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The influence of the support basicity, according to the Lewis and Brensted definition, was investigated for
the Ru catalyzed CO, methanation in the temperature range from 200 °C to 400 °C. Due to the structure-
sensitivity of the reaction, a novel building block approach was used to ensure a constant Ru particle size,
while varying the support material. In this way, differences in the catalytic behaviour could be directly
related to support effects. Eight oxides - the rare earth metal oxides Gd,O3z, Sm,O3 and Y,Oz (REOs) as
well as TiO,, ZrO,, ALO3, MgO and SiO, as a non-basic oxide - were chosen to cover different types and
combinations of basic surface sites on the support, such as Brensted basic hydroxyl groups, Lewis basic
oxygen atoms and oxygen vacancies. Above 310 °C, the REO supported catalysts showed the highest
methane formation rates. The consumption of carbonate species formed upon CO, adsorption on all three
types of basic sites indicated their catalytic involvement in the high temperature regime. Below 310 °C,
TiO, and - to a lesser extent - ZrO, excelled the other supports. For ZrO, the enhanced performance
could be related to the sole presence of Lewis basic oxygen vacancies, acting as additional CO, adsorption
and activation sites on the support. On contrary, in case of TiO, they seemed not to be directly but only
indirectly involved by facilitating the conversion on the Ru particles on the basis of a favourable electronic
metal-support interaction. The inferior catalytic results obtained with the other supports were in accord
with the absence of basic sites or a spectator role of the carbonates formed - except for ALOs which
stood out probably due to Brensted basic OH-groups formed under reaction conditions. Overall, the study
reveals that basic supports can noticeably contribute to the catalytic turnover by opening new support-
related pathways in addition to the Ru-related pathway evidenced in all cases and/or by promoting the
latter. Their impact is dependent on the type, density and strength of basic sites available and varies with
temperature.
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However, in addition to the desired reaction (eqn (1)), the

reverse water-gas shift reaction (eqn (2)) may occur as an
unwanted side reaction:®

1 Introduction

CO, methanation is often expected to play a prominent role
in restructuring the energy sector. As part of the power-to-gas
technology and in combination with electrolytically produced
hydrogen, the reaction allows to chemically store excess wind
or solar energy in form of methane that can be fed into the
existing natural gas grid."* Concomitantly, climate harmful
CO, is consumed and converted to an energy carrier.

COZ +4H, = CH4 + 2H20
ARHZQSK =-165 k_] mOl_l (1)

COZ +H, = CO + Hzo
ArH)ogx = +41 K] mol ! (2)
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supported Ni, Co and Ru catalysts, of which the latter are the
most active ones. Still, Ru is seldom used and has not yet
found its way into technical applications, because of its high
prize and potential practical problems - Ru is, for instance,
prone to form volatile oxides.*™®

The CO, conversion as well as the CH, selectivity are
primarily dependent on the Ru particle size,”® but the

This journal is © The Royal Society of Chemistry 2021
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catalytic performance was found to be influenced by the
nature of the employed oxide support, too. Most studies
trying to shed light on support effects have focused on
standard materials so far, such as Al,0;, SiO,, MgO and
TiO,. Only in recent years also support materials less often
used, like Sm,0; and CeO,, have gained attention in the
literature.***° While it has become apparent that basic
oxides have the most promising potential, fundamental
understanding is still missing of how different types of
surface basicity or basic adsorption sites, respectively, impact
the catalytic conversion and how they mechanistically affect
the surface reactions. One obstacle complicating systematic
studies in this respect results from the particle size
dependence, ie. structure-sensitivity, of the reaction. To
clearly identify and compare support effects, it is hence
mandatory to deposit identical or at least very similar particle
sizes of the active component (in this case Ru) on different
support materials."’ Conventional methods (such as wet
impregnation, for instance) are based on in situ formation of
the metallic nanoparticles on the support so that their size
strongly depends on its surface chemistry - in addition to
other factors, such as its crystallinity, porosity and also
present impurities, to name just a few. For this reason,
most studies conducted up to now, have not been able to
avoid varying particle sizes of the deposits; e.g., Muroyama
et al.'® compared various supported Ni catalysts, but the
authors had to deal with widely differing particle sizes
obtained as a result of their catalyst preparation by
impregnation. While on an Al,O; support they ranged
between 6-18 nm, they increased to 18-210 nm in case of
ZrO,. Therefore, approaches based on traditional
preparation techniques have not been successful in
identifying clear trends so far.

