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Abstract:

Ni (5 wt.%) catalysts over yttrium modified CeO; oxides synthesized by hydrothermal
method were prepared. For comparison Ni was supported over pure CeO, and Y>0s.
Characterizations by N> adsorption/desorption, XRD, XPS, TEM/HRTEM, H-TPR,
CO»-TPD and TGA were carried out. The catalytic performance in CO, methanation
reaction were tested between 200-450 °C, under atmospheric pressure, at WHSV of
60,000 h™'-ges! and reactant molar ratio of CO2/H2/Ar=15/60/25. Steady-state tests were
carried out at 300 °C for 7 h over selected catalysts.

Doping CeO, with Y promotes the decrease of the particle size of CeO; and the formation
of CeO; nanorods, increases the specific surface area and the number of oxygen
vacancies, enhances the metal-support interaction with respect to the un-promoted
Ni/CeOs. The methanation results showed that the 2 wt.% Y modified Ni/CeO- catalyst

exhibited the best CO» conversion and high selectivity towards methane.

Keywords: CO; methanation, Ni/CeO;, yttrium promotion, oxygen vacancies, metal-

support interaction.



1. Introduction

The concentration of carbon dioxide (CO;) in the atmosphere has been growing
since the industrial revolution causing many environmental issues, such as ocean
acidification, extreme climate, rise of sea level, which makes the utilization of CO;
necessary in the next years.'™ Several routes have been already established for the
COqremoval, e.g. sequestration, physical storage and chemical usage.* Among these
methods, the CO> chemical conversion was considered as the most feasible way, because
it not only produces high-valued chemicals, but also contributes to reduce the emissions
of CO,.3

Many studies have been focused on the CO» chemical recycling, such as CO; dry
reforming of methane, CO, hydrogenation to produce methanol, formic acid, diethyl
ether and methane.’® Among these methods, CO, methanation, also called Sabatier’s
reaction (CO; +4H> = CH4 + 2H>0), was regarded as the most potential way for CO»
utilization because of its high activity and moderate reaction condition, making it
possible in commercial production.>® The methanation, involving COareaction with
hydrogen produced by water electrolysis, can be used to transform excess electricity
coming from unstable renewable energy (e.g. hydropower, wind energy or solar power) to
methane or synthetic natural gas (SNG).>’7 Also, the methane produced from this power-
to-gas (PtG) route can be directly inserted into the existed infrastructure for transportation
or storage.

Considering the benefits of CO, methanation, numerous efforts have been devoted

over the last decades to the research in this topic and most publications reported on noble



metals and transition metal-based catalysts e.g., Pd,® Ru,’ Rh,'® Fe,'! Co,'"!2 Ni.13-16 So
far, the noble metal catalysts, like Ru and Rh have been reported as effective in CO»
methanation with the highest selectivity towards CHs in CO> methanation.!%!” However,
noble metals were not appropriate for industrialized production because of their high cost
and sintering at high temperature, limiting large-scale application.

Among the non-noble metal catalysts, Ni catalysts supported on various oxides
become good alternatives for methanation reaction thanks to their benefits of relatively
high catalytic activity, low cost and high availability.® Supports with high surface area,
appropriate basicity and strong metal-support interaction, play an important role in
enhancing CO> conversion and selectivity towards CHa. Various supports have already
been studied for nickel-based catalysts, such as SiOs,'%0-AlO3,'° Zr0O,,?° hydrotalcite
based supports, 4142 MgO,?? TiO»,%* mesoporous oxides,?*?” CeO, and Y,03.!3-28-31

CeO> had attracted plenty of interests because of its unique redox property. It can
create oxygen vacancies during the redox process Ce (III)/Ce (IV), promoting the
activation of CO.%? Tada et al.* reported that Ni/CeO, catalysts showed higher CO»
conversion and CHs selectivity at low temperatures compared to Ni catalysts supported
on 0-Al,O3;, TiO; and MgO. Such effect was attributed to the formation of oxygen
vacancies on the surface of partially reduced CeO», promoting the activation of CO, and
adsorption of CO» derivatives. Zhou et al.* prepared CeO» with different structures and
used the synthesized CeO, as support to prepare Ni/CeO- catalysts. The characterization
results revealed that the CeO> (NCT) prepared by hard-plate method supported Ni
catalyst possessed well-ordered mesoporous structure, high specific surface area, strong

metal-support interaction, smaller Ni° particle size and higher dispersion of active species



than Ni catalysts supported over CeO> with different structures, thus showing the highest
COz conversion, 100 % of CHg selectivity, and good stability at T =340 °C. The study of
the CO> methanation mechanism over Ni/CeO; and Ni/Al,Os catalysts revealed that the
high methanation activity and selectivity of Ni/CeO, were attributed to the presence of
active sites at the nickel-ceria interface for CO adsorption and dissociation, while
dispersed metallic Ni particles activated H», thus, the combined effect of two types of
active sites led to the high activity and selectivity.?> Thus, Ni/CeO: based catalysts being
able to chemisorb and dissociate CO> have been widely investigated in CO, methantion.

Although several reports claim Ni/CeO> as a potential catalyst for methanation, the
catalytic stability with time on stream is still a brake to its industrialization due to the
occurrence of side-reactions. Many efforts have been devoted to improve the Ni/CeO-
catalysts e.g., tailoring the structure of CeO,,*-" novel preparation method,?? doping the
catalyst with promoters.*® Yu et al.3° added in the preparation of Ni/CeO: nanoparticles g-
C3Ny as a sacrificial and protective template. Several characterization methods used in
order to investigate such catalysts, revealed enhanced interaction between Ni and CeO»
and decreased Ni particle size on the modified catalyst, thus facilitating the adsorption
and dissociation of the reactants with higher methanation activity and CHs selectivity.

Bian et al.’” prepared Ni/CeO, catalysts with tunable CeO, structure i.e. ceria
nanorods (NR) and ceria nanocubes (NC) and investigated their catalytic performance in
CO> methanation. Among the prepared catalysts, the Ni/CeO, (NR) exhibited higher
conversion and selectivity towards CH4 at low temperature, which was attributed to the
higher concentration of Ce*" on the surface.

Yttrium has been reported to be an effective promoter on nickel catalysts for



various CO»> utilization reactions, because it enhances the redox properties of nickel,
increases the specific surface area and promote weak and medium basic sites in
comparison with non-modified samples.’**° Moreover, yttrium has been proven to result
in the formation of Y»03-ZrO: solid solution for Ni-based hydrotalcite-derived catalyst
and enhance the stability of catalysts at high temperature during TOS test of DRM
reaction.*! Takano et al.*? studied the effect of Y molar ratio on Ni/ZrO; catalyst for CO
methanation and found that the doping of yttrium could promote the formation of t-ZrO»
and c-ZrO, phases when Y/(Y+Zr) ratio was not exceeding 0.333, resulting in the
formation of oxygen vacancies over t-ZrO; and/or c-ZrO, phases compared to yttrium-
free catalyst, thus showed better activity in CO> methanation.

To the best of our knowledge, until now, no research concerning the effect of
yttrium loading on the morphology, structure, and oxygen mobility of Ni/CeO- catalysts
for CO, methanation has been reported.

