO2 molar flow 270 

rate (mol·min-1); XCO2 is the CO2 conversion; W represents the weight of catalyst (g). 271 

At 300°C, the turnover frequency (TOF, Eq. 8) was calculated based on the literature [9], 272 

representing the mole of CO2 converted per mole of surface nickel atoms per second.  273 

TOF (s-1) = 
;*+)×-*+),$%

=(#	(>	)?@>A'B	+,	AC(=)
  Equation (8) 274 

In which, the XCO2 and FCO2,in are the same as those in equation (5), the mole of surface Ni 275 

atoms was measured based on TEM as depicted in equation (4). 276 

 277 

2.4 Stability test in CO2 methanation 278 

Stability tests were carried out in the same experimental setup as described in section 2.3. 279 

The sample of 0.5 mL was reduced at the same conditions introduced in the catalytic test 280 

part (See 2.3) following cooling down to 350 °C for the stability test at the same conditions 281 

as stated before. The time-on-stream (TOS) experiments were conducted for 8 h at 350 °C. 282 

The temperature of 350 °C was selected due to distinguishable CO2 conversion values of 283 
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catalysts performed in the catalytic test at this temperature. CO2 conversion and CH4 284 

selectivity were calculated by equations (5) and (6), respectively. 285 

 286 

3. Results and discussion  287 

3.1 Catalytic performance of the Y-promoted Ni/SBA-16 catalysts in CO2 288 

methanation  289 

The catalytic performance of the studied catalysts was evaluated in CO2 methanation as a 290 

function of temperature from 200 to 450 °C.  The CO2 conversion and CH4 selectivity of 291 

catalysts are presented in Fig.1a, b. The thick black lines in Fig.1a and Fig.1b represent 292 

the thermodynamic simulation of CO2 conversion and CH4 selectivity, respectively. It can 293 

be seen that doping Y of 10 wt.% significantly improved the CO2 conversion of Ni/SBA-294 

16 catalyst at 300-350℃ range. Also, one can be noted that Y promoted the CH4 selectivity 295 

of Ni/SBA-16 catalyst in the temperature range of 250-350℃ (Fig.1b). The catalyst 296 

containing 10 wt.% of Y showed the highest CO2 conversion and CH4 selectivity in the 297 

studied temperatures. 10Ni/10Y/SBA-16 catalyst tested at 350℃ revealed 68.2% of CO2 298 

conversion and 94.8% of CH4 selectivity. Also, one can note that at 450°C, the conversions 299 

of CO2 reached the Thermodynamics with the experimental error. 300 

In order to explain the promotion effect of Y on Ni/SBA-16 catalyst, the physicochemical 301 

properties of the support and catalysts were obtained and correlated to the activity in the 302 

next section. 303 



15 
 

  304 

  305 

Figure. 1. Catalytic results of Ni/Y/SBA-16 studied in CO2 methanation; (a) CO2 conversion, (b) CH4 306 
selectivity, CO2/H2/Ar=15/60/25, Total flow 100 mL.min-1, The solid line corresponds to the 307 

thermodynamic equilibrium. 308 

 309 
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3.2 Textural properties, structural properties, morphology, and surface element 310 

compositions of the catalysts 311 

N2 adsorption-desorption experiments were conducted for the SBA-16 material, 312 

unpromoted Ni/SBA-16, and Ni/Y/SBA-16 catalysts. The isotherms of calcined samples 313 

are presented in Fig.2. All samples showed a type IV isotherm based on the IUPAC 314 

classification with a typical type of H2 hysteresis loop, indicating that the mesoporous 315 

structure is still present after the introduction of Ni and Y. Also, the capillary condensation 316 

was found at relative pressures (p/po) of 0.45-0.85 for all samples, which demonstrated the 317 

presence of large, uniform, cage-like mesopores [71,76]. After the Ni introduction, the 318 

height and width of the hysteresis loop of Ni/SBA-16 decreased compared to SBA-16 319 

material, indicating a decrease in pore volume [76]. Also, as shown in Table 1, the SSA 320 

and Vp decrease compared to those of SBA-16, which corresponds to the deposition of Ni 321 

inside the mesopores. For Y-doped catalysts, as the increase of Y loading, the height and 322 

width of the hysteresis loop of Ni/Y/SBA-16 catalysts also show decreased trends, 323 

indicating the possible presence of Y inside the mesopores.  324 

The pore size distribution curves calculated by BJH on the desorption isotherms are 325 

displayed in Fig.S1. As depicted in Fig.S1, the pore size distribution of all samples is 326 

between 3 and 4 nm. The presence of Y has an insignificant effect on the primary pore size 327 

of Ni/SBA-16 catalyst as reported in Table 1. The SSA and pore volume (Vp) of Ni/SBA-328 

