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Abstract: A series of nickel-cerium-promoted mesoporous silica (SBA-15) catalysts
modified with different loadings of yttrium were synthesized by cetyl trimethyl
ammonium bromide (CTAB)-assisted impregnation. The catalysts were tested in CO;
methanation reaction and characterized by N, sorption, small-angle X-ray scattering
(SAXS) and wide-angle X-ray diffraction (XRD), H, chemisorption, transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), H, temperature-
programmed reduction (H,-TPR), CO, temperature-programmed desorption (CO,-TPD),
and thermogravimetric analysis coupled with mass spectrometry (TGA-MS). The best
catalytic performance in CO, methanation was found for Y-modified NiCe/SBA-15
catalysts, as compared to the unpromoted sample. The modification with 10 wt.% of

yttrium gave the highest CO, conversion of 61 % + 2 % at 350 °C. We attribute this



increase to an improved dispersion of Ni, increased reducibility of Ni species, higher
ratio of Ce*'/(Ce*+Ce*), and increased moderate basicity found for
15Ni10Cel0Y/SBA-15. This paper shows that 10 wt.% of Y loading not only improves
the catalytic activity in CO, methanation, but also gives stable performance. The tested
15Ni10Cel0Y/SBA-15 catalyst did not exhibit activity loss during 7 h of time-on-stream
(TOS) experiment at 350 °C. Moreover, carbon deposits and sintered nickel particles
could hardly be found in the used 15Ni10Cel0Y/SBA-15 catalyst.
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1. Introduction

The anthropogenic carbon dioxide (CO;) from the combustion of fossil fuels has caused
serious environmental problems since the rapid development of industrial society [1].
Increasing CO; concentration in the atmosphere leads to global warming, resulting in
melting of glaciers, sea-level rise, species extinction, and frequent droughts/floods [1,2].
During the last decades, many efforts have been devoted to the reduction of CO,
emissions [3-5]. CO, Capture and Storage (CCS) technology was developed to store
excess CO; originating from power plants and industrial installations, but the relatively
high cost of CCS equipment limits its broad application [4]. Moreover, the CCS approach
mainly concentrates on the storage of CO,, which is uneconomical. Meanwhile, CO,
Capture and Utilization technology (CCU) has attracted much more attention worldwide
due to its economic value. CCU can simultaneously reduce CO, emissions and produce
valuable products. Catalytic conversion of CO, to chemicals and fuels plays a significant
role in CCU technologies. Accordingly, carbon dioxide can be converted to syngas [6-8],
methane [9-11], methanol [12], higher alcohols [13], diethyl ether [14] through a large
variety of reactions. Hydrogenation of carbon dioxide, and CO, methanation in particular,
has attracted attention of the academic community due to its numerous advantages.
Meanwhile, the concept of Power to Gas (PtG) or Power to Methane (PtM) brings more
possibilities to apply the CO, methanation reaction. In the PtM process, CO, can react
with hydrogen (Hy) from electrolysis or photoelectrolysis of water using renewable
energy sources, such as solar, wind, or hydropower. The produced methane represents the
primary component in natural gas. Moreover, it can be easily incorporated into the

natural gas pipelines for transportation. CO, methanation (1), also called Sabatier



reaction [15], is an exothermic and thermodynamically favorable reaction at low
temperature:
CO,+4H, = CHy+ 2H,0  AHaog= -165 ki/mol (1)

Compared to other CO, hydrogenation reactions, CO, methanation has a greater
potential to be used due to its high activity and selectivity, as well as the moderate
conditions needed for the reaction. Nevertheless, CO, methanation still needs the
participation of appropriate catalytic materials due to the existence of a kinetic barrier.
Transition metal-based catalytic systems, such as Ni [9,16], Co [17], Pd [18], and Rh [19]
based catalysts were found promising in the reaction. Among these catalytically active
materials, Ni-based catalysts have attracted the most attention due to their numerous
advantages, such as high availability, low cost, and high activity and selectivity [20].

Despite the beneficial aspects of Ni-based catalysts, there are still some problems
that limit their industrial application. It has been reported that nickel-based catalysts are
active mainly at temperatures higher than 300 °C [16,21,22]. Meanwhile, the CO;
methanation is a highly exothermic reaction, thus the potential for sintering of Ni
particles is relatively high [23]. Special attention should therefore be given to promoters
and supports which can enhance the interaction and/or dispersion of nickel nanoparticles.
A variety of materials, such as CeO, [24], ZrO, [25], Al,O3[22,26], hydrotalcite [9,27],
Si0, [28], SBA-15 [29-32], MCM-41 [30,33,34], KIT-6 [35], and SBA-16 [11,36], have
been used as supports for preparation of Ni catalysts. Among mesoporous silicas, Santa
Barbara Amorphous-15 (SBA-15) has attracted significant attention due to high specific
surface area (up to 1160 m?/g), particular pore size distribution (5-30 nm), large pore

volume (up to 2.5 cm®/g), well-ordered pore structure, and high thermal stability [37,38].



The highly ordered structure can limit the sintering of Ni particles at high temperatures,
whereas an enhanced specific surface area and high pore volume contribute to the high
dispersion of Ni active sites. SBA-15 has been extensively used as support for the
preparation of Ni/SBA-15 catalysts. Liu et al. [32] synthesized Ni/SBA-15 catalysts by
one-pot hydrothermal method (Ni/SBA-15-op) and conventional impregnation method
(Ni/SBA-15-1m), investigating their catalytic performance in CO, methanation. It was
found that Ni/SBA-15-op catalyst was more active than Ni/SBA-15-Im due to higher
surface area, larger pore volume, and enhanced dispersion of nickel particles in Ni/SBA-
15-op. Furthermore, the addition of promoters to Ni catalysts can significantly contribute
to an improvement in catalytic efficiency. Bian et al. [39] synthesized the Ni/SBA-15 and
Ni/Ce/SBA-15 catalysts by the sequential impregnation method and the dried
Ni/Ce/SBA-15 (nitrate nickel) samples were processed by Dielectric Barrier Discharge
(DBD) plasma and calcination in air. It was found that the Ce addition to Ni/SBA-15
significantly improved the activity and selectivity of the catalyst, regardless of the
calcination or DBD plasma process. After modification with ceria, the catalyst
decomposed by plasma (Ni/Ce/SBA-15-P) performed the best activity, which was
attributed to the high dispersion of Ni, better reducibility, and increased number of basic
sites. Apart from the process of plasma decomposition, Ni/Ce/SBA-15 catalysts calcined
in air or vacuum were also reported in CO, methanation [31]. The study illustrated that
the catalyst obtained under vacuum thermal treatment (Ni-CeO,/SBA-15-V) showed
better activity and selectivity compared to those thermally treated in air (Ni-CeO,/SBA-
15-air). This was attributed to the smaller particle size of Ni and CeO,, as well as highly

dispersed Ni species, being in close vicinity to Ce.



