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Abstract: CO2 methanation is an attractive reaction to convert CO2 into a widespread fuel such
as methane, being the combination of catalysts and a dielectric barrier discharge (DBD) plasma
responsible for synergistic effects on the catalyst’s performances. In this work, a Ru-based zeolite
catalyst, 3Ru/CsUSY, was synthesized by incipient wetness impregnation and characterized by TGA,
XRD, H2-TPR, N2 sorption and CO2-TPD. Catalysts were tested under thermal and plasma-assisted
CO2 methanation conditions using in-situ operando FTIR, with the aim of comparing the mechanism
under both types of catalysis. The incorporation of Ru over the CsUSY zeolite used as support
induced a decrease of the textural properties and an increase of the basicity and hydrophobicity, while
no zeolite structural damage was observed. Under thermal conditions, a maximum CO2 conversion
of 72% and CH4 selectivity above 95% were registered. These promising results were ascribed to the
presence of small Ru0 nanoparticles over the support (16 nm), catalyst surface hydrophobicity and
the presence of medium-strength basic sites in the catalyst. Under plasma-catalytic conditions, barely
studied in similar setups in literature, CO2 was found to be excited by the plasma, facilitating its
adsorption on the surface of 3Ru/CsUSY in the form of oxidized carbon species such as formates,
aldehydes, carbonates, or carbonyls, which are afterwards progressively hydrogenated to methane.
Adsorption and surface reaction of key intermediates, namely formate and aldehydic groups, was
observed even on the support alone, an occurrence not reported before for thermal catalysis. Overall,
similar reaction mechanisms were proposed for both thermal and plasma-catalysis conditions.

Keywords: CO2 methanation; zeolite catalysts; thermal catalysis; plasma catalysis; in-situ operando
FTIR; dielectric barrier discharge

1. Introduction

The concentration of CO2 in the atmosphere due to anthropogenic activities has been
steadily rising since the industrial revolution [1], and nowadays carbon dioxide makes
up 77% of greenhouse gases emissions. In an effort to mitigate CO2 emissions, a number
of strategies have been formulated over the years, and the possibility to use CO2 as a
building block in the production of value-added chemicals and/or fuels has gained great
interest over the past decades [2]. One of the most studied reactions to reutilize CO2
is the CO2 methanation reaction, which traditionally aims to convert CO2 into methane
through thermal processes aided using various catalysts [3]. Methane is a relevant gas in
today’s industrial, energy and transportation landscapes, mainly because it is an excellent
energy carrier that already has an extensive distribution infrastructure, spanning across
many countries [4]. Today, the methanation reaction (also known as Sabatier reaction,
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Equation (1) [4]) is typically carried out at 300–350 ◦C and has reached quite significant
CO2 conversion and selectivity towards methane, depending on the catalyst used.

CO2 + 4H2� CH4 + 2H2O→ ∆Hf
0 = −164 kJ/mol (1)

The most used catalysts are nanoparticles of metals of the 8th or 10th group, such
as Ni, Ru, Co, Fe, Rh or Pd [3,5–10], since the hydrogenation of CO2 to CH4 is an
8 electrons process that requires a very active hydrogenating metal [3,5] as a catalyst.
One of the most utilized metals is nickel, because it has a very good compromise between
activity and cost [4]. Another very interesting active metal is ruthenium, since it has a
greater H2 dissociation ability than Ni, thus lowering the activation energy, and a higher
resistance to re-oxidation occurring during the reaction [11–13]. Support materials, if
carefully chosen and designed, have also been proven to greatly influence a catalyst’s
efficiency in the methanation reaction. Intermediate-strength basic sites seem to be of
great importance for the preliminary absorption of CO2 on the catalyst’s surface, while
electronic interaction between the active metal and the support can reduce the metal after a
reaction cycle [11,13]. The support’s morphology influences the dimension and dispersion
of the metal particles as well. A class of materials that shows great potential to be used as
support for catalysts in the methanation reaction is zeolites [14]. Indeed, one important
feature of zeolites is the fine control that it is possible to achieve over their composition
and structure, which permits us to have controlled active sites and to utilize the micro-
and nanopores of the material as nanoreactors. Among the properties that it is possible to
tune, some of them were found to be of great interest to optimize the methanation reaction:
metallic phase dispersion, basic sites on the surface (high affinity to CO2), additional active
sites for CO2 activation (e.g., compensating cations, extra-framework aluminum species),
hydrophobicity/hydrophilicity character and hydrothermal stability [14].