16 decreased largely after modification with Ni compared to the bare support. This 329 

indicates that Ni has been deposited inside the mesopores, which is also confirmed in other 330 

reports [47]. SSA and Vp of Ni/Y/SBA-16 catalysts decreased with the increasing Y 331 

loading as a result of clogging of pores by both nickel and yttrium.  332 
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Table 1 Textural properties, structural parameters, and Ni crystallite size of the catalysts. 333 

Catalyst 
SSA 

(m2/g)a 

Vp 

(cm3/g)b 

D 

(nm)b 

Structure Parameter 

(nm) 
Crystallite 

size (nm)f 

Average 

Ni particle 

size (nm)g 

DNi 

(%)g 

d110c a0d He NiO Ni0 Ni0 

SBA-16 996 0.77 3.4 9.945 11.6 6.6 - - - - 

10Ni/SBA-16 675 0.63 3.4 9.934 11.4 6.5 4.0 4.9 9.4 9.3 

10Ni/5Y/SBA-16 514 0.5 3.4 9.589 11.1 6.2 14.6 12.1 19.9 4.2 

10Ni/10Y/SBA-16 462 0.47 3.5 10.099 11.7 6.6 17.5 13.0 21.0 3.2 

10Ni/20Y/SBA-16 343 0.39 3.6 9.878 11.4 6.3 17.8 13.7 24.5 3.3 

a Calculated by the BET method.  334 
b Calculated from BJH desorption cumulative volume and BJH Desorption average pore width (4V/A). 335 
c Obtained from SAXS. 336 

d calculated from the a0=2d110/√3 337 
e Wall thickness, calculated from √3/2 × a0 – D [74]. 338 
f Calculated by the Scherrer equation from XRD. 339 
g Calculated from TEM. 340 

 341 

Small-angle X-ray scattering (SAXS) experiments were performed for the support and 342 

Ni/Y catalysts. The corresponding patterns are shown in Fig.3. It can be seen that a primary 343 

reflection peak at 2q of 0.89˚ and two small peaks at 2q 1.44 and 1.62˚ are found for the 344 

SBA-16 material. These peaks are attributed to the reflections arising from the (110), (211), 345 

and (220) planes, respectively. The latter indicates that the presence of ordered mesopores 346 

with body-centered cubic symmetry (Im3m) [47,77]. The peak intensity of the (110) plane 347 

decreases slightly with increasing Y loading, which can be attributed to both effects of Ni 348 

and Y loading. As thermal pretreatment may cause a partial loss of the SBA-16 framework, 349 
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hence the calcination step can reduce the number of ordered mesopores [47,78]. Despite 350 

the occurrence of such a phenomenon, the TEM and SAXS confirm that the ordered 351 

mesoporous structure remained for all catalysts after Ni and Y introduction.  352 

 353 

 354 

Figure. 2. N2 adsorption-desorption isotherms of calcined SBA-16 support and Ni/xY/SBA-16 (x=0, 5, 10, 355 
and 20) catalysts with “x=0” referring to Ni/SBA-16. 356 

 357 

It is worth noting that the structural parameters of the (110) plane of the support and 358 

catalysts were calculated from SAXS patterns. As shown in Table 1, parameters such as 359 

d110, a0, and H did not show significant changes when Ni and Y were introduced in SBA-360 

16, indicating a remaining ordered structure of cage-like mesopores [71,77].   361 
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 362 

Figure. 3. SAXS patterns of calcined SBA-16 and Ni/xY/SBA-16 catalysts. 363 

 364 

XRD patterns of the calcined and reduced catalysts are shown in Fig.4. The diffraction 365 

peaks located at 2θ=37.2, 43.2, 62.8, 75.3, and 79.4° were assigned to the crystal planes of 366 

