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Abstract: Renewed interest in CO, methanation is due to its role within the framework of the Power-
to-Methane processes. While the use of nickel-based catalysts for CO, methanation is well stablished,
the support is being subjected to thorough research due to its complex effects. The objective of this
work was the study of the influence of the support with a series of catalysts supported on alumina,
ceria, ceria—zirconia, and titania. Catalysts’ performance has been kinetically and spectroscopically
evaluated over a wide range of temperatures (150-500 °C). The main results have shown remarkable
differences among the catalysts as concerns Ni dispersion, metallic precursor reducibility, basic
properties, and catalytic activity. Operando infrared spectroscopy measurements have evidenced
the presence of almost the same type of adsorbed species during the course of the reaction, but
with different relative intensities. The results indicate that using as support of Ni a reducible
metal oxide that is capable of developing the basicity associated with medium-strength basic sites
and a suitable balance between metallic sites and centers linked to the support leads to high CO,
methanation activity. In addition, the results obtained by operando FTIR spectroscopy suggest that
CO, methanation follows the formate pathway over the catalysts under consideration.

Keywords: carbon dioxide; hydrogenation; methane; nickel catalysts; operando FTIR; support; TOF

1. Introduction

The methanation of carbon oxides is an important and well-stablished process in
ammonia and hydrogen synthesis plants. After natural-gas steam reforming, water-gas
shift stages, and CO, removal, CO and CO; are still present at combined concentrations
typically below 1 vol.% in a hydrogen-rich stream. These carbon oxides are almost quanti-
tatively converted into CHy over nickel catalysts in two methanators, connected in series,
at reaction temperatures between about 300 and 450 °C [1]. Historically, the production
of substitute natural gas (SNG) through the methanation of the gases obtained from some
oil products or coal has also been important. This process was developed in times (late
1960s to the 1980s) when there was a fear surrounding the availability of natural gas [1,2].
In this case, the steam gasification of naphtha, liquefied petroleum gas (LPG), coal, and,
more recently, biomass, leads to streams containing CHy4, Hy, H,O, and carbon oxides at
concentrations (0.5-31 vol. % CO and 10-25 vol.% CO,) that depend on the feedstock and
gasification conditions. The methanation of these streams over nickel catalysts, conducted
in one or two stages with partial recycling of the product to limit the temperature rise,
allows us to increase their heating values to suitably high rates [1-6].
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Renewed interest in methanation has arisen mainly due to its role within the frame-
work of the Power-to-X processes, also denoted as P2X or PtX, by which hydrogen obtained
through water electrolysis coupled to renewable electricity sources is used to produce
chemicals and fuels with reduced carbon footprints [7,8]. PtX is an “umbrella” term, where
X can stand for hydrogen, syngas, methane, methanol, ammonia, olefins, synthetic fuels, etc.
As for Power-to-Methane (PtM) processes, methanation and water electrolysis are the key
steps [9-13]. The most obvious application of the produced methane is its injection in the
low-pressure natural gas grid, though other uses, such as in transportation as compressed
natural gas (CNG) and industrial processes, are also envisaged. The carbon source (CO and
COy,) is, of course, of great importance. Ideally, it should be of biogenic origin to enable
users to achieve very low carbon footprints of the produced methane [14] and should con-
tain carbon oxides in high concentration to avoid efficiency losses and costs associated with
carbon capture. In this regard, biogas is perhaps the most relevant carbon source [9,10,15].
It can be subjected to methanation after suitable purification to remove compounds that can
deactivate the catalysts or jeopardize the quality of the final product. Alternatively, CO,
can be obtained as a concentrated stream from the biogas-upgrading plants that produce
biomethane. Another option is to hydrogenate the carbon oxides obtained after biomass
gasification; in this case, the product gas fed to the methanator also contains CH4 and H,.
The combination of water electrolysis and biomass gasification is a very appealing process
because the electrolytic oxygen can be used in the gasifier, whereas the hydrogen is used to
increase the H/C ratio of the methanator feed stream to suitable values [15,16]. In this way,
it is possible to greatly increase the production of methane compared with the methanation
of the product gas obtained after steam gasification once subjected to a water—gas shift step.

Methanation reactions imply large changes of the oxidation state of the carbon atom;
therefore, they are characterized by strong kinetic barriers. As a result, active catalysts are
necessary to carry out methanation at reasonably low temperatures as those required to
overcome the thermodynamic limitations also existing due to the reversible exothermic
character of the reaction. Typical methanation catalysts are made of nickel supported on y-
AlyO3 or SiO; and frequently contain low amounts of MgO [1,17]. These catalysts have been
widely investigated [18,19], and recent research in this field has led to a plethora of scientific
literature discussing their ongoing development [20-31]. Nickel has been traditionally the
active phase of choice since, after careful catalyst formulation and preparation, it presents
a good balance between its performance in terms of activity, selectivity, and lifetime and
its cost. Generally, nickel is present in the catalyst precursor as oxide at high loads. The
precursor has to be easily reducible to the active metallic state at temperatures (typically
about 300 °C) at which the feed stream enters the reactor, though it can be loaded pre-
reduced (and passivated) into the methanator. The use of promoters such as alkali and
alkaline earth metals and lanthanides [29], as well as bimetallic Ni-M (M = Fe, Co, Cu, Ry,
Rh, Pt, Pd, and Re) [30] formulations have been frequently considered in order to improve
the activity and stability of nickel-based CO, methanation catalysts. The support also
plays a very important role in the performance of the methanation catalyst, providing a
porous matrix on which Ni can be finely divided in the form of nanometer-size crystallites,
thus achieving a good dispersion of the active phase, while avoiding, or at least retarding,
sintering. This is a key aspect given the high exothermicity of the CO, methanation
reaction (AH(S)73K = —177.6 kJ/mol) that increases the risk of hot spots formation in the
fixed-bed reactors that are normally used. Therefore, selecting the support (and catalyst
preparation method) is a compromise between opposite requirements: on the one hand,
easy reducibility of the nickel species is essential, whereas achieving a sufficient degree
of interaction with the support is indispensable to guarantee suitable metallic dispersion
under working conditions [1]. In addition to these structural effects [32-36], recent studies
have revealed that the support can also participate in the catalytic cycle, affecting CO,
adsorption and activation, as well as the methanation reaction pathways [22,37].

The nature and strength of the basic sites of the supports are frequently considered
to be responsible for the formation and subsequent evolution of the CO, methanation
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intermediates, thus greatly affecting the catalyst activity and selectivity [38—44]. In addition,
a key role is also attributed to the interfacial region between the support and the metallic
particles of the reduced catalyst [45-48]. In the case of certain metal oxides acting as
supports of methanation catalysts, that region is considered to have a polyfunctional
character and is believed to accommodate active sites capable of activating CO,, which is
further hydrogenated thanks to the close presence of hydrogen atoms on the surface of
the metallic particles. Furthermore, electronic effects and strong metal-support interaction
phenomena associated with the metal/support interface have also been claimed as features
that affect the performance of some CO, methanation catalysts.

The ensemble of the vast experimental works performed so far in the search for catalyst
properties—performance relationships, together with the use of advanced characterization
techniques, most notably operando IR spectroscopy [49,50], and theoretical studies have
allowed researchers to make big advances in the understanding of the mechanism and the
structure sensitivity character of the methanation of CO, over nickel catalysts [45,51-56].
However, its mechanism is still debated, and catalysts that are more efficient are searched
for industrial applications in view of the necessity to capture and reuse carbon dioxide, as
well as to handle the present shortage of natural gas in many regions of the world. Therefore,
additional studies on this topic are necessary because there are important aspects, such
as some structural requirements of the catalyst, the sequence of elementary steps, or the
nature of the reaction intermediates leading to CH4 or CO, that remain controversial [57].