In the present study, Ni nanoparticle catalysts supported on yttrium-modified CeO>
nanoparticle prepared by hydrothermal method were studied in CO, methanation. The
aim of the present work is to investigate the relationship between the modification
induced by yttrium promotion on the physico-chemical properties and catalytic
performances of Ni/CeO, catalysts. For this purpose, the catalysts as calcined, reduced or
spent (after methanation test or steady-state test) samples were characterized by XRD,
TEM, H>-TPR, CO,-TPD, N, adsorption-desorption, XPS and TGA techniques. The

structure-activity relation was discussed.

2. Experimental



2.1. Catalysts preparation

The catalysts were synthesized by a two steps method. First, CeO,, Y203, and
yttrium-promoted CeO; (denoted as CeO;-YX%) supports were prepared by
hydrothermal method. In a typical procedure, 6 g of cerium nitrate, Ce(NO3)3-6H>0
(Aldrich, 99%) and an appropriate amount of yttrium nitrate hexahydrate, Y(NO3)3-6H>0,
(Aldrich, 99%) were dissolved in 30 mL of H»O, then, 40 mL of NaOH (2.5 mol L';
Aldrich, >98%) were added to the solution under vigorous stirring. The resulting
suspension was rapidly transferred into a 100 mL Teflon autoclave and heated in an oven
at 120 °C for 24 h. After aging, the obtained precipitate was filtered and washed with
deionized water until neutral pH. The resulting powder was dried at 80 °C overnight and
calcined at 550 °C for 5 h in static air with a heating rate of 2 °C/min. The Y loadings
with respect to CeO» are 0.5, 1.0, 2.0, 5.0 weight percent, respectively.

CeO> and Y203 pure oxides were prepared by the same method, starting from
Ce(NO3)3-6H20 (Aldrich, 99%) or Y(NO3)3-6H20 precursors.

The nickel catalysts were synthesized by wetness impregnation method of the so
prepared supports with an aqueous solution of Ni(NO3),-6H>O. After the impregnation
process, the solids were dried at 100 °C overnight and calcined at 550 °C for 5 h with a
heating rate of 2 °C/min. The nickel loading for all the samples is 5 wt%. The resulting
catalysts were labeled according to the weight loading of Ni and Y, i.e., 5Ni/CeO,,

5N1/Y203, 5Ni1/Ce02-Y0.5%, SN1/CeO2-Y 1.0%, 5N1/Ce02-Y2.0% and 5Ni/CeO2-Y5.0%.



2.2. Catalysts characterization

Elemental analysis of the catalysts was carried out using a X-ray fluorescence
wave-dispersive spectrometer (XRF 1800 Shimadzu).

The specific surface areas (SSA), pore volume and pore size of the materials were
measured by N adsorption-desorption isotherms using a  Micromeritics
ASAP2020system. Before analysis, the samples were degassed in vacuum at 250 °C for 2
h, then the measurement was performed at liquid nitrogen temperature (-196 °C). The
Brunauer—-Emmett—Teller (BET) method was used to calculate the SSA. The BJH method
was applied to estimate the pore volume and average pore size.

The crystalline structure of calcined, reduced and spent samples was determined by
Powder X-ray diffraction patterns (XRD), performed on a Bruker D5000 diffractometer
equipped with a Cu Ka anode and graphite monochromator. The data were recorded in a
20 range of 10°-80° or 20°-80° (depending on the crystalline nature of the samples) with
a step size of 0.05° and time per step of 5 s. The crystalline phases of samples were
analyzed according to ICSD files (Inorganic Crystal Structure Database). The mean
crystallite size was calculated by the Debye-Scherrer equation shown in Eq. (1).

B 0.9A Eq. (1)
" BcosO

where D represents the average crystalline size, 0.9 is the Scherrer parameter, A is the
wavelength of the X-ray radiation (0.15406 nm), B denotes the full width at half
maximum of the peak (FWHM), and 0 is the angular position of the peak.

The reducibility of the catalysts was evaluated by temperature-programmed
reduction (H>-TPR) measurements. The experiments were carried out in a Micromeritics

Autochem 2950HP apparatus equipped with a thermal conductivity detector (TCD). Prior



to TPR procedure, the samples (125 mg) were pretreated with the gas mixture 5% O»/He
(50 mL/min) at 350 °C for 30 minutes, then the furnace was cooled down to room
temperature under pure He flow. After pretreatment, the samples were heated from
ambient temperature to 1050 °C with a heating rate of 10 °C/min under the gas mixture
of 5 % Hz/Ar (30 mL/min). The H> consumption values were calculated, with a precision
of +10%, by integration of the TPR curves registered by TCD through a calibration
procedure. On the basis of H> consumption in the a peak, the oxygen vacancy content

(%), Vo (%) was calculated according to the Eq. (2):

o/\— (mmol 02—/gcat)
Vo(%) (total mmol 02—/gcat) 100 Eq.(2)

where the mmol O%/ge correspond to the mmol of Ha/geat from o peak and the total
mmol O%/ge where calculated on the basis of CeO2 or CeO,-Y content/geat).

The basicity of catalysts was investigated through CO, temperature-programmed
desorption (CO,-TPD) carried out in a BEL-M instrument (BEL Japan Inc.) equipped
with a thermal conductivity detector (TCD). Prior to adsorption, the samples (60 mg)
were reduced under 5 %H2/Ar flow (50 mL/min) at 550 °C. Then, the furnace was cooled
down to 80 °C under the same condition, following pretreatment under pure He (50
mL/min) for 15 min. Afterwards, the adsorption of CO> was performed in CO, mixture
(10 % CO2/He, 50 mL/min) for 1 h, then, pure He was then used to remove the physically
adsorbed CO, for 30 min at 80 °C. Finally, the temperature-programmed desorption
procedure was carried out from 80 °C to 550 °C with a heating rate of 10 °C/min under
pure He flow of 50 mL/min.

Transmission electron microscopy (TEM) and Energy Dispersive X-ray

spectroscopy (EDX) analyses 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 % Ha/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.

The X-ray photoelectron spectroscopy (XPS) measurements were performed with a
VG Microtech ESCA 3000Multilab spectrometer, equipped with a dual Mg/Al anode,
with an excitation source of unmonochromatized Al Ka radiation (1486.6 eV). The
sample powders as received (calcined samples and samples after steady state test) were
analyzed as pellets, mounted on a double-sided adhesive tape. The pressure in the
analysis chamber was in the range of 10® Torr during data collection. The constant
charging of the samples was removed by referencing all the energies to the Ce3dsn»
component at 882.1eV. Quick scans of Ce3d region were performed before each analysis
in order to evaluate possible reduction under the beam. Analyses of the peaks were
performed with the software CasaXPS. Atomic concentrations were calculated from peak
intensity using the sensitivity factors provided by the software. The binding energy values
are quoted with a precision of £0.15 eV and the atomic percentage with a precision of
+10%.

