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Abstract

Mesoporous SBA-15 synthesized by two different methods and MCM-41 were used as supports
for Ni and Ni-Ce catalysts applied in CO; methanation reaction. The performances obtained for
both materials were compared taking into account the differences in terms of textural properties,
Ni species and reaction mechanism. Results were compared with the reported in the literature for
a microporous USY zeolite. XRD, DRS UV-Vis, H>-TPR and TEM were used for the
characterization of the samples. Catalytic tests were performed under the same conditions for all
catalysts. Finally, FTIR Operando studies were carried out in order to establish differences from
the mechanistically point of view as well as in terms of CO> adsorption species for the different
samples. Promising data was obtained with the Ni-based SBA-15 catalysts whatever the
preparation method. Despite the greater Ni particles size, MCM-41 also reported interesting
catalytic performances, so that presenting the highest TOF values among the catalysts studied.
The good results obtained for the MCM-41 could be explained by the lower amount of non-
reactive carbonyl species adsorbed on the Ni® particles surface during the reaction as well as by
the enhanced interaction between metal and support reflected in the calculated band gap values.
All the results are comparable to the obtained using a HNaUSY zeolite with Si/Al=2.8 as
support. Cerium incorporation on Ni/mesoporous supports allowed enhancing the CO>

conversion, especially at lower temperatures, as already reported for the zeolite-based samples.
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1 Introduction

CO2 hydrogenation into methane could be an interesting and effective alternative for CO»
emissions mitigation since it is a thermodynamically favourable reaction and methane can be
used as fuel in different applications !. In terms of catalysts, the most studied metals have been
noble metals (mainly Rh and Ru) and transition metals such as Ni. Nickel represents a good
alternative to noble metals due to its lower cost and its high catalytic performances *°.
Furthermore, SiO», Al,O3, CeO,, ZrO; and Ce/Zr mixed oxides have been deeply investigated as
supports for methanation catalysts in the last years *°. So far, few works have been published
dealing with the use of micro and mesoporous materials as supports for Ni-based CO> and CO
methanation catalysts ®!7, the mainly used being USY zeolite, SBA-15 and MCM-41. Ni-based
USY zeolite catalysts showed interesting performances towards methanation being reported the
effect of Ni content, Ce addition, the preparation method conditions and some highlights
concerning the reaction mechanism ®!7"'. In addition, SBA-15 and MCM-41 mesoporous
materials were used due to their large pore sizes and interesting textural properties for the
dispersion of metal species and the prevention of sintering processes. In addition, SBA-15 is
known for the larger pore sizes (4.6-30 nm), higher thermal, mechanical and chemical resistance
and higher surface area, when compared to MCM-41 2. However, no comparable data was
found in the literature for the evaluation of the different micro and mesoporous materials
performances in CO: methanation. As a result, the present work compares Ni catalysts
containing the same amount of metal dispersed on two SBA-15 samples synthesized by different
methods, a MCM-41 sample and a HNaUSY/(2.8) zeolite ®. The specific activation of nickel,
evaluated from TOF determination, and the final dispersion of the metal particles over these
materials are also compared. Finally, the effect of Ce incorporation to the Ni-containing
mesoporous samples is also studied, in order to confirm the results previously obtained in the

literature for zeolite supports °.

2 Experimental

2.1 Catalysts preparation

All samples prepared in the present study are shown in|Table 1| In terms of supports

synthesis, firstly two SBA-15 supports were prepared following the methods described below.

The first one, already reported in the literature 2!, was named as classical method (SBA-15 CL)
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and the synthesis time was of 5 days. This synthesis was performed in acid media using the tri-
block copolymer Pluronic 123 (P123, Fluka) as template and tetraethyl orthosilicate (TEOS,
Fluka) as silica source. In this way, P123 was dissolved in an aqueous solution of HCI (37%,
Sigma Aldich) under stirring at 40°C and, later, TEOS was added drop by drop. The final
solution was kept under stirring during 2h at 40°C. After that, a hydrothermal treatment was
carried out in an oven at 100°C for 48 h. Then, the solid was filtered and the template was
removed by calcination at 550°C during 10 h. The second method was a modification of the first
one being microwaves heating applied during the hydrothermal treatment, for 2h at 170°C (SBA-
15 MW) and leading to a synthesis time of two days. Furthermore, MCM-41 was synthesised in
alkaline media being cetyltrimethylammonium bromide (C19H42BrN, Aldrich) used as template
and, again, tetraethyl orthosilicate (TEOS, Fluka) as silica source. Firstly, an aqueous solution of
Ci19H42BrN was prepared at 30°C being kept under stirring during 15 min. Later, NH3 and TEOS
were added keeping the solution under stirring for 1 h. Finally, the solid was filtered and the
template was removed by calcination at 550°C during 10 h.