(111), (200), (220), (311), and (222) (JCPDS-ICDD no. 78-0429) facet of face-centered 367 

cubic crystalline NiO, respectively [79,80]. The broad peak located at 2θ= 22.9° was 368 

attributed to the diffraction of the amorphous silica structure of SBA-16 [80]. No distinct 369 

diffraction peaks were detected for yttrium-containing species. This suggests their high 370 

dispersion over the SBA-16 matrix. The NiO diffraction peaks at 2θ=37.2, 43.2, and 62.8° 371 

become sharper and more intensive with increasing content of Y. The crystalline size of 372 

NiO was calculated and is presented in Table 1. The smallest NiO crystal size (4 nm) was 373 

found on the Ni/SBA-16 catalyst. The NiO crystallite size increased up to 14-18 nm with 374 

Y loading. This phenomenon can be linked with the decreased SSA and Vp with the 375 

incorporation of Y, which leads to a decrease in the dispersion of Ni species.  376 
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 377 

 378 

Figure. 4. XRD patterns of the calcined (a) and reduced (b) catalysts; Reduction condition: 500 ℃ for 1.5 379 
h in 5%H2/Ar; Flow rate: 100 mL/min. 380 

 381 
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XRD patterns of reduced catalysts are presented in Fig.4b. Thus, the diffraction peaks 382 

positioned at 2θ=44.5, 51.8, and 76.5˚ were attributed to the formation of metallic Ni. Still, 383 

after the reduction step, no diffraction peaks of yttrium species could be detected. The Nio 384 

crystalline size is presented in Table 1. The Nio crystalline size also increased with 385 

increasing Y loading.  386 

To investigate the morphology of catalysts, TEM, HRTEM, and STEM-EDS mapping 387 

were carried out for the reduced catalysts. As shown in Fig.5, the TEM measurements 388 

confirmed the Im3m symmetry in all studied materials, indicating the preservation of an 389 

ordered mesoporous structure, which was consistent with the results of SAXS [77]. More 390 

micrographs displayed in Fig.S2 showed a highly ordered structure of SBA-16.  391 

It can be observed in Fig.5 that more agglomerated Ni particles were detected on the high 392 

Y content catalysts. The particle size distribution graphs of Nio particles over the catalysts, 393 

obtained by the ImageJ software, are reported in Fig.5. With increasing the Y content, the 394 

highest frequency of Nio particle size shifted to a larger size. The mean particle size of Nio 395 

from TEM is reported in Table 1. One can note that the mean particle size of Nio increases 396 

significantly as the incorporation of Y with the larger particle size of Nio is found for 20 397 

wt.% Y promoted catalyst.  398 

 399 
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 404 

   405 

  406 

Figure. 5. TEM and HRTEM micrographs of reduced catalysts (500 ℃ for 1.5h) with the particle size 407 
distribution histogram; (a) 10Ni/SBA-16, (b) 10Ni/5Y/SBA-16, (c) 10Ni/10Y/SBA-16, (d) 10Ni/20Y/SBA-408 

16. 409 

 410 

The HRTEM measurements in Fig.5 also confirm that Nio particle size increases with 411 

increasing of Y content. This could be explained by the decrease of the pore volume of 412 

support (Table 1) due to the deposition of Y species inside mesopores of SBA-16. The 413 

same phenomenon was also found on ceria-doped Ni/SBA-16 catalysts [29].  414 

 415 
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 417 

 418 

 419 

 420 
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 421 

Figure. 6.  STEM-EDS elemental mapping images of reduced catalysts; (a) 10Ni/SBA-16, (b) 422 
10Ni/5Y/SBA-16, (c) 10Ni/10Y/SBA-16, (d) 10Ni/20Y/SBA-16. 423 

 424 

STEM-EDS mapping was also performed to investigate the elemental distribution of Ni 425 

and Y. As shown in Fig.6, the Ni species were evenly dispersed on the surface of Ni/SBA-426 

16. This accounts for the small particle size obtained by XRD and TEM. As for Ni/Y/SBA-427 

16 catalysts, Y species were highly dispersed over the support which is in good agreement 428 

with the XRD results. Still, in the studied catalysts the increasing Y loading led to the 429 

formation of Ni particles with a bigger diameter than those observed in Ni/SBA-15. 430 

Nevertheless, their presence did not negatively affect the catalytic performance. Indeed, 431 

the yttrium-promoted samples were more active and selective in the studied reaction.   432 