Other promoters, such as Zr [40,41], CexZr1xO, [42], Y [43], Mg [29,44] were
also used to enhance performance of Ni/SBA-15 catalysts in various catalytic reactions.
Ce and Zr were commonly applied to improve nickel-based catalysts due to their redox
and oxygen storage abilities. In our previous study [11], we found that Ce can distinctly
improve the activity and selectivity of Ni/SBA-16 catalyst in CO, methanation. The
presence of Ce led to an increase of Ce®" ratio, moderate basicity, and Ni reducibility of
Ni/Ce/SBA-16 catalyst. We also investigated modification with Y on the catalytic
performance of Ni/CeO, in CO; methanation [10]. We showed that the incorporation of
Y could substantially promote the activity of Ni/CeQO,. This presence of Y resulted in
smaller CeO, crystal size, increased BET surface area, enhanced Ni-Ce metal-support
interaction, and the increased oxygen vacancies for Y-doped Ni/CeO; catalysts.

Doping with promoters like Ce-Zr or Ce-Y on mesoporous materials supported Ni
catalysts has been studied on reactions such as CO methanation and dry reforming of
methane [45,46]. It has been demonstrated that Ni catalysts doped with two promoters
showed better activity. Meanwhile, Ni/SBA-15 catalysts have been employed to catalyze
the CO, methanation [29,32,47]. However, most studies previous studies have focused on
the Ni/SBA-15 catalyst modified by only one promoter in CO, methanation.

To the best of our knowledge, the studies regarding the influence of Y and Ce
promotion on Ni/SBA-15 catalyst have not been reported in CO, methanation. Herein,
catalysts with fixed content of Ce (10 wt.%) and different loadings of Y (2, 4, 10 wt.%)
were synthesized by co-impregnation method and characterized by a wide range of

techniques targeting both structure and catalytic performance. The aim of this study is to



investigate the influence of Y on NiCe/SBA-15 catalyst in CO, methanation and the

synergistic effects of Y and Ce when both are present.

2. Experimental part

2.1. Catalyst preparation

SBA-15 was synthesized by hydrothermal synthesis method as described by Han
et al. [48]. In brief, Pluronic P123 (PEG-PPG-PEG, with average molar weight of 5800
g/mol, BASF) was dissolved in distilled water and the pH value of the aqueous solution
was adjusted by adding HCI (37%, Sigma-Aldrich). After mixing thoroughly (45 min),
TEQOS (Tetraethyl orthosilicate, 98%, Sigma-Aldrich) was added dropwise to the above-
mentioned solution and then stirred magnetically at 40 °C for 24 h. The molar ratio of the
reaction mixture was controlled as TEOS/P123/HCI/H,0=1/0.0168/5.8/155. The
resulting mixture was aged at 65 °C for 120 h. Then, the precipitate was filtered and
washed with distilled water followed by drying in an oven at 110°C for 12 h. The obtained
solids were calcined at 550 °C for 5 h in synthetic air flow (20 ml/min) with a heating
rate of 1 °C/min.

NiCe/SBA-15 catalysts modified with Y were prepared by co-impregnation in the
presence of the surfactant cetyltrimethylammonium bromide (CTAB), which is widely
used as a surfactant in the preparation of Ni catalysts [49-51]. Adding CTAB in the
impregnation process was done to promote the dispersion of Ni particles. The Y content
(x) in the NiCexY/SBA-15 catalysts varied from 2 to 10 wt.%, whereas a fixed amount of
Ni (15 wt.%) and Ce (10 wt.%) was adjusted. The CTAB/Ni molar ratio was controlled at

0.3. In detail, the aqueous solution containing Ni(NOg3),:-6H,0 (>99%, Sigma-Aldrich),



Ce(NO3)3-6H,0 (>99%, Sigma-Aldrich), Y(NO3)3;-6H,O (>99%, Sigma-Aldrich), and
CTAB (>99 %, Sigma-Aldrich) was stirred for 30 min. Subsequently, the SBA-15
powder was added into the prepared solution and the magnetic stirring was maintained
for 12 h at ambient temperature. Then, the obtained slurry was evaporated in a rotary
evaporator (60 °C, 110 r/min). Thereafter, the material was dried in an oven at 100 °C for
12 h and calcined at 550 °C under synthetic air flow for 5 h with a heating rate of 5
°C/min (20 ml/min). The as-prepared catalysts were labeled as 15Ni10Ce/SBA-15 and

15Ni10CexY/SBA-15 (x= 2, 4, 10).

2.2. Catalyst characterization

N2 physisorption isotherms, specific surface area (SSA), mesopore volume (Vy),
and pore size distribution were measured at -196°C on a TriStar 3000 Micromeritics.
Prior to the measurements, the samples were degassed for 3 h at 300°C using a
Micromeritics VacPrep 061 degas unit. The specific surface area and pore size
distribution were calculated by the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) methods, respectively.

The X-ray fluorescence (XRF) experiments were carried out in a Rigaku
Supermini200 apparatus equipped with a proportional counter detector (PC) to determine
the elemental composition of the samples. The measurements were performed under
vacuum at 36.5°C with the flow of P-10 gas (mixture of 10% CHj/Ar; Flow rate: 24.7
mL/min). The sample was diluted in boric acid with a ratio of 1:200 and then pelletized
under pressure of 10 bar. The samples were protected with polypropylene film of 6 mm

before test.



The crystal structures of the calcined, reduced, and spent samples were
determined by X-ray diffraction (XRD) performed on a Panalytical Empyrean
diffractometer equipped with a copper-based anode (Cu-Ka, 2=0.154 nm) operated at 40
mA and 45 kV. The average crystallite size of NiO and metallic Ni was estimated by the

Scherrer equation,

_0.9)
" Bcos@

(1)

where d represents the average crystalline size, 0.9 is the Scherrer parameter, 4 is the
wavelength of the X-ray radiation given above, B denotes the full width at half maximum
of the peak (FWHM), and @ is the angular position of the peak.