Along with studies which aim to improve the reaction through the formulation of
better-performing catalysts, in the last decade studies about the possibility to apply non-
thermal plasmas (NTP) as a way to activate the CO2 methanation reaction are flourishing,
as highlighted by many reviews [13,15–17]. These studies on plasma catalysis highlighted
that plasma type has a significant influence on the CH4 production, and dielectric barrier
discharge (DBD) plasma systems are reported to be among the most widely studied,
combining mild reaction conditions (namely atmospheric pressure) with the highest CH4
yields and high conversions of CO2 [13,15–19]. Clearly, a thorough understanding of the
effects of NTP on catalyst surface chemistry is paramount for the rational design of a
plasma-catalytic system. Indeed, in thermal catalysis the reaction mechanism for CO2
methanation is still the subject of debate, although it has been the subject of numerous
studies [20,21]. There are only a few reports discussing possible mechanisms for plasma-
assisted CO2 methanation, mostly because it is not easy to investigate such processes due to
the co-dependency of catalytic and plasma properties and due to the abundance of reactions
occurring in the plasma and on the catalyst surface [22]. In-situ operando FTIR analyses
of catalytic reactions is very promising for the study of IR active molecules on a surface
under plasma exposure in working conditions. Azzolina-Jury and Thibault-Starzyk [23],
for example, reported on the design of a low-pressure cell suitable for the investigation of
IR-active surface species in a glow discharge plasma, using time-resolved T-FTIR. However,
the implementation of such techniques remains a challenge when investigating atmospheric
pressure plasma such as DBD. Sun et al. [24], in fact, used an FTIR cell to study the reaction
mechanism of the reverse water-gas shift reaction carried out in a packed-bed DBD reactor
by following the evolution of the concentration of surface species with time. Recently,
Van Turnhout et al. [25] used a novel, custom-made T-FTIR cell to investigate surface
species adsorbed on a Ru/SiO2 catalyst during plasma-catalytic dry reforming of methane,
concluding that the formation of surface species on the catalyst sample in the plasma-
catalytic setup, as well as the observed conversion and selectivity in plasma conditions,
could not be explained by plasma-induced heating of the catalyst surface, but must be
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attributed to other plasma effects, such as the adsorption of plasma-generated radicals and
molecules, or the occurrence of Eley–Rideal reactions.

Thus, in this work the mechanisms for CO2 methanation assisted by both thermal and
plasma-catalysis are studied using in-situ operando FTIR. The catalyst selected for this work
was prepared by dispersing 3 wt.% of Ru over a USY zeolite with Si/Al = 38 containing
cesium as a compensating cation, chosen based on previous optimization studies [24].
TGA, N2 physisorption, XRD, H2-TPR and CO2-TPD were used as characterization tech-
niques, as the correlation of chemical and structural properties to catalytic performance
has been shown in a number of previous studies [26–30]. A custom-made in-situ cell
was used to study the species developed in a DBD plasma and how they interacted with
the catalyst surface in transmission mode, at atmospheric pressure, operating flow con-
ditions (WHSV ~ 0–50,000 mL g−1 h−1), and relevant discharge voltages (~0–50 kV) and
frequencies (~0–5 kHz) [25]. Comparing the proposed mechanisms in the two catalytic
regimes, a possible correlation between criteria to define better catalysts under thermal and
plasma-assisted conditions will be researched.

2. Results
2.1. Fresh and Reduced Catalyst Characterization

After calcination, the CsUSY support and 3Ru/CsUSY catalyst were analyzed by
thermogravimetric analysis (TGA) to investigate their interactions with water by calculating
the corresponding h indexes [31], resulting in values of 0.94 and 0.96, respectively. Results
suggested that the impregnation of Ru over the zeolite slightly increased the hydrophobicity
character of the material. The h index of 0.96, very close to 1, obtained for 3Ru/CsUSY
indicates that the water molecules resulting from carbon dioxide methanation reaction will
be easily removed from the catalyst’s surface, reducing the inhibitory role of these species
in the reaction. Indeed, water plays an inhibitory role for the reaction in two ways: by
poisoning the catalyst, occupying active sites in competition with the reactant molecules;
and by acting on the reaction equilibrium. The Sabatier reaction is reversible, and thus,
water being a product, its accumulation can lead to a displacement of the reaction towards
the reactants.

XRD patterns were collected to characterize the structural properties of the samples
and identify the nature of the incorporated Ru species. The diffractograms collected for
CsUSY and for 3Ru/CsUSY catalyst after calcination and after reduction are shown in
Figure 1. By comparing the XRD pattern of the support with those of the 3Ru/CsUSY
catalyst, the presence of the characteristic peaks of the faujasite (FAU) structure of the zeolite
(5–35◦ [32]) in all cases indicates that the crystallinity of the zeolite was not compromised
by the catalyst synthesis and reduction processes. After calcination, peaks ascribed to Ru
oxide (RuO2) phases could be observed at 2θ = 28.1◦, 35.0◦ and 54.4◦ [33–35]. However, due
to their low intensity and the overlapping with FAU characteristic peaks, it was not possible
to use the Scherrer equation to determine the average RuO2 crystallite size. After reduction,
peaks ascribed to Ru0 phases (38.4, 42.2, 44.0, 58.4, 69.5, 78.4 [33–35]) were identified in the
diffractograms, whereas no peaks ascribed to RuO2 were visible. This suggests that RuO2
species were fully reduced to Ru0 during the pre-reduction step. After reduction, it was
possible to estimate an average Ru0 crystallite size of 16 nm using the Scherrer equation.

