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Abstract:

The ordered mesoporous silica SBA-16 with high specific surface area and pore volume
was synthesized and used to prepare Ni/SBA-16 catalysts promoted with yttrium. These
promoted catalysts were tested in CO, methanation reaction and characterized by N»
sorption, small-angle/wide-angle XRD, TEM, XPS, H>-TPR, CO,-TPD, and TGA/DSC-
MS. The results revealed that Ni/Y/SBA-16 catalysts performed better catalytic
performance in CO2 methanation compared to the non-promoted Ni/SBA-16 catalyst. The
best catalytic activity was found for the catalyst promoted with 10 wt.% Y. The improved
performance of such catalysts was attributed to the increase of reducibility of nickel species,
the increase in surface oxygen species, and the abundance of moderate basic sites caused

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

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

Keywords: CO; methanation, synthetic natural gas, Ni catalyst, SBA-16, yttrium

promotion

1. Introduction

Over the last decades, industrialization and urbanization across the world have led to a
significant increase in carbon dioxide (CO>) emissions, well known as the main greenhouse
gas (GHG) leading to global warming [1]. According to the World Meteorological
Organization (WMO) report from 2020, then anthropogenic CO; emission had risen by
about 1% annually over the last decade, resulting in an increase of CO> concentration
between 2 and 3 ppm in the atmosphere. The consequences of this global warming are
mostly desertification, rising sea levels, and animal species extinction [1]. Therefore, the
reduction of CO; emissions is one of the most important challenges for modern societies.
Although in the last years, renewable energies have been used to reduce CO; emission, the
dependence on fossil fuels still cannot be relieved in short term. In such a case, the
development of technologies to reduce CO; emission directly from the source can be of
importance. The CO> capture and utilization (CCU) technology, which captures the CO:
and uses it as feedstock to produce fuel, can play a significant role in CO; reduction [2]. In
this technology, the power-to-gas (PtG) route is regarded as a mature route because it can
convert intermittent renewable energy to synthetic natural gas [3,4]. CO2 methanation,
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which was for the first time reported by Paul Sabatier in 1902 [5,6], plays a key role in the
PtG concept. In this concept, the captured CO> reacts with the hydrogen originated from
the water electrolysis by renewable energy, such as wind, solar, or hydropower to
synthesize methane (CHy) [4]. In this regard, the fluctuant renewable energy can be stored
in the form of CH4, which can be easily transported or injected into the existing gas
pipelines [3]. Compared to other CO> conversion reactions like methanol, dimethyl ether,
and formic acid, etc. [7,8], CO2 methanation possesses many advantages, such as high
activity and selectivity, low cost, and high energy efficiency [4,9]. CO2 methanation is a
moderate reaction that can be performed at ambient temperature. The energy conversion
efficiency from electricity to methane can reach 63.6% [4]. CO; methanation is also a

thermodynamically feasible and exothermic reaction, determined with the equation:
COz+ 4H; — CHy + 2H20 (AHa9sk = -165 kJemol ™) Equation (1)

However, this reaction needs the presence of an appropriate catalyst due to the restriction
of the kinetic barrier. The transition metal-based catalysts, such as Rh [10], Ru [11], Pd
[12], Ni[9,13], Co [14], were widely used to catalyze this reaction. Among these catalysts,
the noble catalysts including Rh and Ru can catalyze the reaction at a temperature lower

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

scale commercialization. Meanwhile, Ni-based catalysts have already received intensive
attention due to their high performance and low price [17]. Among them, Ni catalysts
supported on various supports, such as CeO2 [18-20], ALLO3 [21], Si02[22-24], ZrO: [25],
CexZr1x02[26], TiO2[27], mesoporous silicas [9,28,29], perovskite [30], and hydrotalcite-
derived mixed oxides [31-36], always showed higher activity due to the beneficial effect
of the used supports. The support plays an important role in the catalytic systems, allowing

3
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to improve surface area and porosity [37,38], nickel dispersion [39], nickel particle size
distribution [40], basicity [38], reducibility [41], oxygen vacancies [13,42], and metal-
support interaction [43,44]. The above-mentioned properties can significantly affect the

activity and stability of Ni catalysts.

Mesoporous materials with highly ordered structures have been utilized as supports for Ni
catalysts due to their high surface area, porosity, and unique ordered structure [9,29,45—
49]. For CO2 methanation, Bacariza et al. [49] compared the performance of Ni catalysts
supported on SBA-15, MCM-41, and USY zeolite. The results revealed that the Ni/MCM-
41 catalyst showed the highest turnover frequency (TOF) values, which was due to
weakened poisoning effects of carbonyl species. The Ni metal particle size on SBA-15 was
lower due to the bigger pore size than that on MCM-41. It was also found that the
incorporation of cerium could notably increase the activity of Ni catalysts supported over
different supports. Guo et al. [50] prepared Ni catalysts supported on ZSM-5, SBA-15, and
MCM-41 by wet impregnation method and compared their performance in CO:
methanation with conventional Al,O3; and SiO; supported catalysts. The Ni catalysts
supported on ZSM-5 and SBA-15 showed superior activities than alumina and silica-
supported catalysts. The higher performance of Ni/ZSM-5 was assigned to the enhanced
basic properties and the synergistic effect between nickel metal and support. To further
improve the catalytic activity of mesoporous supported Ni catalysts, promoters such as La
[48,51], Mg [9], and Ce [52] were also applied. The promotion with Ce usually leads to an
increase of the oxygen vacancies on the catalyst due to its redox property (Ce*"-Ce*"),
which can promote the adsorption and dissociation of CO2 [53—55]. Besides, the presence

