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Abstract

Raman spectroscopic technique has been used to characterize a Ru/TiO; catalyst and to
follow in-situ their structural changes during the CO selective methanation reaction (S-
MET). In order to a better comprehension of the catalytic mechanism, the in situ Raman
study of the catalysts activation (reduction) process, the isolated CO and CO,
methanation reactions and the effect of the composition of the reactive stream (H,O and
CO, presence) have been carried out. Raman spectroscopy evidences that the catalyst is
composed by islands of TiO,-RuO, solid solutions, constituting Ru-TiO, interphases in
the form of Ru,Ti;«O; rutile type solid solutions. The activation procedure with H, at
300°C promotes the reduction of the RuO,-TiO, islands generating Ru°-Ti** centers.
The spectroscopic changes are in agreement with the strong increase in chemical
reactivity as increasing the carbonaceous intermediates observed. The selective
methanation of CO proceeds after their adsorption on these Ru®-Ti*" active centers and
subsequent C-O dissociation throughout the formation of CH,/C,H./C,HxO/CH-CO
species. These intermediates are transformed into CH, by a combination of
hydrogenation reactions. The formation of carbonaceous species during the methanation
of CO and CO, suggests that the CO presence is required to promote the CO,
methanation. Similar carbonaceous species are detected when the selective CO
methanation is carried out with water in the stream. However, the activation of the
catalysts occurs at much lower temperatures and the carbon oxidation is favored by the
oxidative effect of water.
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1. Introduction

Technological procedures for production, storage, transport and distribution of
hydrogen are currently under development. Therefore, research efforts in this area
directed to develop distributed hydrogen production systems are an attractive approach.
Hydrogen production can be obtained by hydrocarbon reforming (steam reforming, dry
reforming, partial oxidation, autothermal reforming). Steam reforming favors the water
gas shift reaction, thus minimizing CO, and decreases alcohol dehydration rates that
produces ethylene, a source of coke that poisons the catalysts 1. Unfortunately H,
produced from the reformer stream carries significant amounts of H,O, CO and CO,.
The decreasing (or elimination) of CO is mandatory if this hydrogen is used for feeding
PEM fuel cells ) since electro-catalysts as Pt and Pt-Ru are poisoned by irreversible
adsorption of CO, said output must be purified to levels of CO below 50 ppm prior to

admission to fuel cells.

The methanation of CO has attracted increasing interest recently because of its potential
as simple technique for CO removal from H, -rich feed gases for fuel cells . Since
these gases typically contain also considerable amounts of CO,, the reaction must be
highly selective for CO methanation, with CO, methanation essentially being inhibited;
otherwise the losses of H, would become intolerable. Therefore, the elucidation of the
mechanism of selective methanation of CO in CO,-rich gas mixtures as well as the

reason responsible for the high selectivity are of obvious industrial importance.

The reaction pathways and mechanism of the reaction of CO or CO, to CH, as well as
the nature of the active surface species are still under debate. The main question is
whether the reaction starts with C-O bond breaking or with association of hydrogen and
subsequent C-O bond breaking. In earlier studies, it was proposed that CO dissociates in
the first step, leading to active and inactive carbon species, where the former are
stepwise methanated to CH, CH,, CHj3, and finally CH,4 451 In these studies, adsorbed
CHx,q species were proposed as reaction intermediates. Other studies, however,
involving transient experiments, provided convincing evidence that the adsorbed CHx
species, at least those detected by IR spectroscopy, represent side products rather than
reaction intermediates *7). In a different concept, CO disproportionation was proposed

as the initial step, followed by carbon hydrogenation to CH, and CO; reduction to CO

2



via the reverse water gas shift (RWGS) reaction 1. More recent studies indicated that a
formyl type (HCO)[adsorbeq) SPecies plays an important role in the CO methanation
reaction, followed by C-O bond breaking and further hydrogenation °*2.

The mechanism of the CO, methanation reaction is similarly controversial 2.
Following proposals of direct CO, methanation, it is nowadays generally accepted that
COpadsorbed] 1S the main intermediate of the CO, methanation M. This COpasorbed
species is subsequently hydrogenated via the mechanism for CO methanation. It has
been proposed that CO, first reacts to COpagsorveq) Via the reverse water gas shift reaction,
which then continues reacting to CH4. The RWGS reaction proceeds via a formate
intermediate for CO, conversion on supported oxides ™. Studies with CO and CO,
mixtures have shown that CO is converted almost entirely to methane before CO,
methanation starts. In addition, dissociative CO, adsorption to COJagsorbed] N Ofadsorbed]
and subsequent reaction of COpagsorbeq) t0 CH4 was selected as a second alternative for

the methanation of CO, 181,

Almost all of the studies listed in the literature focus on the hydrogenation of CO or
CO; under conditions relevant for methane formation from synthesis gas, at nearly
stoichiometric conditions (CO:H, 1:3 or 1:4). Only a few studies deal with reaction
atmospheres with a high excess of hydrogen (CO:H, ratios 1:20 or 1:100), as is typical
for the selective methanation reaction “%¥!. The different reactant ratios have
considerable effects on the reaction behavior and the dominance of a specific reaction
pathway. In that sense, studies performed at low stoichiometric CO:H, ratios lead to
mechanistic conclusions that are not necessarily relevant for the reaction under
conditions typical for the selective methanation in H-rich reformate gases. This was the
background of this ongoing study on mechanistic details of these reactions, which aims
at a chemical understanding of the CO and CO, methanation reaction on supported
Ru/TiO, catalysts and the underlying reasons for their selectivity in CO,-rich reformate
gases under reaction conditions typical for this process (high H, excess, H,O presence,
CO concentration close to 1 w.t% and atmospheric pressure). Ruthenium catalysts
supported on oxides have shown good activity for methanation of CO, CO, and
CO/CO, mixtures ! compared with Pt and Pd promoting RWGS reaction. The nature

of the support affects the mechanism for hydrogenation reactions of CO/CO,, since the



metal support interaction modifies the adsorption of the intermediates as well as

desorption of the products.