The reducibility of Ru species was investigated via H2-TPR, being the reduction profile
of 3Ru/CsUSY catalyst shown in Figure 2. A main reduction process, assigned to the bulk
RuO2 species reduction [36], could be identified at 165 ◦C. Its sharpness could be ascribed,
based on the literature [11], to an homogenous distribution of RuO2 nanoparticles over the
CsUSY support.
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Figure 2. H2-TPR profile of 3Ru/CsUSY catalyst.

The textural properties of the samples under study (Table 1) were assessed by N2
physisorption carried out after calcination. Based on the results, it could be concluded
that the impregnation of 3 wt.% Ru over CsUSY led to a remarkable decrease in all the
textural properties of the zeolite. This effect could be attributed to the location of the RuO2
nanoparticles inside the zeolite pores or at their entrance, partially blocking the passage
of nitrogen into the pores themselves. Considering the significant decrease of the external
surface area, it could be concluded that most of the RuO2 species were deposited on the
external surface of the CsUSY zeolite.

Table 1. Textural properties of the studied samples obtained by N2 physisorption.

Sample Vmicro
(cm3 g−1)

Vmeso
(cm3 g−1)

Sext
(m2 g−1)

CsUSY 0.18 0.32 315

3Ru/CsUSY 0.14 0.22 170
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To better understand the interaction between the samples and CO2, TPD profiles
were collected for CsUSY and 3Ru/CsUSY (Figure 3). As observed, the zeolite support
showed desorption peaks at 200–350 ◦C and 500-750 ◦C, likely belonging to CO2 adsorbed
on Cs+ sites. The CO2 desorption peak centered at 275 ◦C could be associated with the
decomposition of bidentate carbonates from medium-strength basic sites [37], whereas
the peak centered at 425 ◦C could be attributed to the decomposition of monodentate
carbonates from strong basic sites [38]. The first peak is particularly relevant since medium-
strength adsorption sites were reported as especially favorable for the CO2 methanation
reaction [11]. After Ru impregnation, more bands appear in the desorption profile, the more
prevalent being centered at around 425 ◦C. Indeed, this indicates that a greater number of
basic sites with different strengths are formed on the surface of the samples in the presence
of Ru species. The appearance of new basic sites on the surface and, thus, the general
increase in surface basicity, could be explained in terms of electronegativity. Indeed, the
electronegativity values of Al, Ru and O (Al and O being part of the zeolite framework),
i.e., of the elements participating in CO2 adsorption, are 1.6, 2.3 and 3.5, respectively.
These values indicate that surface O2− and OH- groups linked to Al must contain higher
negative charge density (lower basicity) than those attached to Ru. Thus, differences in
electronegativity show that a higher negative charge density transfer to surface O2− takes
place for Al rather than Ru. Therefore, considering that CO2 is an acid gas with a high
negative charge density, the sites with the highest CO2 adsorption capacity (and the lowest
negative charge density) correspond to O2− (and OH- if applicable) linked to Ru, followed
by those bound to Al [6].
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2.2. In-Situ Operando FTIR
2.2.1. Thermal Catalysis

In order to investigate the thermocatalytic CO2 methanation reaction mechanism, IR
operando measurements were carried out under CO2/H2 mixtures in 1/4 stoichiometric
ratio from 150 to 450 ◦C. Operando IR spectra obtained in the course of CO2 methanation
over 3Ru/CsUSY catalyst in the 2300–1300 cm−1 region are presented in Figure 4.
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2300–1300 cm−1 region at different temperatures.

Typical adsorbed species can be observed at 150 ◦C (Figure 4) on 3Ru/CsUSY such as
adsorbed water (O-H bending, 1635 cm−1) and carbonates/CO2 linear complexes. Indeed,
the bands at 1370, 1457 and 1510 cm−1 could be assigned to the symmetric and asymmetric
stretching of monodentate carbonates, while the bands at 1342 and 1543 cm−1 are ascribed to
the same vibrational moves of bidentate carbonates. Another band is observed at 1666 cm−1,
arising from the C=O stretching of bidentate bridged carbonates or aldehydic groups. The
shoulder at ~1385 cm−1 could be assigned to linear OCO-Mx+ complexes, which are normally
not IR active but can be observed when CO2 is adsorbed on zeolites because of interactions
with the cations in the zeolite framework [21]. Other noteworthy bands are those that could
be assigned to carbonyls, nominally at 2023 cm−1 (monocarbonyls adsorbed on Ru0) and 1920
and 1842 cm−1 (bridged carbonyls). A small band at 2062 cm−1 could also be attributed to
dicarbonyls adsorbed on Ru0 nanoparticles. As the temperature increases, the methanation
reaction starts to occur at 225 ◦C, as highlighted by the appearance of the band at 1305 cm−1