Clearly, in case of an inert support all necessary
elementary steps - involving the competitive dissociative
adsorption of H, and CO, - need to take place on Ru alone
(“CO pathway”, Fig. 1). Since CO is formed as an
intermediate of this pathway and stronger bound on the Ru
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nanoparticles than H,, it can easily poison the metal surface
and, depending on temperature, limit the catalytic
turnover.”®™** As a mild acid, CO, is able to also adsorb on
the support if basic centers exist on the surface. If the
resulting carbonates are accessible to further hydrogenation
by reacting with hydrogen provided by spill-over from the
metal deposits,'®>" new reaction pathways are opened that
can additionally contribute to the conversion and improve
the catalytic activity. Naturally, neither carbonates that are
bound too weakly nor carbonates being too stable in the
temperature range where the methanation reaction is carried
out are likely to get catalytically involved.>* In other words,
basic sites of “intermediate” strength are required. Moreover,
beneficial metal-support interactions promoting the Ru-
related pathway itself are conceivable. Based on these
considerations, the following three support effects could be
envisioned:

1) CO, adsorption on the support (support effect 1, Fig. 1)

Brgnsted basic OH groups exposed on the oxide support can
bind CO, to form hydrogen carbonates, for instance. Also,
surface oxygen atoms exhibiting sufficient Lewis basicity (e.g.
at defects) may serve as adsorption sites. In this case,
monodentate carbonates are formed.

2) CO, activation on oxygen vacancies (support effect 2,
Fig. 1)

If in case of reducible oxides Lewis basic oxygen vacancies are
available on their surface and CO, adsorbs there, one of the
two oxygen atoms fills the vacancy so that bidentate
carbonates are formed.”>®* When the oxygen atom is left
there in the course of subsequent hydrogenation steps, this
type of binding represents an additional activation in form of
a first reduction step of the molecule.”**° The loss of the
vacancy can be compensated by the reaction of a lattice O
with two H atoms spilled over from Ru, resulting in H,O
which eventually desorbs. Overall, such a scenario represents

sio, TiO,, Zro,
No support -0 ____AO._.('}___ - D"'O'" Support
SHecH MM M MM ™M M \MJ:LM MM | effect (2)+(3)
1) oH 2) (P 3)
o8 RWE R ] o} Sm,0,,
A|203, Mgo OO d 7 C o G 23
d,0;, Y,0
‘/ oo Bt Mgl %) 15—
Support M MM M M M M M M M Support
effect: (1) No support CO, adsorption CO, activation Metal-support effect:
effect on the support  on the support  interaction (1)+(2)+(3)

Fig. 1 Conceptual depiction of the possible support effects and classification of the used support materials. No support effect (“CO pathway”), (1)
CO, adsorption as monodentate or hydrogen carbonate, (2) CO, activation as bidentate carbonate and (3) beneficial influence of an electronic
metal-support interaction; red squares indicate an oxygen vacancy, red arrows indicate electronic interactions. In all cases H, is expected to
adsorb dissociatively on the metal (not shown here for the sake of simplicity).
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a Mars-van-Krevelen mechanism that contributes to the
conversion acordingly. TiO, and ZrO, are chosen as
representative oxides for this study,””*"** but also the rare-
earth metal oxides Sm,0;, Gd,O; and Y,0; are known for
their ability to form sub-stoichiometric oxides so that they
have the potential to show this support effect as well.*

3) Facilitation of the CO, methanation on Ru (support effect
3, Fig. 1)

The support may not only directly but also indirectly enhance
the catalytic performance by facilitating the conversion on the
Ru nanoparticles themselves due to a metal-support
interaction. A supportive effect of that kind can be expected if
electron density is shifted from the metal to the oxide. In case
of adsorbed CO, the reduced electron density leads to a
weakening of the CO-metal bond and hence to a reduction of
its surface coverage.">**” If another molecule needs to be
competitively adsorbed for the catalytic reaction to run, as
given for the Ru-related “CO pathway” of the CO,
methanation reaction, a more favourable coverage ratio of the
two reactants can be achieved. Since CO is usually the more
strongly bound species, more free sites are available for the
other reaction partner — in this case for the dissociative
adsorption of H, on the Ru nanoparticles. Such an electronic
influence that should accordingly result in more catalytic
turnovers on the metal deposits has indeed been reported for
sub-stoichiometric oxide phases, ie. supports exhibiting
oxygen vacancies as those coming into consideration for
effect (2).

Aiming at a clarification to which extent the described
possibilities of support effects can be exploited to increase
the methane yield for the Ru catalyzed CO, methanation, we
systematically investigated a variety of support materials with
different acid-base properties. To rule out superimposed
particle size effects on the catalytic performance, we used a
novel building block approach by preparing uniform Ru
nanoparticles independently from the support by a colloidal
synthesis in a first step. Subsequently, these particles were
deposited on eight different support materials, which can be
grouped in four categories according to their possibility to
contribute in form of one or more of the effects described
above (see also Fig. 1): (A) Gd,03, Sm,03; and Y,0; (REOs):
support effect (1) + (2) + (3);***® (B) ZrO, and TiO,: (2) + (3);**
(C) MgO and Al,O3: (1);"**° and (D) SiO, as an example of an
inert oxide, showing neither Lewis nor Brgnsted basicity.