of Ce on Ni/SBA-15 catalysts led to the decrease of Ni particle size [56,57]. The
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incorporation of lanthanum could promote Ni dispersion due to the intensified interaction
La-Ni and the adsorption and activation of CO, [48]. Meanwhile, the modification with Mg
was found to increase medium basic sites, which can promote monodentate formate species
during methanation reaction [9]. However, both MCM-41 and SBA-15 are 2-dimensional
mesoporous materials that may have contributed to some extent to the remarkable sintering
of Ni° particles [58,59]. In this regard, 3-dimensional material, such as SBA-16 could be
an interesting alternative due to the possible confinement of active metals, leading to high
stability in long time running [47,60—63]. SBA-16 has been already reported to be
promising support, allowing to obtain small Ni particle size due to its cage-like mesoporous
structure [64]. Regarding CO; methanation, only a few studies dealt with SBA-16 based
catalysts. Canggih et al. [64] investigated Ni/SBA-16 catalysts in CO> methanation and
found that the Ni particle size was very small due to the confinement of SBA-16. However,
the activity and CH4 selectivity of Ni/SBA-16 catalysts in CO2 methanation were not ideal
due to the lack of basicity. Chen et al. [60] applied carboxylic acid-modified SBA-16 based
Ni catalysts in CO2 methanation, but the reported activity was not ideal compared to the
other catalysts. Recently, it has been demonstrated that the presence of ceria as a promoter
could significantly enhance the activity of Ni/SBA-16 catalysts [25]. Besides ceria, yttrium
can also be a good promoter. It has been widely reported that the modification with yttrium
can promote the activity of Ni catalysts supported on different materials in various CO;
valorization reactions including CO; methanation [13,31,65,66]. Moreover, the yttrium has
more available ore deposits compared to other rare earth elements (REEs), making it
potential in large-scale application towards CO: utilization [67]. Yttrium have

demonstrated positive effects on Ni catalysts supported on different materials
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[13,19,30,31]. Regarding the effect of yttrium on mesoporous silica supported Ni catalysts,
several researches focused on methane reforming of CO; reaction [68,69]. However, few
studies dealt with Ni catalysts supported on mesoporous silicas promoted with yttrium
applied in CO> methanation. In previous studies, we found that the presence of Y could
significantly improve the activity of hydrotalcite-derived and SBA-15 supported Ni
catalysts [31,70]. However, the effect of Y on Ni catalyst supported on SBA-16 material
has never been reported. Herein, we studied the effect of Y on Ni/SBA-16 catalysts for

CO; hydrogenation to methane.

In this study, Ni/SBA-16 catalysts promoted by different loadings of yttrium were
synthetized and further investigated their activity and stability in CO2> methanation. The
catalysts were characterized by a temperature-programmed reduction in H» (H>-TPR),
temperature-programmed desorption of CO2 (CO2-TPD), N2 physisorption, small-angle
and wide-angle X-ray diffraction (SAXRD and WAXRD), high-resolution/transmission
electron microscopy (TEM/HRTEM), energy-dispersive X-ray spectroscopy (EDS), X-ray
photoelectron spectroscopy (XPS), and thermogravimetric analysis/differential scanning
calorimetry-mass spectrometer (TGA/DSC-MS). Finally, a relation between activity and

physicochemical properties was drawn.

2. Experimental part

2.1. Catalyst preparation

2.1.1. SBA-16 synthesis
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The SBA-16 materials were synthesized based on an improved method presented
elsewhere [71]. Typically, 3 g of Pluronic F127 (EO10sPO70EO106) copolymer (BASF) was
dissolved with 144 g of distilled water in a Teflon bottle followed by adding 5.94 g of
concentrated hydrochloric acid (HCI, 37 wt.%, Sigma Aldrich). After stirring for 30 min,
9 g of butanol-1 (BuOH, Sigma Aldrich) was added into the aforementioned solution as a
co-surfactant. The molar ratio of F127:BuOH was chosen as 1:3. After stirring for 1 h, 14.2
g of tetraethyl orthosilicate (TEOS, Sigma Aldrich) was added into the solution above at
40°C, then the mixture was kept at 40°C for 24 h. Afterward, the container of the solution
was placed under a static condition at 80 °C for 48 h for the hydrothermal process.
Subsequently, the mixture was filtered and washed with distilled water. Then, the
precipitant was dried at 100 °C for 12 h. Finally, the solid was calcined at 550 °C for 5 h
with a heating rate of 5 °C/min under flowing air (20 mL/min) to remove the copolymer

template F127.

2.1.2. Ni catalysts preparation

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

synthesized SBA-16 material was used as support.