Small angle X-ray scattering (SAXS) measurements were carried out using a
custom-built in-house setup at the Department of Physics, NTNU. The instrument is
based on a Genix X-ray micro source from Xenocs, operating with an acceleration
voltage of 50 kV and a tube current of 1 mA. The source sports a collimating multilayer
mirror giving monochromatized CuK, radiation (A= 0.154 nm). The setup has a
collimation path with two scatterless slits (also from Xenocs). A Pilatus 1M detector
(Dectris Ltd.) with 981x1043 pixels and 172 pm?® pixel size collected the scattered
radiation, using an exposure time of 300 s. Calibration of the detector was done using
silver behenate. The powdered sample was placed in a 1 mm glass capillary. Calibration
and analysis of the data were performed using the software DAWN [52] and
SimDiffraction [53].

H, chemisorption was employed to determine Ni dispersion (Micromeritics,
ASAP 2020). Before analysis, about 0.2 g of calcined sample was evacuated in helium at

40°C. The sample was subsequently reduced in situ at 550°C for 1.5 h in the flow of H,



(30 ml/min). The temperature was cooled down to 40°C, followed by the volumetric H,
chemisorption with pure hydrogen.

Transmission electron microscopy (TEM) and Energy Dispersive X-ray
spectroscopy (EDS) were carried out with JEM-2010 and JEM-2100Plus (JEOL, Tokyo,
Japan) transmission electron microscopes operating at 200 kV for the reduced catalysts.
Before measurement, the reduced samples (reduction condition: 550 °C for 1 h in 5 %
H./Ar) were dispersed in ethanol, following the suspension being added dropwise on a
copper grid covering with carbon film, then the prepared materials were used for the
microscopy measurement.

X-ray photoelectron spectroscopy (XPS) analyses were performed using an AXIS
Ultra DLD (KRATOS) spectrometer. The radiation was provided by a monochromatic Al
source (Al-Ka, 4 = 0.834 nm, operated at 15 kV, 10 mA). Before the measurement, the
sample was reduced under 5% H,/Ar flow (v/v; 100 ml/min) at 550 °C for 1.5 h and then
cooled down to ambient temperature under H, mixture flow. Subsequently, the sample
was positioned in the sample chamber and spectra were collected at room temperature.
The registered spectra were referenced to the C1s peak at 284.6 eV. The carbon comes
from the contamination during the preparation of sample.

The reducibility of the calcined catalyst was analyzed by temperature-
programmed reduction in H, (H.-TPR) performed on a BELCAT-M (BEL Japan Inc.).
The apparatus is equipped with a thermal conductivity detector (TCD). Before the
reduction step, around 60 mg of sample was pretreated in pure He (50 ml/min) at 350 °C
for 1 h to remove moisture. Then, the material was cooled to 50 °C before being

subjected to a mixture of 5% Hy/Ar (50 ml/min) for 10 min. Finally, the sample was

10



heated from 50 °C to 900 °C with a ramp of 10 °C/min under a 5% H,/Ar mixture (50
ml/min). The consumption of H, was determined by fitting and integrating the TPR
profiles. Bulk copper oxide was used as a reference of H, uptake.

The basicity of the catalyst was measured through a CO,-TPD technique
performed in the same apparatus as H,-TPR. Prior to the measurement, the sample (60
mg) was pretreated in a 5% H,/Ar flow of 50 ml/min at 550 °C for 1.5 h. Afterward, the
sample was cooled down to 50 °C in the presence of H,/Ar, followed by the flow of He
(50 ml/min for 15 min). Then, CO, adsorption was conducted by flowing a mixture of
10% CO,/He (50 ml/min, 1 h). Subsequently, a flow of He was applied for 30 min to
desorb the physically adsorbed probe molecules. Finally, the TPD program was carried
out in a He gas flow (50 ml/min) in the temperature range of 50-900 °C (heating rate 10
°C/min).

Thermogravimetry analysis coupled with mass spectrometry (Netzsch STA 449C
Jupiter, MS: Netzsch Aéolos QMS 403C) was performed to analyze a possible coke
formation on the surface of spent catalyst. The sample was heated from 35 to 900°C with
heating rate 5°C/min under an air flow of 55 ml/min. Mass spectrometry was used to
analyze the products of thermal decomposition of spent catalyst (mass-to-charge ratio:

m/z = 44 for CO, and m/z = 18 for H,0).

2.3. Catalytic activity tests of the catalysts in CO, methanation
The catalytic performance in CO, methanation was conducted in a U-type tubular
quartz reactor (inner diameter 8 mm) at atmospheric pressure heated by an electric

furnace, with a K-type thermocouple placed close to the catalyst bed to monitor the
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temperature. Prior to the catalytic test, a sample of 0.5 ml volume was reduced in a
mixture of 5% Hy/Ar (v/v; 100 ml/min) from ambient temperature to 550 °C and kept for
1.5 h with a temperature heating rate of 10 °C/min. After the reduction, the temperature
decreased to 200 °C and the reaction gas mixture (CO./H,/Ar = 15/60/25, 100 ml/min)
was fed into the reactor, assuming gas hourly space velocity (GHSV) of 12,000 h™'. The
gas mixtures after reaction were analyzed by a gas chromatograph (Agilent, 490 Varian)
equipped with a TCD detector. The flow rates of the inlet and outlet of the reactor were
monitored by mass flow controllers (5850TR, Brooks). The reaction temperature range
was 200-450 °C in steps of 50 °C and the reaction was maintained for 30 minutes at each
temperature to reach a steady state. The outlet products registered by GC included CH,4
and CO. The CO, conversion and CH, selectivity were calculated by the following

equations (2) and (3):

Xco, (%) = HRZEOBME 100%  (2)
SCH(%) = o—tatOUt 5 1009 (3)

FcH4,0ut + Fco,out

where X represents CO, conversion; S represents CHy selectivity; F is the molar flow rate
of the gas with “in” representing the inlet and “out” representing the outlet; The molar
flows were obtained from the volume flow rates and the compositions from GC.

The CO; reaction rate per mass (rco.) and CH,4 formation rate per mass (rcus) of catalyst
were calculated by equation (4) and (5) [54]:

_ Fcozinxxcp,
feop = — ——= (4)
ca

IcH4a=Tco2 X ScH, (5)
where mcat represents the weight of catalyst; ¢y, i, is the molar rate of CO, in inlet;
XCO; and SCH, are the CO, conversion and CH, selectivity, respectively.