Table 1. Catalysts studied in the present work.

Label
15%Ni/HNaUSY (2.8)
7%Cel15%Ni/HNaUSY (2.8)
15%Ni/SBA-15 CL
15%Cel15%Ni/SBA-15 CL
15%Ni/SBA-15 MW
15%Ce15%Ni/SBA-15 MW

15%Ni/MCM-41
15%Cel15%Ni/MCM-41

Zeolite-based catalysts

SBA-15 based catalysts

MCM-41 based catalysts

After synthesis, SBA-15 and MCM-41 supports were impregnated by incipient wetness
impregnation method ° with 15%Ni (15%Ni/SBA-15 CL, 15%Ni/SBA-15 MW and
15%Ni1/MCM-41) using nickel nitrate hexahydrate (Ni(NO3)2-6H>O, Sigma-Aldrich, >99%) as
precursor salt. For this, a certain mass of support was weighted and an aqueous solution of nickel

salt with a water volume close to that of the material pores was added to it drop by drop, being



the suspension kept under stirring. After that, samples were dried overnight at 80°C and, finally,
calcined at 500°C under air flow. Another set of samples containing Ce additionally to Ni was
prepared (15%Ce 15%Ni/SBA-15 CL, 15%Ce 15%Ni/SBA-15 MW and 15%Ce 15%Ni/MCM-
41). In this case, Ni-samples were prepared as indicated before and, after calcination, Ce was
impregnated following the same procedure described above and using cerium acetate
sesquihydrate (Ce(C2OOH3)3-1.5H20, Alfa Aesar, 99.9%) as metal salt. The samples were also
dried overnight at 80°C and calcined at 500°C under air flow.

In order to compare with microporous materials, two samples with similar metal contents
and already reported in the literature ¢ (15%Ni/HNaUSY(2.8) and 7%Ce 15%Ni/HNaUSY(2.8))

were also presented in this work.

2.2 Catalysts characterization

XRD patterns were obtained in a Bruker AXS Advance D8 diffractometer, using Cu Ka
radiation and operating at 40 kV and 40 mA. Two different 26 ranges were used (0.7-2.5° at a
step size of 0.03°/4s and 5-80° at a step size of 0.03°2s) in order to identify the mesoporous
structure and the different oxides present in the calcined samples, respectively. XRD patterns of
the spent samples were also obtained, in order to analyse the integrity of the materials structure

after reaction.

In addition, DRS spectra in the UV—Vis region were obtained in a Varian Cary 5000 UV-
Vis-NIR spectrophotometer equipped with a diffuse reflectance accessory in the 200-800 nm
range. All reflectance spectra were converted into the Schuster — Kubelka - Munk (SKM)
function (F(R)) and presented versus wavelength in order to evaluate the presence of the

different Ni and Ce species in the samples.

Furthermore, N> adsorption measurements were carried out at -196°C on a Micrometrics
ASAP 2010 apparatus in order to obtain the specific surface area, mesoporous and microporous
volumes and average pore diameter of the different samples. Prior to the adsorption, samples

were degassed under vacuum at 90°C during 1 h and then at 300°C for, at least, 4 h.

To follow the study, H>-TPR experiments were performed in a Micromeritics AutoChem

IT equipment. Catalysts were pre-treated at 250°C under argon flow and then cooled down to the
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room temperature. After that, the reduction of the catalysts was carried out over a 5%H2/Argon
flow until 900°C. The hydrogen consumed was monitored by a TCD detector and the reducibility

of the samples was compared by representing this signal versus temperature.

Finally, TEM analysis was performed for several reduced samples (470°C) at Université
Pierre et Marie Curie (Paris, France) using a HRTEM 2010 JEOL LaB6 microscope (200kV) in

order to evaluate the location of Ni° species as well as its average particle size.