All Ru loaded oxides were fully characterized by means of
N, physisorption, powder X-ray diffraction (PXRD) and
transmission electron microscopy (TEM); the results are
presented in section 3.1. CO,-temperature programmed
desorption (CO,-TPD) in combination with diffuse reflectance
infrared  Fourier-transformed  spectroscopy  (DRIFTS)
measurements, discussed in section 3.2, were used to identify
the types of carbonates formed on the various supports upon
CO, exposure (at 50 °C) and to characterize their thermal
stability. All catalysts were subsequently tested in a (lab) flow
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reactor under identical conditions to determine the (initial)
methane formation rate after reaching steady state activity. In
parallel, in situ DRIFTS was employed to identify the
carbonates formed under reaction conditions. In this way, we
were able to correlate the catalytic performance observed as a
function of temperature with the support's basicity, i.e. the
type, strength and density of Brgnsted and Lewis basic sites
available on the oxide surfaces (see section 3.3).

2 Experimental
2.1 Synthesis

Eight different catalyst systems were prepared by depositing
colloidal Ru nanoparticles on various oxide supports. A Ru
loading of 1 wt% was targeted in all cases.

Supports. Al,O; (Sasol, Puralox SBa 200, 98%), MgO
(Acros, 98%), SiO, (Sigma, Davisil 646, 99%), TiO, (Evonik,
Aeroxide P25, 99.5%), ZrO, (Chempur, 99%) were purchased,
whereas Sm,0;, Gd,O; and Y,0; were synthesized in-house
by a sol-gel route.*’

First, the desired amount of the rare earth metal nitrates
(Sm(NO3);*xH,0, Gd(NO;);*xH,O (Chempur, 99.9%) and
Y(NO3);*xH,O (Alfa Aeser, 99.9%)) were dissolved in absolute
ethanol (Merck, 1.7 g ethanol/1 mmol metal salt) under
stirring in a polyethylene vial. Next, citric acid (CA, Roth,
99.5%, anhydrous) was added (1 mmol CA per 1 mmol metal
salt). Upon complete dissolution, propylene oxide (Aldrich,
99.5%) was quickly added to the mixture (11 mmol of PO/1
mmol of metal salt). The resulting solution was stirred for a
few seconds to ensure homogeneity and gelation occurred
rapidly within a few seconds. The formed gel was aged
undisturbed for 24 hours at room temperature. To remove
any residues of the synthesis, a solvent exchange with pure
ethanol was conducted after 24 h by decanting the old
solvent. This procedure was repeated twice. Ambient drying
for at least five days yielded xerogels, which were
subsequently calcined in air at 600 °C (heating ramp: 1 °C
min ') for 2 hours.

Ru nanoparticles. Ru nanoparticles with an average size of
1 nm were prepared by a colloidal synthesis route previously
reported by Wang et al*' In short, 0.223 g RuCl3*xH,0
(Chempur, 41 wt% Ru content) were dissolved in 25 mL
ethylene glycol (Merck) and further diluted with 25 mL 0.5 M
NaOH (VWR, 99%) in ethylene glycol. The resulting solution
was placed in an oil bath pre-heated to 150 °C for 90 min
under stirring to ensure full reduction of Ru and
nanoparticle formation. The particles were finally
precipitated by adding 8 equivalents (vol./vol.) 1 M HCI to the
solution. After centrifugation at 40 Hz, the Ru nanoparticles
could be collected as solid particles by decanting the HCI.

To deposit the nanoparticles on the support, these were
redispersed in four equivalents (vol./vol.) of acetone (p.a.,
Merck) and the required amount of the support material
(particle size 75-150 um) was added, before the solvent was
removed by rotary evaporation under vacuum so that a dried
powder was finally obtained.

This journal is © The Royal Society of Chemistry 2021
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2.2 Characterization

Atomic absorption spectroscopy (AAS). To determine the
Ru loading, AAS measurements were conducted, using a
flame atomic absorption spectrometer (Carl Zeiss
Technology, AAS 5 FL). To this end, Ru was digested by a
fusion method established by Taddia and Sternini,** which
was later confirmed to be the most efficient and reliable
method to digest Ru’ as well as RuO,.** In short, 150 mg of
the supported catalysts were mixed with 0.38 ¢ KOH and 0.65
g KNOj3, subsequently heated within 60 min to 450 °C in a
muffle furnace and kept at this temperature for another 60
min. After cooling down, 50 mg of K,S,05 were added, before
the melts were dissolved in Milli-Q water. Next, 10 mL of 1 M
KOH were added and the resulting solution was further
diluted with Milli-Q water to achieve a total volume of 50 mL.
10 mL of the solution were mixed with 5 mL of concentrated
HCI and 10 mL Milli-Q water and then analyzed.