The main aim of the present work was to assess the performance in the CO, methana-
tion reaction of nickel catalysts supported on alumina, ceria, a ceria—zirconia mixed oxide,
and titania. This set of supports includes both reducible and irreducible metal oxides, and
it opens the door to the establishment of different types of metal-support interactions that
are expected to lead to different activities and selectivities. It is hoped that this way would
provide information that contributes to a rational design of methanation catalysts based
on nickel. Catalysts’ performance has been evaluated through catalytic tests conducted
over a very wide range of reaction temperatures (150-500 °C), as well as through specific
activity (turnover frequency (TOF) and apparent activation energies) and operando infrared
spectroscopy (FTIR) measurements.

2. Results
2.1. Physicochemical Characterization of the Catalysts

A selection of the physicochemical properties of the nickel catalysts investigated in
the present work is offered in Table 1. The actual Ni contents ranged between 7.6 and
8.9 wt.%, and they were reasonably close to the nominal content (10 wt.%). The specific
surface area (Spgt) values of the catalysts were between 9% and 20% lower than those of
the supports (see Section 4.1). The highest value corresponded to the Ni catalyst supported
on v-Al,Os (Ni/Al), and the lowest corresponded to the titania-supported one (Ni/Ti),
whereas the catalysts supported on ZrO,-CeO, (Ni/ZrCe) and ceria (Ni/Ce) exhibited
similar intermediate Sggt values.

Table 1. Physicochemical properties of the supported nickel catalysts.

Metallic

Ni SpET Ni Surface Degree of Nickel Mean Ni
Catalyst Content (m2/gea)  Area (Sn; Reduction  Dispersion  Particle Size
(Wt. %) cat. > NI” (DORyj, %) (D, %) (dnj, nm)
m~/gn;i)

Ni/Al 7.6 201 41.7 68.9 6.3 7.1
Ni/Ce 8.2 93 34.3 103 51 13
Ni/ZrCe 8.9 87 19.1 131 29 23
Ni/Ti 8.7 53 8.1 120 1.2 67

As for the metallic surface area and dispersion, substantial differences were found
among the catalysts, with Ni/Al and Ni/Ti again being the samples showing the highest
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and lowest values, respectively. Ni/Ce exhibited relatively high metallic Ni surface area and
dispersion, though lower than the values of Ni/Al, whereas Ni/ZrCe showed intermediate
values of those structural parameters. As a result, the mean Ni particle size of the catalysts
followed the increasing order of Ni/Al < Ni/Ce < Ni/ZrCe < Ni/Ti, with values ranging
from 7.1 to 67 nm. It should be highlighted that only Ni/Al showed an incomplete degree
of reduction of nickel (DORy;) after the H, reduction activation procedure employed before
the chemisorption and catalytic performance assessment experiments. Values of DORyj;
slightly above 100% were obtained for Ni/Ce, whereas DORyj reached up to 120% and
131% for Ni/Ti and Ni/ZrCe. In these cases, it has been assumed that the reduction of
Ni is complete and that the extra consumption of oxygen is due to the reoxidation of the
partially reduced supports. It is well-known that these supports are reducible and that
their reducibility increases after depositing metals on them such as Ni, which is capable
of activating H; and provoking hydrogen spillover during catalysts activation. Oxygen
vacancies created during the activation of the catalysts supported on reducible oxides can
be refilled by O, during the measurement of DORy;, leading to values above 100 % in
such cases.

The X-ray diffraction (XRD) patterns of the catalysts obtained after calcination are
shown in Figure 1. In addition to NiO, all the supported catalysts presented the crystalline
phases expected for each support: y-alumina for Ni/ Al, fluorite-structured CeO; for Ni/Ce,
and rutile and anatase for Ni/Ti. In the case of the Ni/ZrCe catalyst, (ZrggsCep 12)O, was
identified as the main crystalline phase, though the presence of ZrO, (baddeleyite) in
small amounts cannot be ruled out. NiO peaks are broad in the XRD pattern of Ni/Al,
indicating a relatively good dispersion of Ni on y-alumina. The rest of the supports are
highly crystalline, as evidenced by the high intensity of the corresponding XRD peaks.
Even so, weak NiO XRD peaks can also be appreciated, and this is possible due to the poor
dispersion achieved on ZrO,-CeQO,, and especially titania, that leads to big NiO crystallites.

o] o] O o O
V v LAY v v v
Ni/Al
[m— ] HH H HO
= Ni/Ce
=
g
2
w
c
S
=
1 I T T T T T T T
0 20 40 60 80 100
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Figure 1. XRD patterns of the calcined supported Ni catalysts. Crystalline phases identified: (O)
NiO, (v7) v-ALL O3, () CeOy, (€) (ZrggsCep.12)O2, (x) ZrO, baddeleyite, (®) TiO; anatase, and (e)
TiO; rutile.



Catalysts 2023, 13, 448

50f 25

The H,-TPR profiles of the calcined supported nickel catalysts are presented in Figure 2.
As for the Ni/ Al catalyst, the profile includes two contributions, in accordance with the
findings from Bentaleb and Marceau [58]. The first one appears as a broad peak centered
at 540 °C that can be attributed to the reduction of well-dispersed nickel oxide species
strongly interacting with the support. A second reduction event that appears at a much
higher temperature (753 °C) is ascribed to the presence of surface nickel aluminate, which
is much more difficult to reduce. It is well-known that Ni** ions can diffuse occupying
some of the octahedral and tetrahedral vacancies of the y-Al,Oj3 structure, thus allowing
the formation of stable NiAl,Oy surface spinels through solid-state reaction during catalyst
calcination [58-60]. The presence of surface spinels would explain the incomplete degree
of reduction achieved upon catalyst activation, with a value of about 70%, which is typical
of this type of catalyst [58]. In addition, the presence of spinels evidences an interaction
between the Ni precursors and the alumina support that can contribute to the higher
dispersion of Ni in Ni/ Al compared to the other catalysts (see Table 1). It should be noted
that these spinels are typically hardly detectable by XRD due to their surface nature, and
then, poorly ordered character, as well as to their low concentration, linked to the also low
nickel content of the catalyst. In addition, there is much overlapping between the diffraction
peaks of alumina and nickel aluminate due to their very close crystalline structure.

540 °C
753 °C
Ni/Al
303 °C
232 °C
751 °C
= 329 °C Ni/Ce
3
2
wn
c
e
E i
464 °C Ni/ZrCe
802 °C
I
Ni/Ti
T | T I T | T | T
0 200 400 600 800 1000

Temperature (°C)

Figure 2. H,-TPR profiles of the calcined supported nickel catalysts.