12



2.4. Isothermal stability tests of CO, methanation reaction

CO, methanation stability tests were performed in the same experimental setup as
the previously conducted tests in the temperature range of 200-450 °C. The sample with
the volume of 0.5 ml was pretreated at 550 °C under a mixture of 5% Ha/Ar flow (100 ml
/min) for 1.5 h in atmospheric pressure following cooling down to 350 °C for the stability
test, with a GHSV of 12,000 h™'. Then, the reaction was maintained at 350 °C for 7 h.
The stability tests were conducted at 350 °C because at this temperature CO, conversion
values were distinguishable for the studied catalysts. CO, conversion and CH, selectivity

were calculated by eq. (1) and (2), respectively.

3. Results and discussion

3.1. Catalyst Characterization
3.1.1. Textural properties, structural parameters, metal distribution, and chemical surface
composition of the studied catalysts

The textural properties of the calcined samples were measured by N
physisorption. N isotherms and pore size distributions are presented in Fig. 1. As shown
in Fig.1a, all samples with and without yttrium showed type IV isotherm with H1
hysteresis loop, clearly demonstrating the presence of mesopores [55]. The parallel
adsorption and desorption curves also indicate highly ordered cylindrical channels
present in the samples. This analysis shows that the ordered 2D pore structure was
preserved after modification with promoters. With the increasing yttrium loading, the

inflection step slightly shifted towards lower relative pressure (p/po), indicating a slight
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reduction of ordered mesopores [29]. The specific surface area (SSA), pore volume (Vy),
and average pore width (D,p) are presented in Table 1. As shown in Table 1, the as-
synthesized SBA-15 has a high SSA and V, (973 m?/g and 1.09 cm®/g). In this study,
SSA and V, of the studied Ni/SBA-15 catalysts are similar to those described in other
reports on Ni/SBA-15 catalysts [56,57]. Despite a significant decrease of SSA observed
for the Ce-promoted samples, the obtained values are still high and comparable to those
reported elsewhere [43,46,58]. The decrease can be attributed to a cluster formation or
deposition of promoter clogging the porous channels of the support [46]. Moreover, the
still high SSA values indicate that the surfactant CTAB, added in the preparation step,
can be a suitable reagent used during the synthesis of Ni/SBA-15 catalysts. Furthermore,
the presence of Y did not cause a significant change regarding to the textural properties
[9,10]. As presented in Table 1, SSA and V, slightly increased with the increase of Y
content until 4 wt.%. As for the sample containing 10 wt.% of Y loading, SSA and V,
were nearly the same as those for NiCe/SBA-15 sample. Fig.1b depicts BJH pore size
distribution measured for the studied catalysts. The pore size of all the samples was
mainly in the range of 2-8 nm. Metal oxides (Ni, Ce, and Y) deposited onto the SBA-15
support resulted in a slight decrease of the average pore size for NiCe/SBA-15 and
NiCeY/SBA-15 samples, which can be linked with deposition of metal oxides inside the
mesopores, which was has also been reported for La-promoted Ni/SBA-15 catalyst [47].

The NL-DFT pore size distributions curves are displayed in Fig.S1. As shown in Fig.S1,
the catalysts displayed narrow NL-DFT pore size distributions with the maxima of the
differential pore volume centered at 7.9 nm (15Ni1l0Ce/SBA-15). Compared to parent

SBA-15, the pore size of the catalysts has slightly increased, which means the loss of
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porosity reflects only blockage of micropores. Thus, the catalyst mainly retains the initial
mesoporous texture of the parent SBA-15. This can account for the agglomeration of Ni
particles on the external surface of SBA-15 as shown in TEM [59].

The XRF test was carried out to measure the elemental composition of 15Ni10Ce/SBA-
15 catalyst. As shown in Table S1, the Ni and Ce contents are in consistent with the
theoretical values, indicating that there was no significant loss of Ce and Ni in the
preparation process.

Since all the catalysts were prepared by the same impregnation process, it can be

speculated that there is also not large loss of the metal contents for Y-promoted catalysts.

()
100

1 15Nil0Cel0Y/SBA-15
80 1

60
15Ni10Ce2Y/SBA-15
X _M

Quantity Adsorbed (mmol/g)

[
=
1

. T T . T . .
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (p/p")

15



12
| (b) = SBA-15
104 —a— I5Nil0Ce/SBA-15
—o— 15Ni10Ce2Y/SBA-15
—e— 15Ni10Ce4Y/SBA-15

5 8- —%— 15Ni10Cel0Y/SBA-15
£
=
v 64
=
=
(=]
- 4
=]
.
=]
[~

2 -

[] -

T I T 1 T 1 !
0 5 10 15 20

Pore Width (nm)

Figure. 1. N, adsorption-desorption isotherms a) and the BJH pore width distribution b) of the calcined

catalysts. For clarity, the isotherms are vertically shifted.

The ordered structure of the calcined SBA-15, 15Nil0Ce/SBA-15, and
15Ni10Cel0Y/SBA-15 was studied by SAXS, presented as function of scattering vector
Q = 4nsin(6) /4, see Fig. 2. The Porod slope is markedly lower for the SBA-15 compared
to the loaded samples, supporting a significant change in the catalyst morphology
(including its specific surface area), from having rough surfaces towards being of more
fractal nature. Three pronounced Bragg peaks, 100, 110 and 200, were observed for the
samples investigated, with the most intense peak being at Q = 0.06 A™. Their presence is
attributed to the highly ordered 2D hexagonal structure (p6mm) which is the typical
structure for SBA-15, having long cylindrical channels that are hexagonally packed
[48,60]. These observations show that co-impregnation with Ni, Ce, and Y allows

maintaining the ordered mesoporous structure of SBA-15 catalysts, however, their peaks
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shifted towards higher 26 angles (Fig. 2) as the unit cell parameter a decreased after
modification with metals (Table 1). The measured hexagonal lattice values are in the
range of a = 11.2-11.9 nm, being in good agreement with previous reports [60,61]. The
recorded decrease in the unit cell parameter was due to a change of the thermodynamic
properties governing the pore curvature etc. in the bulk of the catalyst particles. As
presented in Fig. 2, the intensity of these small-angle diffraction peaks decreased after
modifications with Ni-Ce and Ni-Ce-Y. This might be explained by several mechanisms,
including either a partial destruction of the pore structure order of 15Ni10Ce/SBA-15 and
15Ni10Cel0Y/SBA-15 catalysts [47,62], or a reduced contrast between the pore and the

matrix because of the partial filling of the pore.
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Figure. 2. SAXS patterns of the calcined SBA-15, 15Ni10Ce/SBA-15 and 15Ni10Cel0Y/SBA-
15. Note the shift of the diffraction peaks with increasing loading. Also, the Porod exponent changes from