The thermogravimetric analyses (TGA) of the CeO>-Y supported
catalysts,previuosly reduced at 550 °C for 1 h, were performed in a TGA/DSC1 STAR
System from Mettler Toledo Inc. The sample of 15 mg was pretreated in N> (30 mL/min)
from 25 °C to 500 °C with a heating rate of 10 °C/min, holding time at 500 °C for 15

min, then, it was cooled down under N atmosphere to 150 °C. At 150 °C, the sample was



satured with pure O (30mL/min) during 1 h and cooled to 25 °C still under O». Finally,
the sample was heated, under N> (30 mL/min), from room temperature up to 600 °C
(ramp rate 5 °C/min), thus, the removal of physi- and chemisorbed oxygen species
occurred and the weight loss was taken into account in order to evaluate the surface
oxygen vacancies content of the sample. Each experiment was repeated 3 times in order
to check the reproducibility. The gases flowing duringthe above steps were monitored by

on line mass quadrupole (ThermostarTM, Balzers).

2.3. Catalytic test in CO> methanation reaction

The catalytic performances of the catalysts in CO; methanation reaction were
investigated in a quartz U-type tubular reactor (8mm inner diameter) at atmospheric
pressure heated through electrical furnace, using a K-type thermocouple placed closed to
the catalytic bed to monitor the temperature of catalyst bed. Prior to reaction, the sample
(100 mg) was reduced in 5 % Hz/Ar (100 mL/min) at 550 °C for 1 h with a heating rate
of 5 °C/min. After cooling down to 200 °C, the reactant gas mixture,100 mL/min, with
molar ratio of CO2/H2/Ar=15/60/25 was fed into the catalyst (WHSV=60,000 mL h™'gcar
. The products of outlet were analyzed by an online gas micro chromatograph (490
Varian, Agilent) and the flow rates of inlet and outlet were also measured by flowmeter.
The tests were carried out from 200 °C to 450 °C (increasing the temperature step by step
of 50 °C), waiting 30 minutes at each temperature for obtaining steady state values.
Considering that only CH4 and CO were registered as products in the outlet mixture, the

CO> conversion and CHjs selectivity were calculated according to the Eq.(3) and Eq.(4):
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_[CO2]in—[CO2]out _%C02in.Qin—%C02out.Qout E (3)
0/ * * q.
Xcoz (%) [CO2]in 100 %C02in.Qin 100
_ [CH4]out _ %CH4out.Qout E (4)
0/ %* qg.
Sch (A)} [CH4]out+[CO]out *100 %CH4out.Qout+%COout.Qout 100

In which, X is the CO> conversion of reactants; S represents the selectivity of CHa; Q is
the flow rate (in for inlet, out for outlet); [COz]inand [CO2]out are the molar quantities of
inlet and outlet, respectively; [CHs]out and [CO]Jout represent the molar quantities of CHa
and CO in outlet, respectively. The calculated values consider an experimental error

estimated at + 5 %.

2.4. Steady-state tests of Ni/CeO: based catalysts in CO> methanation reaction

The steady state tests were performed on three selected Ni catalysts, by using the
same set-up previously described, for evaluating the stability of CO, conversion and
selectivity towards CHa. In a typical process, 100 mg of calcined sample was loaded into
the reactor. After reduction, the sample was cooled down to 300 °C, then the gas mixture
with molar ratio CO2/H2/Ar=15/60/25 (100 mL/min) was fed into the -catalyst
(WHSV=60,000 mL h''ge"). The products were analyzed by the TCD detector in GC

(490 Varian, Agilent). The experiment was maintained at 300 °C for 7 h.

11
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Scheme 1. Chemical Composition and Structure of a Typical Ni/Ceo,—Y Catalyst

3. Results and discussion

3.1. Catalysts characterization
3.1.1 Textural properties, structural parameters and chemical vs surface compositions of

the catalysts

As determined by XRF analyses, the real loading of Ni and Y in the prepared catalysts
was equal to the nominal one +10%. In Table SI 1, the XRF derived chemical

composition is listed. The textural properties of the supports and calcined catalysts were
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measured by N> adsorption/desorption technique. The specific surface areas (SSA), pore
volume and average pore size of the supports and catalysts are displayed in Table SI2
and Table SI3. It results that the SSA, pore volume and pore diameter values of Y-
modified supports increase with the increase of yttrium loading from 0.5 to 5.0 wt.% of Y.
A similar trend was registered for the Ni supported catalysts showing the best textural
properties in the case of 5Ni/Ce0»-Y2.0% that was characterized by SSA of 78.9 m?/g,
pore volume equal to 0.29 cm’/g and pore diameter of 12.9 nm. Slightly lower surface
area and porosity values were registered for the Ni catalyst with 5 wt.% of Y. By
comparing Table SI3 and Table SI2, it results that after Ni deposition and further
calcination, SSA and porosity values generally decrease, although at the highest Y
content (2 and 5 Y%) the morphological properties appear less affected, suggesting a
beneficial effect of Y doping, especially for Y 2 wt%. It is noteworthy that Y»O3 is
characterized by higher SSA and pore volume with respect to the undoped CeO; but
suffers significant shrinkage after Ni deposition, likely due to the presence of small pores
of 4.7 nm that easily merge in larger and less deep pores. Positive effects induced by
yttrium on the textural properties of different types of supports were also reported in the
literature. 4344 Swirket al.¥ studied the effect of Y on Ni-based double layered
hydroxides for dry reforming of methane and found that doping Y inside the matrix
promotes the increase of specific surface area. Similar results were also found for Ce and
Y modified double layered hydroxides, showing that higher SSA, pore volume and pore
size were obtained over Y-modified catalyst compared to those of Ce-promoted material

without the presence of Y.+
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Fig. 1 a,b XRD patterns of the catalysts calcined at 550 °C for 5 h : (a) Ni/CeO> and
NiCeO2-Y(0.5-5%) catalysts; (b) N1/Y203; and Ni/CeO2-Y5%. The reference ICSD files
are also displayed.

In order to investigate the structural properties of the catalysts, XRD measurements
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were registered for calcined, reduced and spent samples. The XRD patterns are presented
in Fig. 1a,b and Fig. 2a,b for calcined and reduced catalysts, respectively, along with the
ICSD reference patterns of NiO (no. 24018) , metallic Ni (no. 41508), CeO; (no. 28753),
Y203 (no. 193377) and Ceo.9Y0.101.95 (no. 28808) solid solution. Depending on the nature
of catalysts and on the treatment, different angular ranges are displayed. From Fig. 1a,b,
distinct diffraction peaks of CeO, were found for all the catalysts, while signals of Y203
crystalline phase were detected only for the Ni/Y>O3; sample. In Fig. 1b the diffraction
pattern of Ni/CeO:-Y 5.0% was plotted for comparison in order to exclude any
segregation of yttria phase. No features at 26=43.25° corresponding to nickel oxide (NiO)
were detected, suggesting high dispersion of nickel species. As for Y-modified CeO>
supported Ni-based catalysts, as it can be seen in Fig. SI 1a, where the enlarged patterns
in the angular range 27-30° 20 are reported, the Y doping does not induce any important
changes in the CeO; structure. The main peaks (111) are all centered between 28.55° 20
(CeO2 ICSD reference no. 28753, cubic, space group FM-3M) and 28.57° 20
(Ce0.9Y0.101.95 ICSD reference no. 28808, cubic, space group FM-3M)) so it cannot be
excluded that at the highest Y loading (5 wt%) possibly a ceria-yttria solid solution is
formed. Indeed, thanks to the similar ionic radius some Ce*" ions can be replaced by Y3+
with oxygen vacancies formation to compensate the excess negative charge.** However,
due to the relatively low crystallinity of the samples, no structural refinements were
performed. Furthermore, according to ICSD files (references no. 28753 and no. 28808)
the structural parameters, dii1 values, for CeO, and CeooY0.101.95 references are almost
coincident, 3.122 and 3.1207 A, respectively, so no significant differences are expected in

our experimental patterns. On the other hand, if the introduction of Ni** into the ceria
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lattice should occur, a decrease of the lattice parameter of ceria is expected due to its
smaller ionic radius (0.69 A), however, it would generate new oxygen vacancies inducing
a small expansion of the cell, so the two effects would cancel out.