In the case of the Ni/Ce catalyst, the H,-TPR profile presents three distinctive reduc-
tion events with maxima at 232, 303, and 751 °C, respectively. In addition, a weak and broad
reduction peak can be appreciated at temperatures below 200 °C. The low-temperature
(below 250 °C) events can be ascribed to the reduction of oxygen species adsorbed on
oxygen vacancies associated with surface NixCe;_4O,_5 solid solution formed during
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catalyst preparation through partial replacement of Ce** cations by Ni?* [61-65]. The re-
duction of very well dispersed NiO species has also been considered to take place between
220 and 240 °C [62-64]. These reduction events evidence the establishment of a strong
interaction between Ni and CeO; [61]. The intense reduction peak at 303 °C includes most
of the reducible species and is ascribed to large NiO particles supported over ceria [62-64].
This reduction event shifts toward higher temperatures as the catalyst nickel content in-
creases [66]. Lastly, the weak and broad peak recorded at 751 °C is associated with the
partial reduction of Ce** cations in bulk CeO,. The temperature at which this peak appears
depends on the textural properties of the support; it typically decreases as the specific
surface area increases [67]. As for the Ni/ZrCe catalyst, a reduction event appears in the
H,-TPR profile that seems to be the result of at least two main contributions corresponding
to peaks with maxima at around 330 and 400 °C, respectively. According to the study by
Ocampo et al. [68] with a series of Ni catalyst supported on Ceg7,Zr( 280, the first, more
intense peak can be ascribed to the reduction of bulk NiO having a weak interaction with
the support. Moreover, the second contribution could be due to the reduction of Ni* incor-
porated into the fluorite structure and in strong interaction with the mixed oxide. A similar
interpretation has been given by Vrijburg et al. [69], who attributed an intense reduction
event around 350 °C to the reduction of bulk NiO, and a second peak at 400 °C to the
reduction of Ni2* in strong interaction with the support that, in this case, was Ce 521y 50;.
The H,-TPR results show that Ni has established a stronger interaction with the support in
Ni/Ce than in Ni/ZrCe, perhaps due to the low cerium content of the mixed oxide used.
That interaction could explain the better dispersion achieved by Ni in Ni/Ce in spite of the
close specific surface areas of the supports (see Table 1).

As concerns the Ni/Ti catalyst, two distinct reduction events can be distinguished
in the TPR profile. The main reduction event is complex and characterized by a steady
increase of the Hy consumption in the 300—400 °C interval, then peaking at 464 °C and
ending at around 500 °C. The second reduction event is much less intense, consisting in a
broad peak with a maximum at 802 °C. The H,-TPR profile of the Ni/Ti catalyst is rather
similar to the ones recorded by Unwiset et al. [70] with a series of 3-20 wt.% Ni/TiO,
catalysts prepared by a sol-gel procedure from Ni and Ti precursors. The continuous Hp
consumption starting at about 250 °C and peaking at 400440 °C, depending on the Ni
content, was attributed to the reduction of Ni?* exhibiting interactions of different intensity
with the support. According to van de Loosdrecht et al. [71], reduction events between
260 and 480 °C correspond first to the reduction of NiO and also to the reduction of nickel
titanate (NiTiO3) at temperatures above 330 °C. Ho et al. [72] calculated that only 47% of
Ni is present as NiO in a 6 wt.% Ni/TiO; catalyst calcined at 500 °C, though NiTiO3 could
be detected through X-ray diffraction measurements in the sample calcined at 600 °C. In
our case, nickel titanate is not present in the XRD pattern of the Ni/Ti catalyst (Figure 1),
which was calcined at 500 °C, but, according to the mentioned literature, the H>-TPR results
suggest that it may be present in a surface amorphous and/or well-dispersed state. Finally,
the broad peak centered at about 800 °C can be ascribed to the partial reduction of Ti** to
Ti%* in bulk TiO».

The CO,-TPD profiles of the supported nickel catalysts recorded after hydrogen
reduction for 3 h at 500 °C are shown in Figure 3. Total amounts of CO, desorbed (in pmol
per g of catalyst) follow the order of Ni/Al (386) > Ni/ZrCe (347) > Ni/Ce (196) > Ni/Ti
(71). Clearly, there are remarkable qualitative and quantitative differences between the
results obtained with these catalysts.

According to Pan et al. [39], three types of basic sites can be distinguished depending
on the CO, desorption temperature: weak (<250 °C), medium (between 250 and 700 °C),
and strong (>700 °C). Based on this classification, all the catalysts considered in the present
study have weak basic sites, which are particularly abundant in the case of Ni/Al. Moreover,
Ni/Zr-Ce and Ni/Ti catalysts mainly exhibit weak basic sites. Medium-strength basic
sites predominate in Ni/Ce and, to a lesser extent, in Ni/Al. Lastly, only Ni/Ce exhibits
a significant amount of strong basic sites. Of course, this categorization is somewhat
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arbitrary. Indeed, Liang et al. [42] ascribed to physical adsorption or adsorption on weak
basic sites the CO, desorbed within 100-200 °C. In addition, desorption between 200 and
400 °C corresponded to medium-strength sites, whereas, between 500 and 600 °C, it was
attributed to the strongest basic sites. The interpretation of our results does not change
substantially by applying any of these criteria. According to Italiano et al., low-temperature
CO, desorption corresponds to weakly bonded bicarbonate species formed upon CO,
adsorption on surface hydroxyls (OH™). On the other hand, bidentate carbonates from
medium-strength sites consisting in metal-O%" pairs, and monodentate carbonates from
strong basic sites consisting in coordinatively unsaturated O%" ions, are related to the
desorption events taking place at medium and high temperatures, respectively [37,66].

178 °C
300 °C
Ni/Al
521 °C
_ 99 °C 715 °C
=
S .
> 106 °C Ni/Ce
D
§ 221 °C
£
Ni/ZrCe
231 °C
_;EE/-\‘
Ni/Ti
T | T | T | T I T
0 200 400 600 800 1000

Temperature (°C)

Figure 3. CO,-TPD profiles of the supported nickel catalysts freshly reduced at 500 °C.

Muroyama et al. [40] recorded a CO,-TPD profile for a 10 wt.% Ni on alumina catalyst
that is very similar to the one corresponding to Ni/Al (Figure 3). The large amount of CO,
desorbed was related to the high surface area of the catalyst, and the wide temperature
range (100-500 °C) within which desorption takes place was related to the presence in the
material of a big variety of basic sites with several strengths. As for the amount of CO,
desorbed, the value recorded with Ni/Al (386 umol CO,/gcat.) is of the order of magnitude
of the values reported in the literature, or even slightly higher than such values reported in
the literature (262 pmol CO;/gcat. and 316 pmol COy/geat. for 10 wt.% Ni [41] and 15 wt.%
Ni [66] on alumina catalysts, respectively). As for Ni on the reducible supports, the carbon
dioxide adsorption capacity of Ni/Ce (196 pmol CO3/gcat.) is remarkably higher than the
one found by Italiano et al. [66] for a 15 wt.% Ni on ceria catalyst (56 pmol COy/gcat.),
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though the specific surface area of the latter was low (21 m?/ g). As a matter of fact, these
differences are greatly reduced when the density of basic sites is compared, resulting in
2.1 pumol CO, /m? for Ni/Ce and 2.7 umol CO,/m? for the 15 wt.% Ni/ceria catalyst. The
basic sites’ density of a 10 wt.% Ni/ceria catalyst resulted in being 2.0 pumol CO,/m? in
the work of Le et al. [34], and this is very close to the value obtained in the present study.
These authors also found the presence of medium-strength and strong basic sites in the
nickel/ceria sample, whereas the basicity was very low and was only in weak sites in the
case of Ni/TiO,, as was also in accordance with findings by other authors [32,43].