2.3 Operando IR measurements

Operando IR spectra were collected using an IR cell from In-Situ Research Instruments,
coupled to a Nicolet 6700 spectrometer equipped with MCT detector, by recording 50 scans at a
resolution of 4 cm™!. The different catalysts were pressed into 16mm diameter self-supported
wafers of 5-20 mg and were first reduced in-situ at 450°C for 1 h under a flow of 20mL'min—1
composed by 20% Ha/Ar. Samples were then cooled down by steps to 150°C while recording
different background spectra. The reduced samples were exposed to the appropriate reactive
mixture (CO2/Ar (5/95) or CO2/Ho/Ar (5/20/75)) for 30 min at 150°C and the temperature was

then increased up to 450°C while maintaining a total flow rate of 20mLmin

. All gases were
supplied by Air Liquide, with purities >99.9990%. Spectra were corrected to the wafers mass
and difference spectra corresponding to the adsorbed species were obtained by subtracting those
corresponding to the reduced fresh sample to those obtained under reactive conditions at the

same temperatures.

2.4 Catalytic tests

Catalytic tests were performed at atmospheric pressure using a constant mass of catalyst
(0.1744 g, WHSV=48 ml" gcar! *h’!). However, being zeolite and SBA-15 densities considerately
different, GHSV values were affected by the support (43000 and 15000 ml'mle*h). As a
result, contact times for these two materials resulted in 0.08 and 0.24 s for zeolites and SBA-
15/MCM-41 samples, respectively. Samples were pre-reduced at 470°C for 1 h with an
80%H2/N> flow of 250 mL min™!. Reactivity tests were accomplished between 250-450°C using a
feed constituted by H2, CO2 and N at a molar ratio of 36:9:10 (total flow=250 mL min™"). Water

present in the effluent of the reactor was removed using an ice trap before the analysis of the



products, as well as the outlet volumetric flow rate without water was measured to account for
the decrease in the number of moles during the reaction. The concentrations of CO and CO2
were determined using an infrared detector and the concentration of CH4 was measured in a gas
chromatograph, so that molar flow rates can be calculated and used in the evaluation of the
conversion.

Turnover frequency numbers (TOF, Equation 1) were calculated for the Ni samples
considering a CSTR reactor and assuming that the catalysts activity is only attributed to active Ni
species with no contribution of the supports. However, if this principle can be assumed for the
mesoporous based since it was found that the role of SiO; is mainly the dispersion of Ni particles
22| for the HNaUSY/(2.8) zeolite, it was already reported '® that CO» is also activated over
extraframework species (EFAL) and compensating cations during methanation. Thus, the results
presented for the zeolite catalysts must be carefully analysed.

TOF (s™Y) =x- Fyo - (1/W)- (1/np1) Equation 1
x: CO; conversion (molco: converted/MOlcos intet); Fae: Inlet molar flow of CO2 (molco: inleymin);
W: mass of catalyst in the catalytic test (gcatalyst) and nni: mol of Ni accessible per gram of
catalyst (determined by TEM analysis considering Ni’ particles as cubes with only 5 faces

eXpOSGd to the reagentS) (mOlNi accessible/gcatalyst)

3 Results and discussion

3.1 Catalysts characterization

Small angle XRD diffractograms for SBA-15 and MCM-41 samples are shown in Figure
1A and Figure 2A. For the SBA-15, three well-defined peaks at 20 ~ 0.9, 1.5 and 1.7° can be
seen corresponding to the diffraction of the (100), (110) and (200) characteristic planes of the
highly ordered hexagonal structure of SBA-15 ?*. The peaks attributed to the MCM-41 structure
were also detected for the as-synthesized support at ~ 2.1, 4.0 and 4.6 corresponded to the (100),
(110), and (200) diffraction planes of this material *. Introduction of Ni and Ce leads in all the
cases to a decrease of the peaks intensities, which could be due the presence of the metal oxides
and/or a partial damage of the ordered hexagonal pore structure specially for the MCM-41
samples in the (100) diffraction peak !>%°. Concerning the wide angle XRD patterns (Figure 1B
and Figure 2B), the presence of amorphous SiO> (broad diffraction peak around 22.3°) and NiO

(37.2°, 43.3° and 62.8°) was clearly verified. Less intense peaks were observed for CeO; and
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Cex0O3 (~27° 33° 48° and 56°). NiO was also found in the XRD patterns for the
15%Ni/HNaUSY(2.8) (13 nm), while Ce

species were not detected on the 7%Ce

15%Ni/HNaUSY(2.8) sample, indicating their smaller size when compared to the mesoporous

samples.
A) ®) 4w
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A A Ce0,/CeO,
0 o/ Ni i
- 15%Ce 15%Ni/SBA-15 CL
= 15%Ni/SBA-15 CL > 15 6NISBA-15 CL
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Figure 1. (A) Small angle and (B) wide angle XRD patterns obtained for SBA-15 samples.
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Figure 2. (A) Small angle and (B) wide angle XRD patterns obtained for MCM-41 samples.