First, Y-modified SBA-16 (xY/SBA-16) was synthesized by impregnating an aqueous
solution of yttrium nitrate (Y(NO3)3-6H20, >99%, Sigma-Aldrich) onto the support.
Typically, the appropriated weight of Y(NO3)3-6H20 was dissolved in distilled water. Then,
2 g of SBA-16 was added into the above-mentioned solution followed by the treatment in

an ultrasonic bath (Elmasonic S30) for 1.5 h to obtain a well-dispersed suspension.
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Subsequently, the suspension was placed in static condition for 24h for the impregnation
part. Afterward, the container was placed in an oven at 100°C for 12h. After drying, the
solid was grounded and calcined at 550°C for Sh with a heating rate of 5°C/min. The weight

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

The synthesized xY/SBA-16 supports were used to synthesize Ni/xY/SBA-16 catalysts by
wet impregnation using nickel nitrate (Ni(NOs3)2:6H20, >99%, Sigma-Aldrich). The
procedure was nearly the same as the process of xXY/SBA-16 with the use of ethanol (99.9%,
Sigma-Aldrich) instead of distilled water. The nickel loading relative to SBA-16 was 10
wt.% for all the samples. The synthesized catalysts were denoted as: 10Ni/SBA-16,
10Ni/5Y/SBA-16, 10Ni/10Y/SBA-16, and 10Ni/20Y/SBA-16. The schematic diagram

was displayed in Scheme 1.

Ni(NO,),"6H,0

Y(NO,);-6H,0

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

2.2. Physicochemical characterization
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N2 physisorption isotherms were obtained on a TriStar 3000 Micromeritics apparatus.
Before N, adsorption, the sample was degassed at 300 °C under vacuum conditions for 3 h
[72]. After the pretreatment, the N> adsorption-desorption experiment was carried out
under liquid nitrogen temperature (-196 °C) [73]. The specific surface area (SSA) was
calculated by the Brunauer-Emmett-Teller (BET) method. The total pore volume (V;) and

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

The wide-angle X-ray diffraction (XRD) experiments were performed on a PANalytical-
Empyrean diffractometer equipped with a Cu Ka radiation source (A = 0.15406 nm, 40 kV,
40 mA). The patterns were recorded from 10 to 90° with a step of 0.02° (20). The crystallite

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

KA
BhleOSG

Dnii = (Equation 2)

In which k is the Scherrer parameter (0.9); A is the radiation wavelength (A=0.15406 nm),
Bri refers to the full width at half maximum (FWHM) of the reflection peak, and 60

represents the Bragg diffraction angle.

The small-angle X-ray scattering (SAXS) patterns were obtained in the range 0.5-5.0° with
a step of 0.01° (20) on a Bruker D8 instrument using Cu Ka radiation (A\=1.5406A) on a
silicon sample holder. The structural parameter of diio was acquired from the XRD

diffractogram by using the Jade 6.5 software. The ap and h were calculated by ag=2d;10/v3

and V3/2 x ag— D, respectively [74].

Transmission electron microscopy (TEM), High-resolution transmission electron
microscopy (HRTEM), and Energy Dispersive X-ray spectroscopy (EDX) experiments

were carried out in a JEM-2010 UHR (JEOL, Tokyo, Japan) equipment for reduced

9
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catalysts. Before analysis, the catalyst was reduced at 500 °C for 1.5 h in a mixture of
5%Hz/Ar. Afterward, the catalyst was dispersed in ethanol solution and added dropwise on
a copper grid covered by carbon film. Finally, the prepared specimen was used for the

microscopy analysis.

Dni (%) is the Ni dispersion calculated by TEM measurement as shown in Eq. 4. It assumes
that the Ni particle is hemispherical, in which Vi is the bulk atomic volume (1.09x1072
cm?) and A is the Ni atomic area (6.51x107!6 ¢m?), and the surface-weighted average
diameter dsw (nm) were calculated by Eq. 3 [75]. The d; and Ng; represent the diameter of

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

_ ZiE'Nai df

dey = =g, af Equation (3)
Vni 1 mol of surface Ni atoms .
. (© =06X 9. = 4
Dyi (%) =6X%10 Ani don W Equation (4)

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

X-ray photoelectron spectroscopy (XPS) analyses were conducted in an AXIS Ultra DLD
spectrometer from KRATOS with a radiation from a monochromatic Al source (Al-Ka, 15
kV, 10 mA, 150 W). Prior the test, the sample was reduced under Hy/Ar gas mixture (5%;
100 mL/min) at 500 °C for 1.5 h. After cooling down to ambient temperature the same gas
mixture, the sample was placed in the sample chamber for the XPS test. The spectra were
recorded at room temperature under high vacuum conditions. The registered spectra were
calibrated by the Cls peak at 284.6 eV originating from the contamination during the

preparation of the sample.

10
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The reducibility of the catalysts was measured by temperature-programmed reduction in
H> (H2-TPR) conducted on a BELCAT-M apparatus from BEL Japan Inc, which was
equipped with a thermal conductivity detector (TCD). Prior measurements, the sample (60
mg) was treated in pure helium (He, 50 mL/min) at 350 °C for 1 h for impurities removal.
Afterward, the sample was cooled to 50 °C before being filled by a mixture of Hy/Ar (v/v:
5%, 50 mL/min) for 20 min. Thereafter, the sample was heated from 50 °C to 900 °C with
a temperature ramp of 10 °C/min under the same gas mixture. The pure bulk copper oxide

(CuO) was used as a reference for H, consumption.

The basicity of the catalyst was carried out by temperature-programmed desorption of CO>
(CO,-TPD) performed in the same set-up as H>-TPR. Before measurement, a sample of 60
mg was reduced in a 5% H/Ar gas mixture (50 mL/min) at 500 °C for 1.5 h. Afterward,
the sample was cooled down to ambient temperature under the same gas flow following by
the blow of pure He for 15 min (50 mL/min). After that, the same sample was saturated by
a 10% CO2/Ar gas mixture (50 mL/min) for 1 h. After adsorption of CO>, the sample was
flushed with He (50 mL/min) for 30 min to desorb the physically adsorbed CO». The TPD
program was carried out in He (50 mL/min) from 50 to 900 °C with a heating rate of

10 °C/min.