(C-H degenerate bending, gas-phase methane [23,39]). At the same time, signals assigned to
carbonates seem to gradually increase over time, while carbonyls increase at first and then
start to decrease and distribute more towards monocarbonyls once the temperature reaches
225 ◦C. Similarly, a band at 1403 cm−1 that can be ascribed to monodentate formates (as well
as the band at 1580 cm−1) decreases until a negative peak is formed. Lastly, the appearance
of gas-phase CO from 350 ◦C can be observed thanks to the appearance of the bands in the
2200–2050 cm−1 range. To better follow the evolution of adsorbed and gas-phase species as a
function of the temperature, Figure 5 shows the relative concentration (left axis) of adsorbed
formates and CO and of gas-phase methane, as well as the CO2 conversion percentage (right
axis), quantified as explained below.
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First of all, until 225 ◦C, the adsorption of CO over the catalyst is favored, probably
stemming from the decomposition of carbonate and formate species. At 250 ◦C, the relative
concentration of adsorbed CO drops decisively, hinting at the beginning of a more consistent
conversion into methane. Then, until 325 ◦C the relative concentration of formate and CO
groups slightly decreases, whereas the relative concentration of methane slightly increases.
After that, from 350 ◦C, methane formation is more pronounced, and a steeper decrease is
observed for formate and CO species. Increasing the temperature, the CO2 conversion rate
constantly increases and the selectivity towards methane approaches the thermodynamic
limit for the reaction as soon as methanation starts to occur, at 275 ◦C.

2.2.2. Plasma-Catalysis

Figure 6 represents the FTIR subtraction spectra collected over the complete range of
explored wavelengths. A spectrum of the 3Ru/CsUSY catalyst before reaction was used as
a reference to subtract from all the other spectra, achieving a mostly linear baseline for the
spectra and highlighting the effects of the reaction on the sample itself. First, it is important
to point out that was not possible to extract information from the region below 1250 cm−1

because of the intense bands attributed to the zeolite vibration bands. The only discernible
band, which increased over time upon plasma ignition, is located at 900 cm−1 and could
be ascribed to adsorption-desorption processes of CO2 over the KBr window exposed to
plasma in the setup, coupled with heating caused by the plasma itself [40]. When the
plasma was ignited and the reactant gases (CO2 and H2 in 1:4 stoichiometric ratio) were
released in the cell, all the observed signals increased over time until a steady-state was
reached. First, gas phase CO2 filled the cell, as indicated by the bands at 2361 and 2349 cm−1

caused by the asymmetric stretch ν3 of the CO2 molecule [41]. Moreover, the presence of
gas phase CO2 is evidenced by the combination bands at 3727 and 3703 cm−1 (ν1 + ν3) and
those at 3627 and 3603 cm−1 (2 ν2 + ν3). It is possible to note the appearance of a band in
the 3570-3000 cm−1 region, ascribed to the O-H stretching move of water being produced
in the reaction, which also develops the band at 3017 cm−1 ascribed to C-H stretching of
methane in gas phase.
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indicate bands assigned to USY zeolite).

Upon plasma ignition, all signals increased over time. Bands corresponding to gas
phase CO (2165 and 2120 cm−1, ν1) start to appear (Figure 7), as a result of CO2 dissociation
happening in the plasma and on the surface of the catalyst as a step of the Sabatier reac-
tion [23]. In the same region, the 2080 cm−1 band appears and is assigned to CO stretching
of linear carbonyls adsorbed into Ru0. The formation of more stable dicarbonyl species on
Ru0 is indicated by the band appearing at 2157 cm−1, linked to their CO stretching mode.
This high-frequency band for adsorbed carbonyls could arise from their excitation by the
plasma [23] or from their adsorption into paramagnetic Ru atoms, likely originated from
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electric field-induced effect [42,43]. The most prominent band in the spectra is the one
at 1635 cm−1, arising from the H-O-H bending mode of water adsorbed into the CsUSY
support. Ancillary to this band are all equally spaced, sharp peaks that are observed in
the 1850–1400 cm−1 region, originated from vapor phase water. The peak at 1305 cm−1

is assigned to the C-H bending mode of methane molecules in gas phase, indicating that
the CO2 methanation reaction is indeed taking place. The CO2 adsorption processes as
different carbonate species are visible through the bands that appear in the 1700–1250 cm−1