The following compositions were found and used for
normalizing the reaction rates: 1.0 wt% Ru-Sm,O3, 0.9 wt%
Ru-Y,03, 1.0 wt% Ru-Gd,03, 1.0 wt% Ru-TiO,, 0.8 wt% Ru-
Zr0,, 1.0 wt% Ru-Al,O;, 1.2 wt% Ru-MgO and 1.0 wt% Ru-
SiO,. The differences in the loadings arose from different
losses during precipitation and subsequent decanting of the
residual HCL

Powder XRD (PXRD). The catalysts were characterized by
PXRD to identify the crystallographic phases of the used
oxides. The samples were measured using a 0/20-Bragg-
Brentano geometry on a X'Pert MPD powder diffractometer
(Panalytical, Almelo, Netherlands). The instrument was
equipped with a secondary Ni filter, Cu Ka, , radiation (4, =
154.05929(5) pm, A, = 154.4414(2) pm) and an X'Celerator
multi-strip detector. Data were collected at ambient condition
in the 20 range from 15° to 90° with a step width of 0.0167°
per step and a collection time of 200 s per step.

N, physisorption. N, physisorption measurements were
conducted in order to analyze the catalysts' porosity, using a
NOVA 4000e (Quantachrome Instruments, USA) gas sorption
system. Prior to data collection, the samples were outgassed
at 200 °C for at least 2 hours under vacuum. Adsorption/
desorption isotherms were collected in the pressure range
0.01-0.99 p/p,. Using the desorption branches, the pore size
distributions were calculated on the basis of the Barrett-
Joyner-Halenda (BJH) model, whereas the pore volume was
determined on the basis of the amount of adsorbed N, at p/
Po = 0.99. The specific surface areas were calculated based on
five-point Brunauer-Emmett-Teller (BET) measurements in
the pressure range 0.1-0.3 p/p,. All measurements were
conducted at =196 °C.

Transmission electron microscopy (TEM). Transmission
electron micrographs were acquired for all catalysts, using a
Tecnai F20 S-TWIN (200 keV) microscope to gain insight into
the catalyst microstructure and to determine the Ru particle
size. To this end, the catalysts were ground to a fine powder,
before being loaded onto a TEM grid (ultrathin carbon film,
Quantifoil, Cu 200 mesh) by dragging the grid through the

This journal is © The Royal Society of Chemistry 2021
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powder. The Ru mean particle size was determined by
analysing the micrographs with the software Image] (version
1.48). For each sample, at least 250 particles were measured.

CO,-Temperature programmed desorption (CO,-TPD). To
probe the basicity of the various systems, i.e. the strength of
the basic sites, CO,-TPD spectra were recorded. About 100
mg of the powder catalysts were placed in a stainless-steel
reactor and pretreated at 400 °C for 60 min (3 °C min™") in
20 vol% H,/Ar (Vior = 50 mLy min~"), which corresponds to
the activation of the catalysts in the catalytic experiments.
After cooling down to 50 °C, the powders were saturated with
CO, for 60 min, before flushing the set-up with pure Ar for
30 min to remove any remaining gaseous CO, from the
system. Subsequently, the samples were heated to 950 °C
with a linear heating rate of 5 °C min™" in Ar while desorbing
CO, was detected, using a mass spectrometer (HPR20, Hiden
Analytical). To enable a quantitative comparison, the mass
spectrometer was calibrated for CO, (44 amu), CO (28 amu)
and Ar (40 amu), of which Ar was used as internal standard.
After subtraction of the CO, baseline (measured in pure Ar),
the total amount of desorbing CO, was determined by
integrating the desorption peaks, using the calibrated 44
amu/40 amu ratios.

DRIFTS. Diffuse reflectance infrared Fourier-transformed
spectroscopy (DRIFTS) measurements were conducted, on the
one hand, to characterize CO, adsorption on the catalysts and
thus to complement the CO,-TPD measurements. On the other
hand, DRIFTS experiments were carried out under reaction
conditions in an attempt to identify possible reaction
intermediates (and spectator species) and thus get mechanistic
indications. All measurements were conducted using a Varian-
670 FT-IR spectrometer equipped with a liquid nitrogen cooled
MCT detector and an IR cell in praying mantis geometry (VC-
DRM-5, Harrick). All spectra were recorded with a resolution of
4 em™ in absorbance mode and the average of 128 scans
(acquisition time: 78 s) is reported here.

After placing the samples on the temperature-controlled
sample holder in the IR cell, the sample compartment was
flushed with He to remove any impurities prior to spectra
collection. Subsequently, the samples were heated to 400 °C
in 20 vol% H,/He within 30 min. This temperature was then
kept constant for another 60 min to activate the catalysts.