Thermogravimetric analysis coupled with differential scanning calorimetry and mass
spectrometry (Netzsch STA 449C Jupiter, MS: Netzsch Aéolos QMS 403C) was conducted
to analyze possible coke deposition on the catalyst after methanation. The spent catalyst
was heated in a temperature range of 35-900 °C with a heating ramp of 5°C/min in the air
(55 ml/min) with a simultaneous recording of products formed during decomposition

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

The catalytic performance in CO; methanation was evaluated in a static tubular quartz
reactor (U-type, inner diameter: 8 mm) under 1 atm. The catalyst was heated by a
temperature-programmed electric furnace equipped with a K-type thermocouple positioned
near to the catalyst bed (<Imm) to record the temperature. Before the catalytic test, the
sample (0.5 mL) was pretreated in an Ho/Ar gas mixture (v/v: 5%; Flow rate: 100 mL/min)
from ambient temperature to 500 °C and kept for 1.5 h with a temperature ramp of
10 °C/min. After pretreatment, the sample was cooled down to 200 °C and feed gas
mixtures (CO2/Ho/Ar = 15/60/25, 100 mL/min) were fed into the sample with a gas hourly
space velocity (GHSV) of 12,000 h™!. The products of the outlet were analyzed by a gas
chromatograph from Agilent (490 Varian) equipped with a thermal conductivity detector
(TCD). The flow rates in the inlet and outlet of the reactor were controlled by mass flow
controllers (5850TR, Brooks) and the actual flow rates were measured by a soap-film
flowmeter placed at the outlet. The reaction temperature was controlled in the range of
200-450 °C with a step of 50 °C. The reaction was kept at least for 30 minutes at each
temperature to reach a steady state. The products after reaction recorded by GC were CHy
and CO (the only by-product). CO> conversion and CHjy selectivity were calculated by the

following equations (5) and (6):

FCO02,in—FCO2,0u¢
FCO2,in

XCO2(%) = %X 100% Equation (5)

FCH4,oyt
FCH4,0yt +FCO,out

SCHa4(%) =

X 100% Equation (6)

where X indicates CO conversion; S represents CHa selectivity; Fcoz,in and Fcoz,out are the
molar flow rate of CO> with “in” and “out” referring to the inlet and outlet, respectively;

12
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Fcna,0ut and Fco,out represents the molar rate of CHy in the outlet. The molar flow rate was

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

The CO, methanation reaction rate (r¢¢,) was calculated using the following equation (7)

[75]:

Fco, inXXco,
w

Tco, = Equation (7)

in which rco is the reaction rate (mmol* gear! -min'); Fcoz,in represents the CO2 molar flow

rate (mol-min™); Xcoz is the CO; conversion; W represents the weight of catalyst (g).

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

representing the mole of CO> converted per mole of surface nickel atoms per second.

Xco,%Fco, i

TOF (s1) = Equation (8)

mol of surface Ni atoms

In which, the Xco2 and Fcoz,in are the same as those in equation (5), the mole of surface Ni

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

2.4 Stability test in CO; methanation

Stability tests were carried out in the same experimental setup as described in section 2.3.
The sample of 0.5 mL was reduced at the same conditions introduced in the catalytic test
part (See 2.3) following cooling down to 350 °C for the stability test at the same conditions
as stated before. The time-on-stream (TOS) experiments were conducted for 8 h at 350 °C.

The temperature of 350 °C was selected due to distinguishable CO> conversion values of

13
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catalysts performed in the catalytic test at this temperature. CO2 conversion and CHs4

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

3. Results and discussion

3.1 Catalytic performance of the Y-promoted Ni/SBA-16 catalysts in CO:

methanation

The catalytic performance of the studied catalysts was evaluated in CO; methanation as a
function of temperature from 200 to 450 °C. The CO; conversion and CHj4 selectivity of
catalysts are presented in Fig.1a, b. The thick black lines in Fig.1a and Fig.1b represent
the thermodynamic simulation of CO; conversion and CHy selectivity, respectively. It can
be seen that doping Y of 10 wt.% significantly improved the CO> conversion of Ni/SBA-
16 catalyst at 300-350°C range. Also, one can be noted that Y promoted the CHg selectivity
of Ni/SBA-16 catalyst in the temperature range of 250-350°C (Fig.1b). The catalyst
containing 10 wt.% of Y showed the highest CO conversion and CHy selectivity in the
studied temperatures. 10Ni/10Y/SBA-16 catalyst tested at 350°C revealed 68.2% of CO:
conversion and 94.8% of CHy selectivity. Also, one can note that at 450°C, the conversions

of COz reached the Thermodynamics with the experimental error.

In order to explain the promotion effect of Y on Ni/SBA-16 catalyst, the physicochemical
properties of the support and catalysts were obtained and correlated to the activity in the

next section.
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3.2 Textural properties, structural properties, morphology, and surface element

compositions of the catalysts

N> adsorption-desorption experiments were conducted for the SBA-16 material,
unpromoted Ni/SBA-16, and Ni/Y/SBA-16 catalysts. The isotherms of calcined samples
are presented in Fig.2. All samples showed a type IV isotherm based on the ITUPAC
classification with a typical type of H» hysteresis loop, indicating that the mesoporous
structure is still present after the introduction of Ni and Y. Also, the capillary condensation
was found at relative pressures (p/p°) of 0.45-0.85 for all samples, which demonstrated the
presence of large, uniform, cage-like mesopores [71,76]. After the Ni introduction, the
height and width of the hysteresis loop of Ni/SBA-16 decreased compared to SBA-16
material, indicating a decrease in pore volume [76]. Also, as shown in Table 1, the SSA
and V,, decrease compared to those of SBA-16, which corresponds to the deposition of Ni
inside the mesopores. For Y-doped catalysts, as the increase of Y loading, the height and
width of the hysteresis loop of Ni/Y/SBA-16 catalysts also show decreased trends,

indicating the possible presence of Y inside the mesopores.