In the present work, we focus on the identification and characterization of the active
reaction intermediates in the selective CO methanation (S-MET) reaction on a 10 wt%
Ru/TiO, catalyst by in-situ Raman spectroscopy. Raman spectroscopy is one of the
most powerful techniques for the characterization of supported metal oxide catalysts.
This vibrational technique is sensitive to crystalline, amorphous, glassy or molecular as
well as adsorbed species. The using of environmental Raman cells, in which the
atmosphere (composition and flow), temperature and conditions are controlled, allows
obtaining the spectra of the solid under real catalytic conditions, enabling time resolved
in situ characterization of the catalyst during activation and reaction procedures, and

therefore, allowing the elucidation of the catalytic mechanism.

In order to a better comprehension of the CO selective methanation reaction (S-MET),
in this work, we have also studied by this technique the catalysts activation (reduction)
process as well as the effect of the composition of the reactive stream (H,O and CO,

presence)

2. Experimental

2.1 Catalysts

Wet impregnation was selected as synthesis method. The adequate amount of
Ruthenium (111) nitrosyl nitrate solution (Johnson Matthey) to obtain 13 wt % of RuO; -
87 wt % TiO; (10% Ru/TiOy) was previously diluted in water (approximately 5 ml per
gram support) and after added onto TiO, Aeroxide P25 (Evonik). The suspension with
the support was kept under agitation for 15 min. Afterwards the solvent was removed on
rotavapor and the final solid was dried at 120°C for 30 min and calcined at 400°C for 2h

with a heating ramp of 10°C.min™.

2.2 Raman characterization



The Raman spectra of calcined catalysts were recorded in a dispersive Horiva Jobin
Yvon LabRam HR800 microscope with a He—Ne green laser (532.14 nm) working at 5
mW, and with a 600 g mm™ grating. The microscope used a 50x objective and a
confocal pinhole of 1000 um. The Raman spectrometer was calibrated using a silicon

wafer.

For in-situ Raman spectroscopy, a Linkam CCR100 cell was coupled to the Raman
equipment. The microscope used a 20x objective and a confocal pinhole of 1000 pum.
The catalysts were previously pretreated at 300°C using 10 mL. min™ H, pure for 30
min, and then the temperature was decreased until 170°C. During this process, Raman
spectra were collected at room temperature, 300°C and 170°C after 15 min of
stabilization. Once at 170°C, H, was replaced by the reactive methanation mixture and
the temperature was again increased until 290°C. Raman spectra were obtained each

10°C after 30 min of stabilization at each temperature under reaction conditions.

The reaction conditions were previously determined after a conventional catalytic study
(not shown) of the activity and selectivity of the catalysts towards CH, production.
Different methanation mixtures were studied simulating ideal streams from reforming
units composed only by CO and H, or CO; and H,; and real streams composed by CO,
CO; and H, or CO, CO; and H, saturated in H,O at room temperature. The last one
simulated the most typical products from the stream of reformate reaction. The
concentration of the different components of each reactive stream was fixed at 50 wt%
H,, 15wt% CO,, 1 wt% CO and N, balance. In all cases the total reactive flow was 100

mL.min™.

3. Results and discussion

3.1 Raman study of the catalyst

TiO,-P25 is a well-known and very active support in methanation reaction Y. Its
catalytic properties come from the unusual microstructure. It presents both anatase and
rutile crystallographic phases in a ratio of approximately 80:20. This material does not
show a simple mixture of the phases since it has been observed the coexistence of an

amorphous phase and crystals of anatase and rutile disposed in layers or forming the
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same crystal ?2. The active vibrations modes of anatase and rutile of TiO, are well
observed by Raman spectroscopy and are modified after insertion of metallic cations.
Fig 1 shows the Raman spectra of the TiO, support before and after incorporation of
Ru. For comparison purpose the Raman spectra of commercial RuO, is added. The
characteristic bands of anatase TiO, are observed at 153, 197, 397, 519 and 640 cm™
and the rutile phase at 232, 447 and 612 cm™. Anatase has tetragonal structure with a
cell content of two formula units (14/amd). The atomic shifts show 18 irreducible
representations that has 3 acoustic modes and 15 optic modes. The optic modes are:
1Alg + 1A2u + 2B1g + 1B2u+ 3Eg + 2Eu *?°1. Among them only 6 Raman modes are
active: Alg (515 cm™), 2B1g (397, 519 cm™) and 3Eg (144, 197, 639 cm™) ! while
Rutile has 4 Raman active modes: Alg (612 cm™), B1lg (143 cm™), B2g (826 cm™) and
Eg (447 cm™).