To investigate the surface composition of the catalysts, XPS experiments were carried out 433 

on the reduced catalysts. The corresponding XPS spectra are displayed in Fig. S3.  434 

In Fig.S3a, it can be seen from the Ni2p spectra that the peak intensity of Ni2p increased 435 

with the increasing loading of Y. This can be explained by the agglomeration of Ni particles 436 

as shown by XRD, TEM, and STEM-EDS. The peaks at 853.3 and 856.1 eV were attributed 437 

to Nio and Ni2+ species, respectively. The presence of Ni2+ species could be attributed to 438 

the exposure to air before XPS analysis. The ratio of Nio/Ni2+ increases with the Y loading. 439 

In Table 2, the Ni/Si ratio increase with the incorporation of Y, indicating more Ni species 440 
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on the surface of the support which is in good agreement with the results obtained by TEM. 441 

The binding energy of Ni2p3/2 follows a decreasing trend with Y addition, indicating an 442 

increase of Ni-support interaction [65].  443 

In Fig. S3b, the XPS O1s spectra of catalysts are presented. The peak located at 532.9 eV 444 

was assigned to the lattice oxygen (OL) of SiO2 [65,81]. The binding energy of O1s of Y-445 

doped catalysts shifted to a lower position as compared to the Y-free sample, indicating 446 

the formation of a Si-O-Y chemical bond [82]. After modification with Y, the peak 447 

appeared at around 531.0 eV and was attributed to lattice oxygen (OM) of Y2O3 [65,83]. By 448 

increasing Y content, the peak intensity of OL decreased with the increase of peak intensity 449 

of OM. The peak positioned at 534.0 eV was attributed to the presence of adsorbed oxygen 450 

species such as hydroxyl species (OOH) [84,85]. The content of OOH/ (OOH+ OL+ OM) of 451 

catalysts was shown in Table 2. It can be seen that the OOH ratio increased with the 452 

increasing loading of Y. 453 

The Si2p spectra of catalysts are shown in Fig.S3c. The peak intensity of Si2p located at 454 

103.7 eV decreased due to the deposition of metals on the surface of the support. The 455 

binding energy of Si2p of Y-doped catalysts also showed a shift towards a lower position 456 

compared to Y-free catalysts suggesting the formation of Si-O-Y chemical bond [82].  457 

In Fig.S3d, the peaks located at 158.3 and 160.4 eV were assigned to Y3d5/2 and Y3d3/2, 458 

respectively [65,86]. As for the peak positioned at 154.7, it was attributed to the spectrum 459 

of Si2s [65]. With increasing yttrium content, the peak intensity of Y3d increases with the 460 

weakening of Si2p and Si2s (Fig. S3c and d), indicating more Y-species on the surface. In 461 

Table 2, one can see that the Y/Si ratio increased with the increasing loading of Y, 462 

indicating more Y species on the surface of the support. The binding energy of Y3d5/2 of 463 
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Y-doped catalysts has witnessed a small increase from 158.0 to 158.3 eV, implying 464 

increased Y-Si interaction.  465 

 466 

Table 2 Surface composition and binding energies of the reduced catalysts from XPS. 467 

Catalyst Atomic ratio (%)  Binding Energy (eV) 

Ni/Si Y/Si OOH/ (OOH+ OL+ OM) Ni0/Ni2+ Ni2p3/2 Y3d5/2 

10Ni/SBA-16 1.6 ND 3.8 23.5  856.1 ND 

10Ni/5Y/SBA-16 7.5 18.6 14.3 40.5  855.4 158.0 

10Ni/10Y/SBA-16 16.0 23.1 17.2 60.0  855.3 158.1 

10Ni/20Y/SBA-16 13.3 25.8 15.8 41.3  855.4 158.3 

 468 

3.3 On the reducibility of the catalysts from H2-TPR  469 

The reducibility of catalysts was studied by H2-TPR. The reduction profiles are presented 470 

in Fig.7. The registered maximum temperature of reduction and H2 uptake are listed in 471 

Table S1. The reduction peaks were calibrated by pure CuO. It has been reported that the 472 

reduction of Y2O3 is very difficult with only a slight reduction peak located at around 473 