Lastly, regarding the ceria-zirconia mixed oxides, Wang et al. [73] found through CO,-
TPD that CeyZr;_,O5 oxides with x = 0.07, 0.15, 0.25, and 0.8 calcined at 800 °C showed
two or three CO; desorption events at temperatures within about 250 °C and 550 °C, indi-
cating the presence of medium-strength basic sites in the pristine materials. The basicity
increased for samples calcined at lower temperatures (400-600 °C). Pan et al. [39] also de-
tected medium-strength basic sites corresponding to CO, desorbed between 250 and 700 °C
in a 7 wt.% Ni catalyst supported on Cep5Zr¢50; and calcined at 500 °C. Our results with
the Ni/ZrCe sample (Figure 3) indicate a lower content of that type of site, as evidenced by
the fact that CO, desorption is limited to temperatures below 300 °C.

2.2. Catalytic Performance

Figure 4 includes the CO, methanation results obtained in the dynamic experiments
in which the reaction temperature was raised at a rate of 1 °C/min from 150 to 500 °C, at
atmospheric pressure and a constant space velocity of 12 N L CO;/(gcat.-h) (See Section 4.3).
Ni/Ce stands out as the most active catalyst of the present study, as it provides the highest
CO; conversions (Figure 4a) and methane yields (Figure 4b) throughout the whole range
of reaction temperatures considered. As for the maximum CO; conversion, the following
order of decreasing activity results was observed (Figure 4a): Ni/Ce > Ni/ZrCe > Ni/Al
~ Ni/Ti. A maximum methane yield as high as 84% at about 420 °C is obtained with this
sample at the space velocity indicated above (Figure 4b). Ni/ZrCe also exhibits a good
catalytic performance, with a maximum methane yield of 78% at around 440 °C. Both
Ni/Al and Ni/Ti behave very similarly: maximum methane yield reaches 75% at 468 °C,
though Ni/Al provides consistently higher methane yields than Ni/Ti between 150 °C and
the temperature at which the maximum value is reached. As can be seen, the differences
between the CO; conversions and methane yields provided by the several catalysts at
intermediate reaction temperatures (between about 275 and 375 °C) are very large. For
example, the CO; conversions resulting at 350 °C followed the following decreasing order
(Figure 4a): 74% (Ni/Ce) > 61% (Ni/ZrCe) > 44% (Ni/Al) > 37% (Ni/Ti). As for the
formation of CO, Figure 4c shows that it starts to be measurable at a reaction temperatures
above 250 °C, and then it increases continuously as the temperature is raised, reaching
yields of 5-6% at 500 °C. It is apparent that there are no significant differences among
samples as concerns CO formation.

In order to gain insight into the catalytic activity of the different materials considered
in this study, methane formation rates were determined in experiments performed at
several reaction temperatures by adjusting the space velocity to operate the reactor under
differential conditions. These results are shown in Figure 5.

Methane formation rates expressed per g of catalyst (Figure 5a) essentially reflect the
methane yield results obtained at temperatures below 310 °C (Figure 4b). When the rates
are normalized to the Ni content (Figure 5b) only Ni/Al gives comparatively increased
values because it is the catalyst with the lowest Ni content (see Table 1). Finally, in order to
take into account the different Ni dispersions, the reaction rates were also normalized to
the metallic Ni surface area. As shown in Figure 5¢, this leads to a change in the activity
order among samples. Indeed, due to the comparatively low metallic surface area that
they expose, Ni/Ti and Ni/ZrCe became the most active catalysts, followed by Ni/Ce and
especially Ni/Al, which provide significantly lower activities compared to the rest of the
catalyst, particularly as the reaction temperature increases.
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Figure 4. Evolution with reaction temperature of the CO, conversion (a), CHy yield (b), and CO yield
(c) in methanation experiments conducted at space velocity of 12 N L CO/(gcat.-h) and Hy /CO,
molar ratio of 4. Dashed line in (a) corresponds to the calculated CO, equilibrium conversions.

Apparent activation energies (Eapp) for methane formation were calculated from the
corresponding Arrhenius plots that are presented in Figure 5d. The very good linearity
obtained in all the plots is remarkable. In general, there are no big differences among
samples regarding this kinetic parameter. Ni/Ti and Ni/ZrCe exhibit very similar apparent
activation energies, with values of 80 kJ/mol and 82 kJ/mol, respectively. On the other
hand, Ni/Ce shows the highest (89 k]J/mol) and Ni/ Al the lowest (78 k] /mol) values. Eapp
is a macroscopic empirical parameter that can be expressed through the weighted average
of the standard-state enthalpies (relative to reactants) of all of the species (intermediates,
transition states, and products) involved in the reaction mechanism, each weighted by
its generalized degree of rate control (DRC), as shown by Mao and Campbell [74]. The
values obtained for Ni/Al, Ni/Ti, and Ni/ZrCe fall within the 78-82 k] /mol range, so the
differences can hardly be considered significant. In contrast, the higher value of 89 k] /mol
calculated for Ni/Ce, in spite of being likely affected by enthalpy effects, could be taken as
an indication of a lower intrinsic activity of that catalyst.

Lastly, turnover frequencies of CHy formation (TOFcp4) were calculated (see Section 4.3)
to measure the specific activity of the catalysts. These results are shown in Figure 6.
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Ni/Ti and Ni/ZrCe exhibit very similar TOFcp4 values, which are the highest among
the catalysts considered in the present study. Ni/Ce also exhibits a remarkable methanation
specific activity that is lower than those of the Ni catalysts supported on titania and ceria—
zirconia but higher than that of Ni/Al This is not in contradiction with the fact that
Ni/Ce showed the highest E,pp value. Indeed, the influence of other factors, such as the
pre-exponential factor (Aapp) of the Arrhenius equation, which is dominated by entropic
effects [75], the function dependent on the concentrations of the species kinetically relevant
and the density of active sites [76], which are included in the intercept with the ordinate
axis in Figure 5d, has to also be taken into account. This means that a combination of these
factors may offset the effect of a small increase of the apparent activation energy, resulting
in higher reaction rates for Ni/Ce when they are expressed per g of catalyst (Figure 5a) or
per g of Ni (Figure 5b). In this regard, the richness of medium-strength basic sites exhibited
by Ni/Ce according to the CO,-TPD results or the influence of the support on the CO,
methanation kinetics [77] could justify the activity results obtained.

When the metallic Ni particle size is taken into account (Figure 6b), the same trend can
be appreciated regardless of the reaction temperature between 250 and 310 °C. As can be
seen, TOFcpy4 increases as the Ni particle size increases, as well, until reaching a sufficiently
large value close to the one of Ni/ZrCe (23 nm). At that point, the specific activity seems to
become not significantly affected by the Ni particle size. These results point toward the
structure sensitivity of the CO, methanation reaction over the catalysts considered.