The pore size distribution curves calculated by BJH on the desorption isotherms are
displayed in Fig.S1. As depicted in Fig.S1, the pore size distribution of all samples is
between 3 and 4 nm. The presence of Y has an insignificant effect on the primary pore size
of Ni/SBA-16 catalyst as reported in Table 1. The SSA and pore volume (V,) of Ni/SBA-
16 decreased largely after modification with Ni compared to the bare support. This
indicates that Ni has been deposited inside the mesopores, which is also confirmed in other
reports [47]. SSA and V, of Ni/Y/SBA-16 catalysts decreased with the increasing Y

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

Structure Parameter Average Dni
(o) Crystallite Ni 1 %)
nm . X 1 particle 0)°
Catalyst SSA Ve b size (nm)" . )
(g} (em¥g) (o)’ size (nm)
dio ag® H¢ NiO Ni° Ni°
SBA-16 996 0.77 3.4 9945 11.6 6.6 - - - -
10Ni/SBA-16 675 0.63 3.4 9934 114 65 4.0 4.9 9.4 9.3
10Ni/5Y/SBA-16 514 0.5 3.4 9589 11.1 6.2 146 121 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 32
10Ni/20Y/SBA-16 343 0.39 3.6 9878 114 63 17.8  13.7 24.5 3.3

334  “*Calculated by the BET method.

335 ®Calculated from BJH desorption cumulative volume and BJH Desorption average pore width (4V/A).
336 ¢ Obtained from SAXS.

337  ‘calculated from the ao=2d110/V/3

338 < Wall thickness, calculated from v3/2 x ag — D [74].

339  fCalculated by the Scherrer equation from XRD.

340  ¢Calculated from TEM.

341

342  Small-angle X-ray scattering (SAXS) experiments were performed for the support and
343 Ni/Y catalysts. The corresponding patterns are shown in Fig.3. It can be seen that a primary
344  reflection peak at 20 of 0.89° and two small peaks at 20 1.44 and 1.62° are found for the
345  SBA-16 material. These peaks are attributed to the reflections arising from the (110), (211),
346  and (220) planes, respectively. The latter indicates that the presence of ordered mesopores
347  with body-centered cubic symmetry (Im3m) [47,77]. The peak intensity of the (110) plane
348  decreases slightly with increasing Y loading, which can be attributed to both effects of Ni

349  and Y loading. As thermal pretreatment may cause a partial loss of the SBA-16 framework,

17



350 hence the calcination step can reduce the number of ordered mesopores [47,78]. Despite
351  the occurrence of such a phenomenon, the TEM and SAXS confirm that the ordered

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

353
10Ni/20Y/SBA-16
%
g 10Ni/10Y/SBA-16
g
554 10Ni/5Y/SBA-16
=
=
-
< 10Ni/SBA-16
£
=
<
—]
o SBA-16
v T T T T T T T v
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (p/p°)
354

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

357

358 It is worth noting that the structural parameters of the (110) plane of the support and
359  catalysts were calculated from SAXS patterns. As shown in Table 1, parameters such as
360  di10, a0, and H did not show significant changes when Ni and Y were introduced in SBA-

361 16, indicating a remaining ordered structure of cage-like mesopores [71,77].
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Figure. 3. SAXS patterns of calcined SBA-16 and Ni/xY/SBA-16 catalysts.

XRD patterns of the calcined and reduced catalysts are shown in Fig.4. The diffraction
peaks located at 26=37.2, 43.2, 62.8, 75.3, and 79.4° were assigned to the crystal planes of
(111), (200), (220), (311), and (222) (JCPDS-ICDD no. 78-0429) facet of face-centered
cubic crystalline NiO, respectively [79,80]. The broad peak located at 20= 22.9° was
attributed to the diffraction of the amorphous silica structure of SBA-16 [80]. No distinct
diffraction peaks were detected for yttrium-containing species. This suggests their high
dispersion over the SBA-16 matrix. The NiO diffraction peaks at 26=37.2, 43.2, and 62.8°
become sharper and more intensive with increasing content of Y. The crystalline size of
NiO was calculated and is presented in Table 1. The smallest NiO crystal size (4 nm) was
found on the Ni/SBA-16 catalyst. The NiO crystallite size increased up to 14-18 nm with
Y loading. This phenomenon can be linked with the decreased SSA and V, with the

incorporation of Y, which leads to a decrease in the dispersion of Ni species.
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379 Figure. 4. XRD patterns of the calcined (a) and reduced (b) catalysts; Reduction condition: 500 °C for 1.5
380 h in 5%H2/Ar; Flow rate: 100 mL/min.
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XRD patterns of reduced catalysts are presented in Fig.4b. Thus, the diffraction peaks
positioned at 26=44.5, 51.8, and 76.5° were attributed to the formation of metallic Ni. Still,
after the reduction step, no diffraction peaks of yttrium species could be detected. The Ni°
crystalline size is presented in Table 1. The Ni° crystalline size also increased with

increasing Y loading.