To characterize the CO, adsorption behaviour, the
samples were cooled down to 50 °C in He after activation
and background acquisition. Subsequently, the samples were
saturated with CO, for 60 min. Next, the compartment was
flushed with He (100 mL min™") for 30 min to remove any
remaining gaseous CO, from the tubing and the sample
stage. Afterwards, the spectra were collected.

For the reaction studies, the samples were cooled down to
100 °C in He atmosphere after activation and after the
background was recorded. Subsequently, the catalysts were
exposed to 5 vol% CO,, 20 vol% H, and 75 vol% He at a total
flow rate of 100 mL min ". The temperature was increased
stepwise until 350 °C and a spectrum was recorded at each
temperature after 5 min to ensure thermal equilibration.

Catal. Sci. Technol,, 2021, 11, 4098-4114 | 4101
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In addition, isothermal studies were carried out. Again,
the fresh catalysts were first activated and subsequently
cooled down to 350 °C in He, where the background was
recorded. Next, 5 vol% CO, were added for 15 min, while
recording a spectrum every two minutes. Next, the CO, flow
was stopped and the catalysts exposed to pure He (100 mLy
min~') for 20 min. Spectra were recorded after 1, 3, 5, 7, 9,
11, 15 and 20 min. Afterwards, the samples were exposed to a
H,/He mixture (20 vol% H,) at a total flowrate of 100 mLy
min~" for another 20 min during which, again, spectra were
collected in the same manner as before. Lastly, the samples
were exposed to the reactant mixture (5 vol% CO,, 20 vol%
H, in He, total flowrate 100 mLy min ') and a final spectrum
was acquired after 1 min of exposure.

For the Ru-TiO, catalyst, a slightly different procedure
was chosen (for reasons explained later). The fresh catalyst
was first activated in H, at 400 °C and then cooled down to
350 °C in He, where a background spectrum was recorded.
Subsequently, the sample was saturated with CO, for 15 min
(5 vol% CO, in He, total flowrate 100 mLy min™"), in analogy
to the other isothermal ad-/desorption experiments. In
contrast to the other catalysts, however, the Ru-TiO, catalyst
was then exposed to 5 vol% CO, and 20 vol% H, in He at a
total flow rate of 100 mLy min™'. During the entire
experiment, the temporal evolution of the adsorbed species
was followed by collecting spectra every two minutes.

For the semi-quantitative evaluation of the detected
surface species, a careful background correction of the
spectra (in the corresponding wavenumber regime) was
performed before the peaks were fitted with Gauss-
Lorentzian profiles, using the LabSepc5 software (Horiba).

2.3 Catalytic set up and experiments

All measurements were conducted in a fixed-bed reactor,
consisting of a quartz-glass tube (6 mm inner diameter) that
was operated at atmospheric pressure. A metal block oven
was used for reactor heating. The temperature was controlled
by a thermocouple placed at the end of the catalyst bed
inside the reactor. To preheat the gases and to prevent water
condensation inside the set-up, all tubing was heated to at
least 120 °C. The gas flow rates were controlled by mass-flow
controllers (Bronkhorst Mattig).

The reactor was filled with 50 mg (75-150 pum) catalyst
which was diluted in the ratio 1:10 with quartz particles in
the same size fraction. Quartz wool was used to hold the
mixed powder in place inside the reactor. Prior to the
catalytic experiments, all catalysts were reduced in situ in
flowing H, at 400 °C for 1 h (heating ramp: 3 °C min"). After
this activation step, the reactor was cooled down to the
starting temperature of 200 °C in inert gas atmosphere. The
activity and selectivity of the catalysts for the CO,
methanation reaction were determined in the temperature
range between 200 to 400 °C, using a molar feed gas
composition of 4/1/5 H,/CO,/Ar. The total flow rate was set to
50 mLy min™', corresponding to a weight hourly space
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velocity (WHSV) of 60 Ly g - h™'. Each temperature was
kept constant for 42 min and conversion and selectivity were
averaged over the last 24 min.

After passing a cold trap (operated at -1 °C) to remove
water formed as reaction product, the effluent gases were
analyzed with an on-line compact gas chromatograph (Global
Analyser Solution), equipped with a thermal-conductivity
sensor. A RT-Molsieve 5 A column (15 m) was used to
separate CO and CH,, whereas CO, was separated on a RT-
Porabond column (30 m). In pre-experiments, no C,:
hydrocarbon formation was detected. Based on the inlet and
outlet flow rates, the formation and consumption rates
(referred to catalyst mass) of the involved compounds were
calculated according to eqn (3),

Tixin ~ Mx,out
e = 2200 3
g Mgy G)

3 Results and discussion

3.1 Structural characterization by PXRD, N, physisorption
and TEM

Powder X-ray diffraction measurements were performed for
all catalysts studied here. The X-ray diffraction patterns
presented in Fig. S1 (ESIf) reveal that all supports were
crystalline, except for SiO, which turned out to be X-ray
amorphous. The rare-earth metal oxides prepared in house
exhibited the expected crystal structures of cubic Sm,Oj3,
Gd,0; and Y,0; (Ia3) - a result which is consistent with our
previous findings.**** The purchased TiO, employed in this
study was comprised of a mixture of 91.5% anatase and 8.5%
rutile, whereas all other purchased support materials
consisted only of one phase, namely, monoclinic ZrO, (space
group: P12,/c1), cubic y-Al,O3 (Fm3m) and cubic MgO (Fm3m).
Diffraction peaks of Ru’ or RuO, originating from the
deposited Ru nanoparticles, were not detected in any of the
diffractograms, as expected for the low loading and the small
size of the particles (see below).