After ruthenium incorporation the anatase bands are shifted 7 cm™ to the blue region
(160, 204, 404, 526 and 647 cm™) while the rutile bands are shifted a new positions
(258, 410 and 613 cm™) (Fig. 1). The Raman spectra of monocrystalline RuO, is
characterized by three Raman modes: Eg, Alg and B2g at 523, 640 and 708 cm™
respectively. Except the band a 708 cm™ the rest of the bands overlap with the ones of
anatase and their observation is difficult for Ru/TiO, sample (Fig. 1). The band at 708
cm™ has been also related to Ti-OH or Ti-O-Ti bonds of titania nanotubes with
hollandite structure 281, This result would agree with the laminar structure of titania

proposed for commercial TiO,-P25 #2,

The shift of rutile bands after Ru incorporation has been explained by the mechanical
strains generated from the differences between the rutile phase of RuO; and TiO,
support since both have rutile structure . The rutile structure of the TiO, is modified
according to the size of the RuO, crystals therefore the interaction between RuO,-TiO,
changes and the Raman shifts are affected. Also, the wavenumber, size and intensity of
the titania Raman bands have been also related to the size grain, crystallinity, partial
substitution of Ti and related induced disorder that can increase defects B%. Bersani et al
B132] ohserved that an increase in the calcination temperature for sol-gel anatase
samples decreases the wavenumber of Eg mode. Simultaneously, an increase in the
domain crystalline size from 9.5 to 13.4 nm has been described to favor the shift of the

bands in nanometric particles %%, Golubovi¢ et al B described the factors that could

6



modify the position and the broadness of the Raman bands in anatase TiO, nano-
powders, for instance: non-homogeneity of the size distribution, defects and
nonstoichiometry, as well as increase of temperature. The nonstoichiometry strongly
affects the vibrations modes of the lattice, as well as the symmetry of the different sites
and the lattice energy, modifying the position and the broadness of the Raman bands
31" Other factors like grain size distribution, presence of mixed phases (anatase in
combination with considerable amount of rutile), solid solutions formation, and

discrepancy from stoichiometry also determine the shape and shifts of the Raman bands.

Jacob and Subramanian ! pointed out the coexistence of a TiO,-RuO, solid solution
with the temperature as a function of the composition of the solid. The solid solution
formation is possible since cubic lattice parameters are similar for both rutile structures.
a and c are 4.50 A and 3.10 A respectively for RuO,, very close to the rutile phase of
TiO,, a = 4.59 A and ¢ = 2.96 A with a deviation of 2% and 4.5% respectively #°. In
fact, according to the phase diagram reported by Jacob and Subramanian ¥, the
formation of two solid solutions RuOy(ss) + TiO,(ss) is favored at the compositional
range of our catalyst. In good agreement, XRD data suggested the existence of both
solid-solutions. After Ru incorporation, the crystalline size of anatase increased from 27
nm to 30 nm, the cubic lattice parameter decreased and the diffraction peaks of rutile of
TiO, and RuO, approached, all these events are related with the formation of the
RuOy(ss) + TiOy(ss) solid solutions. These solid solutions induce mechanical stresses
that favor the shift to the blue of anatase Raman bands. From here, Ru/TiO, catalyst is
composed by islands of TiO,-RuO; solid solutions. RuO, particles are inserted almost
exclusively in the rutile phase of TiO, constituting Ru-TiO; interphases in the form of
RuxTi1.O- rutile type solid solutions >*4. In this sense, it has been reported that RuO,
growth in an epitaxial way and produces layers of RuO2/RuxTi;xO2/TiO, ((110) plane)
37 The islands of RuO,-TiO, solid solutions modify the anatase Raman bands position
thanks to the intimate contact Ru-Ti generated that affect the interaction with the rest of
the phases. The formation of RuO,-TiO; solid solutions with rutile structure justifies the
observed shift of the bands until 258, 410 and 613 cm™ (Fig. 1).

3.2 In-situ Raman study of the activation process



Before the catalytic reaction the catalysts were reduced with H,. In-situ Raman spectra
of the pretreatment of Ru/TiO, catalysts with hydrogen until 300°C is shown in Fig. 2.
The anatase structure is still observed with the increase in temperature. However the
intensity of the vibrations modes decreases. Furthermore a shift of the Eg band of
anatase from 160 cm™ to 157 cm™ was observed when hydrogen passing at room
temperature (Fig. S1). At 300°C this band was again shifted to the blue to 161 cm™.
Then it returned to initial position of 160 cm™ when the temperature decreased at
170°C. Xu et al. *® studied the shift of anatase samples obtained by the sol-gel method
using different surfactants. They observed that the shift to the blue and the increase in
the width of Eg mode can be related to the reconstruction phenomena that produces
surface atoms with higher density of the packing. This reconstruction is motived by the
surfactant presence. The adsorbed species modify the coordination of polyhedron at
surface level and compressive stresses can be generated. This phenomenon generates

higher wavenumbers in Raman that justify the shift of the bands.

Furthermore, the reduction of RuO, to Ru® in H, atmosphere also changes the normal
position and width of the anatase bands. This reduction is confirmed at 300°C since the
main band of Ru® was observed at 189 cm™ B (Fig. S1). This band was shifted to 195
cm™ when the temperature decreased until 170°C. The shift observed can be related to
change in particle size of Ru® that modifies the metal/support interaction and
consequently the position of Raman bands is affected. At nanoscale, the presence of
oxygen vacancies can also affects the Raman features . The change in the
stoichiometry ratio [O]/[Ti] in nanocrystalline systems modifies the Raman spectra.
This ratio is affected by the contraction and expansion of the structure after inlet and
outlet of oxygen. The treatment in air decreases the variation from [O]/[Ti] ratio equal
2. However H, strongly affect this ratio and consequently the TiO; lattice is modified.
The increase in the number of defects with the increase in temperature during reduction
favors the shift to the blue and consequently the coordination polyhedron of Ti surface
species is modified. The behavior described has been related with the reduction of solid
solutions islands of RuO,-TiO, during the pretreatment with H, ¥ Therefore, the
activation with H, until 300°C promotes the ruthenium reduction, and simultaneously
the number of defects increases on the support by the formation of Ti*" species
originated from the reduction of the RuO,-TiO, islands. At the end of the reduction