Another characterization technique used for the detection of Ni and Ce species in the
samples was DRS UV-Vis (Figure 3). The presence of NiO was confirmed for all Ni-
impregnated mesoporous catalysts (bands at ~250, ~290 and ~320 nm as found in the literature
for Ni-based SBA-15 and MCM-41 catalysts 262%), whereas for the 15%Ni/HNaUSY(2.8) zeolite
UV bands for both NiO and Ni** were observed ®. Furthermore, bands attributed to Ce>O3 (220-
265 nm) and CeO> (280-300 nm) **3! were found for both SBA-15 and MCM-41 samples,
suggesting the presence of both type of oxides on the Ni-Ce samples. In addition, Ortega-

Dominguez et al. 2

indicated that the presence of NiO clusters is characterized by the band at
320 nm, while the simultaneous presence of the three bands indicated before for NiO could
indicate the coexistence of species with different sizes. Taking into account that the band at ~320
nm is less intense in the case of Ni-Ce-mesoporous materials than for the zeolite-based catalysts,
one can conclude that the incorporation of Ce favours the dispersion of Ni by decreasing the size
of NiO species. Indeed, for the HNaUSY(2.8) zeolite samples, NiO and CeO; bands were

reported ® but no relevant effect on the band at ~320 nm was observed.
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Figure 3. DRS UV-Vis spectra of all the samples studied in the present work as well as the

obtained for the zeolite-based catalysts®.

Table 2 shows the textural properties for all the catalysts. First of all, comparing the
SBA-15 materials prepared by the two different methods, it can be seen that the SBA-15 MW
support presents higher mesoporous volume and pore diameter than the SBA-15 CL, while
microporous volume and Sper and Sext are lower. These results are in accordance with the
literature 32, where they were explained by a destruction of the microporous system with the
microwaves heating leading to a decrease of the BET surface and external surface areas.

733344 relevant decrease of the specific and

Moreover, and contrary to that found in the literature
external surface areas and mesoporous volumes was verified for all the supports after
impregnation with Ni and Ce samples, which might be attributed to the presence of NiO and/or
CeO» particles on the surface and channels of the mesoporous materials. Furthermore, no
significant differences were observed in the average pore diameters after the impregnation for
the SBA-15 materials, indicating that the SBA-15 porous system is preserved after metals
incorporation, as also concluded by the XRD results. On the other hand, pore size decreased

slightly with Ni incmp()ration in the MCM-41 13, prol)ahly due to a l)l()ckage of the pore entries
ghtly
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by NiO particles. Nonetheless, pore size remains constant after Ce impregnation for the MCM-

41 indicating that these species will be also located on the external surface of the material >,

Table 2. Textural properties of the different samples studied on the present work.

Sample SBeT? Sext” Vmeso® Vmierod Amesopores®
(m?.gh | (m*.gh) | (em’.g") | (em®.g") (m)
HNaUSY (2.8) 629 17 0.032 0.299 n.a.
15%Ni/HNaUSY (2.8) n.a. 13 0.031 0.222 n.a.
7%Cel15%Ni/HNaUSY (2.8) n.a. 6 0.014 0.222 n.a.
SBA-15 CL 1100 294 1.262 0.140 7.8
15%Ni/SBA-15 CL 323 146 0.416 0.030 7.8
15%Ce15%Ni/SBA-15 CL 284 100 0.353 0.029 7.4
SBA-15 MW 703 182 1.406 0.070 8.6
15%Ni/SBA-15 MW 235 62 0.472 0.026 8.7
15%Ce15%Ni/SBA-15 MW 320 78 0.576 0.035 8.3
MCM-41 1017 23 0.850 n.a. 2.9
15%Ni/MCM-41 847 40 0.439 n.a. 1.9
15%Ce15%Ni/MCM-41 589 14 0.245 n.a. 2.0

@ BET surface area >“External surface areas and porous volumes determined by t-plot method; ¢ Pore
diameter determined by BJH method. NOTE: It has been reported ** that the application of t-plot method
should be used with caution when dealing with small mesopores diameters (namely, MCM-41).