about -3.2 £ 0.1 to -2.5 £ 0.1, signifying a change in the morphology of the catalyst particles.
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The structural properties of the calcined and reduced catalysts were characterized
by XRD and the recorded patterns are depicted in Fig. 3. As shown in Fig. 3a, the
diffraction peaks at 20 = 37.1, 43.1, 62.7, 75.2, and 79.3° were registered for all samples,
which were assigned to the presence of (face centered cubic) NiO, and indexed as 111,
200, 220, 311, and 222, respectively [63,64]. For the calcined 15Ni10Ce/SBA-15 sample,
only NiO was registered as a segregated phase. No separate phase of Ce species was
observed which may indicate their high dispersion. By increasing the Y loading, two
weak diffraction peaks located near 29°, at 28.9° and 33.1° appeared for the
15Ni10Cel0Y/SBA-15 sample, that may suggest existence of Y,03 (ICSD reference no.
193377) and CeO, (ICSD reference no. 28753), respectively [10]. The modification with
10 wt.% Y loading may lead to a slight decrease of the dispersion of Y and Ce on the
SBA-15 support due to the deposition of the metal species on the outer surface [65].

By increasing the Y loading, the diffraction peaks of CeO, and Y03 are still hard
to identify, which means Ce and Y are highly dispersed on the support for Y-modified
catalysts. Although there are no clear peaks of CeO, and Y,03, a broad peak at 26 of
28.94° on the 15Ni10Cel0Y/SBA-15 sample cannot be excluded, which may be assigned

to the presence of Y.
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Table 1. The textural properties, crystallite size of NiO and metallic Ni measured for the

reduced samples.

Crystallite size Crystallite  Dispersion  Lattice

SSA V,
Catalyst (hm)° size of Ni°  of Ni (%)?  Parameter
(m?lg)*  (cm®lg)°
NiO Ni° (nm)* a(nm)®

SBA-15 973 1.09 n/p n/p n/p n/p 11.9
15Ni10Ce/SBA-15 400 0.54 134 195 11.0 3.2 114
15Ni10Ce2Y/SBA-15 410 0.55 14.0 215 121 3.1 n/m
15Ni10Ce4Y/SBA-15 443 0.61 15.3 171 125 3.1 n/m
15Ni10Cel0Y/SBA-15 395 0.53 15.3 21.0 114 34 11.2

n/p: not present. n/m: not measured

#Calculated by BET calculation method.

® Calculated by BJH desorption method.

¢ Calculated from XRD by the Scherrer equation.

d Calculated by H, chemisorption assuming spherical nickel crystallites of uniform size.
® Calculated from SAXS by a=2d100/V/3

Wide-angle XRD patterns of the reduced catalysts are depicted in Fig. 3b. The
structural properties of the catalysts changed after reduction compared to the calcined
samples. Only three peaks located at 260 = 44.69, 52.03, and 76.60° were registered,
which correspond to the 111, 200 and 220 Bragg diffraction peaks of metallic Ni,
respectively [36]. No peak was observed at around 26 = 28.6° (expected location of CeO;
and Y,03 ) suggesting that the dispersion of Y or Ce was improved after reduction.
Similarly to the calcined samples, a slight shift of the Bragg reflection from 26 = 44.69°
for 15Ni10Ce/SBA-15 to 26 = 44.56° for 15Nil0Cel0Y/SBA-15 was found.
Nevertheless, it is difficult to estimate whether an insertion of Ni atoms into the Ce or Si

crystal structure occurred, as there was no clear diffraction peak of Ce, making the
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comparison of cell parameter impossible [66]. However, the latter XPS characterization
demonstrated that doping Y promoted the increase of Ce®*/(Ce®**+ Ce**) molar ratio.
Crystallite sizes of NiO and Ni° were estimated by the Scherrer equation
(assuming no strain) and listed in Table 1. It can be seen that the crystallite sizes of
metallic Ni were a litter larger compared to the NiO calculated for the calcined materials,

which might be attributed the reduction step.
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Figure 3. XRD patterns of the catalysts promoted with cerium and cerium-yttrium; (a) calcined samples,

(b) reduced samples

H, chemisorption experiments were carried out and the dispersion of Ni, as well
as the estimated size of Ni° crystallites, are presented in Table 1. With the increasing Y
loading up to 4 wt.%, the dispersion of Ni did not change significantly. Furthermore,
there is no significant difference regarding the Ni° particle size, indicating that the
addition of Y has only a slight effect on active sites. The difference of Ni° particle size
obtained from different methods (XRD or H, chemisorption) can be attributed to the
effect of different measurements.

To directly image the mesoporous structure of SBA-15 and to determine the
dispersion of Y,03; CeO, and Ni° on the catalyst surface, EDS micrographs were
obtained for the reduced catalysts. Micrographs are presented in Fig.4 showing the

presence of ordered arrays of long pores extending through the particles. These results
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demonstrated that the distinct mesoporous-structure was maintained after impregnation
with metals, fully consistent with the SAXS. Fig.4a shows micrographs of
15Ni10Ce/SBA-15 catalyst with large Ni particles (diameter up to 150 nm) that were
probably formed by the agglomeration of nickel outside of the mesoporous channels of
SBA-15. On the contrary, 15Ni10Cel0Y/SBA-15 catalyst presented well-dispersed Ni
species inside the channels of the support (diameter less than 10 nm), with only a few

larger Ni particles found on the outer surface of the catalyst (Fig.4b).

Figure. 4. TEM micrographs of the reduced catalysts; Conditions: 550 °C for 1.5h under 5%H,/Ar; (a)

15Ni10Ce/SBA-15, (b) 15Nil0Cel0Y/SBA-15.
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EDS elemental mapping analysis was carried out for 15Nil0Ce/SBA-15 and
15Ni10Cel0Y/SBA-15 and is presented in Fig. S2a, and b. In the former, Ce species
were well dispersed over the support, whereas Ni was exposed in the form of big
particles, as well as uniformly distributed nanoparticles. 15Ni10Cel0Y/SBA-15 revealed
Y and Ce species evenly dispersed and less agglomerated particles of Ni. The reducibility
of the studied catalysts will be described in detail in the next section.

In order to investigate the surface composition and oxidation states of the
catalysts, XPS was performed for the reduced catalysts. The XPS spectra are shown in
Fig. S3 and the calculated atomic ratio and binding energies are given in Table 2.