process, Ru®-Ti** centers are generated %,



3.3 Methanation of idealized CO/ H, mixture

Fig. 3 shows the in situ Raman of the catalyst during the methanation of CO from 170°C
to 290°C after 30 min of stabilization in each temperature. The catalyst was previously
in-situ preteated with hydrogen until 300°C, after the temperature was decreased at
170°C, from here the temperature was again increased to 290°C under the CO/H,
mixture. The initial spectrum under H, at 170°C shows the typical bands of anatase and
Ru® (band at 195 cm™). However the Raman profile changes with the increase in
temperature and with the reactive mixture. The band of metallic ruthenium disappears
although the bands of TiO,-RuO; solid solutions are observed at 270°C. These bands
appear by the re-oxidation of the catalyst during the methanation reaction. However the
position and intensity of these bands change with respect to the observed in Fig. 1 for
Ru/TiO, catalyst. The new position and the high intensity of the band at 489 cm™
pointed out that the solid solutions interaction with the anatase phase is affected with
the reactive conditions and that the crystal size and the cubic lattice parameter are also
altered. At 290°C the Raman bands of TiO,-RuO, solid solutions disappear by the
reduction of the catalysts with the H, in the stream. The in-situ reduction of the catalyst
is again confirmed by the observation of both the band at 195 cm™ for Ru® and the

anatase bands at high temperature (zoom Fig. 3).

Another important feature is that the band before observed at 708 cm™ in Fig 1 is now
wider and has shifted to 743 cm™ with the increase in temperature (Fig. 3). The band at
708 cm™ has been previously related to Ti-OH "), The widening and shift of this band
has been related with the increase of Ti-OH species promoted by the water obtained
from the in-situ reduction of the catalyst. On the other hand the water can also favor the

re-oxidation of the catalysts since the RuO,-TiO, solid solutions bands are again visible.

The dehydration of the catalysts is promoted at higher temperatures. This desorption
favors the formation of vacancies (defects), which are the driving force for CO
methanation Y. Zubkov et al ¥ studied the behavior of ruthenium monocrystalline
exposing the plane (109) towards the adsorption of CO. Ru (109) contains periodic
double Ru atom height step defect sites, separated by 10 atom wide smooth Ru (001)

terraces. They determined that the CO dissociation reaction preferentially takes place at



relatively low temperatures (= 480 K) on the atomic step defect sites compared to

smooth (001) terrace sites.

The increase in activity with the vacancies is related to the increase in the electronic
interaction between the metallic particles and the reducible support. This interaction
changes with the location of the ruthenium particles. The methanation reaction is
sensitive to Ru size if CO dissociation is rate-limited M. Verykios and col.
described that the TOF values increase with the increase in the particle size in
methanation reaction. Rosseti et al. 4 demonstrated that the selective methanation of
CO is sensitive to the particle size and concentration of Ru. There is a concentration of
the ruthenium in which the number of active sites is optimum. Beyond this
concentration, the number of active sites decreases and the agglomeration of the
metallic particles occur. Therefore, the location and size of the ruthenium particles
determine the catalytic behavior for methanation reaction. Ru particles of 9 nm have
been identified as the most actives ones for the CO dissociation probably by the
existence of the so-called B5 sites . These sites are composed by five consecutive
ruthenium atoms, three of them are located in the same layer and the other two are
arranged in the superior layer, forming a monoatomic step in a terrace of Ru 8. In our
case, results of XRD with the temperature in H, atmosphere at 300°C demonstrated that
the crystal size of Ru® particles is 8.7 nm exposing the (101) plane at 20 = 43.97° (not
shown). This crystal size is close to the reported ideal value for particles of Ru and it
was also verified by TEM microscopy. This explains the high activity observed for the

catalyst at higher temperatures.

Between 1000 cm™ to 1800 cm™ different bands of intermediate species can be
observed in the spectra of Fig. 3. These bands appear at 220°C at 1119 cm™, 1356 cm™,
1504 cm™ and 1595 cm™, which are normally related to carbonaceous species “°!.
However the bands at 1119 cm™ and 1504 cm™ disappears with the increase in
temperature until 250°C, while bands at 1356 cm™ and 1595 cm™ remains and they
disappear at much higher temperature (290°C). The increase and decrease of intensity of
these bands confirms that the methanation reaction is carried out through the adsorption
of carbonaceous intermediates. These species are adsorbed on Ru°-Ti** centers !
promoted after pretreatment with H,. Then the carbonaceous intermediates are

transformed to CH, aided by the temperature and the reaction mixture since they
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disappear at 290°C. It is suggested that the species related with the bands at 1119 cm™
and 1504 cm™ react more easily to CH, or be initial carbonaceous intermediates than the
species related with the bands at 1356 and 1595 cm™, that required more temperature to

complete the reaction.