Meanwhile, a broadening of the diffraction peaks of CeO> was also identified with
the increasing dopant of yttrium, as it can be clearly seen from Fig. SI 1a. Accordingly,
the particle sizes of CeO:in calcined catalysts decreased as the increased content of Y,
and the smallest size was obtained for 5Ni/CeO2-Y5% sample (see Table SI4). This
could partially interpret the increasing SSA and porosity values reported in Table SI3. As
for Y203 supported Ni catalyst, it can be affirmed that no distinct diffraction peaks of
NiO at 43.25° neither at 37.25° 20 are detectable even magnifying the patterns (see Fig.
SI 1b where the NiO reference file is compared with patterns for SNi/Y>03; and Y203

characterized by a peak at 43.39° 20).
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Fig. 2 a,b. XRD patterns of the catalysts reduced at 550 °C for 1 h in the gas mixture 5%

H/Ar (100 mL/min).

The XRD patterns of the reduced catalysts are presented in Fig. 2a,b where the
enlarged ranges from 42 to 52 and from 20 to 52° 26 are displayed for Ni/CeO», N1/CeO»-
Y (0.5-5%) and for Ni/Y20s, respectively, along with the ICSD reference files. Such
angular ranges were chosen in order to detect any features ascribable to metallic Ni. No
diffraction peaks of metallic nickel at 44.4 °20 are detectable in any case which means
that the active nickel metals keep highly dispersed on the supports after reduction. The
(202) peaks of CeO, and CeO»-Y oxides are all centered between 47.48 and 47.65 ° 20
with an evident broadening of peaks at high Y content, confirming what previously
observed for the calcined catalysts (Fig. 1a and Fig. SI 1a).

For spent catalysts (after methanation reaction) similar features were observed as so

far discussed for reduced catalysts, see XRD patterns shown in Fig.SI 2. No diffraction
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peaks of NiO at 43.25 and at 37.25° 20 nor of Ni’ at 44.4° 20 were detected for Y-
modified catalysts, meaning that no sintering of Ni specie (as Ni or as reoxidized NiO)
occurs during catalytic test. This finding confirms the high dispersion of nickel species
and the occurrence of metal-support interaction stabilizing Ni even after reduction
treatment and catalytic test.

The particle sizes of CeO,, CeO2-Y and Y»03 were calculated for calcined, reduced
and spent catalysts by Debye-Scherrer equation and are listed in the Table SI4. The
particle size for calcined samples decreases gradually as the increase of Y content, with
the smallest size obtained on 5 wt.% Y-modified sample. For the reduced and spent
samples, similar trends were also registered by comparing Ni/CeO>-Y samples at
different Y loading, but the smallest particle size of the support was acquired on Ni/CeO,-
Y 2.0%. By comparing the particle size of the support for each catalyst as calcined,
reduced or spent, it results that for Ni/CeO; the size slightly increased upon reduction or
catalytic test, while for Ni/CeO>-Y and Ni/Y»0s3 catalysts, the particle sizes were nearly

the same.

In brief, the XRD results of calcined, reduced and spent samples indicate that the
nickel species keep highly dispersed before/after reaction for all catalysts and the particle
sizes of supports decreased due to Y doping. The unaffected structural properties of the
catalysts after test illustrate the metal-support interaction in the catalysts, which suppress
the sintering of catalyst particles.?’

The X-ray photoelectron spectroscopy (XPS) analysis performed over calcined
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samples was expected to identify the surface compositions and oxidation states of the
catalysts. The region of Ce3d, Ni2p, Y3d and Ols of the catalysts were recorded and
analyzed by peak fitting procedure. The percentage of Ce (III)/Ce (IV), lattice oxygen
(OL)/surface chemisorbed hydroxyl species (OOH), Ni/Ce or Y/Ce, binding energy of
Ols, Ni2p3» and Y3dsp are listed in Table SIS. The survey spectrum and the Y3d, Ols,
Ni2p and Ce3d regions of 5Ni1/Ce02-Y2.0% are shown in Fig. SI3.

As shown in Fig. SI3, the doublet of Y3d with two peaks located at 157.4 eV
(Y3dsp) and 159.3 eV (Y3dsp) represents the Y3 species.*® There is no significant
difference regarding to the Y3ds, position (presented in Table SIS) between Y-modified
catalysts and pure Y»Os supported catalyst except slight shifts (0.2 eV), which are in
accordance with other reports.*” The presence of cerium does not influence the position
of Y3d peaks, indicating a weak interaction between the two elements. The Y/Ce atomic
ratio increase is not linear with the increase of Y content. An uneven distribution of Y
between bulk and surface or the presence, in the higher Y content samples, of bigger
particles of Y203 may be responsible for this behavior.

The Ce3d region of 5Ni/Ce02-Y2.0% shows the typical complex profile, consisted
of 10 peaks, which is arisen by the ligand-to-metal charge transfer transitions.*® Many
different approaches deal with the fitting of the Ce3d peak,*-*° in this study, the approach
reported by Burroghs et al.>® was used, with ten components that take into account the
spin orbit splitting of Ce3ds», Ce3ds» and others splitting caused by a redistribution of
the entire energy spectrum after a core hole is created. There are four components
(labeled as v°, u°, v, u') attributed to Ce (III) and six components (labeled as v, u, v, u',

viii, i) attributed to Ce (IV). The data were fitted using the constrains between the
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corresponding components 3ds;»-3ds2 given by Preisler et al.’!. The Ce (III) percentages
calculated as (Iv*+Iv')/ (IvO+Ivi+Iv+Ivi+Ivii)*100, showed in Table SI5, ranges between
9 and 19 %, and it can be concluded that the Ce (III) concentration increases with the
increasing yttrium content, which was also demonstrated in other literature.’> The dopant
of Y promotes the formation of Ce**, thus, more oxygen vacancies are created.”

The Ols region contained two contributions, one due to lattice oxygen (OL) with
BE (Binding Energy) of 529.4 £0.3 eV,*** the other attributed to the hydroxyl species
chemisorbed on the surface (OOH) with BE of 531.5+0.4 eV arising by dissociative
adsorption of water.>¥¢ As shown in Table SI5, the relative amount of OOH increases
with increasing Y up to1-2% (within the experimental error) which could be assigned to
the increase of Ce’". Because the oxygen species adsorbed on Ce*" showed higher
stability than that of Ce*".>’ By increasing the amount of yttrium, contribution of the
oxygen arising by yttrium oxides segregated on the surface probably occurs and this may
give account for the decreases OOH species despite the increase of Ce**.