Concerning H>-TPR for the samples only containing Ni (Figure 4, straight lines), two
main peaks attributed to NiO weakly interacting with the supports (<500°C) and NiO strongly
interacting with the supports (>500°C) were observed ®-13343_ The first peak is the predominant
in both the SBA-15 and USY zeolite, being mostly reduced during the pre-treatment. MCM-41
Ni sample presents a relevant second reduction process at higher temperature that was attributed
in the literature to the reduction of NiO species with relative lower size **. However, it has to be
pointed out that ~46% of Ni species were estimated to be reduced for all samples during pre-
treatment at 470°C. For Ni-Ce samples, a slight shift to higher temperatures of the maximum
temperatures associated to the NiO reduction peaks was generally observed whatever the support

(Figure 4, dashed lines). This could be explained, according to the literature ***°, by the order of
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metals incorporation. Thus, the addition of Ce after Ni impregnation could be responsible for a
reduction of the accessibility of hydrogen molecules to NiO species leading to the observed
decrease in Ni species reducibility 3#*°. It has to be noted that, in the case of Ce-Ni MCM-41
catalyst, two peaks at ~ 380 and ~700°C can also be found, which could be attributed to the
reduction of NiO species with medium and strong interaction with the support and/or to the Ce**

reduction to Ce*”", as reported in the literature for Ni-Ce/MCM-41 catalysts *°.

; Treduction

TCD Signal (a.u.)

HNaUSY/(2.8) catalysts

T T y. T T T . T T T T 1
100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 4. H>-TPR profiles of all the samples studied in the present work. The samples profiles
are presented in straight lines and dashed lines corresponding to Ni and Ni-Ce catalysts

respectively.

In addition, the TEM micrographs for the reduced Ni-containing mesoporous materials
are presented in Figure 5. The observation of the mesoporous channels in the TEM micrographs
obtained for the reduced SBA-15 and MCM-41 catalysts allowed confirming the preservation of
the structures after metals incorporation. Average Ni® particles sizes were observed to vary with

the different supports as following: 15%Ni/MCM-41 (27 nm) > 15%Ni/HNaUSY(2.8) (21 nm ')
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> 15%Ni/SBA-15 CL (19 nm) > 15%Ni/SBA-15 MW (16 nm). In the case of the SBA-15
samples, some channels were observed to contain Ni particles difficult to measure, some in form
of spheres and others like cylindrical aggregations inside the pores. This phenomenon was not
observed for the MCM-41 sample, probably due to smaller pores sizes (~3 nm versus the ~8 nm
of the SBA-15 channels). Thus, this means that Ni° particles are mainly located at the surface of
the MCM-41 materials, while for the SBA-15 a fraction of particles are also located inside the
pores. For the Ni-Ce samples, average Ni° particles sizes could not be calculated due to the

impossibility to distinguish between Ni and Ce species in the micrographs.

(A)15%Ni/SBA-15 CL

SAPE e

(B) 15%Ni/SBA-

(C)15%Ni/MCM-41
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Figure 5. TEM micrographs for the rredced samles (A) 15Ni/ SBA-15 CL, (B) 15%Ni/SBA-
15 MW and (C) 15%Ni/MCM-41.

Finally, the band gaps of NiO calculated from DRS UV-Vis data were compared to the
Ni® sizes determined by TEM for the Ni-based catalysts (Table 3). As reported*’*®, Ni species
size can influence the band gap, since the bigger the particles, the higher the amount of defects
and/or vacancies present in the intergranular regions able to generate new energy levels
responsible for the reduction of the band gap. Indeed, the results obtained for the samples of the
present study confirm the relationship between the Ni’ sizes and the calculated band gaps for
NiO, indicating that the use of different supports influence the electronic properties of the Ni

species.

Table 3. NiO band gaps, NiO and Ni° sizes in the different Ni-based samples.

NiO band gap? Ni’ average size”
(eV) (nm)
15%Ni/SBA-15 CL 3.718 22
15%Ni/SBA-15 MW 3.772 16
15%Ni/MCM-41 3.716 27
15%Ni1/HNaUSY 3.743 21

Calculated by DRS UV-Vis data obtained for the calcined samples;
®Calculated by TEM micrographs of the reduced samples.