2.3. Operando IR Spectroscopy

Surface IR spectra of the CO, methanation reaction over the supported Ni catalysts
recorded between 175 and 500 °C are shown in Figures 7-10. In the case of the Ni/Al
catalyst (Figure 7), formate, which is considered an important intermediate during the
conversion of CO, to methane [46], can be distinguished from the beginning of the reaction.
Bands at 1379-1397 cm™1! (CH bending 6 (CH) and symmetric stretching, vs (COO-)),
1554-1590 cm ! (asymmetric stretching, v,s (COO-)) [78,79], and 2904 cm ™! (v (CH) stretch,
not shown) are attributed to that species. The occurrence of formate species is lower at
higher temperatures, which can be due to formates” conversion into carbonate species.
Indeed, various carbonate species can be observed: monodentate, bidentate, and hydrogen
carbonates with a broad signal between 1652 and 1233 cm 1 [80,81]. Monodentate carbonate
species are revealed by bands at 1470 cm ! and 1340 cm ! (doubly degenerated v,s stretch).
Similarly, hydrogen carbonate species can be detected through the characteristic bands at
1652 cm~! and 1447 em~! (vas (CO3)), whilst the band at 1233 cm ™! would correspond to
the bending & (OH). The position of these bands is coincident with the values reported for
pure alumina [82]. Next, some weak signals that can be ascribed to organic carbonates are
visible at 1817, 1768, 1733, 1202, 1198, and 1255 cm ! [83]. Remarkably, the presence of
methoxy species at 400 °C can be proposed as suggested by the bands at 1000 cm ! and
1162 cm~!. The weak bands at 1717 cm~! could be attributed to formaldehyde species [84].

Regarding the Ni/Ce catalyst, the corresponding operando FTIR spectra are shown
in Figure 8. CO was observed in the gas phase from the beginning of the reaction. CO
could be responsible through the Boudouard reaction for the carbon formation that was
observed at temperatures above 350 °C. To be able to complete the measurements with this
catalyst, regeneration was carried out by feeding O, between each temperature setpoint
to remove carbon deposited on the catalyst surface. It should be noted that, in contrast
to the catalytic tests, operando FTIR spectroscopy measurements were carried out in
the decreasing temperature mode, starting from 500 °C, to decrease the accumulation
of adsorbed surface species. However, these conditions are the most favorable for CO
formation, which, together with the high activity of the Ni/Ce catalyst (see Figure 4),
could have favored carbon formation in the IR reactor cell. However, no significant carbon
formation was detected during the catalytic tests, as evidenced by the negative results of
the Raman spectroscopy analyses carried out with the used catalysts. As a matter of fact,



Catalysts 2023, 13, 448 12 of 25

carbon formation is not a concern during CO, methanation provided that the Hy /CO; ratio
is maintained to be sufficiently high [85], as in our case.
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Figure 7. Operando FTIR spectra for CO, methanation over the Ni/Al catalyst. Species identification:
HC (hydrogen carbonate), MC (monodentate carbonate), BC (bidentate carbonate), OC (organic
carbon), F (formate), M (methoxy), FO (formaldehyde).
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Figure 8. Operando FTIR spectra for CO, methanation over the Ni/Ce catalyst. Species identification:
HC (hydrogen carbonate), MC (monodentate carbonate), BC (bidentate carbonate), PC (polydentate
carbonate), F (formate), M (methoxy), FO (formaldehyde), C (carboxylate).
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Figure 9. Operando FTIR spectra for CO, methanation over the Ni/ZrCe catalyst. Species iden-
tification: HC (hydrogen carbonate), MC (monodentate carbonate), BC (bidentate carbonate), PC
(polydentate carbonate), F (formate), M (methoxy), FO (formaldehyde), and C (carboxylate).
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Figure 10. Operando FTIR spectra for CO, methanation over the Ni/Ti catalyst. Species identification:
HC (hydrogen carbonate), MC (monodentate carbonate), BC (bidentate carbonate), PC (polydentate
carbonate), F (formate), M (methoxy), FO (formaldehyde), and C (carboxylate).

As can be seen in Figure 8, several bands corresponding to formate species can
be distinguished, such as the v;s (COO-) mode at 1583 cm~! and 1560 cm™! that can
be ascribed to species formed on Ce®* sites of the partly reduced ceria support [86,87].
Furthermore, small symmetric stretching bands of formate species can be detected at
1355 cm !, and the corresponding & (CH) at 1375 cm ™! [88,89]. Similar to the case of Ni/Al
catalysts, various bands corresponding to methoxy species are observed in the spectra at
1160 (rocking r(CHs)), 1100, 1060, and 1000 cm™?, owing to the stretching vibration v (C-O).
The band near 1100 cm~! is more sensitive to the nature of the surrounding cations on the
surface, while the band near 1060 cm~! is more complex and broader. In our case, weak
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bands of these species can be seen at 1162 cm~! (spectra recorded at 500, 350, and 300 °C)
and 1062-1080 cm 1 (spectra recorded at 500, 450, and 350 °C) [90-92]. In the case of pure
ceria, bands due to the methoxy species on top (1106 cm~!), double bridging (1080 cm !
and 1050 cm 1), and triple bridging (1012 cm ') have been reported and associated with
coordinatively unsaturated surface sites [93].

A great variety of carbonate species can also be distinguished in the surface spec-
tra of the Ni/Ce catalyst. Small bands of hydrogen carbonate species are observed at
temperatures between 350 and 500 °C at 1617, 1599, and 1416 cm ! for the vibrational
stretching mode, v (CO3) [92]; 1217 cm ™! for deformation, 5 (OH) [94]; and 815 cm ™! for
out-of-plane deformation, 7t (CO3) [91]. In addition, characteristic bands of bidentate car-
bonates can be visualized at 1576, 1290, 1013, and 856 cm ™1, corresponding to the stretching
modes v,s (CO3) for the first two bands, vs (CO3) for the following, and 7t (COs3) for the
last [88,91,92,95]. With respect to the “bridged” carbonates, small bands are observed at
1736 cm~! and 1133 cm ™! of in the vibrational mode vas (CO3). Bands of polydentate
carbonate are evident at ~1530, 1353 cm ™! (vas (CO3)), and 854 cm~! (7t (CO3)) [91,92]. The
bands at 1504 cm ! (V4 (CO3)) [95] and 1384 cm ! [96] are attributed to monodentate car-
bonates. With regard to carboxylates, weak bands could be assigned at 1307 cm~! [86] and
1561 cm ! [81]. On the other hand, bands at 1765 cm ™! are observed in the runs conducted
at 225, 300, 350, and 450 °C, which could be attributed to formaldehyde species [97].

As for the Ni/ZrCe catalyst, the corresponding operando FTIR spectra are shown in
Figure 9. Bands corresponding to formate species on Zr*" sites are observed at 1575 cm ™!
and 1383 cm~! (v (OCO)), while the band at 1560 cm ™! is ascribed to formate on Ce3* [87,98].
On the other hand, bands at 1546 cm~! and 1306 cm~! can be assigned to the vibration
mode vy (COO-) of bidentate carbonates, together with the 7t (CO3) mode at 871 cm L In
contrast, very weak bands are observed at 1520 and ~1330 cm~1, which correspond to the
Vas (COO-) mode of monodentate carbonate. Finally, bands are displayed at 1458 cm ™!
and 852 cm™! that are assigned to the vs (COO-) and 7 (CO3) modes, respectively, of
polydentate carbonates [95,99]. With respect to the methoxy species, it is possible to see
some small characteristic bands just above 1100 cm ™! that are associated with the stretching
vibration, v (C-O), of linearly coordinated methoxy on coordinatively unsaturated Zr**
cations. In addition, a band at 1083 cm ™! is assigned to the double bridging species on Ce>*,
while the shoulder at 1055 cm™! is due to methoxy bridged over Ce** cations neighboring
an oxygen vacancy [100].