region. Monodentate carbonates are formed on the support material, on Cs+ cations, as
can be seen from the bands at 1468 cm−1 and 1370 cm−1, assigned to the asymmetric and
symmetric (CO3) stretching of monodentate carbonates, respectively. Bidentate carbonates
are similarly adsorbed on the support, and originate the bands at 1410, 1342 and 1270 cm−1

through their asymmetric, symmetric and degenerate stretching, respectively. Moreover,
bidentate carbonates can be observed through the band at 1680 cm−1, which could also be
attributed to the CO stretching of aldehydic groups adsorbed on ruthenium. Interestingly
from a mechanistic point of view, is the presence of monodentate formate groups adsorbed
on Ru nanoparticles, that can be observed through the bands at 1570, 1391 and 1350 cm−1,
attributed to νa(OCO), νs(OCO) and δ(CH), respectively [41]. Finally, bands at ~1950,
~1850 and ~1545 cm−1 (indicated with black dots in Figure 7) are attributed to zeolite USY
bands. In fact, these IR absorption bands represent the contraction and expansion of the
zeolite USY framework under plasma irradiation because of the adsorption and desorption
processes inside the zeolite cavities [23].

The evolution of the intensity of bands linked to relevant species in the FTIR spectra
over time is shown in Figure 8. It is possible to see, as mentioned above, that while
the plasma is on, all signals increase over time. Interestingly, and considering the high
hydrophobicity of the 3Ru/CsUSY catalyst, when the plasma is turned off a huge uptake
in water adsorbed on its surface is observed. This is possibly due to the fact that, while the
plasma is on, energy is consistently being supplied to the cell. Thus, water is being formed
as a product of the Sabatier reaction (water absorbed on the catalyst) and then is desorbed
from the surface of the catalyst (vapor water peaks). When the energy influx is interrupted,
it is likely that the formed water in vapor phase condenses on the catalyst. When the
system is put under vacuum, water desorbs very rapidly thanks to the highly hydrophobic
character of the catalyst. The concentration of formate species adsorbed on the surface of the
catalyst increase under plasma but then start to decrease as soon as plasma is extinguished,
which likely identifies formates as an important reaction intermediate in the formation of
carbonyls and of methane. On the other hand, carbonate species generally increase until
a steady state is reached when the system is not irradiated by plasma any more. Based
on this observation, carbonate species could be recognized as either spectator species that
accumulate on the catalyst’s surface over time or as intermediates in the formation of
formates. Indeed, as soon as energy is not being supplied to the system any more, the
concentration of carbonate species could increase because they are no longer converted
into formates.

FTIR subtraction spectra were collected in the same conditions also for the plasma-
assisted CO2 reaction carried out on the CsUSY support to discriminate the adsorption
sites of different species (Figure 9).

First, it is possible to notice that CO (bands from 2240 to 2030 cm−1) and water (peak at
1640 cm−1 and vapor phase peaks) are being formed even without the presence of the active
metal on the support, suggesting that the reverse water-gas shift reaction (Equation (2)) is
taking place directly in the plasma.

CO2 + H2 � CO + H2O (2)

It is again possible to observe bands assigned to monodentate (1468, 1383 and 1370 cm−1)
and bidentate (1342 and 1270 cm−1) carbonates, confirming that these are being adsorbed
onto Cs+ ions on the surface of the catalyst. The band at 1680 cm−1, assigned to bidentate
bridged carbonates, is present but less intense than the one observed in the spectra collected
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over 3Ru/CsUSY, suggesting that a contribution to this band could indeed be ascribed to
aldehydic groups adsorbed on ruthenium nanoparticles. Small peaks attributed to formates
are still visible, an occurrence not reported in traditional thermal catalysis on the support
material alone.
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2.3. Spent Catalyst Characterization

After thermal and plasma catalytic experiments, 3Ru/CsUSY catalyst was charac-
terized by XRD with the aim of identifying potential impacts in the structure and metal
species nature. Patterns can be found in Figure 10, and suggest that the sample was not
damaged by exposure to the DBD plasma as the typical FAU peaks [32] remained unaltered.
Furthermore, metallic Ru was not re-oxidized as Ru0 phases were identified at 2θ values of
38.4, 42.2, 44.0, 58.4, 69.5 and 78.4 [33–35], without the appearance of any peaks ascribable
to RuO2. Thus, the plasma reaction did not impact the structural stability of the sample.
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3. Discussion

Based on the previously described results, it is possible to confirm for thermal CO2
methanation over 3Ru/CsUSY a reaction mechanism similar to the one reported by Wester-
mann et al. [21] for CO2 hydrogenation over Ni/USY catalysts. The proposed mechanism
involves the adsorption of CO2 onto the catalyst’s support as linear CO2 or carbonate
species, which are then converted into formates on the metal nanoparticles. The formate
groups are then progressively hydrogenated to aldehydes, carbonyls and finally to methane,
producing water along the process. The good performance of the catalyst in thermal catal-
ysis conditions (72% of CO2 conversion, >95% of CH4 selectivity) can be explained by
a combination of the main properties of the catalyst: its hydrophobicity removes water
from the reaction environment, preventing poisoning and moving the reaction equilibrium
towards the products, while its basicity, and especially the presence of medium-strength
basic sites on its surfaces, promotes the adsorption and subsequent reaction of CO2.