The Ni2ps» profile with a peak centered at 855.0+0.2 eV along with a shake-up
peak at 862+0.5 eV is typical of Ni(II).”® The position at values higher than 853 eV,
typical of pure NiO indicates a good interaction between the Ni and the support.’® The
presence of yttrium causes a small decrease (0.2-0.5e¢V) indicating a moderate
modulation of interaction by Yttrium.

Such finding further confirms the occurrence of metal-support interaction in
Ni/CeO2-Y promoted catalysts as argued on the basis of XRD data.

The Ni/Ce atomic ratio decreases with the rise of Y content on the surface of the

catalysts, except for Ni/CeO2-Y1.0%. This fact could be attributed to different factors,
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such as slightly bigger Ni particles, a different distribution of Ni on the surface due to
changes in morphology or the migration of Ni into the bulk likely forming Ni-Ce-O solid
solution. Because XPS analysis is a surface sensitive technique, the ratio between
supported metals and bulks support is usually higher than the theoretical ratio. In our case
anyway the values of Ni/Ce ratio are quite similar to the theoretical ones. This finding
could point out to the presence of big particles, but this hypothesis was discarded on the
basis of XRD and HRTEM data, or could be due to a migration of Ni toward the bulk of
Ceria (as postulated on the basis of oxygen vacancies). On the contrary Y/Ce ratios are
significantly higher than the theoretical values pointing to a surface enrichment of Y.
Yttrium surface migration has been found previously in several studies.>>%° According to
Shih et al,®! the movement of ions may be assisted by diffusion of water and hence can be
related to their hydration energy. The hydration energies of Y 3* (-3491.1 kJ mol!) Ce3" (-
3370 kJmol") and Ni** (2141.8 kJmol!) gives account of the element distribution found

in our samples.®'-62

3.1.2 The reducibility of calcined catalysts
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Fig. 3. H>-TPR profiles; Operating condition: 5% H/Ar flow rate of 30 mL/min, ramp of
10 °C/min.

To study the reducibility of the calcined catalysts and determine the optimal
reduction condition for CO; methanation, temperature-programmed reduction in H> (H»-
TPR) was performed on the calcined samples. The H>-TPR profiles are displayed in Fig.
3, the temperatures at the maxima of reduction peaks and H> consumption values are
listed in Table 1. In order to get more insight into the effect of Ni on the reduction
properties of the supports, TPR experiments were registered also over selected samples
(see Fig. SI4 and Table SI 6). As presented in Fig. 3, there are 4 main peaks over

Ni/CeO> and Ni/CeO,-Y catalysts, which are labeled as a, B1, 2 and vy in the figure. The
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o peak was ascribed to the reduction of oxygen species chemisorbed on the oxygen
vacancies that could be generated by partial diffusion of Ni** or Y3 species into CeO:
lattice resulting in Ni-Ce-O solid solution or Y-Ce-O solid solution.3’373° It is worth
noting that the a peak shifts toward higher temperature with the increase of Y loading
until 2 wt.% of Y, and then shifts a little toward lower temperature for the sample with 5
wt.% of Y. Moreover, the Hz consumption of the a peak (see Table 1) gradually increased
with Y loading until 2 wt.% of Y, with the highest value. This finding could be explained
by an increased concentration on the surface of the catalysts of Ce®" ions able to
chemisorb oxygen species reducible below 250 °C (see TGA curves and XPS analysis)
and is in agreement with the change of the morphology of Ni/CeO»-Y catalysts by
increasing the Y loading from 0 up to Swt. % (see TEM characterization).?” On the other
hand, the shift of the a peak toward higher temperature until 2 wt.% of Y and the highest
hydrogen consumption registered for such peak, suggest that doping ceria with 2 wt.% of
Y produces the highest oxygen vacancy concentration with strongly chemisorbed oxygen.
It is worth noting that no a peaks at around 200-250 °C were observed in the TPR
profiles of CeO> and CeO»-Y doped oxides (see Fig. SI 4) supporting the active role of
Ni?" in promoting the creation of oxygen vacancies in the catalysts.
On the basis of H, consumption of the a peak, considering that 1 mmol of H» is supposed
to react with 1 mmol of O* species per oxygen vacancy, the Vo content (%) was
calculated on the basis of the Eq. (2) (see experimental part) and is given in Table 1.

The broad reduction peak in the range ~230-450 °C, herein called B, that can be
divided into 2 different features i.e. 1 and P> was assigned to the reduction of NiO

species with different metal-support interaction.’%33:¢3 The B; peak can be attributed to the
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reduction of bulk NiO that has weak interaction with the support or to un-interacted NiO
crystallites,>** while the B2 peak corresponds to NiO nanoparticles more interacting with
the support.®>® The B; and B2 peaks shift towards higher temperature at higher Y loading,
from 0.5 to 2 wt.%, confirming strong metal-support interaction with the best synergy
achieved at 2 wt.% Y. Moreover, at high Y loading the two features 1 and 32 become less
defined overlapping into a single broad peak, suggesting that such peak contains the
contribution from several species that are reduced simultaneously. According with the
literature and as results from Fig. SI 4 and Table SI 6,3%33% the reduction of ceria
surface occurs with maximum at ~490-505 °C. Therefore, the B peak may correspond to
the concomitant reduction of nickel species and ceria surface and the broader is the peak,
such as that detected for SN1/CeO2-Y2.0%,the higher the intimate contact is.

The high temperature, (T > 800 °C), the peak, labeled y in Fig. 1 (and Fig. SI 4)
corresponds to the bulk reduction of the CeO»-based oxides.®*-6
According to the H> consumption values reported in Table 1 and considering that the
theoretical amount required for the overall reduction of NiO to metallic Ni is 0.85
mmol/gcat, on the basis of a real Ni loading equal to 5 wt%, the  reduction peak (ranging
between 1.17-1.20mmol/gca) contains the contribution from NiO along with surface ceria
reduction. Similar H> consumptions of the [ peak were registered for Ni/CeO> and
Ni/CeO»-Y catalysts confirming that the catalysts contain, overall, comparable amount of
NiO/Ni%* species. As it concerns the y peak, the H, consumption decreases as the increase
of Y content (0-5 wt.%), in accord with higher oxygen vacancies in the catalysts.?%3*
Such trend was confirmed by XPS analysis (Table SIS) and by TPR of selected supports.

From values listed in Table SI 6, it results that moving from CeO> to CeO2-Y0.5% and to
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Ce02-Y 2.0% the hydrogen consumption of the B peak gradually increased, especially for
Y 2.0%, according with higher SSA (Table SI2). Conversely, the hydrogen consumption
of the y peak decreased and, in the whole, the B + y uptake decreased in line with an
increased oxygen vacancy concentration.

For 5Ni/Y»0;3, only a broad peak between ~300-500 °C was registered with two
maxima at 330 and 435 °C and according to the previous notation we will continue to
label such peaks as Bi and B». For comparison, the TPR of the Y>O3; support was
registered showing a peak centred at ~ 550 °C with H, consumption of 0.31 mmol/gcat
(see Fig. SI 4 and Table SI 6). The total H> consumption for 5SNi/Y>03 is 1.29 mmol/gcat,
which exceeds the theoretical value required for the total reduction of NiO to metallic Ni
(0.85 mmol/gear) and, as well, 1.16 mmol/ge: (corresponding to the sum 0.85 plus
0.31mmol/gca, that is the H» consumption of the yttria oxide), suggesting that new
oxygen vacancies are created in the Y,Oj3 after Ni deposition.