Table 1 Specific surface areas, pore volumes as well as average pore
sizes and maxima of the pore size distribution, as determined by N,
physisorption measurements. The statistical error (standard deviation
characterising the instrumental precision) was determined by measuring
the Ru-Sm,Oz sample three times and can be considered to be
representative also for the other samples

Specific Average Max. of pore
surface Pore pore size
Sample area/m”> ¢! volume/cm® ¢! size/nm  distribution/nm
Ru-Gd,0; 35 0.08 4.5 3.0
Ru-Sm,0; 36 +1 0.14 £ 0.01 7.5+02 64+0.1
Ru-Y,0; 61 0.13 4.4 3.0
Ru-ALO; 195 0.46 4.7 3.2
Ru-MgO 12 0.03 — —
Ru-TiO, 60 0.54 17.0 26.3
Ru-ZrO, 16 0.13 15 13
Ru-SiO, 224 0.84 7.5 5.0

This journal is © The Royal Society of Chemistry 2021
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The specific surface areas, pore volumes as well as pore
size distributions were determined for all catalysts, based on
N, physisorption measurements (Table 1); the corresponding
isotherms and pore size distributions are contained in the
ESIT (Fig. S2 and S3, respectively).

First, transmission electron micrographs of the
unsupported pristine Ru nanoparticles (deposited on a TEM
grid) were acquired. To exclude agglomeration and ensure a
fine dispersion of the deposited particles on the various
supports, the catalysts were subsequently characterized by
TEM as well. Unfortunately, in case of Ru-ZrO, the contrast
between Ru and ZrO, was too low due to similar atomic
masses of Ru and Zr, rendering it impossible to clearly
identify the Ru deposits (in the TEM as well as STEM mode).
For Ru-MgO, the particles could not be detected in the TEM
mode either, but were observable by STEM. EDX

Ru nanoparticles

Ru particle size / nm ‘==

View Article Online

Paper

measurements in selected areas of the samples confirmed
the correct localization of the Ru deposits. To determine the
particle size distribution and the average size, at least 150 Ru
particles were evaluated for each sample. Representative
images of all catalysts and the corresponding Ru size
distributions are shown in Fig. 2.

According to these results, the as-prepared Ru
nanoparticles indeed exhibited an average diameter of 1.0 +
0.2 nm and a comparatively narrow size distribution, as
expected for the employed synthesis route.** After deposition,
they preserved their size within the respective standard
deviations, proving that our synthetic approach indeed
succeeded in preparing differently supported Ru catalysts
with the same particle size. (It should be mentioned that in
case of the REO supported catalysts, the size distributions
appear somewhat broader as compared to those of the

Fig. 2 TEM images of the synthesized Ru nanoparticles and the supported catalysts. The insets show the respective Ru particle size distributions.

This journal is © The Royal Society of Chemistry 2021
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pristine and deposited Ru nanoparticles on the other
supports. Most likely these differences are artefacts caused by
the low contrast between Ru and the REOs, reducing the
accuracy of the evaluation in these cases). Notably, in no case
agglomerates of Ru particles were observed and a fine
dispersion of the active component confirmed for all
catalysts.

3.2 Determination of surface basicity

As discussed in the Introduction, the presence of different
types of basic Brgnsted and Lewis centers exposed on basic
oxide supports can be expected, possibly amplifying the
capabilities for CO, adsorption and its conversion on the
catalyst so that an enhanced productivity (i.e. an increased
rate of methane formation) is achieved. In order to
characterize such sites, CO,-TPD measurements were
conducted for all catalysts studied here. While the thermal
stabilities of the carbonates formed upon CO, adsorption are
accessible via the temperature range of the observed
desorption features, their density can be evaluated by
integrating the peaks. To clarify which types of carbonates
and thus basic sites are available on the various oxide
supports, complementary DRIFT spectra were acquired. In
both cases (TPD and DRIFTS), the same pre-treatment as
applied prior to the catalytic tests was applied. In Fig. 3 all
desorption profiles are presented and Table 2 summarizes
the results of the quantitative evaluation in terms of the total
amount of adsorbed CO, and the corresponding surface
density of basic sites (calculated on the basis of the specific
surface areas). Furthermore, Fig. 4 shows the DRIFT spectra.
For the rare earth metal oxides (Gd,O3, Sm,0; and Y,03),
CO, desorption is observed between 200-400 °C, except for
Sm,0; where the desorption feature extends to ~600 °C. This

10.1 pumol dOz

002 desorption rate / a.u.