A mechanism for plasma-assisted CO2 methanation is proposed in accordance with
the results of the FTIR measurements previously described (Figure 11).
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Upon plasma ignition, immediate CO2 dissociation occurs, likely in the plasma alone.
It is also possible that more complex carbonate-like radicals are formed in the plasma phase.
The mechanism then involves the adsorption of CO2 onto the catalyst as carbonates or
formate species, which could also be formed from the conversion of adsorbed carbonates.
Formate groups are reduced to aldehydic ones and then to carbonyls. Carbonyls can also
be adsorbed on Ru nanoparticles directly from the plasma, where they are formed by
reverse water-gas shift reaction or CO2 dissociation by electron impact. Hydrogen is also
adsorbed and dissociated on Ru nanoparticles. Carbonyls are progressively hydrogenated
to methane which then is freed into the gas phase, producing water that is adsorbed on the
catalyst surface. Thus, it is possible to conclude that the mechanism for the thermo- and
plasma-catalytic CO2 methanation reaction are somehow similar, probably because of the
mild conditions of the studied DBD plasma. To this day, the few publications that exist
on the topic seem to propose a mechanism concordant to the one proposed in this work,
i.e., progressive hydrogenation of formates and carbonyls to methane, with the formation of
adsorbed carbonates, although it was deduced for different catalytic materials and setups
and using different techniques [23,44–46].

From the results obtained in this setup, it is likely that the most important reaction
taking place in the in-situ operando DBD cell is reverse water-gas shift reaction, likely
due to an excessive dead volume over the catalyst that allows the species in the gas phase
to react primarily in the plasma. Unfortunately, for the same reason is not possible to
extract quantitative data on the catalytic activity of the studied sample under plasma-
catalysis conditions as the products (although their development can be followed by
mass spectrometry) are too diluted in the exhaust gas to link their concentrations with
quantitative measures. Thus, an improvement on the design of the cell to reduce the
aforementioned dead volume and to ensure that all the gases let into the cell will react with
the surface of the catalyst will be necessary in the future.

4. Materials and Methods
4.1. Catalyst Synthesis

The Ru based catalyst was prepared using a commercial H-USY zeolite (CBV 780,
from Zeolyst International company, Conshohocken, Pennsylvania, USA) with Si/Al = 38
and without containing extra-framework aluminum specie (EFAL) as starting material. To
improve its properties in terms of basicity and hydrophobicity [26], Cs+ was incorporated in
the zeolite framework as compensating cation by treating 15 g of dry zeolite with three steps
of ion exchange using a 1 M caesium nitrate (CsNO3) solution. A suspension containing
4 mL of CsNO3 solution for each g of zeolite was prepared and kept under stirring at room
temperature for 4 h. Afterwards, the suspension was filtrated and rinsed with distillate
water until pH 7 was reached, and then it was dried overnight at 100 ◦C. After the ion
exchange procedure was repeated three times, the sample was subjected to a calcination
step under air flow (60 mL min−1 g−1) at 200 ◦C (1 h) and 500 ◦C (6 h), using a heating rate
of 2.5 ◦C min−1. The calcinated support material was named as CsUSY.

Afterwards, 3 wt.% of Ru was dispersed on CsUSY zeolite by incipient wetness
impregnation. For this purpose, hydrated RuCl3 provided by BDH Chemicals Ltd. (Poole,
Dorset, UK). was used as a precursor salt. The required mass of salt was dissolved in
distilled water and dripped drop by drop on the support, carefully mixing after each
addition to ensure a homogeneous Ru solution dispersion. The prepared catalyst was then
dried overnight at 80 ◦C and later subjected to calcination, following the same procedure
described above. The synthesized catalyst was named as 3Ru/CsUSY.

4.2. Catalyst Characterization

Thermogravimetric analysis (TGA) experiments were carried out in a Setsys Evolution
TGA from Setaram instruments. The samples saturated in water (35–40 mg) were placed
into a platinum crucible suspended from an analytical micro-balance. They were heated
from 20 to 500 ◦C (with a heating rate of 10 ◦C min−1) under air flow (30 mL min−1).
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This procedure was done twice, so that a better signal could be obtained by subtracting
the results of the second cycle (at the same temperature) from those obtained in the first
cycle. The hydrophobicity index (h, values varying from 0 to 1) was calculated as the ratio
between the mass losses registered at 150 and 400 ◦C, and corresponded to the fraction of
water molecules interacting weakly with the catalyst.