3.2 Evaluation of the catalytic performances

The comparison of the catalytic performances obtained for the SBA-15 samples (SBA-15
CL and SBA-15 MW), for the two types of mesoporous ordered materials (SBA-15 and MCM-
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41) and for the best mesoporous catalyst and a microporous zeolite can be found in Figure 6.
Results obtained for both as-synthesized SBA-15 catalysts (Figure 6A) reveal that the
microwaves hydrothermal treatment leads to a catalyst with slightly higher performance,
probably due to the lower Ni’ size determined by TEM. When comparing the performances
obtained for SBA-15 CL and MCM-41 (Figure 6B) it was observed that MCM-41 catalyst
presents higher CO, conversions and similar CHy selectivity. However, the MCM-41 sample was
observed to present bigger Ni° particles. Finally, when comparing the best mesoporous catalyst
(15%Ni/MCM-41) with the zeolite-based sample (Figure 6C), higher CO> conversions were
observed for the MCM-41 sample, even if this catalyst presented an average Ni® particle size

slightly higher than the determined for the zeolite sample.
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Figure 6. Comparison of CO> conversions (closed symbols) and CHs selectivity (opened
symbols) obtained for (A) 15% Ni/SBA-15 CL (circles) versus 15% Ni/SBA-15 MW (triangles);
(B) 15% Ni/SBA-15 CL (circles) versus 15% Ni/MCM-41 (squares); (C) 15% Ni/MCM-41
(squares) versus 15% Ni/HNaUSY (rhombus).
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TOF numbers calculated for the different Ni samples can be found in Figure 7. According
to Equation 1, TOF numbers are affected by the CO> conversion and the value of nni, thus
depending on the average Ni’ size and the amount of Ni’ in the different Ni samples. In addition,
the specific activation of Ni sites depends on the interaction between the metal particle and the
solid surface. Thus, when a Ni° particle is located inside a mesopore, this interaction may be
probably modified. Nevertheless, it is not possible to measure such an effect, so that the
calculated TOF will be an average value, taking into account all the accessible Ni atoms. Based
on the H>-TPR profiles, the amount of reduced Ni after pre-treatment at 470°C is similar for all
the catalysts, but the average size of the Ni® particles on the other hand depends on the support
used, influencing the amount of Ni’ atoms accessible to the reactants. Samples presenting NiO
particles inside the mesopores (Ni/SBA-15 materials) have smaller particle size than those
presenting mainly NiO species on the external surface (NI/MCM-41 sample), and so a higher
amount of Ni accessible per gram of catalyst (nnj). Therefore, as a consequence of the good
conversions achieved and the greater Ni particle size (lower amount of exposed Ni), TOF values
determined for the 15%Ni/MCM-41 catalyst are considerably higher than those calculated for the
SBA-15 and zeolite samples (Figure 7). One of the reasons for the good catalytic performance
obtained over the 15%Ni/MCM-41 could be the improved interaction between the Ni particles
and the support reflected in the calculated band gap value. However, other factors, such as the
relative quantity and the type of species adsorbed on the samples during the reaction, could also
play an important role in the overall catalytic performance. These aspects will be further

discussed when presenting the FTIR-operando data.
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Figure 7. TOF numbers determined for samples 15% Ni/SBA-15 CL (circles), 15% Ni/SBA-15
MW (triangles), 15% Ni/MCM-41 (squares) and 15% Ni/HNaUSY (rhombus).

Concerning the Ni-Ce samples, much better CO2 conversions and slightly higher CH4
selectivity were obtained, and mainly at lower temperatures. These interesting results, already
reported in the literature for similar catalytic systems, are commonly attributed to an

enhancement of CO; activation on the cerium oxide species °.
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Figure 8. Comparison of CO: conversions (closed symbols) and CHs selectivity (opened
symbols) obtained for SBA-15 CL, SBA-15 MW and MCM-41 samples containing 15% Ni
(triangles) and 15% Ce-15 %Ni (circles).

After methanation, samples were characterized by XRD (Figure 9). SBA-15 catalysts
preserved the three peaks attributed to the diffraction of the (100), (110) and (200) characteristic
planes of the highly ordered hexagonal structure of SBA-15 at ~ 0.9, 1.5 and 1.7° *. On the
contrary, the peaks attributed to the MCM-41 structure (~ 2.1, 4.0 and 4.6° 2*) were not clearly
observed for the Ni and Ni-Ce/MCM-41 catalysts, which could be due to a migration of a greater
fraction of metallic species to the pores during the catalytic test and/or a partial loss of the
ordered hexagonal pore structure arrangement of the material '*2°. Regarding the wide angle
patterns, all samples presented an important decrease on the peaks intensity as already seen in the

literature %%, being only observed in some cases the characteristic peaks of Ni’.
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Figure 9. (A) Small angle and (B) wide angle XRD patterns obtained for SBA-15 samples; (C)
Small angle and (D) wide angle XRD patterns obtained for MCM-41 samples.