As shown in Fig. S3a, the O1s spectrum can be deconvoluted into 3 peaks located
at 530.4, 532.4, and 533.0 eV, which were attributed to the metal oxide (Oom), 0Xygen of
silica (Oos;), and surface oxygen species adsorbed on oxygen defects (Oon), respectively
[67,68]. As shown in Table 2, doping Y resulted in the increase of Oon species. Thus, it
can be seen that the increment of Y loading lead to the increase of oxygen defects
[69,70].

As shown in Fig. S3b, the overlapped spectra can be deconvoluted to 3 peaks.
The intensive peak located at 154.0 eV was assigned to the presence of Si2s. The two
weak peaks positioned at 157.5 and 159.8 eV were attributed to the presence of Y3ds,
and Y3ds» [71]. As the Y loading increased, the peak intensity of Y,O3; increased,
indicating that more yttria species deposited on the surface of the support. Also, no
apparent peak shifts relating to Y3ds,, were registered (Table 2). From Fig. S3c, it can be

seen that the intensity of Si2p peak, which is located at 103.1 eV, decreases with
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increasingY loading, which can be attributed to the coverage of Ni, Ce, and Y on the
surface of the SBA-15 material.

In Fig.S3d, the XPS spectra of Ni2ps, for the for 15Ni10Ce/SBA-15 catalyst consisted of
two peaks located at 852.8 and 855.5 eV, which were attributed to the Ni® and Ni?*
species (Ni(OH),) [72], with a shake-up satellite peak at 860.7 eV [73]. The presence of
Ni?* species was attributed to partial oxidization caused by exposure of the sample to air
during the transportation for XPS. Also, the insufficient reduction of NiO cannot be
excluded. In Table 2, the Ni2ps, peak shifted towards higher binding energy as the
increase of Y promotion, indicating the Ni species could also be incorporated into ceria
lattice [70]. Meanwhile, higher Ni concentration on the surface of 10 wt.% Y-modified
sample indicates high distribution of Ni on the surface [74].

The Ce3d XPS spectra of the catalysts are presented in Fig.S3e. With the increase
of Y addition, the peak intensity of the Y-doped catalysts did not change much as
compared with the peak intensity of Y-free catalysts. The Ce3d peak could be
deconvoluted to 10 peaks labelled u™, u", u’, u, u°, v v, V', v, and v°. The components
labelled u®, u' V° and v' were attributed to Ce®* species and the other components
labelled u™, u", u, v, v!', and v were assigned to the presence of Ce** species [10]. From
Table 2, it can be seen that the ratio of Ce®**/Ce over the Y-doped catalysts increased
gradually with the increase of Y loading, with the highest ratio of Ce**/(Ce** + Ce*")
obtained over 10 wt.% Y promoted catalyst. Thus, it can be concluded that the dopant of
Y promotes the formation of Ce®*, and more oxygen vacancies are created, which are
attributed to the intimate contact between Ce and Y, leading to replacement of Ce by Y

[75]. As reported in literature [10,76,77], the Ce** (0.97 A) can be substituted by Y**
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(1.04 A) in the lattice thanks to the similar ionic radii. The Ce3d peak position in energy
for Y-doped catalysts also showed a slight shift with increasing Y loading towards lower
binding energy, which demonstrates the incorporation of Y and Ni inside the Ce lattice

over the catalysts. This is consistent with the results from XRD.

Table 2 XPS derived Ce** and Ni° percentage, Binding Energy of Y3ds, Ni2ps and
Ce3ds, in eV, Ni, Ce, and Y atomic ratio for the samples after reduction.

Atomic ratio (%) Binding Energy (eV)
Catalyst Oon/(Oom+Oosi+  Ce¥/(Ce¥+
Ni Ce Y Ni2ps, Ce3ds;,  Y3ds;
Oon) ce™)
15Ni10Ce/SBA-15 1.14 0.56 - 9.9 45.5 855.5 881.8
15Ni10Ce2Y/SBA-15 1.00 0.64 3.95 20.5 47.6 855.8 881.8 157.9
15Ni10Ce4Y/SBA-15 1.04 0.55 4.10 23.2 48.9 856.0 881.7 157.9
15Ni10Cel0Y/SBA-15 1.20 0.52 4.80 20.5 52.5 856.0 881.6 158.0

3.1.2. Reducibility of the studied catalysts

The reduction behavior was studied by H,-TPR method and presented in Fig.5.
Four peaks were revealed and labelled a, B, y, and & for 15Nil0Ce/SBA-15 and
15Ni10CexY/SBA-15 catalysts (Figs. 5a-b), and attributed to the reduction of Ni species
with different degree of metal-support interactions [78,79]. The peaks centered at
temperatures lower than 400 °C (o and ) were attributed to the reduction of NiO species
located on the external surface of SBA-15 [79,80]. The peaks centered at 400-500 °C (y)
and 600 °C (6) were assigned respectively to the reduction of NiO weakly and strongly
interacting with the support [81]. Fig.5 revealed a shift of the reduction peaks towards

lower temperature with the increment of the Y content, except for the sample with 2 wt.%
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of Y. This indicates that the reducibility of Y-promoted catalysts has been improved with
the increasing loading of yttrium. Table S2 presents the H, consumption calculated for
Y-promoted NiCe/SBA-15 catalysts. The maximum of reduction peaks was lower except
for those with 2 wt.% of Y-containing sample. The latter revealed maximum of reduction
peaks similar to 15Ni10Ce/SBA-15 catalyst. TEM micrographs showed an agglomeration
of Ni particles in the reduced 15Ni10Ce/SBA-15 sample, whereas the presence of Y
facilitated the formation of small nickel particles. In this regard, the reducibility of NiO

for15Ni10CexY/SBA-15 catalysts have been enhanced.
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Figure. 5. H,-TPR profiles of the as calcined catalysts (a) and the enlarged mapping of the profiles of
15Ni10Ce/SBA-15 and 15Ni10Cel0Y/SBA-15 (b)

3.1.3. Basicity of the studied catalysts

An adequate number of basic sites is known to play a crucial role in the catalytic
performance of CO, methanation catalysts. Thus, the basicity of the studied catalysts was
investigated by temperature-programmed desorption using CO, as a probe molecule. CO,
desorption profiles are shown in Fig.6 and the basic sites distribution listed in Table 3.
The CO, desorption peaks can be classified to three types based on their temperature
regions: <200 °C, 200-400 °C, and >400 °C corresponding to weak, medium, and strong
basic sites, respectively [10,27,47]. As shown in Table 3, the medium basic sites and
total number of basic sites increased with increasing Y loading. The highest amount of
medium basic sites was obtained for 15Ni10Cel0Y/SBA-15 catalyst. Pan et al. [82]
investigated the reaction route of CO, methanation over Ni/CeysZros0, catalyst. The

authors suggested that medium basic sites can promote the formation of monodentate
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carbonates, enhancing activity in CO, methanation. Similar observations regarding
beneficial influence of medium basic sites were described elsewhere [10,27,29]. In the
current study, the enhancement of moderate basicity can be attributed to the increase of
Ce®" ratio shown in XPS. The incorporation of Y resulted in an increase of Ce®" ratio,
thus more CO, species were adsorbed on the generated oxygen vacancies [10]. However,
the total basic sites of catalysts were not satisfactory, which demonstrated the importance

of basicity to improve the catalytic performance.
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Figure. 6. CO, desorption curves of the catalysts after reduction at 550 °C for 1.5h.
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Table 3. The basic sites distribution calculated from CO,-TPD for the reduced catalysts.