To investigate the morphology of catalysts, TEM, HRTEM, and STEM-EDS mapping
were carried out for the reduced catalysts. As shown in Fig.5, the TEM measurements
confirmed the /m3m symmetry in all studied materials, indicating the preservation of an
ordered mesoporous structure, which was consistent with the results of SAXS [77]. More

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

It can be observed in Fig.5 that more agglomerated Ni particles were detected on the high
Y content catalysts. The particle size distribution graphs of Ni° particles over the catalysts,
obtained by the ImagelJ software, are reported in Fig.5. With increasing the Y content, the
highest frequency of Ni° particle size shifted to a larger size. The mean particle size of Ni°
from TEM is reported in Table 1. One can note that the mean particle size of Ni° increases
significantly as the incorporation of Y with the larger particle size of Ni° is found for 20

wt.% Y promoted catalyst.
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Figure. 5. TEM and HRTEM micrographs of reduced catalysts (500 °C for 1.5h) with the particle size
distribution histogram; (a) 10Ni/SBA-16, (b) 10Ni/5Y/SBA-16, (¢) 10Ni/10Y/SBA-16, (d) 10Ni/20Y/SBA-
16.

The HRTEM measurements in Fig.5 also confirm that Ni° particle size increases with
increasing of Y content. This could be explained by the decrease of the pore volume of
support (Table 1) due to the deposition of Y species inside mesopores of SBA-16. The

same phenomenon was also found on ceria-doped Ni/SBA-16 catalysts [29].
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Figure. 6. STEM-EDS elemental mapping images of reduced catalysts; (a) l0Ni/SBA-16, (b)
10Ni/5Y/SBA-16, (c) 10Ni/10Y/SBA-16, (d) 10Ni/20Y/SBA-16.

STEM-EDS mapping was also performed to investigate the elemental distribution of Ni
and Y. As shown in Fig.6, the Ni species were evenly dispersed on the surface of Ni/SBA-
16. This accounts for the small particle size obtained by XRD and TEM. As for Ni/Y/SBA-
16 catalysts, Y species were highly dispersed over the support which is in good agreement
with the XRD results. Still, in the studied catalysts the increasing Y loading led to the
formation of Ni particles with a bigger diameter than those observed in Ni/SBA-15.
Nevertheless, their presence did not negatively affect the catalytic performance. Indeed,

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

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

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

In Fig.S3a, it can be seen from the Ni2p spectra that the peak intensity of Ni2p increased
with the increasing loading of Y. This can be explained by the agglomeration of Ni particles
as shown by XRD, TEM, and STEM-EDS. The peaks at 853.3 and 856.1 eV were attributed
to Ni° and Ni*" species, respectively. The presence of Ni?* species could be attributed to
the exposure to air before XPS analysis. The ratio of Ni®/Ni?" increases with the Y loading.

In Table 2, the Ni/Si ratio increase with the incorporation of Y, indicating more Ni species
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on the surface of the support which is in good agreement with the results obtained by TEM.
The binding energy of Ni2ps. follows a decreasing trend with Y addition, indicating an

increase of Ni-support interaction [65].

In Fig. S3b, the XPS Ols spectra of catalysts are presented. The peak located at 532.9 eV
was assigned to the lattice oxygen (Or) of SiO[65,81]. The binding energy of Ols of Y-
doped catalysts shifted to a lower position as compared to the Y-free sample, indicating
the formation of a Si-O-Y chemical bond [82]. After modification with Y, the peak
appeared at around 531.0 eV and was attributed to lattice oxygen (Om) of Y203[65,83]. By
increasing Y content, the peak intensity of Or decreased with the increase of peak intensity
of Om. The peak positioned at 534.0 eV was attributed to the presence of adsorbed oxygen
species such as hydroxyl species (Oon) [84,85]. The content of Oon/ (Oou+ Or+ Owm) of
catalysts was shown in Table 2. It can be seen that the Oon ratio increased with the

increasing loading of Y.

The Si2p spectra of catalysts are shown in Fig.S3c. The peak intensity of Si2p located at
103.7 eV decreased due to the deposition of metals on the surface of the support. The
binding energy of Si2p of Y-doped catalysts also showed a shift towards a lower position

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

In Fig.S3d, the peaks located at 158.3 and 160.4 eV were assigned to Y3ds» and Y3ds»,
respectively [65,86]. As for the peak positioned at 154.7, it was attributed to the spectrum
of Si2s [65]. With increasing yttrium content, the peak intensity of Y3d increases with the
weakening of Si2p and Si2s (Fig. S3c¢ and d), indicating more Y-species on the surface. In
Table 2, one can see that the Y/Si ratio increased with the increasing loading of Y,

indicating more Y species on the surface of the support. The binding energy of Y3ds» of
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464  Y-doped catalysts has witnessed a small increase from 158.0 to 158.3 eV, implying

465 increased Y-Si interaction.