3.3 FTIR-Operando studies

In order to analyse the effects of the different supports on the CO, methanation
mechanism, as well as better understand the results obtained in the catalytic tests previously
shown, Operando FTIR experiments were performed, including CO; adsorption/desorption and

temperature programmed surface reaction (TPSR) under methanation conditions.

3.3.1 Nickel incorporation effect

Methanation spectra (75%Ar/20%H2/5%CO0O.) collected at different reaction temperatures

can be found in Figure 10. However, and in order to further understand these results, they must
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be compared to the collected spectra for CO; adsorption (95%Ar/5%CQO2) at two selected
temperatures with different levels of catalytic performances (Figure 11). Ni-based mesoporous
samples at 150°C+30 min under Ar/CO> conditions present mainly carbonyl species adsorbed on
Ni particles (2070 to 2020 cm! 2239), adsorbed water (1630 cm™ *), formates (~1572, ~1350 cm’
11722y " monodentate carbonates (1380 cm™ '®) and methane in gas phase (1311 cm™ ¥).
Furthermore, 15%Ni/ SBA-15 CL spectra present an intense band attributed to polycarbonates at
~1500 cm™! 223! which was not observed for the other samples. The spectra obtained after 30
min at 150°C under Ar/CO»/H; conditions present mainly the same bands as the recorded under
Ar/COa. The only change is in the type and relative amount of carbonyl species adsorbed on the
Ni surface, with Ni(CO)4 ( 2050-2067 cm™! 3%525%) being the most favourable carbonyl specie in
presence of H» for all the samples. Moroever, it is possible to see that a lower relative
concentration of carbonyls is observed on the surface of the 15%Ni/MCM-41 catalyst. In
addition, in the presence of Ha, it can be observed for all the samples a decrease of the intensity
of the water band (1630 cm™) and of the monodentate carbonates (~1380 cm™), as well as an
increase of the bands attributed to the formate species (~1572, ~1352 cm™). This indicates that
these species act as reaction intermediates in the CO; methanation mechanism over all the
mesoporous materials, as already reported for a Ni/SiO, catalyst *>. Regarding the spectra
recorded at 350°C under Ar/CO: conditions, SBA-15 and MCM-41 materials presented CO in
gas phase (2200-2100 cm™) probably due to the CO: disproportionation (2CO2 — CO(ads) +
CO3ads)), CO> dissociation (CO2 — COqads) + Oqads)) >* or even to the desorption of the adsorbed
CO. In addition, and as already verified at 150°C+30min, carbonyl species are present in all the
Ni samples both under Ar/CO; and Ar/CO./H;, being their relative intensity compared to
carbonate/formate species (1700 — 1300 cm™) considerably higher when compared with the

spectra collected at lower temperatures.
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Figure 11. Comparison of FTIR spectra collected under CO: adsorption [Ad] and CO:
methanation [Mt] conditions at 150°C+30 min and 350°C for samples SBA-15 CL versus 15%
Ni/SBA-15 CL; SBA-15 MW versus 15% Ni/SBA-15 MW and MCM-41 versus 15% Ni/MCM-
41.
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As a result, and taking into account the evolution of the formates and carbonates bands in
the methanation spectra presented in Figure 10, it is noticeable that the formation of carbonates
due to the adsorption of CO: on the Ni sites is followed by their conversion to formates in
presence of Hz (methanation conditions). Thus, and following the evolution of the formate bands,
it can be concluded that these species constitute an intermediate for the formation of methane,
since they disappear at the temperatures where higher conversions and selectivities to CHs were
found during the catalytic test. In addition, the formation of an important amount of carbonyl
species (sometimes the intensity of the bands ascribed to these species was higher than the
attributed to carbonate and/or formate species) on the mesoporous materials constitutes an
important difference when comparing to the zeolites. When analysing the methanation spectra,
one can see that the type of carbonyl species changes with the temperature being probably part of
them desorbed according to the detection of CO in gas phase.