Basic sites [umol/gead Total basic  Distribution of basic sites [%6]
sites
Catalyst weak  medium strong  [pmol/gcad weak medium  strong
15Ni10Ce/SBA-15 6.7 23.0 8.5 38.2 17.5 60.2 22.3
15Ni10Ce2Y/SBA-15 3.2 385 12.4 54.1 5.9 71.2 22.9
15Ni10Ce4Y/SBA-15 2.2 50.5 12.0 64.7 3.4 78.1 18.5
15Ni10Cel0Y/SBA-15 5.4 64.4 11.0 80.8 6.7 79.7 13.6

3.2. Catalytic performance in CO, methanation.

The catalytic performance of catalysts in CO, methanation was investigated at the
temperature range of 200-450 °C. In order to confirm the most appropriate loading
content of Y, the results of a catalyst with higher Y loading (15%) were also added. The
results were displayed in Fig.7.

The catalytic activity of NiCe/SBA-15 catalysts promoted with Y is presented in
Fig.7a. The dashed line represents the thermodynamic equilibrium of CO, methanation
for the assumed experimental conditions. The CO, conversion rate, obtained for the
studied catalysts, increased with the increasing reaction temperature and reached nearly
equilibrium at 450 °C. In the temperature range of 300-350 °C, in which the conversion
values of the catalysts are distinguished, it can be seen that Y promoted catalysts showed
higher CO, conversion compared to that of 15Ni10Ce/SBA-15. Depending on the loading
of yttrium, the following activity order was observed at 350°C: 10Ce (40.0%) < 2Y
(44.0%) <15Y (51.1%) < 4Y (54.5%) < 10Y (61.2%), in which 10Ce refers to the
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15Ni10Ce/SBA-15 sample. It can be seen that higher Y loading (15wt.% of Y) led to the
decrease of CO; conversion at 350°C, which indicates that 10wt.% of Y seems to an
appropriate content for NiCeY/SBA-15 catalysts.

Fig.7b shows selectivity to CHi, revealing a gradual decrease with the
temperature rise. At the temperatures lower that 300 °C, there is no difference in the CH,4
selectivity for all catalysts as the CO, conversion is negligible in this temperature region.
In the temperature window between 300 and 400 °C, the Y-free catalyst showed the
lowest CH,4 selectivity. Meanwhile, the series of Y-promoted catalysts showed equally
high CH, selectivity. It is worth noting that only carbon monoxide (CO) was registered as
side product in the studied reaction conditions. The formation of CO is mainly caused by
the reverse water-gas shift reaction (CO, + H, = CO + H,0) [83]. According to the
thermodynamics of CO, methanation reaction, the CO selectivity increases with
increasing temperature, consequently decreasing selectivity towards CH, production
[83,84]. It has been reported that Ce promotion of Ni/SBA-15 catalyst can increase the
activity and CH, selectivity in CO, methanation [31,39]. The presence of cerium can
enhance the activation of CO, at low temperature, hence improve the activity and CH,4
selectivity [30]. Herein, the promotive effect of Y on NiCe/SBA-15 catalysts was

observed.
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Fig. 7. The catalytic activity in CO, methanation of 15Ni10Ce/SBA-15 catalysts with and without yttrium.
(a) CO, conversion versus temperature; (b) CH, selectivity versus temperature. The dotted line represents

equilibrium.
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It has been reported that the methanation mechanism over Ni-containing SBA-15
and MCM-41 mesoporous silicas undergoes the route of CO free and without
participation of intermediates, such as carbonate and formate [30]. In the study of
Bacariza et al. [30], FTIR analysis carried out for Ni/SBA-15 catalyst showed that the
CO;, species adsorbed on the surface of Ni metal transformed to carbonate species,
following the formation of formate species, then led to the formation of methane.
However, many carbonyl species could be formed over the catalysts, which accounted for
the formation of CO and the feasible poisoning of metallic Ni. In the CO, adsorption
experiment carried out with the assistance of FTIR, only CO species (probably
originating from the CO, disproportionation/dissociation reaction) were found over the
bare SBA-15 support, which suggests that the methanation reaction could not occur in the
presence of Ni metal [30]. When Ce was loaded onto the Ni/SBA-15 catalyst, the
carbonyl species that led to the formation of CO decreased, consequently promoted the
activation of CO,, and enhanced the formation of CH,4. The promotion effect of Ce for
Ni/SBA-15 catalyst in CO, methanation was undisputed [39]. Moreover, the promoting
effect of Y on Ni/CeO, catalysts has been reported in CO, methanation, in which the
addition of Y can lead to an increase of weak and medium basicity, more oxygen
vacancies, and enhanced metal-support interaction [10].

In the current study, the presence of Y promoted the reduction of Ni species of
15Ni10CexY/SBA-15 catalysts, as proven by H,-TPR experiment. Meanwhile, the
formation of solid solution of Y-Ce was demonstrated by XPS. Also, the addition of Y
could lead to the increased ratio of Ce**/(Ce**+Ce*"), with 10 wt.% Y-modified catalysts

having the highest ratio of Ce*'/(Ce**+Ce™"), and favoring an increase of oxygen
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vacancies. The latter is believed to promote the activation CO;[10]. Moreover, CO,-TPD
results shows that the presence of yttrium oxide can contribute to the increase of medium-
strength basic sites, which are advantageous in CO, methanation [82]. In our study, the
10 wt.% Y-modified catalyst presented the highest number of medium basic sites, which
can explain the increased CO; conversion and CH, selectivity.

In Table S3, the catalytic activity regarding CH,; formation rate (rcms) of
NiCeY/SBA-15 catalysts was calculated and compared with those reported catalysts in
CO; methanation. It can be seen that the catalytic performance of NiCeY/SBA-15 is
comparable relative to other catalysts. Although there is still room for improvement of
the NiCeY/SBA-15 catalyst, it appears to be a promising candidate for CO, methanation.