Currently there is not an agreement in the literature about the assignment of the bands at
1119 cm™, 1356 cm™, 1504 cm™ and 1595 cm™ B4l These bands have been usually
correlated with the vibrations modes of carbon D4, D1 (Defects or disorder), D3 and G
(Graphite) respectively. The G band at 1595 cm™ is attributed to an ideal graphitic
lattice vibration mode with E2g symmetry. The D band at 1356 cm™ is induced by
disorders in the graphitic lattice and its origin has been explained by double resonant
Raman scattering “"%81_ The band at = 1100 cm™ has been also related to intermediate
species with simple C-O bonds, and the band at = 1500 cm™ with normal olefins with
C=C bonds . The observation of the band at 1119 cm™ justifies the adsorption of CO
as first step in methanation reaction. Other studies have been related these bands with
adsorbed intermediates like CH,/C,H,/C,H,O B

It has been demonstrated that the intensity ratio of D and G bands [I(D)/1(G)], or more
precisely, the area ratio between them, [A(D)/A(G)], is related with the microstructure
of carbonaceous materials “?. For accurately determining the ratio [A(D)/A(G)] a curve
fitting method by a combination of two Lorentzian curves is applied to the Raman
spectra of Fig. 3 for the both Raman bands obtained at 250°C and 270°C. The area ratio
[A(D)/A(G)] increase with the temperature from 1.60 to 2.38. This increase suggests an
increase of the structural carbon disorder . The less structured carbon should be easily
removed from the catalytic surface by the combination of both, increase in temperature
and reactive stream. In fact no Raman bands of carbon are observed beyond 270°C that
confirm the transformation of the carbonaceous intermediates, probably all were
hydrogenated to CH, at higher temperature. The no observation of carbon bands is in
agreement with the microscopy results and TPD/TPO analysis of spent catalysts since

no carbon deposits were observed after methanation reaction.

CO dissociation on metallic particles of Ru® to form Ru-C and Ru-O species (Eg.1 and
Eq.2) #* s the first step in CO methanation on Ru/TiO, catalysts. Ru-C species react
with hydrogen to form CH,4, and simultaneously Ru-O is reduced to Ru® so that the
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necessary active sites for methanation reaction are recovered. Furthermore, the H,-rich
reformate stream favors the reduction of the support close to the metallic particles to
increase the number of Ru°-Ti** centers ¥, promoting in that way the CO adsorption
on Ru®. This adsorption will generate (Ti)Ru-CO species. If the reaction is through the
dissociation of CO on metallic centers that generates Ru-C and Ru-O species as first
step, the question is how does the mechanism work and more precisely, what types of
intermediates are produced before the formation of CHa.

CO + Rux <> Ruy-CO (Eqg. 1)
Rux-CO + Ruy «> Ruy-C + Ru-O (Eq. 2)

[4152] the methanation of

Based on the reaction pathways proposed for similar catalysts
CO should proceed first with CO adsorption and subsequent dissociation into Ru-C and
Ru-O (Eq. 2) and finally throughout the formation of CH,/C,H,/C,HxO/CH,-CO
intermediates species that then are transformed to CH, in presence of CO and H,. The
simple pathway has been observed by the intervention of CHy species of short chain to
form CH, ¥ (Eq. 3). However, the decomposition of long chain of adsorbed

hydrocarbons until CH, has been also taken accounts °#°%!,

C(s) 2 CH(s) =2 CHy(s) =2 CHa(s) 22 CH, (Eq. 3)

Additional Raman spectra at 220°C were obtained during 120 min with CO/H, mixture
to determine precisely the intermediate carbonaceous species adsorbed at low
temperature in CO methanation on Ru/TiO, catalyst (Fig. 4). At t=0 new bands at 2598
cm™, 2898 cm™ and 3171 cm™ appear. Simultaneously the band at 1119 cm™ of the
adsorbed species with C-O bond is also observed which confirm the CO adsorption as a
first step in methanation reaction. After 1 h of reaction the band at 2598 cm™ is shifted
to 2641 cm™. While the bands at 2898 cm™ and 3171 cm™ remain at the same position
during the whole reaction. The intensities of the bands at 1119 cm™ and 1504 cm™
decrease with the reaction time, meanwhile at 1356 cm™ and 1595 cm™ increase. The
high intensity of the G and D bands suggests the accumulation of the carbon and this is
related to the lower capacity of the catalysts towards CH4 formation at 220°C, thereby

its transformation requires more temperature. On the other hand, the intensity of the
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band at 743 cm™ increases with the time of reaction suggesting that the formation of Ti-
OH species is promoted at this temperature. Higher temperatures are required to
improve the reduction of the islands of RuO,-TiO, solid solutions to favor the CO

adsorption.

The adscription of the Raman bands detected on Fig. 4 is shown in Table 1. Bands at
1119 cm™, 1504 cm™, 2598 cm™, 2898 cm™ and 3171 ¢m™* [iErrort Marcador no definido.2.49-51]
are assigned to CH,/C,H,/C,HxO/CH,-CO intermediate species. CH, CH; and CHs
species can form chains C-C or C=C 3 or join to other adsorbed species to form -
OCH; (band at 1119 cm™), CO-CHj species (bands at 1504 cm™ - 2898 cm™), ~HCO
species (band at 2598 cm™), -CH, (band at 2898 cm™) and -CH=CH, (band at 3171 cm
1), The existence of these intermediates species agrees with the formation of ethane,
propane, ethylene, propylene, butane, methanol, formaldehyde and ethylene described
by other authors as byproducts during CO methanation [Ert Marcador no definido.4]
However, the analysis of the gaseous phase would be required to confirm these

observations.