When comparing the SBA-15 CL and SBA-15 MW Ni samples, and even if the spectra
presented in Figure 10 are considerably similar during the reaction, one can note that in the case
of SBA-15 MW the characteristic band of water at ~1630 cm! is generally less intense. As H>O
is a product of the reaction, the presence of less adsorbed water in the surface of this sample
could favour the CO; transformation reaction, additionally explaining the better catalytic results
obtained for the SBA-15 MW than for the SBA-15 CL. Besides this, the fact that very stable
polydentate carbonates were only detected for the 15%Ni1/SBA-15 CL sample could also justify
its lower relative methanation performance. When comparing the 15%Ni/SBA-15 CL and
15%Ni/MCM-41 samples, MCM-41 catalyst presents less intense bands attributed to carbonyl
species, normally linked to Ni deactivation. Thus, these CO species adsorbed on the Ni° particles
act as a poison, reducing the amount of Ni’ particles available for the reaction in the
15%N1/SBA-15 CL sample. On the other hand, in the 15%Ni/MCM-41 catalyst a higher fraction
of Ni® will be available for the H dissociation, which could justify the higher CO, conversions

and TOF numbers obtained for this sample.

3.3.2 Cerium incorporation effect

FTIR spectra collected for Ni and NiCe samples under CO> adsorption ([Ad]) and CO»

methanation ([Mt]) conditions can be observed in Figure 12. As it can be observed, the presence
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of Ce influences the type of adsorbed species during the two experiments. Under CO, adsorption
conditions at 150°C+30 min, it can be seen that almost no bands related to CO carbonyls are
observed, contrary to what found in the case of the Ni samples. In the spectra recorded at 350°C,
bands attributed to adsorbed water (~1620 cm™'), monodentate carbonates (~1404 cm™) and
formates (~1573 and ~1371 cm™') were also observed. As indicated before, the formation of
formates under CO; adsorption conditions could be via H atoms remaining in the samples after
the pre-treatments under Ar/H; flow. Under CO; methanation conditions at 150°C+30min, it can
be seen that the relative amount of formates increases whatever the mesoporous support, while
the bands for carbonates decrease, indicating that the formation of the first species comes from
the reaction of carbonates with H atoms. However, at higher temperature (when the CO:
conversion and the CHy selectivity are considerably higher) the bands attributed to formates and
carbonates species present much lower intensities, indicating that these species reacted to form
CH4. Thus, the presence of CeO; on the different materials studied in this work, as already

19,22

reported in the literature promotes the activation of CO2 even at low temperatures,

enhancing the CH4 formation.
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Figure 12. Comparison of FTIR spectra collected under CO: adsorption [Ad] and CO:
methanation [Mt] conditions at 150°C+30 min and 350°C for samples 15% Ni/SBA-15 CL
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versus 15%Ce 15% Ni/SBA-15 CL; 15% Ni/SBA-15 MW versus 15% Ce 15% Ni/SBA-15 MW
and 15% Ni/MCM-41 versus 15%Ce 15% Ni/MCM-41.

4 Conclusions

SBA-15 synthesized by classical and microwaves-assisted methods presented similar
structural and textural properties, being slightly affected after impregnation with Ni and Ni-Ce,
as well as for the also synthesized MCM-41. Ni and Ce were incorporated into the supports as
NiO, Cez03 and CeO», according to the XRD, DRS UV-Vis and H>-TPR data. The reducibility
of the samples at temperatures below the pre-reduction one (470°C) was similar for SBA-15 and
HNaUSY(2.8) samples, being the main reduction process attributed to the NiO species
presenting weaker interaction with the support. Ni® particles sizes were affected by the support
type since materials with bigger pores (e.g. SBA-15) could accommodate metal oxides allowing
better metal dispersions on the catalysts surface. On the other hand, 15%Ni/MCM-41 present
mainly metal species on the external surface and bigger particles due to its small pores. On the
other hand, 15%Ni/MCM-41 presents mainly metal species on the external surface and bigger
particles due to its small pores. In spite of the greater Ni particle size, MCM-41 Ni sample
presented the highest CO: conversions, and so the best TOF numbers. These better catalytic
performances could be attributed to the lower presence of carbonyl species poisoning the Ni’
particles surface when compared to the SBA-15 materials, as well as to the enhanced interaction
between metal and support reflected in the calculated band gap values. In addition, improved
activity at low temperature was found when adding Ce due to the additional activation of CO> on

CeO2 species.
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