650 ℃, which only accounts for 0.24% of the total reduction of the Y2O3 oxide [87]. Thus, 474 

it can be assumed that the reduction of Y is negligible and the reduction peaks of catalysts 475 

can be mostly attributed to the reduction of nickel species [65].   476 

The reduction peaks of Ni/SBA-16 consisted of mainly two broad peaks with maxima 477 

located at 485 (γ) and 642℃ (δ), respectively. These two peaks were attributed to the 478 

reduction of nickel species located outside as well as inside the pores of SBA-16 as reported 479 
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elsewhere [88]. Higher reduction temperature is needed to reduce nickel particles placed 480 

inside the 3-dimensional pore network. As confirmed by XRD and TEM, the particles of 481 

Ni were particularly small for Ni/SBA-16 which explains the reducibility profile shifted 482 

towards higher temperatures. This observation agrees well with XPS, suggesting that most 483 

Ni species were inside the mesopores.  484 

For Ni/xY/SBA-16 catalysts, the weak α peak located at around 250℃ was attributed to 485 

the reduction of NiO with weak or no interaction with the support [89,90]. The sharp peak 486 

β at 370-400℃ and the shoulder peak γ at around 450℃ were assigned to the reduction of 487 

NiO with weak or medium interaction with the support [47,89]. The broad peak δ with the 488 

maximum at around 650℃ can be attributed to the reduction of NiO species either located 489 

inside the pores of SBA-16 or well-dispersed over the support. The latter may be linked 490 

with the formation of nickel hydrosilicate species [47,91]. The Ni/xY/SBA-16 catalysts 491 

presented more NiO species being able to reduce at lower temperatures (β and γ), compared 492 

to those reported for Ni/SBA-16 (Fig.7 and Table S1). This can be attributed to the 493 

formation of bulk NiO species as already shown by XRD and TEM.  494 

 495 
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 496 

Figure. 7. H2-TPR profiles of (a) 10Ni/SBA-16, (b) 10Ni/5Y/SBA-16, (c) 10Ni/10Y/SBA-16, and (d) 497 
10Ni/20Y/SBA-16. 498 

 499 

3.4 On the basicity of the catalysts from CO2-TPD 500 

To investigate the surface basicity of the reduced catalysts, the CO2-TPD experiments were 501 

carried out. The profiles are displayed in Fig.8.  It has been reported that the CO2 desorption 502 

peak located at 100-220℃ was attributed to the weak basic sites, which were related to the 503 

bicarbonate species due to the interaction between hydroxyl species on the silica and 504 

adsorbed CO2 molecules [9,92,93]. The desorption peaks positioned between 200 and 400℃ 505 

were assigned to the moderate basic sites, which were related to metal-oxygen pairs 506 

[9,93,94]. The basicity distribution of catalysts is shown in Table 3. It is important to note 507 

that Y addition led to a decrease of weak sites with an increase of medium basic sites and 508 

with a corresponding decrease of weak basic sites. The highest number of medium basic 509 

sites was obtained over 10 wt.% Y-doped sample. Also, the CO2 desorption peak 510 
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corresponding to weak basic sites shifted from 150℃ for Ni/SBA-16 to 95℃ for 511 

Ni/Y/SBA-16. As the methanation reaction was tested between 200 and 450℃, the weak 512 

basic sites of Ni/Y/SBA-16 catalysts may have slight effects on the performance of 513 

catalysts. There are no desorption peaks at a temperature higher than 500℃, relating to the 514 

strong basic sites, which might be caused by low-coordination surface oxygen atoms [93]. 515 

In XPS analysis, it was found that doping Y promotes the formation of Si-O-Y chemical 516 

bonds, which may account for the increased moderate basic sites [93]. Furthermore, it has 517 

been demonstrated that the strong basic sites did not participate in the CO2 methanation 518 

process [9]. Meanwhile, the moderate basic sites play a significant role in the CO2 519 

methanation reaction [95]. Thus, it can be speculated that the reported increase of medium 520 

basic sites in Ni/Y/SBA-16 catalysts favored catalytic performance in the studied reaction.  521 

 522 

Figure. 8. CO2 desorption profiles for the reduced (a) 10Ni/SBA-16, (b) 10Ni/5Y/SBA-16, (c) 523 
10Ni/10Y/SBA-16, and (d) 10Ni/20Y/SBA-16. 524 