Finally, Figure 10 includes the spectra resulting from the CO, methanation on the
Ni/Ti catalyst. The following bands were observed corresponding to formate species on
Ti** sites: 1576 cm ™!, 1560 cm ™!, 1384 cm ™! and 1360 cm ™!, and 1384 cm !, attributed
to the v, (COO-), 8(CH), and vs (COO-) vibrational modes, respectively [84,101-104].
Furthermore, formaldehyde was detected as an adsorbed species at 1755 cm~! [103]. As
for carbonates, several weak bands in the range 1600-1200 cm ! can be likely ascribed to
those species (being difficult and not really useful to distinguish the exact geometry of the
different vibrators). The most relevant peaks in the region 1650~1500 cm ™! are probably
due to carboxylates.

As concerns methoxy species on Ni/Ti, some characteristic bands can be guessed
in the 1500-1000 cm ! domain, where we expect the vibration of molecularly adsorbed
methanol modes 5(CH3), §(H-O-C), and v(C-O) at 1467, 1370 and 1121, and 1033 cm ™!
respectively [101,103,105]. Bands at 1436 (C-H bending) and 1163, 1104, and 1071 cm !
(C-O stretches), can be ascribed to the dissociatively chemisorbed methoxy species on
Ti%* [105].

3. Discussion

The results presented in the preceding section clearly show the remarkable influence of
the support on the performance of nickel catalysts for the methanation of CO5, in line with
previous works on this topic [32-37,43]. The differences in performance found are likely re-
lated to the support nature itself and its effects on the nickel precursor reducibility, metallic
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dispersion, catalysts basic properties, and surface reactivity toward the activation of CO,,
as suggested by the information provided by the physicochemical characterization results.

It is important to remark that differences in catalytic performance lie more in activity
than selectivity since CO production has been found to be low, limited to the highest
reaction temperatures considered, and very similar on the four investigated catalysts
(Figure 4c). Apparent activation energies for methanation have also resulted in being rather
similar, and operando FTIR spectroscopy measurements have evidenced the presence of
almost the same type of adsorbed species during the course of the reaction regardless of the
support nature. The differences in the carbonate species’ intensities, which are much higher
in the ceria and ceria-zirconia supports, are due to the greater basicity of those oxides. In
principle, these results indicate that the different behavior of the catalysts may be due to
differences in the abundance and nature of the active sites and not to significant changes in
the reaction mechanism depending on the support.

From a practical viewpoint, the nickel catalyst supported on ceria (Ni/Ce) is clearly
the most interesting one since it has provided a comparatively high methanation rate
in terms of both catalyst weight (Figure 5a) and nickel content (Figure 5b), which are
parameters that are strongly related to the reactor size and catalyst cost. This catalyst
seems to have a good balance between active sites associated with metallic nickel and
the support through either the support itself or the metal-support interface. Indeed, as
concerns nickel sites, Ni/Ce exhibits a much higher metallic surface area compared to
nickel supported on the other two reducible supports (see Table 1), i.e., ceria—zirconia
mixed oxide (Ni/ZrCe) and titania (Ni/Ti). This fact, together with the reasonably high
specific surface area, is expected to also have a positive effect on the extension of the
metal-support interface. In this regard, oxygen vacancies created on the ceria surface
during the activation of the catalyst by Hp-reduction can be refilled throughout reaction by
CO,, which becomes activated and partially hydrogenated by hydrogen atoms adsorbed
on neighboring metallic Ni particles, thus evolving to form reaction intermediates and
final products. The proximity and compatibility between active sites have been found to
be essential for the CO, hydrogenation reactions [106]. On the other hand, the CO,-TPD
results (Figure 3) have shown that Ni/Ce has a rich surface, as concerns the presence of
medium-strength basic sites capable of adsorbing, and presumably activating the CO,
molecule, which has been related to high methanation activity [39-43]. The operando
FTIR results obtained with Ni/Ce sustain this interpretation (Figure 8) because a variety of
species have been identified related to CO, adsorption (hydrogen carbonates, monodentate
carbonates, bidentate carbonates, and polydentate carbonates). Although these species
differ in reactivity, the fact is that the presence of formates, carboxylates, and methoxy
species, whose formation requires the assistance of activated hydrogen, provides evidence
that Ni/Ce meets the conditions to have a good activity.

Following this reasoning, it could be argued that such a favorable balance between
active sites is not achieved with the rest of the catalysts investigated in the present work.
In the case of Ni/ZrCe catalyst, the CO,-TPD results show the presence of few medium-
strength basic sites; in addition, the Ni surface area is about half that of Ni/Ce, thus
resulting in a lower number of active sites, even though it shows a reasonable activity. As
for Ni/Ti, medium-strength basic sites are absent, and the catalyst shows a low specific
surface area and Ni dispersion, resulting in low activity compared to the other nickel
catalysts supported on reducible metal oxides.

Regarding the Ni/Al catalyst, the results are somewhat surprising. In principle,
this catalyst exhibits the highest metallic dispersion and high specific surface area and
the presence of medium-strength basic sites. In addition, operando FTIR spectroscopy
measurements have evidenced the presence of species associated with CO, adsorption
and their partial hydrogenation (such as hydrogen carbonates and formates). In spite of
these good features, its activity in terms of catalyst weight and Ni loading is only slightly
higher than that of Ni/Ti and much lower than the those of Ni/Ce and Ni/ZrCe. An
obvious difference among these catalysts is that the support of Ni/Al is non-reducible
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and relatively acid. It could be speculated that, as a result, the cooperative effect between
metallic Ni and the sites linked to the support is less efficient in this case, perhaps due
in part to the absence of surface oxygen vacancies. It is worth mentioning in this regard
that Ni/Al has provided much lower TOFcps values than the rest of the catalysts (see
Figure 6). Of course, this magnitude should be considered carefully since its calculation was
performed based on the metallic surface area as a measure of the active sites. In addition,
chemisorption may be an unsuitable characterization technique for catalysts supported
on reducible oxides due to the well-known effects associated with strong metal-support
interaction phenomena. Bearing these limitations in mind, it could be concluded that using
as support of Ni a reducible metal oxide that is capable of developing basicity associated
with medium-strength basic sites, and a suitable balance between metallic sites and centers
linked to the support (e.g., oxygen vacancies) through the metal-support interface leads to
high CO, methanation activity.

As for the Ni particle size, it seems also to play a role since the results shown in
Figure 6 suggest that the reaction is structure sensitive on Ni catalysts. In this regard, the
specific activity increases with the particle size until a sufficiently large value of about
25-30 nm is reached, from which this parameter seems to lose importance.

Finally, although studying the CO, methanation mechanism is beyond the aim of
this work, the results obtained by operando FTIR spectroscopy may suggest that, for the
catalysts under consideration, it follows the formate pathway [45,46,107]. As schematized in
Figure 11, CO; is first adsorbed onto surface hydroxyls and oxygen sites to form hydrogen
carbonates and monodentate and bidentate carbonates. These carbonates readily react,
being hydrogenated by H atoms chemisorbed on the nearby metallic Ni particles to form
formate species. Afterward, a series of hydrogenation reactions take place that convert
formates into formaldehyde species that are further hydrogenated to methoxy species and
finally methane.
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Figure 11. Scheme illustrating the formate pathway for CO, methanation on supported Ni catalysts.