The adsorption and dissociation of CO on centers of Ru°® determines the catalytic
behavior. Therefore, the adsorbed CHy species in combination with oxygen, from the
CO dissociation, forms (Ru)-O-CHs species (band at 1119 cm™) or remains as CH3-CO-
(Ru) (band at 1504 cm™). Moreover, intermediates as (Ru)-HCO are also formed (band
at 2598 cm™). Among them, —-HCO species are the most stable since they remains
longer on the catalytic surface (Fig. 4). In fact, CO is claimed to be associated with
hydrogen to form metal-carbonyl hydride species (—HCOragsoreq), that is one of the
main intermediates in CO methanation reaction °*?. Results have shown that the CO is
adsorbed at low temperature on metallic particles and that the rate determining step of
the reaction is the breaking of the CO bond aided by H, *°. If it is assumed, H-aided C-
O bond breaking is a key step in methanation on these catalysts. After that dissociation,
CHy species are obtained that then react with OH, to CH,4 (Eq.4). This way, if H, favors
the C-O scission, the dissociation of CO from (Ru)-CO-CHj; species should generate
chain of CHypusobeqy (band at 2898 cm™), which leads to CH, after consecutives
reactions. The carbon dissociated can be joined to —O-CHj; species and forms CO-CHj
intermediates (band at 1119 cm™ for C-O-C bonds).
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CO + 2H — (CHOH) — CHy + OHy — CH, + H,0 (Eq. 4)

On the other hand, the band at 3171 cm™ suggests the adsorption of -CH=CH, species,
that can react with H, to produce ethylene (CH,=CH,). Ethylene is a carbon promoter
(58] Accordingly at high reaction times, a high accumulation of carbon deposits and a

decreasing of Ru® bands are observed (Fig. 4).

Olagsorbed) from the CO dissociation plays two roles, the first one in promoting the re-
oxidation of the metal, and the second one in favoring the oxidation of the generated
carbon to produce CO,. This last would explain the no observation of the Raman bands
of carbon at higher temperatures since carbon can be oxidized by the Ojadsorbed)-
Simultaneously, both the hydrogen in the stream and the increase in temperature, can
recover the active center of Ru® which are necessary for the adsorption of CO. Although
the methanation capacity decreases when the active centers are blocked by carbon, at
high temperatures the oxidation of carbon by the oxidative action 0Of Opadsorbed]
simultaneously occurs since no Raman bands are observed between 900 cm™ and 1800
cm™.
Therefore, these in situ Raman results showed that the first step in the methanation of
CO on Ru/TiO, catalysts is the adsorption and dissociation of CO on Ru® in Ru°-Ti**
centers to form (TiO,)Ru-CO species as was described before Y. Consequently RuC
and RuO species are produced. RuC favors the formation of CH, intermediates, after the
formation of carbon (bands at 1356 cm™ and 1595 cm™). Then all the carbon is
transformed into intermediates species at higher temperatures, that react until CH,, or

ultimately the carbon would react with Ojadsorbed]-

However for CO, methanation the results are totally different. Beyond 1000 cm™ no
Raman bands were observed (Fig. S2). Some studies have shown *"*! that after CO,
dissociation, COjadsorbed) and Ofagsorbeay are produced at temperatures as lower as 50°C Y,
If the concentration of CO; is high, the concentration of Orpagsorbeq) iNCreases with the
subsequent re-oxidation of the metallic phase decreasing the activity of the catalysts.
The no observation of Raman bands associated to carbonaceous intermediates during
the whole reaction with CO,/H, demonstrates the low activity capacity towards CO,

methanation with this catalyst.
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3.4 Selective methanation of CO in CO/CO,/H, mixture

In-situ Raman spectra of the methanation of CO in CO/CO,/H, mixtures until 290°C
after 30 min of stabilization at each temperature are shown in Fig. 5. The typical bands
of the support are observed at lower reaction temperatures (170°C). At 190°C the
intensity of these bands decreases although bands of carbonaceous intermediates appear.
Between 190°C and 240°C, typical D and G bands from the carbon graphite are
observed at 1356 cm™ and 1595 cm™. Again the [A(D)/A(G)] area ratios increase with
the increase in temperature from 1.10 at 190°C until 1.18 at 240°C. This result
demonstrates that the deposited carbon is less structured and easily to be removed at
higher temperatures. In fact, at 250°C the carbon is totally transformed and the bands of
the RuO,-TiO, solid solutions islands are again observed at 258 cm™ and 410 cm™ (Fig.
5). At much higher temperatures these bands disappear and the anatase bands are again
observed. The presence of carbonaceous species show that the dissociation of CO, or
CO towards Cragsorbed)s Ofadsorbed) aNd COpadsorbeq) OCCUr. The presence of Oadsorbed)
promotes the re-oxidation of Ru and the formation of RuO,-TiO, islands. Only at high
temperature these islands are again reduced and the anatase spectrum is recovered by

the action of hydrogen of the stream

The presence of intermediates species during the methanation of CO and CO, points out
a mechanism in which the CO presence favors the CO, methanation, since no reaction
intermediates were observed in methanation of only CO, (Fig. S2). Moreover the
CO/CO, mixture is more reactive than the idealized stream with only CO, since the
formation and transformation of intermediates species occurs at lower temperatures.
With CO and CO, the modification of the catalyst due to the adsorption of the
intermediates species from the methanation reaction begins at 190°C (Fig. 5) with
respect to 220°C for idealized CO stream (Fig. 3). Also the intermediates are totally
transformed at lower temperature, 250°C with respect to 270°C for the idealized mixed

CO/H; where the life time of these species is apparently greater.