466

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

Catalyst Atomic ratio (%) Binding Energy (eV)
Ni/Si  Y/Si  Oon/ (Oont+ Ot Om)  Ni”Ni** Ni2ps» Y3ds»
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 15.8 413 855.4 158.3

468

469 3.3 On the reducibility of the catalysts from H>-TPR

470  The reducibility of catalysts was studied by H2-TPR. The reduction profiles are presented
471 in Fig.7. The registered maximum temperature of reduction and H> uptake are listed in
472 Table S1. The reduction peaks were calibrated by pure CuO. It has been reported that the
473 reduction of Y203 is very difficult with only a slight reduction peak located at around
474 650 °C, which only accounts for 0.24% of the total reduction of the Y>3 oxide [87]. Thus,
475 it can be assumed that the reduction of Y is negligible and the reduction peaks of catalysts

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

477  The reduction peaks of Ni/SBA-16 consisted of mainly two broad peaks with maxima
478  located at 485 (y) and 642°C (), respectively. These two peaks were attributed to the

479  reduction of nickel species located outside as well as inside the pores of SBA-16 as reported
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elsewhere [88]. Higher reduction temperature is needed to reduce nickel particles placed
inside the 3-dimensional pore network. As confirmed by XRD and TEM, the particles of
Ni were particularly small for Ni/SBA-16 which explains the reducibility profile shifted
towards higher temperatures. This observation agrees well with XPS, suggesting that most

Ni species were inside the mesopores.

For Ni/xY/SBA-16 catalysts, the weak o peak located at around 250°C was attributed to
the reduction of NiO with weak or no interaction with the support [89,90]. The sharp peak
B at 370-400°C and the shoulder peak y at around 450°C were assigned to the reduction of
NiO with weak or medium interaction with the support [47,89]. The broad peak 6 with the
maximum at around 650°C can be attributed to the reduction of NiO species either located
inside the pores of SBA-16 or well-dispersed over the support. The latter may be linked
with the formation of nickel hydrosilicate species [47,91]. The Ni/xY/SBA-16 catalysts
presented more NiO species being able to reduce at lower temperatures (B and y), compared
to those reported for Ni/SBA-16 (Fig.7 and Table S1). This can be attributed to the

formation of bulk NiO species as already shown by XRD and TEM.
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Figure. 7. H>-TPR profiles of (a) 10Ni/SBA-16, (b) 10Ni/SY/SBA-16, (c) 10Ni/10Y/SBA-16, and (d)
10Ni/20Y/SBA-16.

3.4 On the basicity of the catalysts from CO,-TPD

To investigate the surface basicity of the reduced catalysts, the CO2-TPD experiments were
carried out. The profiles are displayed in Fig.8. It has been reported that the CO2 desorption
peak located at 100-220°C was attributed to the weak basic sites, which were related to the
bicarbonate species due to the interaction between hydroxyl species on the silica and
adsorbed CO; molecules [9,92,93]. The desorption peaks positioned between 200 and 400°C
were assigned to the moderate basic sites, which were related to metal-oxygen pairs
[9,93,94]. The basicity distribution of catalysts is shown in Table 3. It is important to note
that Y addition led to a decrease of weak sites with an increase of medium basic sites and
with a corresponding decrease of weak basic sites. The highest number of medium basic

sites was obtained over 10 wt.% Y-doped sample. Also, the CO, desorption peak
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corresponding to weak basic sites shifted from 150°C for Ni/SBA-16 to 95°C for
Ni/Y/SBA-16. As the methanation reaction was tested between 200 and 450°C, the weak
basic sites of Ni/Y/SBA-16 catalysts may have slight effects on the performance of
catalysts. There are no desorption peaks at a temperature higher than 500°C, relating to the
strong basic sites, which might be caused by low-coordination surface oxygen atoms [93].
In XPS analysis, it was found that doping Y promotes the formation of Si-O-Y chemical
bonds, which may account for the increased moderate basic sites [93]. Furthermore, it has
been demonstrated that the strong basic sites did not participate in the CO2> methanation
process [9]. Meanwhile, the moderate basic sites play a significant role in the CO>
methanation reaction [95]. Thus, it can be speculated that the reported increase of medium

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

weak moderate strong
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P - 600
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Figure. 8. CO2 desorption profiles for the reduced (a) 10Ni/SBA-16, (b) 10Ni/5Y/SBA-16, (¢)
10Ni/10Y/SBA-16, and (d) 10Ni/20Y/SBA-16.
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Table 3 Basic site distribution of the catalysts from CO>-TPD.

Catalyst Basic sites [Lumol/geat] Total basic Distribution of basic sites
sites [LLmol/gcar] [Y0]
weak moderate weak moderate
10Ni/SBA-16 289 343 63.2 45.7 54.3
10Ni/5Y/SBA-16 6.6 41.6 48.2 13.7 86.3
10Ni/10Y/SBA-16 43 65.5 69.8 6.2 93.8
10Ni/20Y/SBA-16 10.0 43.0 53.0 18.9 81.1

3.5 Correlation between the catalytic performance and physicochemical properties of

the studied catalysts

To draw a correlation between the physicochemical properties and the activity of catalysts,
the CO; reaction rate (Table 4) was calculated for all the catalysts and correlated to
parameters such as Ni° particle size (TEM), surface Ni® molar ratio (XPS), moderate basic
sites (CO2-TPD), and surface Ni/Si molar ratio (XPS). The corresponding features are
shown in Fig.9. One can note that the surface parameters such as basicity, Ni° particle size,
Ni/Si molar ratio, etc. of the catalysts increase with the Y loading until 10 wt.%, indicating
that the addition of Y significantly modified the structural and chemical properties of the
catalysts. The promotion with Y leads to agglomeration of Ni particles on the support and
more Ni species on the surface of the support due to deposition of Y over the SBA-16
matrix. Meanwhile, the moderate basicity of catalysts also shows an increasing trend as the

increase of Y loading until 10wt.% d.