4. Materials and Methods
4.1. Catalysts Preparation

A series of Ni catalysts were prepared by the incipient wetness impregnation method.
Different commercial supports were used: y-Al,O3 from Alfa Aesar (Ward Hill, MA, USA),
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Zr0,-CeO; supplied by Tecnan-Lurederra (Los Arcos, Navarra, Spain), and TiO, P-25
provided by Evonik Degussa (Essen, Germany). These materials were referred to as Al,
ZrCe, and Tij, respectively. In addition, CeO, support (denoted as Ce) was prepared in the
laboratory by thermal decomposition of cerium nitrate (Ce(NOj3)3-6H,0O, Merck, Darmstadt,
Germany) at 500 °C for 4 h in air atmosphere. All supports were manually grinded and
sieved, and the solids fraction having a particle size within the 100-200 pm range was
selected for catalyst preparation in order to minimize possible internal concentration
and temperature gradients. Before impregnation, they were calcined in a muffle furnace
at 500 °C for 4 h, using a heating rate of 2 °C/min, to remove volatiles and adsorbed
impurities. Specific surface areas of the calcined solids used as supports were as follows:
220 m? /g (y-Al,03), 112 m? /g (CeO,), 110 m? /g (ZrO,-CeO,), and 59 m? /g (TiO,). High-
purity Ni(NO3),-6H,O (Acros Organics, Geel, Belgium) was used as Ni precursor and was
dissolved in deionized water at room temperature. The exact amounts for preparing the
aqueous solutions were determined in accordance with the water pore volume measured
beforehand for each support and the nominal Ni content of the catalysts that was fixed
at 10 wt.%. After impregnation, the solids were dried overnight in an oven at 110 °C and
then calcined at 500 °C for 4 h. The four final catalysts were named Ni/Al, Ni/ZrCe, Ni/Ti,
and Ni/Ce.

4.2. Physicochemical Characterization

Elemental analysis was performed by optical emission spectrophotometry combined
with inductively coupled plasma (ICP) to determine the actual content of Ni in each catalyst.
The analyses were conducted by Servicio de Andlisis Quimico of the Servicios de Apoyo
a la Investigacion (SAI) of the University of Zaragoza (Zaragoza, Spain), using a Thermo
Elemental IRIS INTREPID RADIAL spectrophotometer.

Textural parameters were derived from nitrogen adsorption—desorption measurements
at the N saturation temperature at atmospheric pressure (77 K). Analyses were carried
out in a static volumetric analyzer (Micromeritics Gemini V 2380), in which the sample
was previously treated under N; gas flow for 2 h at 200 °C. The specific surface area (Spgr)
was calculated according to the Brunauer-Emmett-Teller (BET) method, and the pore
size distribution and average pore size were determined by the Barrett-Joyner-Halenda
(BJH) method.

Hydrogen temperature-programmed reduction (H,-TPR) analyses were carried out
in an AutoChem II 2920 (Micromeritics) analyzer equipped with a thermal-conductivity
detector (TCD) to determine the hydrogen consumption. The samples were placed in
a U-tube quartz reactor, and H,-TPR was performed by feeding 75 N mL/min of a gas
containing 5 vol. % Hj in Ar, and the temperature was increased from 40 to 930 °C at
a controlled rate of 5 °C/min. Metallic nickel dispersion (Dy;) and surface area (Snj)
were determined using the same automatic analyzer through CO pulse chemisorption
measurements at a temperature of 40 °C, using 50 N mL/min of 10 vol. % CO in He as
analysis gas. Prior to measurements, the samples were reduced under a H; gas flow for 3 h
at 500 °C. Once the volume of CO chemisorbed per g of Ni is experimentally determined
under given conditions (in this case, 273,15 K, and 1 atm), the number of chemisorbed
CO molecules can be easily calculated. Assuming a chemisorption stoichiometry of 1 CO
molecule per exposed Ni atom, the number of metallic Ni atoms exposed on the surface
per g of Ni is obtained. The metallic surface area (Snj;) expressed in m?/ gnNi can be obtained
simply multiplying the number of exposed Ni atoms per g of Ni by the mean area occupied
by a Ni atom (An;, 6.33 x 1072 m?/Ni atom) [108,109]. As for the metallic Ni dispersion
(Dni), it was calculated according to its definition as the ratio between the number of
exposed metallic Ni atoms per g of catalysts or g of Ni and the corresponding total number
of Ni atoms.

After the chemisorption measurements, the degree of reduction of nickel (DORy),
i.e., the fraction of the nickel present in the catalyst that was effectively reduced after
the pretreatment under hydrogen, was determined in situ, using the same equipment



Catalysts 2023, 13, 448

18 of 25

(AutoChem II 2920). For that purpose, samples were heated from 40 to 430 °C, under
flowing He, and then pulses of 10 vol. % O, in He were fed until achieving the end of
oxygen consumption. The amount of oxygen consumed allows us to determine the amount
of both surface and bulk reduced Ni atoms, assuming that metallic Ni is quantitatively
converted into NiO [58]. This allows us to calculate DORyj; according to its definition as
the ratio between the number of reduced Ni atoms per g of catalyst or g of Ni and the
corresponding number of total (reduced and non-reduced) Ni atoms in the sample.

The nickel average particle diameter (dy;) (defined as the cube root of the volume)
was calculated from the metallic surface area and DORy;; by assuming that the metallic
particles are spherical (Ni/Ce, Ni/ZrCe, and Ni/Ti) or hemispherical (Ni/Al) and that the
unreduced nickel phase is separated from the reduced particles. This distinction is made to
take into account the different interaction that can be established in each case between the
metal and the support in the catalyst precursor [58,59,108].

Temperature-programmed desorption of CO; (CO,-TPD) was employed to charac-
terize catalysts basicity and CO, adsorption capacity. Measurements were conducted in
the abovementioned Micromeritics AutoChem II 2920 (Micromeritics) apparatus. The
sample (0.065 g) was loaded on a quartz wool plug placed inside a U-shaped quartz reactor.
Afterward, the catalyst was reduced under a H, gas flow (60 N mL/min) for 3 h at 500 °C;
then the reactor was allowed to cool to 50 °C while the flowing gas was switched to He.
Once the temperature was stabilized, the sample was exposed to CO; (10 vol. % in He)
at total flow rate of 50 N mL/min for 1 h. Next, the sample was exposed to a He flow
for 30 min to sweep away the weakly adsorbed (physisorbed) CO,. Lastly, chemisorbed
CO, desorption was conducted by increasing the temperature from 50 to 850 °C, using a
heating rate of 20 °C/min. Desorbed CO, was analyzed by means of thermal conductivity
(TCD) detector.

Powder X-ray diffraction (XRD) analyses were conducted by the SAI of the Univer-
sity of Zaragoza. The diffraction patterns were recorded using a Rigaku D-Max/2500
diffractometer in the 20 angle range of 5°-95°. The diffractometer was equipped with a
Ni-filtered Cu anode and used a graphite monochromator to select a radiation source with
a wavelength of 1.5418 A. The X-ray source was operated at 40 kV and 80 mA, with a
step of 0.03° and a time constant of 1 s/step. The identification of the crystalline phases
was made by comparison of the XRD patterns of the samples against standard diffraction
patterns from the Joint Committee on Power Diffraction Standards (JCPDSs-2000) database.