In order to correlate the catalytic performance of catalysts with the
physicochemical properties, the CO, reaction rate (rco2) at 350 °C was calculated and
correlated with the ratio of Ce**/(Ce**+Ce*") and medium basic sites. As shown in Fig.
8a, a linear correlation can be found between Ce**/(Ce**+Ce™) ratio and Y loading. With
increasing Y loading up to 10 wt.%, the ratio of Ce**/(Ce®* +Ce*") and CO reaction rate
increase linearly. Furthermore, CO, reaction rate can also be correlated with the amount
of medium basic sites, as shown in Fig. 8b. A linear correlation between CO, reaction
rate over catalyst and number of medium basic sites were drawn. Promotion of
15Ni10Ce/SBA-15 catalysts with the appropriate loading of yttrium can improve the Ni
dispersion and its reducibility, increase the ratio of Ce**/(Ce**+Ce*"), and enhance the
moderate basicity. All these factors can positively influence catalytic activity in CO,

methanation reaction.
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3.3. Stability tests of NiCe/SBA-15 and NiCeY/SBA-15 catalysts at 350 °C

The stability tests were performed at 350°C for 15Nil0Ce/SBA-15,
15Ni10Ced4Y/SBA-15, and 15Nil0Cel0Y/SBA-15 catalysts. Fig. 9a shows stable CO,
conversion values during 7 h of time-on-stream (TOS) experiments. The highest CO,
conversion was measured for 15Ni10Cel0Y/SBA-15, in good agreement with previously
conducted experiments (Fig. 7b). In Fig. 9b, the catalysts modified with 4 and 10 wt.%
of Y showed nearly the same CH, selectivity values during the stability test.
Nevertheless, the 15Ni10Ce/SBA-15 catalyst showed a slight loss in CH, selectivity after
2h test, which may be caused by the formation of Ni carbonyls, leading to the possible
sintering of Ni metal and formation of CO species [30]. Carbon monoxide is a side
product of parallelly occurring reactions during CO- hydrogenation, i.e. reverse-water gas
shift [85]. On the other hand, the carbon monoxide production can be associated with a
deactivation of metallic nickel nanoparticles. Zurrer et al. [86] studied differently
modified NiMg-MOF-74 mixed metals catalysts in CO, methanation. The authors
reported that the selectivity tends towards CO production rather than CH,4 for the
catalysts containing the most content of nickel (80Ni20Mg and 100Ni). Once the nickel
particles are encapsulated by graphitic carbon, a reduction of the adsorbed CO
intermediate is diminished due to a hydrogen deficient environment. Another explanation
can be a change in the nickel metal electronic state caused by the carbon shell formation.
In the latter case the resulting product can be carbon monoxide. Both hypotheses imply

the importance of usage a carbon-resistant catalyst in CO, methanation.
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A TOS test more than 24 h for 15Ni10Cel0Y/SBA-15 catalyst was also carried out and
displayed in Fig.S4. As shown in Fig.S4, both the CO, conversion and CH, selectivity of
the catalyst are highly stable during the TOS process, which indicates that there was no

significant deactivation during CO, methanation process.
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3.4. Characterization of catalysts after CO, methanation reaction.

Wide-angle XRD measurements were carried out to investigate the structural
features of the catalysts after CO, methanation. Fig.S5 presents that nearly no changes of
the diffraction peaks were registered, compared to the XRD results recorded for the
reduced catalysts (Fig.3b). This indicates that there is no sintering of nickel during the
reaction [29].No reflection peak arising from graphitic carbon was observed.
Nevertheless, the crystal size of metallic Ni metal shows neglect change compared with
reduced catalysts (Table S4), which may account for the high stability of catalysts.

Thermogravimetric analysis was performed to examine an existence of carbon
deposit formed during CO, methanation. The registered curves are shown in Fig. S6.
Spent 15Ni10Cel0Y/SBA-15 catalyst was decomposed in air, revealing formation of
products with mass signals of m/z= 18 (H,O) and m/z= 44 (CO,). The first weight loss
registered in the temperature range from 35 to 200°C can be attributed to the removal of
water molecules from SBA-15 supported catalyst. The second mass change occurred
between 200 and 400°C and can be related to desorption of the adsorbed molecules
during the reaction, e.g. CO, (m/z = 44). The mass gain is a result of Ni° oxidation into
NiO crystallites [87]. The third mass change was recorded between ca. 400 and 900°C
which can be linked with possible oxidation of deposited carbon, however, that was not
the case for our spent catalyst as no change of the m/z=44 signal was registered
(C+0,=C0,). Moreover, no mass difference was recorded above 800°C, excluding the

existence of graphitic carbon.
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Conclusions

The effect of yttrium promotion on SBA-15-supported Ni-Ce catalysts was
investigated in this study. A series of NiCeY/SBA-15 catalysts were characterized and
tested in CO, methanation. The microscopy analyses revealed that modification with Y
positively affects the distribution of Ni particles, being extensively dispersed inside the
mesoporous channels of SBA-15 silica support. Moreover, yttrium as a promoter
contributed to an increase of Ce**/(Ce**+Ce*") ratio and number of medium basic sites,
enhanced the reducibility of Ni species, and led to the formation of a Y-Ce solid solution.
NiCeY/SBA-15 catalysts showed better catalytic performance in CO, methanation than
Y-free catalyst, with the highest CO, conversion and CH, selectivity measured for the 10
wt.% Y loading. Both catalysts 15Ni10Ce/SBA-15 and 15Ni10Cel0Y/SBA-15 revealed
stable CO, conversion without activity loss during a 7 h of time-on-stream (TOS)
experiment at 350°C. In addition, the modification with Y favors selective CO;
hydrogenation towards CH,4 production. 15Ni10Cel0Y/SBA-15 showed excellent coking
resistance and anti-sintering ability, which can be attributed to the confinement of SBA-

15 structure.
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Highlights
e Y promotion of Ni-Ce/SBA-15 catalyst significantly improved the catalytic

activity in CO, methanation

e 10 wt.% loading of Y showed the highest CO, conversion at 350 °C.

e Y promotion led to higher reducibility of nickel species.

e Higher ratio of Ce*/(Ce**+Ce*") was found for 10 wt.% Y modified Ni-Ce/SBA-
15 catalyst.

e 10 wt.% Y modified Ni-Ce/SBA-15 catalyst showed enhanced stability in CO,

methanation reaction
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