Some studies have shown that the methanation of CO, occurs after the complete
transformation and dissociation of CO. CH, is mainly produced throughout the
hydrogenation of CO, in CO/CO, atmospheres ). DRIFTs experiments with CO and

CO, mixture on Rh catalyst 4 showed that the adsorption/dissociation of CO, is
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carried out on metallic centers to produce Rh-CO and Rh-(CO), species. Rh-(CO), are
instable and dissociate until COrpagsorbeqy and Opadsorbed)- 1IN turn, the COrpagsorbed) 1S
dissociated on metallic centers until Ofadsorbed) @Nd Cpadsorbed). Therefore the number of
Ru-C and Ru-O sites increase after CO, dissociation more than after CO dissociation.
Oragsorbed) favors the Ru re-oxidation since the RuO,-TiO; island formation is observed.
However, CO and H, decrease this effect and the metal reduction is favored [,
Therefore H, and CO presence increase the available RuC and RuO since the Ru®-Ti**

centers for adsorption/dissociation of CO ((TiO2)Ru-CO) are promoted.

At temperatures higher than 270°C the formation of CO throughout the RWGS reaction
can occur ["*3. The formed CO can be adsorbed on metallic centers and the Ru-CO
centers are increased. Simultaneously the number of Ru° sites is increased by CO
reductive action. Therefore Ru-C and Ru-O centers are favored which after are
transformed into CH, by an associative mechanism with hydrogen ®". This result and
the observed increase in the disorder of the structural carbon favor the methanation

mechanism.

The same bands that those observed for CO methanation in Fig. 4 (table 1) were
distinguished for CO and CO, mixture methanation in the high Raman spectra region.
These bands correspond to (Ru)-O-CHj3;, CH3-CO-(Ru), (Ru)-HCO and CH=CH,
intermediates. The formation of these intermediates confirms the dissociation of CO on
metallic centers before the formation of CH,. Other authors have suggested the CO and
CO, methanation proceeds throughout the formate formation ™" which after are
decomposed until CO to produce CH4 with H,. In our case the no observation of the
typical raman wavenumber of formiate at ~ 2950 cm™ is in agreement with other studies
in where the CO, methanation is due exclusively via RWGS reaction ! and the
formates can be spectator of the reaction ®®. While the CO methanation occurs
throughout and associative and dissociative mechanism on metallic centers ¥, CO
decreases the re-oxidation of the metal increasing the Ru® sites. COrladsorbed) Can come
from CO of the stream, or from the adsorption and dissociation of CO, at lower
temperatures, or it can be generated at higher temperatures by the contribution of
RWGS reaction. Anyway Ru-CO centers increases when CO and CO, simultaneously

react with H»,-excess in the methanation reaction.
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3.5 Selective methanation of CO in CO/CO,/H»/H,O mixtures

Fig. 6 shows the Raman spectra of CO and CO, methanation with water in the reaction
mixture. In these more realistic conditions the modification of the catalyst starts at
lower temperature with respect to the dry conditions. The D band at 1356 cm™, G band
at 1595 cm™, and -CH, intermediates bands at 1119 cm™ and 1504cm™ are visible from
170°C with respect to 190°C (Fig. 5) for dry conditions. In this last case the area ratios
between the D and G bands are lower with respect to the obtained with water, for
instance at 240°C the [A(D)/A(G)] ratios are 1.18 and 2.33 for dry and wet conditions
respectively. The increase of [A(D)/A(G)] ratio in wet conditions demonstrates that both
the temperature and the increasing reductive/oxidative condition of the reaction mixture
H,O/H,/CO promotes the formation of carbon less structured and more easily
transformed. Both, oxidative role of water and reductive role of CO were confirmed
after passing a mixture composed of H,O/N, over a catalyst during 60 min (Fig. S3b).
The catalyst was previously activated 120 min with CO/N, mixture at 170°C (Fig. S3a).
The intensity of the carbon Raman bands increased with the time when CO was used,
simultaneously Raman bands associated to RuO,-TiO, solid solutions were also visible.
At 120 min the typical Raman band of Ru® (195 cm™) slightly increased, which was in
agreement with the reductive role of CO 7. On the other hand, the bands associated

with the deposited carbon disappeared after passing H,O during 60 min (Fig. S3b).

Additional Raman spectra were obtained to identify the intermediates of the reaction
when water is used at 170°C and at 190°C at different times by passing CO/CO,/H,/H,0
mixture (Fig.7). For comparative purposes the Raman spectrum for CO and CO,
methanation in dry conditions from Fig. 5 at 170°C is shown in the same figure. As said
before, with water the modification of the catalyst starts at lower temperature. The
bands related with intermediates species between 1000 cm™ and 4000 cm™ are not
observed in the spectrum without water at the same temperature. In presence of water
different intermediates of reaction are observed. At t=0 bands at 1119 cm™, 1504 cm™,
2136 cm™ and 2956 cm™ are detected without typical Raman band of the graphite
carbon. The new band observed at 2136 cm™ has been related to M-CO species with M
= metal PY. This result confirms the adsorption of CO on Ru® centers forming Ru-CO
centers which explains the methanation reaction throughout the formation of Ru-C and
Ru-O species after CO and CO- dissociation. Bands at 2136 cm™ of Ru-CO and at 2956
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cm™ of formates suggests both the CO adsorption over metallic center and the role of
water in favoring the adsorption of formate species respectively. Concerning to the last
band, it disappears after 20 min of reaction that confirms the role as spectators of the

raction %2,

At t=0 min the high intensity of the bands at 1119 cm™ and 1504 cm™ (Fig. 7) point out
the faster adsorption/dissociation of CO,/CO on metallic centers to form Ru-CO and
Ru(CO), P as the first step in methanation reaction with Ru/TiO, catalyst. These
intermediates are dissociated to produce Ru-C and Ru-O intermediates. As was
observed for methanation of CO/CO, in dry conditions both Ru-C and Ru-O can react
to produce (Ru)-O-CH; and CHs3-CO-(Ru) adsorbed species (Table 1). The faster
formation of these species is due to the increase of the Ru-CO centers by both the CO
and CO, dissociation and higher activity at lower temperature promoted by the water

and H,-excess.