400 600
Temperature / °C

Fig. 3 CO,-TPD measurements of the catalysts. Conditions: ~100 mg
catalyst, temperature ramp 5 °C min™™.
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Table 2 Amount of CO, desorbed from the various catalysts and
calculated surface densities of basic sites

Amount desorbed/ Density of basic sites/

Sample umol COy Zeor ' umol CO, m?.,*
Ru-Gd,0; 333 9.5

Ru-Sm,05 644 17.9

Ru-Y,0;, 759 12.4

Ru-ALO, 198 1.0

Ru-MgO 319 26.6

Ru-TiO, 0 —

Ru-ZrO, 0 —

Ru-SiO, 77 0.3

range of desorption temperatures, revealing medium basicity
in good agreement with the literature, coincides well with the
range of suitable reaction temperatures for the CO,
methanation.*> As far as the amount of adsorbed CO, is
concerned, the rare earth metal oxides show the highest
values of all investigated supports and the determined
densities of basic sites correspond well with literature
values.">** The characterization by DRIFTS yielded similar
spectra for all three REOs and revealed the presence of
monodentate (m-CO;>7, 1065 cm '), bidentate (b-CO;>", 1589
em™ and 1296-1311 cm™') and hydrogen carbonates (HCO;",
1624-1639 cm™) on the surface (Fig. 4a-c).'®*® These results
confirm the assumption that all types of basic sites occur on
the REO surfaces: monodentate carbonates corresponding to
CO, adsorption on Lewis basic oxygen atoms, bidentate
carbonates indicating Lewis basic oxygen vacancies and
hydrogen carbonates Brgnsted basic hydroxyl groups.*®*”

The TPD trace acquired for Ru-Al,O; shows only a weakly
pronounced CO, desorption peak, centered at around 500 °C.
Consistently, the density of basic sites is low (see Table 2),
evidencing a low initial surface basicity of the support after
the pre-treatment and under the conditions of the
characterization experiments. In accord, the complementary
DRIFT spectra show no noticeable absorption bands due to
carbonates on the surface (and are, therefore, not shown
here). While such low abilities to bind CO, were also
observed by other authors,”*® y-Al,0; is known to exhibit
hydroxyl groups on the depending on the
environmental conditions, ie. the degree of hydroxylation.
Since water is a side product of the methanation reaction,
the presence of Brensted basic centers under reaction
conditions is not unlikely. As discussed in section 3.3, the
catalytic results indeed provide evidence for that.

The TPD spectrum of Ru-MgO stands out by a narrow
desorption feature between 300-400 °C in form of a double
peak. Even though these temperatures are at the lower end of
values reported in the literature, a similar behaviour was
observed for other MgO materials as well.** The DRIFT
spectra point to the presence of Lewis basic oxygen atoms on
the surface, since the two features at 1508 cm ' and 1433
em™ (Fig. 4d) indicate monodentate carbonates (m-CO;3>"), as
expected in this case.’”>" In fact, it was shown that such sites
may indeed abundantly exist on MgO surfaces, provided that

surface

This journal is © The Royal Society of Chemistry 2021
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MgO, e) Ru-TiO; and f) Ru-ZrO,.

a sufficiently high density of under-coordinated oxygen
atoms, i.e. surface defects, exists.”*>?

Unexpected at first glance, hardly any CO, desorption is
observed for the TiO, and ZrO, support. The corresponding
DRIFT spectra (Fig. 4e and f), even though revealing the
formation of some carbonate species, corroborate very low
abilities to bind CO, in both cases (note the different
intensity scaling of the spectra as compared to the REO
supports). In case of Ru-TiO,, the small signal at 1554 cm™"
including the weakly pronounced shoulder at around 1321
em™ can be assigned to b-CO;*” carbonates, in actual
agreement with the expected presence of Lewis basic oxygen
vacancies.”®*"*> A peak at 1410 cm™" attributable to HCO;~
suggests that also some OH-groups must be exposed at the
surface. But in any event, the density of all basic sites is
negligible as inferred from the TPD data.

For Ru-ZrO, (Fig. 4f) slightly different DRIFT spectra were
recorded. Here, monodentate carbonates (1363 cm™') and
bidentate hydrogen carbonates (b-HCO; , 1435 and 1637
em™) are detected.’®® While m-CO,*” species indicate the
occurrence of some Lewis basic oxygen atoms at the surface,
the b-HCO; carbonates can be related to oxygen vacancies,
when assuming that initially formed bidentate carbonates
directly react further with remaining H,4 from the activation
step. The facile conversion of b-CO5*” to b-HCO;  on this
catalyst is in fact evidenced be the DRIFT spectra recorded
under reaction conditions and will be discussed later (see
section 3.3).