 525 
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Table 3 Basic site distribution of the catalysts from CO2-TPD. 526 

Catalyst Basic sites [µmol/gcat] Total basic 

sites [µmol/gcat] 

Distribution of basic sites 

[%] 

weak moderate weak moderate 

10Ni/SBA-16 28.9 34.3 63.2 45.7 54.3 

10Ni/5Y/SBA-16 6.6 41.6 48.2 13.7 86.3 

10Ni/10Y/SBA-16 4.3 65.5 69.8 6.2 93.8 

10Ni/20Y/SBA-16 10.0 43.0 53.0 18.9 81.1 

 527 

3.5 Correlation between the catalytic performance and physicochemical properties of 528 

the studied catalysts 529 

To draw a correlation between the physicochemical properties and the activity of catalysts, 530 

the CO2 reaction rate (Table 4) was calculated for all the catalysts and correlated to 531 

parameters such as Nio particle size (TEM), surface Nio molar ratio (XPS), moderate basic 532 

sites (CO2-TPD), and surface Ni/Si molar ratio (XPS). The corresponding features are 533 

shown in Fig.9.  One can note that the surface parameters such as basicity, Nio particle size, 534 

Ni/Si molar ratio, etc. of the catalysts increase with the Y loading until 10 wt.%, indicating 535 

that the addition of Y significantly modified the structural and chemical properties of the 536 

catalysts. The promotion with Y leads to agglomeration of Ni particles on the support and 537 

more Ni species on the surface of the support due to deposition of Y over the SBA-16 538 

matrix. Meanwhile, the moderate basicity of catalysts also shows an increasing trend as the 539 

increase of Y loading until 10wt.% d.  540 

The reaction rate of CO2 at 350 oC and the TOF of CO2 at 300 oC were calculated (Table 541 

4). It is worth noting that the CO2 reaction rate increases with the increasing Y loading 542 
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until an optimal content of 10 wt.%. When the Y content increased up to 20 wt.%, the SSA 543 

and Vp of Ni/Y/SBA-16 catalyst then decreased (Table 1, 343 m2/g, 0.39 cm3/g). 544 

Furthermore, on such catalysts, an agglomeration of Ni particles was detected by TEM, 545 

and the mean particle size of Ni° reached 24.5 nm with a high distribution frequency of 546 

particle sizes at 20-25 nm. The OOH/ (OOH+ OL+ OM) ratio and moderate basic sites also 547 

decrease over the 20 wt.% Y-doped catalyst. Thus, the CO2 reaction rate decreased. A good 548 

correlation between CO2 reaction rate and moderate basic sites can be drawn as presented 549 

in Fig. 10. One can note that a linear correlation between rCO2 and the number of moderate 550 

basic sites can be established. In the study of Pan et al., it has been demonstrated that 551 

moderate basicity played an important role as they can promote the formation of 552 

monodentate carbonates, enhancing activity in CO2 methanation [95].  553 

 554 

Table 4. CO2 reaction rate at 350℃ of catalysts and TOF at 300℃. 555 

Catalyst CO2 reaction rate at 350℃ 

(mmol/gcat·min) 

TOF at 300℃ (s-1) 

10Ni/SBA-16 1.68 0.04 

10Ni/5Y/SBA-16 1.90 0.09 

10Ni/10Y/SBA-16 2.84 0.27 

10Ni/20Y/SBA-16 1.86 0.18 

 556 
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 557 

Figure. 9. Correlating graphs between the parameters Nio particle size (TEM), surface Nio molar ratio 558 
(XPS), medium basic sites (CO2-TPD), and surface Ni/Si molar ratio (XPS) and CO2 reaction rate at 559 

350℃; The 0 wt.% of Y corresponding to 10Ni/SBA-16. 560 

 561 

The TOF values, calculated at 300°C for CO2 methanation, are presented in Table 4. As 562 

for the rates, the TOF values can be easily correlated with the moderate basic sites as shown 563 

in Fig.10. A linear correlation between the number of moderate basic sites and the TOF 564 

values has been reported, except for the catalyst with 20 wt.% of Y. This correlation 565 

confirms that a large number of moderate basic sites on the surface of the catalyst can favor 566 

the adsorption and reaction of CO2. It was reported by other authors that the TOF values 567 

had a good correlation with the total basicity of Ni-Mg/SBA-15 catalysts with different 568 

content of Mg [9]. In the present study, we demonstrated the crucial role of moderate basic 569 

sites of Ni/Y/SBA-16 catalysts in CO2 methanation reaction.  570 

 571 



34 
 

 572 

Figure. 10. Linear correlation between TOF (300℃) and CO2 reaction rate with moderate basic sites (error 573 
bar of 5%). 574 