At t=20 min the band at 2598 cm™ of (Ru)-HCO is again observed (Fig. 7), so that
hydrogen (and water) favors the dissociation of CO to form more Ru-C and Ru-O active
centers. These centers are involved in the formation of CHy intermediates. After 40 min
of reaction this band is still observed, while bands of (Ru)-O-CH; and CH3-CO-(Ru)
disappear. Simultaneously D and G graphite carbon bands are observed at 1356 cm™
and 1595 cm™, and then are preserved when the temperature is increased until 190°C. In
fact the spectrum obtained at 190°C is similar to the one at 170°C. It suggests that more

temperature is required to transform all the carbonaceous intermediates produced.

With water, the mechanism for methanation reaction of CO and CO, is quite similar to
the observed with dry conditions since similar intermediates species are produced.
However, the activation of the catalysts occurs at much lower temperatures than without
water. Moreover, the carbon oxidation is favored by the oxidative effect of water. So
that, in methanation reaction on reducible Ru/TiO, catalyst there is an equilibrium
between both the reducible species promoted by the simultaneously presence of CO and
the excess of H, from the stream, and the oxidative species promoted by Oragsorbed) and

water.
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Once again the initial stage of the reaction is claimed to be the dissociation of CO on
metallic center. Also this dissociation is promoted before the adsorption of CO, on Ru’
centers. In this way Ru-CO and Ru-(CO), centers are increased, which are then
dissociated until Ru-C and Ru-O aided by hydrogen. These adsorbed intermediates can
react with excess of H, towards methane or can be reduced to recover Ru® active centers
respectively. Otherwise they can react with other intermediates until (Ru)-O-CHgs; CHs-
CO-(Ru) adsorbed species. These last species react with more hydrogen until CHyx CHy /
CnHx / CHxO / CH,-CO intermediates. Then all of them are transformed until CH,.
Thus, the mechanism involves different reaction in chain until the methane production
on active centers of (TiO,)-Ru-CO. The re-oxidation of the metallic phase can occur if
the Oradsorbed) INCrease after the dissociation of CO and the island of solid solution can be
observed. In this point the role of H,/CO is crucial to again reduce the active phase and

to increase the activity of the catalyst.
Conclusions

In situ Raman Spectroscopy has been demonstrated as a powerful tool for characterizing
Ru/TiO, solids under real catalytic conditions for the selective CO methanation
reaction, giving important insights concerning the catalytic mechanism.

The Raman study of the Ru/TiO, catalyst at room temperature shows that the solid
presents islands of RuO,-TiO, solid solutions with rutile structure. These islands are
reduced by H, and temperature generating the active phase Ru®-Ti**.

The first step in S-MET is the adsorption of CO (CO,;) on active centers (TiO,-Ru-CO).
After that, the dissociation of CO (CO;) occurs by the action of Hy-excess. Thus, Ru-C,
Ru-O, Ru-CO and Ru-(CO), species are obtained. The active phase can be re-oxidized
by Ofadsorbed). HOwever RuO- is reduced again until Ru® by the H,/CO action to recover
the active centers; simultaneously Cragsoreq) Can be hydrogenated until CH,4 at higher
temperatures or can be the responsible of the carbon deposits. In this sense, several CHy
| CyHx / ChHxO / CH4-CO intermediates have been detected by Raman.
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The formation of carbonaceous intermediates during the methanation of CO/CO,
suggests that CO promotes the methanation of CO; since the CO methanation is firstly
observed with Ru/Ti10, catalyst.

The combination of temperature and appropriate reactive atmosphere are the paramount
importance to achieve the oxidation and transformation of the carbonaceous
intermediates. The CO/H; presence favors the reduction of RuO,, and H; in excess also
favors the reduction of TiO, close to the metal particles. Water favors the methanation
at lower temperature since the carbon formed is less structured and easier to be

transformed.
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Figures Label

Fig. 1. Raman spectra of TiO,-P25 support before and after Ru incorporation. Raman
spectrum of commercial RuO; is also included.

Fig. 2. In situ Raman spectra of Ru/TiO, before and after reduction with Hs.

Fig. 3. In situ Raman spectra for methanation of idealized CO/H, mixture.

Fig. 4. In situ Raman spectra for methanation of idealized CO/H, mixture at 220°C as a
function of reaction time.

Fig. 5. In situ Raman spectra for methanation of CO and CO, mixture.

Fig. 6. In situ Raman spectra for methanation of CO and CO, with water in the mixture.
Fig. 7. In situ Raman spectra for methanation of CO and CO, with water in the mixture
at 170°C and at 190°C as a function of reaction time.

Fig. S1. In situ Raman spectra of Ru/TiO, before and after reduction with H, Zoom
between 120 cm™ and 220 cm™.

Fig. S2. In situ Raman spectra for methanation of idealized CO,/H, mixture.

Fig. S3. Effect of water at 170°C. In situ Raman spectra with (A) CO/N, during 120
min before (B) H,O/N, during 60 min.
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Table 1. Raman wavenumbers between 1000 cm™ and 4000 cm™ for Fig. 5

Intermediates species Raman shifts (cm'l)
C-0-C
-CHj3
-O-CHj3
C-C
CH;-CO
C=0 1504
Cc=C
-HCO 2598
-C=0 2898
CH;-CO
-C=0
-CHj3 (aliphatic)
-CHj, (aliphatic — weak Raman band)
-CH=CH,
Cc=C

1119

2898

3171
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