Bellido et al.%® studied the effect of Y203-ZrO: composition on Ni/Y203-ZrO;
catalysts and they found that the reduction of pure Y.Os; support only accounted for a
small fraction of the hydrogen consumption in the H,-TPR. However, the reduction
behavior of the Ni/Y203-ZrO; supports was significantly influenced by the interaction
among the species and the introduction of Y** into ZrO»as well as likely of Ni**creates
new oxygen vacancies to preserve overall electroneutrality. According to the literature
and based on our experimental results,” the H, consumption values registered for
5N1/Y203 and Y203 were attributed to the reduction of NiO and as well to the reduction of

oxygen species chemisorbed on the yttria support.
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Table 1. Reduction temperatures at the peak maximum (Tmax) and H> consumption values

of the calcined catalysts derived from H>-TPR.

Catalyst Tmax (°C) H> consumption (mmol/gear) Vo (%)*
o B B2 Y o BB1+p2) Y
5Ni/CeO2 207 283 379 873 0.26 1.17 0.73 2.36
5Ni/CeO2- Y0.5% 209 286 381 871 0.29 1.20 0.67 2.62
5Ni/CeO2- Y1.0% 209 286 381 871 0.30 1.20 0.62 2.70
5Ni/CeO2- Y2.0% 240 316 385 872 0.44 1.21 0.59 3.95
5Ni/CeO2- Y5.0% 225 294 390 873 0.33 1.20 0.59 2.92
5Ni/Y203 - 330 435 - - 1.29 -

“Oxygen vacancies (%) calculated from a peak

3.1.3 Morphologies of the catalysts derived from TEM and HRTEM characterization
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Fig. 4.1.TEM micrographs of the catalysts reduced at 550 °C for 1h in 5% Hz/Ar (100
mL/min); (a) 5Ni/CeO2, (b) 5Ni/Ce02-Y0.5%, (c) 5Ni/Ce02-Y1.0%, (d) 5Ni/CeO»-
Y2.0%, (e) 5SN1/Ce02-Y5.0%, (f) 5N1/Y20:s.
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Fig. 4.2. HRTEM micrographs of the catalysts; Condition: reduced at 550 °C for 1h in 5%
Hz/Ar (100 mL/min); (a) 5Ni/CeQO2, (b) 5Ni1/Ce02-Y0.5%, (c) 5Ni/CeO2-Y1.0%, (d)
5N1/Ce02-Y2.0%, (e) SNi1/Ce02-Y5.0%, (f) SN1/Y20s.

In order to gain more morphology information of the catalysts, the high-resolution
transmission electron microscopy (HRTEM) and TEM analyses were conducted over the
reduced samples using the same reduction condition as activity test. The micrographs of
reduced catalysts were shown in Fig. 4.1 (a-f) and 4.2 (a-f).

It can be clearly seen from Fig. 4.1 that all the catalysts contain well-defined crystallites
and that the introduction of Y tailors the particle sizes of CeO> in the catalysts. In the
absence of Y as shown in Fig. 4.1a, CeO> was constituted by nanoparticles (NPs) as
irregular polyhedrals with some aggregated particles exceeding 50 nm. In Fig. 4.1b, the
CeO; particles promoted with 0.5 wt.% of Y became smaller than for pure ceria. For
higher concentrations of Y, nanorods (NRs) appeared (Fig.4.1c-e). It was difficult to
evaluate the proportion of nanorods, but we noted that on one side the NPs size decreased
and on the other the NRs became thinner. The influence of Y concentration on average
grain size and the morphology is summarized in Table SI 7 where the measurements
obtained from the TEM images are listed. The formation of nanorods with high exposed

surface area detected from 1 to 2 wt.% of Y complies with the increased intensity of the a
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peak, attributed to the reduction of oxygen species chemisorbed on oxygen vacancies,
and is in line with the highest SSA of the N1/CeO:-Y2%. The aspects of the NRs are
presented in Fig. SI 5. We see clearly the decrease in size of nanorods from 1wt.% Y (Fig.
SI 5a) to 5 wt.% Y (Fig. SI 5¢). All catalysts are well crystallized as evidenced by the
lattice planes. The nanorod of 5Ni/CeO2-Y2% (Fig. SI 5d) reveals the (111) and (220)
planes corresponding to the distance of 3.12 and 1.91 A, respectively. The NPs as for
them showed frequently the (111) facets. Therefore, Y addition does not produce
significant modification into the CeO- lattice in agreement with XRD characterization.

For the pure Ni/Y>O3 sample, large aggregate nanoparticles of 10-15 nm were
detected, see Fig. 4.1f.

From the data so far reported it can be concluded that the morphology of the
reduced catalysts changed with the incorporation of Y. The particle size of CeO>
decreased as increasing Y loading with the formation of nanorods and such trend is in
accord with the increase of SSA shown in Table SI3. As previously reported in the
literature, CeO> morphology can be modulated depending on the preparation conditions
and nanorods formation is favored during the hydrothermal process.?’

By simple TEM analysis, the size distribution of Ni’ nanoparticles cannot be
distinguished according to another author’s report.’” In order to obtain more detailed
information on nickel particle sizes, HRTEM images and EDX spectra were recorded and
are shown in Fig.4.2 and Fig. SI 6, respectively, where the measured sizes of Ni’
nanoparticles are marked, mapping was also carried out.

HRTEM images show that the Ni metallic particles are spherical and well dispersed

on the support. The average size was ranging from 6-12 nm for all catalysts. The Ni
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metallic particles were detected by the lattice planes of 2.03 or 1.76 A corresponding
respectively to the (111) or (002) planes of the fcc structure of nickel.

The EDX spectra show that the signals of Ni and Ce keep stable with the increase
of Y loading, indicating again high dispersion of Ni. For the 5Ni/CeO2-Y2.0% sample the
composition homogeneity of Ni and Y was confirmed by Scanning TEM-Energy
Dispersive X-ray Spectroscopy (STEM-EDX) mapping (Fig. SI 7).

In the overall, Ni°resulted well dispersed on all CeO-based catalysts as confirmed
by XRD results. Moreover, Y doping promotes the decrease of the CeO, particle size and

the formation of CeO; nanorods.

3.1.4. Evaluation of oxygen vacancies content and oxygen mobility by TGA analysis

In order to evaluate the surface oxygen vacancies content and the oxygen mobility of the
Ni/CeO> supported (Y-modified and Y-free) catalysts, temperature-programmed
desorption curves of adsorbed oxygen (O.-TPD) were registered over the reduced
catalysts by performing thermal gravimetric analyses (TGA). The acquired TGA profiles
are displayed in Fig. SI8. It can be seen from the figure that the reduced catalysts, after
saturation with pure O, undergo distinct weight losses under N> atmosphere from room
temperature until 600 °C as the desorption of adsorbed oxygen occurs. For simplicity, the
curves were divided into three parts according to the weight loss slope in the different
range of temperatures, i.e. sharp, fast and stable loss. So, the weight loss at the
temperature below about 150 °C was ascribed to the removal of weakly adsorbed oxygen
(physisorbed O3), between ~150-400°C desorption of chemisorbed O; takes place, while
in the range 400-600 °C or even above 600 °C the removal of bulk oxygen species should

occur. In our case, a stable trend was observed up to 600 °C according to the TPR curves
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since ceria bulk reduction occurred above 800 °C.