 575 

3.6 Stability tests of Ni/xY/SBA-16 catalysts in CO2 methanation  576 

To study the stability of the studied catalysts in time on stream, a catalytic test has been 577 

carried out at 350 ℃ for 8 h. The CO2 conversion and CH4 selectivity of catalysts during 578 

time-on-stream (TOS) are presented in Fig.11. The green lines in Fig.11 represent the 579 

equilibrium line of CO2 conversion and CH4 selectivity, respectively. It can be seen from 580 

Fig.11 that both the CO2 conversion and CH4 selectivity showed high stability during the 581 

TOS test.  with 10Ni/10Y/SBA-16 catalyst presenting the best catalytic performance. It is 582 

worth noting that no activity loss, linked with a possible deactivation of the catalysts, was 583 

observed.  584 

 585 



35 
 

 586 

 587 

 588 

Figure. 11. CO2 methanation performance at 350 °C in terms of (a) CO2 conversion and (b) CH4 selectivity 589 
with time on stream (TOS) over 10Ni/SBA-16 and 10Ni/xY/SBA-16 catalysts. 590 

 591 
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3.7 Characterization of catalysts after test  592 

The XRD patterns of the catalysts after the methanation test (shown 2.3) are shown in 593 

Fig.S4, revealing only the diffraction peaks of metallic Ni after the test. Only a broad peak 594 

of Ni0 was found for the 10Ni/SBA-16 catalyst, indicating that a high dispersion was kept 595 

after the test. The crystalline size of Ni metal for Y-promoted catalysts was calculated and 596 

listed in Table S2. One can note that no significant differences in Ni crystalline sizes were 597 

observed for the reduced and spent catalysts, except for 10Ni/20Y/SBA-16 which size 598 

significantly increased. This suggests for the latter sample possible sintering of Ni° 599 

particles. However, during the stability test, all studied samples showed highly stable CO2 600 

conversion and CH4 selectivity.  In this regard, this possible sintering was not significant 601 

to affect the activity during the initial 8h test.   602 

Furthermore, to determine possible carbon deposition over the catalysts, the TGA/DSC-603 

MS measurements were performed after methanation. The profiles are presented in Fig.S5. 604 

All studied materials showed a sharp mass loss from the starting temperature to 100℃, 605 

which was caused by the removal of adsorbed water as determined by the MS signal 606 

(m/z=18). A peak of CO2 was detected by MS (m/z=44) in the range of 200-400℃ for all 607 

the spent catalysts, which was assigned to possible traces of carbonaceous species [31,96]. 608 

The slight increase of weight at 350-450℃ for Y-promoted catalysts was attributed to the 609 

oxidization of metallic Ni [97]. Finally, DSC curves did not show significant peaks 610 

corresponding to the removal of bulk carbon, confirming only traces of a possible carbon 611 

deposition [98].  612 

 613 
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4. Conclusions  614 

An ordered mesoporous silica SBA-16 with high specific surface area (SSA) and pore 615 

volume (Vp) was synthesized. The Ni/Y/SBA-16 catalysts with different loading of Y were 616 

prepared by sequential impregnation. The CO2 methanation activity tests showed that 617 

modification with Y promoted the CO2 conversion and CH4 selectivity with 10 wt.% Y-618 

doped catalyst showing the best performance.  619 

The promotion of the studied catalysts by yttrium led to a decrease of SSA and Vp 620 

accompanied by the increase of Ni particle size. Also, the adsorbed surface oxygen species 621 

increased with the yttrium loading. Furthermore, it was found that the number of moderate 622 

basic sites increased with the loading of Y with a maximum of 10 wt.%Y (10Ni/10Y/SBA-623 

16). Finally, the CO2 reaction rate and turnover frequency of CO2 conversion were well 624 

correlated to the number of moderate basic sites. And, no sintering of nickel species and 625 

formation of carbon after CO2 methanation were observed even after an 8h run.  626 
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