Powder X-ray diffraction (XRD) patterns for the support and the catalyst after calcina-
tion, reduction, and operando FTIR experiments were obtained in a Bruker AXS Advance
D8 diffractometer, using Cu Kα radiation (λ = 1.5418 Å), and operating at 40 kV and 40 mA.
The scanning range was set from 5 to 80 ◦ (2θ), with a step size of 0.03 ◦/2 s.

H2 temperature programmed reduction (H2-TPR) experiments were carried out in a
Micromeritics AutoChem II using 0.150 g of catalyst. The catalyst was pre-treated under
argon flow (25 mL min−1) at 250 ◦C, with a ramp of 10 ◦C min−1, and then cooled down to
the room temperature. Then, TPR was carried out by flowing 30 mL min−1 of a 5% H2/Ar
flow and raising the temperature from room temperature to 900 ◦C, at 10 ◦C min−1.

The external surface area (Sext) and the mesopores and micropores volume (Vmeso
and Vmicro, respectively) of the catalyst and support were determined by N2-physisorption
measurements at −196 ◦C using a Micromeritics ASAP 2020 Plus adsorption analyzer.
Before N2-adsorption, samples (0.200 g) were degassed at 200 ◦C overnight. The total pore
volume was measured at P/P0 = 0.99. The Sext and Vmicro of the sample were calculated
using the t-plot method of Lippens and Boer. Vmeso was calculated as the difference
between the total pore volume and Vmicro.

CO2 temperature programmed desorption (CO2-TPD) was carried out in the present
work using an Autochem II from Micromeritics, equipped with a TCD detector. The catalyst
(0.150 g) was reduced in-situ at 200 ◦C for 1 h under H2 flow, and then cooled down to
100 ◦C. CO2 was adsorbed at 100 ◦C (1 h) and was followed by surface cleaning with He
flow at the same temperature (1 h) and, finally, temperature programmed desorption till
900 ◦C at 10 ◦C min−1.

4.3. In-Situ Operando FTIR Experiments
4.3.1. Thermal Catalysis

Operando IR spectra were collected using an IR cell from InSitu Research Instruments,
coupled to a Nicolet 6700 spectrometer equipped with MCT detector, by recording 50 scans at
a resolution of 4 cm−1. The support zeolite and catalyst were pressed into a 16 mm diameter
self-supported wafer of around 10 mg and were first reduced in-situ at 200 ◦C for 1 h under a
flow of 20 mL min−1 composed by 20% H2 diluted in Ar. Samples were then cooled down
by steps of 25 to 150 ◦C while recording background spectra at each step. Then, the reduced
samples were exposed to the reactive mixture of CO2 and H2 in stoichiometric ratio diluted
in Ar (CO2/H2/Ar = 5/20/75) for 30 min at 150 ◦C and the temperature was then increased
up to 450 ◦C (2 ◦C min−1) while maintaining a total flow rate of 20 mL min−1. Spectra were
periodically collected at increasing temperatures. All gases were supplied by Air Liquide,
with purities ≥ 99.9990%. Difference spectra corresponding to the adsorbed species were
obtained by subtracting those corresponding to the reduced fresh sample from those obtained
under reactive conditions at the same temperatures.

The evolution of adsorbed and gas-phase species during operando experiments was
followed by a semi-quantitative methodology based both on the absorbance measurement
and integration of the corresponding IR band according to the presence (or not) of overlap-
ping. Hence, the formate quantification was made by following the absorbance at 1403 cm−1

whereas the CO, CO2 and CH4 quantifications were made respectively thanks to the inte-
grations of the respective ranges: 2050–1750 cm−1, 2450–2250 cm−1 and 3200–2800 cm−1.
In all cases, the highest value measured for each species was set arbitrarily to 1 and the
lowest to 0 in order to obtain normalized data and allowing a better comparison between
the evolutions of each component. Regarding the evolution of adsorbed CO, the relative
quantification takes into account all types of CO (monodentate, bidentate and bridged).
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4.3.2. Plasma-Catalysis

The support zeolite and catalyst were pressed into a 16 mm diameter self-supported
wafer of around 10 mg which was introduced in the cell using a hooked glass sample-holder.
A schematic representation of the in-situ operando DBD IR cell used in this work is shown
in Figure 12.
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Figure 12. Scheme of the in-situ operando DBD FTIR cell (from [25]).

CO2, H2 and Ar gas flows were controlled through four Brooks Delta Smart II mass
flowmeters. The gases were mixed through a six-ways valve and then let in the DBD cell
directly above the catalyst pellet. The cell was connected to a rotary pump (~0.3 Torr,
Edwards nXDS6iC) and a turbopump (10−7 Torr, Pfeiffer vacuum HiCube 80) to allow for
easy purging of the cell.