At low temperature and in the range 150-400 °C, the weight loss intensity increased
as a function of Y loading, from Ni/CeO> Y-free until 2 wt.%, then, for Y of 5 wt.% a
decrease was observed, being the TGA curve of such sample intermediate between Y 2
wt.% and Y1 wt.%. Looking in details at the profile of 5Ni/CeO2-Y2.0%, the sharp
weight loss occurring from room temperature up to ~110 °C corresponds to -0.82%,
while by increasing the temperature up to 400 °C, an overall weight loss of -1.53%was
registered. Assuming that the so far discussed weight losses correspond to O; released
from the sample, therefore, the mmol of oxygen removed were calculated: below 150 °C
0.25 mmol O2/gcat (physisorbed oxygen) and in the overall 0.47 mmol O2/gc.cup to 400 °C
are desorbed. Therefore, the amount of chemisorbed O- is equal to 0.22 mmol/gca. Such
value is the half amount of the H> consumption value registered for the a peak in the TPR
experiment (see Table 1). Considering that 1 mmol of H, reacts with 1 mmol of O*
species per oxygen vacancy, such finding is in agreement with the assumption that the o
peak is due to the reduction of oxygen species adsorbed on the vacancies.

In conclusion, TGA analyses confirmed that Y dopant promoted the formation of
oxygen vacancies in our samples, the highest content being achieved for Y 2 wt.%,

according with other characterizations in this study and literature results,*3:44.62.63

3.1.5 Basicity distribution of the reduced catalysts derived from CO>-TPD analyses
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In order to investigate the basicity of the reduced catalysts, CO,-TPD experiments
were performed on above catalysts. The CO.-TPD profiles are plotted in Fig. S, the
concentration and distribution of basic sites are listed in Table 2. As shown in Fig. 5, the
CO» desorption curves can be divided into three regions according to the temperatures, i.e.
T <150 °C, between 200-450 °C and T >450 °C, corresponding to the weak, medium and
strong basic sites, respectively.®® It is shown that the distribution of basic sites changed
significantly with the increase of yttrium loading, in particular, the CO, desorption peaks

of Y-modified catalysts shifted towards higher temperature as the increase of Y until 2
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wt.%. Moreover, as reported in Table 2, the concentration of weak and medium + strong
basic sites (as overall amount) increase as the increase of Y (up to 2.0 wt%), with slight
decreased values for Y 5.0%. The highest basicity was registered for the SNi/CeO2-Y2.0%

sample, while Ni/Y>03 was in between Y 1.0 wt% and Y 5.0 wt%.

Table 2. Basic sites distribution calculated from CO>-TPD for Y-promoted catalysts after
reduction at 550°C

Catalyst Basic sites [umol/geat] Distribution of basic sites [%]
Weak Medium Strong Total Weak Medium  Strong
basicity
5Ni/CeOa 18.2 13.3 63 95 19.2 14.1 66.7
5Ni/Ce02- Y0.5% 22.1 8.8 87.4 118 18.7 7.5 73.8
5Ni/Ce0z- Y1.0% 25.1 23.7 76.7 126 20.0 18.9 61.1
5Ni/Ce0z- Y2.0% 354 75.5 140.7 251 14.1 30.0 55.9
5Ni/Ce0z- Y5.0% 323 71.3 129.0 233 13.9 30.6 55.5
5Ni/Y20; 30.9 55.9 77.8 165 18.8 34.0 47.2

3.2 Catalytic performance of different catalysts in CO: methanation
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The catalytic performance in CO; methanation were investigated over the Ni
catalysts supported over Y-modified CeO,, pure CeO; and pure Y»03 and the CO»
conversion and CHs selectivity values are displayed in Fig. 6 along with the
thermodynamic curves given for comparison. These results are in line with those
presented in the literature in similar experimental conditions (Table SI 8). As shown in
Fig. 6a, the highest CO, conversions for all the catalysts were obtained at 400 °C, which
were close to the theoretic value, except for the sample of 5Ni/CeO>-Y5.0%, which
reached the highest conversion at 450 °C. In the temperature range of 250-350 °C, the
CO> conversion for Y-modified catalysts gradually increased as the increase of yttrium up
to 2 wt.% Y, afterwards, the activity declined sharply when yttrium content reached 5
wt.%, which was less active than the 5Ni/Y2Os3 catalyst. The 2 wt.% Y modified catalyst
possessed the highest CO» conversion compared to the other catalysts at 250-350 °C.
From Fig. 6b, it can be found that the CH4 selectivity of all catalysts at low temperature
(200-250 °C) appears very close to that of the theoretical value. Afterwards, by further
increase the temperatures up to 300-450 °C, the selectivity of all catalysts decreases
gradually, and the worst value was obtained for 5Ni/Ce0:.Y5.0% and 5Ni/Y20; at
temperature higher than 400 °C.

In brief, the doping of yttrium into CeO- has a significant effect on the activity and
selectivity of the Ni catalysts towards the Sabatier’s reaction. The Ni catalyst supported
over CeO; modified by 2 wt.% Y possesses the best CO, conversion and high

CHgselectivity at relatively low temperature (i.e. 300-350 °C).
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3.3 Relationships between physico-chemical properties and catalytic

performances
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The mechanism of CO,methanation over Ni/CeQO; catalysts has been studied in the
literature.>>%%7 It was attributed to the synergistic effect of two types of active sites, i.e.
the active sites at the Ni-Ce-O interface for CO» adsorption and dissociation as well as
the Ni° sites for H» adsorption and dissociation. The H» dissociated to H- species on the
surface of metallic nickel, and the CO; adsorbed on the surface of support and then
dissociated to carbonate or hydrogen carbonate species, then the carbonate or hydrogen
carbonate were hydrogenated to formate species including monodentate and bidentate
formate. The monodentate formate could be hydrogenated to methane faster than
bidentate formate specie. The larger is the metallic nickel surface area formed on the
catalyst by small Ni particles, the more favorable the adsorption and dissociation of H»

arc.

As shown in Fig. 7 (a, b and c), good relations were found at increasing Y loading
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between CO> conversion at 300 °C and the number of basic sites (weak + medium)
(umol/ge) (Fig. 7 a) as well as between CO> conversion at 300 °C and the oxygen
vacancies content, Vo (%) (see Table 1) (Fig. 7b). A similar trend, at increasing Y loading,
was observed between CO»> conversion at 300 °C and the temperatures of B reduction
peak that is related to the strength of the metal-support interaction of Ni over CeO»-Y
catalysts.

The CO; conversion at 300 °C was chosen for comparison because at low
temperature (<300 °C) the results of CO, conversion were not very distinguishing.
Meanwhile, the CO; conversion of all catalysts increases with the increase of temperature
(350-450 °C, Fig. 7), which also makes the difference of catalytic performance
unnoticeable. Thus, the 300 °C can be an appropriate temperature for comparison.