4.3. Catalytic Tests

The catalytic activity tests of the CO, methanation reaction were conducted in a
laboratory-scale continuous flow fixed-bed tubular quartz reactor (10 mm ID), under
atmospheric pressure. The catalytic bed was typically composed of a physical mixture
of 0.1 g of the as-prepared catalyst and 0.9 g of commercial x-Al,O3 (Strem Chemicals,
Newburyport, MA, USA) used as inert filler, resulting in a bed of 6 mm in length. A
thermocouple was inserted inside the bed, fixing its position in such a way that its lower
end was placed inside the bed but just at its exit. This thermocouple was connected to a
programmable temperature controller that regulated the power of the oven in which the
reactor was vertically positioned, using stainless steel tubing and fittings. High-purity
Hj; and CO,; gases were fed into the reaction system by means of Bronkhorst (Ruurlo,
The Netherlands) mass flow controllers in order to have a gas feeding mixture of 100 N
mL/min with a H, /CO, molar ratio of 4, and an additional flow of 12 N mL/min of N,
used as internal standard for the chromatographic analyses. These conditions resulted in a
space velocity that referred to the catalyst weight (Fcoz(in) /Weat) of 12 N L CO3/(gcat.-h)
that was fixed in all dynamic experiments in which the reaction temperature was raised
at a rate of 1 °C/min from 150 to 500 °C. Some experiments were performed at constant
reaction temperature within the 250-310 °C range and adjusting the space velocity to obtain
CO; conversions below 10%. The results from these experiments allowed us to calculate
reaction rates and turnover frequencies under the assumption of a gradientless plug flow
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isothermal differential reactor. Prior to the activity tests, the catalysts were reduced in
situ at 500 °C for 12 h, under 60 N mL/min of Hy. The composition of the outlet gas was
analyzed online after removing the water produced in a condenser cooled via the Peltier
effect. A gas chromatograph (Agilent 490 MicroGC) equipped with two chromatographic
columns (CP-Molsieve 5A and CP-PoraPLOT U) and thermal conductivity detectors (TCDs)
was used. Carbon balance was satisfied within & 5%, which is of order of the experimental
error. No significant carbon formation took place during the catalytic tests, as judged
from the absence of characteristic carbon signals in the Raman spectra performed on the
used catalysts.

CO; conversion (Xcoz), CHy selectivity (Scps) and yield (Ycpa), and CO selectivity
(Sco) and yield (Yco) were calculated as functions of the corresponding inlet (F;)) and
outlet (F,,) molar flow rates according to the following equations:

Fcoz(in) — Fcoz(out)

Xcoz(%) = Feontm -100, 1
o\ FCH4(out)
Scra(%) = -100, @)
Fcoz(in) = Fco(out)
F
Yo (%) = C:;((?‘“))-loo, (3)
F
Sco(%) = COlout) 190, @)
Fcoz(in) = Feoz(out)
F
Yeo(%) = EZSH? 100, ®)

On the other hand, from the results obtained when the reactor was operated under dif-
ferential regime, the CO, consumption (—Rcpy) and CHy (Rcps) and CO (Rep) formation
reaction rates were calculated as follows:

—Rcop = (Fcoz(in) / Wcat.) Xcoz (6)
Rens = (FCOZ(in)/ Wcat.) “YCH4, @)
Reo = (FCOZ(in)/ Wcat.) Yco, 8

Finally, the turnover frequency of CH, formation (TOFcpy4) was calculated as the num-
ber of CH4 molecules formed per metallic nickel surface atom per second, assuming that
the exposed nickel atom is the active site for CO, methanation, according to the following:

RcpaNa-Ani

TOFchy = )

Sni
where Rcyyy is the rate of CHy formation following Equation (7) in mol CHy4/(s-gni), Na is
the Avogadro’s number (6.023 X 102 molecules/mol), and Sy; and Ay are the metallic Ni
surface area and the mean area occupied by an exposed Ni atom defined in Section 4.2.

4.4. Operando IR Spectroscopy

The infrared (IR) operando system employed is composed of four main parts: the
spectrometer, the reactor cell, the gas distribution system and the gas analyzers. A de-
tailed description of the setup can be found elsewhere [110,111]. The IR reactor cell was
connected to the operando gas system that includes mass flow controllers for feeding
the gases into the lines. Two gas mixtures, one used for in situ activation (reduction) of
the catalyst and another for conducting the CO, hydrogenation tests, could be prepared
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and sent independently to the reactor cell. Analyses of the gas stream compositions were
performed by means of a Quadrupole Mass Spectrometer (QMS) (Pfeiffer Omnistar GSD
301), while complementary information on the gas phase was obtained by IR spectroscopy
through a gas microcell. Surface IR spectra were collected with a Thermo Scientific Nicolet
6700 spectrometer, equipped with a Mercury—Cadmium-Telluride (MCT) IR detector, at the
maximum speed of a spectrum every 50 ms. In order to ameliorate the signal-to-noise ratio,
16 scans were collected per spectrum at an optical resolution of 4 cm~!. As for the QMS
analyses, the time resolution obtained was 1 s. To conduct the experiments in the IR cell,
around 20 mg of each catalyst sample, initially in the form of a thin powder, was pressed
into a self-supported disc (2 cm? area, 10 mg-cm~2) to make a pellet that was placed inside
the cell. Prior to the test, all catalysts were activated through in situ reduction at 500 °C
for 12 h under a flow of 10 N mL/min H; and 12.4 N mL/min Ar. Experiments were
carried out at atmospheric pressure, and initial temperature of 500 °C that was diminished
to 175 °C under reaction flow in a controlled way. The total flow rate used throughout
the experiments was 22.4 N mL/min, feeding 10 N mL/min of Hp, 2.5 N mL/min of CO,
(H, /CO, molar ratio of 4) and Ar (balance).

5. Conclusions

A series of Ni catalysts supported on alumina (Ni/Al), ceria (Ni/Ce), ceria—zirconia
(Ni/ZrCe), and titania (Ni/Ti) were prepared, characterized, and tested in the methanation
of CO;. The results showed that the nature of the support has important effects on the
catalytic performance, mainly on the catalytic activity, whilst all the investigated catalysts
were stable and very selective toward methane formation. Ni/Ce has stood out as the most
active catalyst, providing the highest CO, conversions, methane yields, and reaction rates
expressed per g of catalyst or g of nickel. The good performance of this catalyst is attributed
to the presence of a suitable balance between active sites, as suggested by the results
provided by CO,-TPD and operando FTIR characterization, as well as by the catalytic
tests. In this regard, medium-strength basic sites associated with the support are capable
of adsorbing, and presumably activating, CO,, whereas metallic Ni sites catalyze the
hydrogen-assisted evolution of activated CO; (e.g., in the form of hydrogen carbonates or
carbonates) to partially hydrogenated intermediates such as formate and methoxy species
that finally yield methane. Formate species on sites corresponding to the partially reduced
support were detected on Ni/Ce, thus indicating that the sites associated with the interface
between the support and the Ni particles could play a key role. This overall picture is
significantly different compared to the cases of Ni/Al and Ni/Ti, which were the least
active catalysts of the series. It should be noted that alumina is non-reducible, whereas
CO,-TPD evidenced the absence of medium-strength sites on Ni/Ti. Lastly, Ni/ZrCe
provided good results, though the activity was lower than that of Ni/Ce, probably due
to a lower abundance of active sites or to a less favorable balance between the different
types of centers. The operando FTIR results were in accordance with the occurrence of the
methanation of CO; through the formate route on the four investigated nickel catalysts. The
relative intensities of the signals are influenced by the basic strength and reducible character
of the support in qualitative agreement with the activities exhibited by the catalysts.
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