The DBD IR cell was built using a repurposed ordinary in-situ FTIR glass cell and
was situated in the sample compartment of a Bruker Vertex 80v spectrometer with a liquid
nitrogen cooled mercury-cadmium-telluride (MCT) detector. On either side of the catalyst
wafer, KBr windows were placed to allow an IR transmission window in the 4000–400 cm−1

range. To ignite a DBD plasma, two electrodes separated by, at least, one dielectric layer
were necessary. The first (inner) one, a grounded grid electrode, was connected to the
sample holder directly behind the sample wafer. The second (outer) grid electrode was
positioned behind the KBr window (acting as the dielectric barrier) and was held in place by
another KBr disk. Thus, the plasma was ignited directly on the surface of the sample, with
the pellet serving as a second dielectric layer. The interelectrodic gap (sample wafer-KBr
window) corresponded to ~3 mm. The outer electrode was connected to a signal generator
(Générateur de fonctions arbitraires 50 MHz, Française d’Intrumentation) through an
amplifier (Trek 20/20C). A voltage probe (Testec HVP-2739-1000:1) was pinned on the
connections between the outer high voltage (HV) electrode and the amplifier and between
the inner electrode and the ground. Additionally, a current monitor (Hioki CT6710) was
placed on the ground connection. The voltage and current probes were connected to
a Tektronix MDO3024 oscilloscope which allowed for continuous measurements of the
voltage and current signals during the experiment.

The sample wafer was introduced in the cell and the system was purged under
secondary vacuum (10−7 Torr). The sample was then subjected to thermal reduction at
350 ◦C for 90 min using a gas mixture of 20% H2 in Ar using a flow of 45 mL min−1.
After purging again, Ar was used to return to atmospheric pressure, and the IR spectra
acquisition was initiated setting a resolution of 4 cm−1, 64 acquisitions per spectrum and a
spectrum recorded every 9 s, using the OPUS software. An additional, in-plasma, reduction
step was carried out at 25 kV and 3 Hz using 20 mL min−1 of 20% H2 in Ar. The cell was
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then purged and filled with Ar again. Plasma was ignited in pure Ar and then the actual
reactants were let into the cell, with a flow of 20 mL min−1 and in a 1/4/5 CO2/H2/Ar
ratio. The reaction was carried out at 25 kV and 3 kHz until steady state, i.e., when the
spectra were stable so that no significant variation was observed anymore (typically after
15–20 min), and then the plasma was turned off. When the signals were stable again, the
system was purged under primary vacuum (0.3 Torr) to monitor the adsorbed species on
the surface of the sample. After stabilization was reached again, the cell was purged under
secondary vacuum (10−7 Torr) to monitor exclusively the more strongly adsorbed species.

5. Conclusions

The mechanism of thermal and plasma-assisted CO2 methanation over a 3 wt.% Ru cat-
alyst supported over an optimized zeolite support (CsUSY) was studied by in-situ operando
FTIR spectroscopy. The studied catalyst, synthesized by incipient wetness impregnation,
exhibited remarkable catalytic performances in thermal catalysis (72% of CO2 conversion,
>95% of CH4). Results were ascribed to the appropriate textural properties of the material,
its hydrophobicity, ability to reduce the inhibitory effect of water product in the reaction, its
basicity, ability to promote CO2 adsorption and activation, and the considerably small Ru0

particles (16 nm). From a mechanistic point of view, under thermal catalysis the reaction
involved the formation of formates and carbonyls as intermediates, in accordance with
existing literature for similar Ni/USY catalytic systems. Using a custom made in-situ
operando DBD cell, it was possible to gather information on the reaction mechanism for
CO2 methanation under plasma-catalysis conditions. Results indicated that the adsorption
of CO2 on the catalyst’s surface occurred in the form of carbonate species on Cs+ sites (com-
pensating cation). Formates were then originated on Ru0 nanoparticles, being subsequently
hydrogenated to carbonyls. At the same time, it was suggested that CO species formed in
the plasma could be also adsorbed on the Ru0 nanoparticle surface, being progressively
hydrogenated to methane. Overall, in this study it was concluded that the mechanisms
for the thermo- and plasma-catalytic CO2 methanation reaction were similar, this being
ascribed to the mild conditions of the studied DBD plasma. Consequently, despite the
mutual influence of the plasma and the catalyst on one another, the parameters that define
a well performing catalyst in thermal catalysis were found to apply also to plasma-catalysis.
As a future perspective, deeper analyses will be valuable to fully elucidate the reaction
mechanisms under plasma catalysis conditions. For example, a better understanding of
the surface reactions could be obtained by Steady-State Isotopic-Transient Kinetic Analysis
(SSITKA) and step-scan FTIR experiments. Additionally, modelling the fundamental reac-
tion steps with plasma-chemical and microkinetic surface chemistry models could shed
a better light on the obtained results, providing a more complete picture of the complex
interactions between the plasma and the catalyst in plasma-assisted CO2 methanation.
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