So, on the basis of the so far reported data and in agreement with the methanation
reaction mechanism previously mentioned,* it can be concluded that the decrease of
CeO2 particles, the high dispersion of nickel as well as the formation of more oxygen
vacancies provide more active sites for the adsorption and dissociation of hydrogen and
CO». Moreover, the high metal-support interaction depresses the sintering of active metal.
For 5Ni/Ce0:-Y2.0% sample, highly dispersed nickel particles provide more active sites
for the adsorption and dissociation of hydrogen, the highest number of oxygen vacancies
favors the adsorption of CO; and the highest amount of medium basic sites promotes the
formation of monodentate formate, which can be fast hydrogenated to methane. Thus, the

highest CO> conversion and relatively high CHjy selectivity were obtained on the catalyst.

3.4 Steady-state test of Ni/CeO: based catalysts in COz methanation
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In order to evaluate the stabilities in CO; conversion and CHj4 selectivity, SNi/CeO2-Y1.0%
and 5Ni/Ce0:-Y2.0% were selected for steady state tests at 300 °C for 7 h. The
temperature of 300 °C was selected due to the recognizable difference of CO, conversion
values shown in Fig. 6. The 5Ni/CeO, sample was used for comparison. The selected
catalysts were reduced in the same condition as for CO, methanation test, then were
cooled down to 300 °C and the reaction gas mixture was fed into the reactor. The steady
state test results are displayed in Fig. SI9. It can be seen from Fig. SI9a that the CO»
conversion values of all samples decrease slightly at the beginning, then keep stable on
stream. Both Y promoted catalysts performed better than Ni/CeO., with 5Ni/CeO2-Y2.0%
showing the best CO> conversion. The results of 5Ni/CeO, were slightly higher than
those shown in Fig. 6a. This was attributed to possible effects, within the experimental
error of 5%, during the catalytic tests. The selectivity to CH41s shown in Fig. SI9b, the
values maintain nearly stable during the test and both Y-modified catalysts achieved
higher selectivity than Ni/CeO, catalyst.

The slight difference in the conversions (lower than 3%) between catalytic tests from
200 °C to 450 °C and steady-state experiments can be explained by the fact that, in the
former case, the catalysts were exposed to a lower temperature (250°C) for at least 30

min, as described in experimental part, prior to reach 300°C.

3.5 Characterization of Ni/CeO: based catalysts after steady state test
3.5.1 XRD patterns of the catalysts after steady state test
In order to investigate structural modifications of the catalysts after steady state test,

XRD patterns were registered and are shown in Fig. SI10. No diffraction peaks of
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metallic nickel or NiO were found, meaning that the nickel species remained highly
dispersed on the support even after steady state test at 300 °C for 7h, confirming the XRD
results of the catalysts after activity test. A perusal of Fig. SI10b (enlarged pattern in the
range between 42-52 © 20) shows a slight shift to higher angles of all CeO> and CeO»-Y
peaks in comparison with Fig. 2a, especially in the case of 5Ni/CeO2-Y2.0% which (202)
peak is centered at 47.65 °20. This finding would point to a further inward diffusion of
Y?3" and Ni?" into the ceria lattice, as suggested by XPS analysis (see Table SI10).

In Table SI9 the particle sizes of CeO> support calculated by Debye-Scherrer
equation are listed. The values are close with those given in Table SI4, showing that no
sintering of ceria nanoclusters takes place at 300 °C under reaction stream. The
5N1/Ce02-Y2.0% maintained the smallest particle size of ceria. Such results account for
the good stability in CO; conversion and CH4 selectivity registered being the sintering

of active metals the main reason of deactivation in Sabatier’s reaction.?*

3.5.2 XPS analysis of the catalysts after steady state test

In order to obtain the surface composition and oxidation states of the catalysts after
steady test, the XPS analyses of the spent catalysts were performed. The Ce3d XPS
spectra of the samples are displayed in Fig. SI11, while the Ni2p and the Ols regions are
reported in Fig. SI 12 and Fig. SI 13, respectively. Table SI10 reports the surface
oxidation state, atomic ratio and binding energies of samples after steady state. As already
shown in Fig. SI3, the Ce3d spectra were fitted with 10 peaks, in which four peaks are

attributed to Ce (III) and six peaks are attributed to Ce (IV). Because of the small
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dimension of the nickel particles, surface reoxidation occurs after catalytic reaction,
likely during exposure to the atmosphere, so it was impossible to calculate the degree of
nickel reduction. Compared to the XPS results of calcined samples (Table SIS), a small
decrease of the Ni/Ce ratio was found (Table SI10). Conversely, the Y/Ce ratio decreased
by an important extent, indicating a probable inward diffusion of yttrium into the bulk,
according with XRD results (see Fig. SI10b). The Ce (III) % of the samples nearly keep
the same value as those of calcined samples, meaning that the surface Ce** species of the
catalysts were oxidized after exposure to the atmosphere, while the values (%) of OOH
decreased a little in comparison with those of the calcined samples. Considering that the
OOH surface concentration may be influenced by the atmosphere, the decrease of these
percentage may be a consequence of the exposition to the reaction mixture. A decrease of
the Ni/Ce ratio and a simultaneous shift of Ni2p3/2 peak at higher energies suggest a
small increases of Ni particles size after the steady state test and a different interaction
with the support.

As previously stated for calcined samples, there is no significant difference

regarding to binding energy of Y3ds..

4. Conclusions

Y-modified CeO nanoparticles have been successfully synthesized by
hydrothermal method and used as supports for Ni deposition by wetness impregnation.
The catalytic performances of Ni/CeO; nanoparticles with/without Y were investigated in
CO> methanation reaction and are discussed in line with physico-chemical

characterizations of calcined, reduced and spent catalysts. This article represents the first
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investigation on the effect of yttrium on Ni/CeQO; catalysts for CO, methanation.

The specific surface area of Ni/CeO»-Y samples, the crystallite sizes of ceria, the
oxygen vacancies content and the interaction between NiO and CeO; can be tuned by
different Y content as shown by N> adsorption/desorption, XRD, XPS, TPR, HRTEM,
TGA, CO,-TPD. All the catalysts contain well-defined crystallites and the introduction of
Y tailors the particle sizes and shapes of CeO, nanoparticles in the catalysts. Unpromoted
CeO particles are nanoparticles turning to a mix of nanoparticles and nanorods by Y
promotion, with an increase of the nanorods size of up to 2 wt.% of Y addition.

Highly dispersed Ni active sites in strong interaction with the ceria-based oxide and
the oxygen vacancies formed by Y addition are the key factors determining high catalytic
activity and stable performances of the Ni/CeO»-Y catalysts between 250-350 °C with
high selectivity towards methane formation.

The Ni/CeO2-Y 2.0% with the highest number of oxygen vacancies able to activate
CO> and with the strongest metal-support interaction suppressing sintering of the Ni sites

for H» activation, was the best performing CO, methanation catalyst.
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Highlights

Ni (5wt%) was deposited over Y-modified CeO> oxides prepared by hydrothermal

method.

Y promotion tailored the particle sizes and shapes of CeO- in the Ni catalysts.

The oxygen vacancies activated CO> promoting the CO> methanation catalytic activity.

Ni particles well dispersed on CeO»-Y oxides provided active sites for H, dissociation

Ni/Ce02-Y 2.0% exhibited the highest CO; conversion and high CHjy selectivity.
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