The reaction rate of CO; at 350 °C and the TOF of CO> at 300 °C were calculated (Table

4). It is worth noting that the CO: reaction rate increases with the increasing Y loading
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until an optimal content of 10 wt.%. When the Y content increased up to 20 wt.%, the SSA
and V, of Ni/Y/SBA-16 catalyst then decreased (Table 1, 343 m?/g, 0.39 cm’/g).
Furthermore, on such catalysts, an agglomeration of Ni particles was detected by TEM,
and the mean particle size of Ni’ reached 24.5 nm with a high distribution frequency of
particle sizes at 20-25 nm. The Oon/ (Oout O+ Owm) ratio and moderate basic sites also
decrease over the 20 wt.% Y-doped catalyst. Thus, the CO» reaction rate decreased. A good
correlation between CO; reaction rate and moderate basic sites can be drawn as presented
in Fig. 10. One can note that a linear correlation between rcoz and the number of moderate
basic sites can be established. In the study of Pan et al., it has been demonstrated that
moderate basicity played an important role as they can promote the formation of

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

Table 4. CO; reaction rate at 350°C of catalysts and TOF at 300°C.

Catalyst COz reaction rate at 350°C TOF at 300°C (s

(mmol/geat- min)

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
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Figure. 9. Correlating graphs between the parameters Ni° particle size (TEM), surface Ni® molar ratio
(XPS), medium basic sites (CO2-TPD), and surface Ni/Si molar ratio (XPS) and CO: reaction rate at
350°C; The 0 wt.% of Y corresponding to 10Ni/SBA-16.

The TOF values, calculated at 300°C for CO> methanation, are presented in Table 4. As
for the rates, the TOF values can be easily correlated with the moderate basic sites as shown
in Fig.10. A linear correlation between the number of moderate basic sites and the TOF
values has been reported, except for the catalyst with 20 wt.% of Y. This correlation
confirms that a large number of moderate basic sites on the surface of the catalyst can favor
the adsorption and reaction of COx. It was reported by other authors that the TOF values
had a good correlation with the total basicity of Ni-Mg/SBA-15 catalysts with different
content of Mg [9]. In the present study, we demonstrated the crucial role of moderate basic

sites of Ni/Y/SBA-16 catalysts in CO2 methanation reaction.
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3.6 Stability tests of Ni/xY/SBA-16 catalysts in CO2 methanation

To study the stability of the studied catalysts in time on stream, a catalytic test has been
carried out at 350 °C for 8 h. The CO; conversion and CHj4 selectivity of catalysts during
time-on-stream (TOS) are presented in Fig.11. The green lines in Fig.11 represent the
equilibrium line of CO> conversion and CHg4 selectivity, respectively. It can be seen from
Fig.11 that both the CO; conversion and CHj selectivity showed high stability during the
TOS test. with 10Ni/10Y/SBA-16 catalyst presenting the best catalytic performance. It is
worth noting that no activity loss, linked with a possible deactivation of the catalysts, was

observed.
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3.7 Characterization of catalysts after test

The XRD patterns of the catalysts after the methanation test (shown 2.3) are shown in
Fig.S4, revealing only the diffraction peaks of metallic Ni after the test. Only a broad peak
of Ni® was found for the 10Ni/SBA-16 catalyst, indicating that a high dispersion was kept
after the test. The crystalline size of Ni metal for Y-promoted catalysts was calculated and
listed in Table S2. One can note that no significant differences in Ni crystalline sizes were
observed for the reduced and spent catalysts, except for 10Ni/20Y/SBA-16 which size
significantly increased. This suggests for the latter sample possible sintering of Ni°
particles. However, during the stability test, all studied samples showed highly stable CO>
conversion and CHj selectivity. In this regard, this possible sintering was not significant

to affect the activity during the initial 8h test.

Furthermore, to determine possible carbon deposition over the catalysts, the TGA/DSC-
MS measurements were performed after methanation. The profiles are presented in Fig.SS5.
All studied materials showed a sharp mass loss from the starting temperature to 100°C,
which was caused by the removal of adsorbed water as determined by the MS signal
(m/z=18). A peak of CO> was detected by MS (m/z=44) in the range of 200-400°C for all
the spent catalysts, which was assigned to possible traces of carbonaceous species [31,96].
The slight increase of weight at 350-450°C for Y-promoted catalysts was attributed to the
oxidization of metallic Ni [97]. Finally, DSC curves did not show significant peaks
corresponding to the removal of bulk carbon, confirming only traces of a possible carbon

deposition [98].
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4. Conclusions

An ordered mesoporous silica SBA-16 with high specific surface area (SSA) and pore
volume (V;) was synthesized. The Ni/Y/SBA-16 catalysts with different loading of Y were
prepared by sequential impregnation. The CO, methanation activity tests showed that
modification with Y promoted the CO; conversion and CH4 selectivity with 10 wt.% Y-

doped catalyst showing the best performance.

The promotion of the studied catalysts by yttrium led to a decrease of SSA and V,
accompanied by the increase of Ni particle size. Also, the adsorbed surface oxygen species
increased with the yttrium loading. Furthermore, it was found that the number of moderate
basic sites increased with the loading of Y with a maximum of 10 wt.%Y (10Ni/10Y/SBA-
16). Finally, the CO» reaction rate and turnover frequency of CO, conversion were well
correlated to the number of moderate basic sites. And, no sintering of nickel species and

formation of carbon after CO, methanation were observed even after an 8h run.
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