This journal is © The Royal Society of Chemistry 2021

Although both oxides were chosen because of their Lewis
basicity based on a sufficient concentration of oxygen
vacancies at their surface, the above findings are in line with
other reports in the literature.">® It has to be taken into
account that the TPD and DRIFT spectra were recorded in an
inert gas atmosphere (after saturating the catalysts with CO,
at 50 °C, see Experimental), while the methanation reaction
is carried out at higher temperatures and in the presence of
H, where a higher degree of reduction is expected. In
agreement, the corresponding DRIFTS data (discussed in
section 3.3) indeed reveal a significantly higher abundance of
oxygen vacancies under these conditions.

The CO,-TPD spectrum of Ru-SiO, consists of a broad but
small desorption feature between 500-600 °C. Consistently,
the DRIFTS data (not presented here) provided no evidence
of carbonate formation, in accordance with literature.®® Thus,
the results confirm the classification of SiO, as a non-basic
support (exposing neither Lewis nor Brensted basic sites).

3.3 Catalysis

The CH, formation rates achieved between 200 °C and 400
°C in the CO, methanation experiments are shown in Fig. 5
for the various catalysts (additional details, ie. the CO,
conversion rates, the CH, selectivities (Fig. S4) as well as the
measured outlet concentrations (Table S1), can be found in
the ESIf). The presented graphs are color-coded (in
agreement with Fig. 1) to allow for an easy differentiation

Catal. Sci. Technol., 2021, 11, 4098-4114 | 4105
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temperature range. Reaction conditions: pressure 1 bar, flow rate 50
mL min™%, 4/1/5 H,/CO,/Ar, 50 mg catalyst. The vertical line at 310 °C
indicates a change regarding the best performing catalysts. OV
denotes Lewis basic oxygen vacancies, O?" Lewis basic lattice oxygen
ions and OH Brgnsted basic hydroxyl groups.

between the four categories of supports used in this study -
green for TiO, and ZrO,, red for the REOs, blue for Al,O; and
MgO and purple for SiO,. Since the reaction rates are referred
to the actual Ru loading as determined by AAS, the graphs
quantitatively reflect differences in the catalytic performance
of the catalysts and - because the same Ru particle size — can
directly be attributed to support effects. The Weisz-Prater
criterion was calculated for all data points - taking Knudsen
diffusion (in agreement with the determined average pore
sizes) into account - to verify the absence of internal mass
transport limitations in the investigated temperature range
(see Table S2 in the ESIf). Only at 400 °C, an influence of
diffusion limitation on the observed rates cannot be fully
excluded, as also indicated by the corresponding Arrhenius
plots (Fig. S5t). Moreover, the stability of the catalysts was
checked by prolonged catalytic runs at 400 °C over 10 h. In
accordance with TEM images of selected spent catalysts
showing no indications of sintering (Fig. S77f), stable
methane formation rates were observed so that deactivation
even at the highest investigated reaction temperature can be
excluded (see Fig. S61). The reproducibility of the catalytic
results was furthermore checked by conducting several runs
with different synthesis batches (see Fig. S87).

Considering the temperature-dependent progression of
the CH, formation rate, the results can be distinguished into
two temperature regions — one below and one above 310 °C.
Below 310 °C, the activity follows the order:

Ru—TiOZ > Ru-7ZrO, = Ru—Gd203 > Ru-Sm,03 > Ru-Y,03; >
Ru-ALO; > Ru-Si0, > Ru-MgO,
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whereas above 310 °C the order is:

Ru—Gd203 > Ru-Sm,03; > Ru-Y,0; > Ru-ZrO, = Ru—TiOZ >
Ru-Al,O; > Ru-MgO > Ru-SiO,.

Accordingly, in the high temperature regime the REO
supported catalysts perform best and take the leading
position while the titania supported catalyst is superior at
lower temperatures followed by the ZrO, and Gd,O; as
supports. The SiO,, MgO and Al,O; supported catalysts are
inferior in both regimes with the latter catalyst excelling the
other two and showing intermediate methane yields.

To clarify whether and which support effects according to
Fig. 1 are involved and contribute to the catalytic
performance, we carried out temperature-dependent DRIFTS
experiments under reaction conditions. In the following, the
results for the most interesting supports TiO,, ZrO, and
Gd,O; (the latter chosen as a representative for all REOs) are
discussed, while the DRIFT spectra for the other catalysts can
be found in the ESL} In all cases, we focused on the question
how the surface coverages of the carbonates detected change
as a function of temperature in order to unravel their
potential participation in the catalytic conversion. The
identification of additionally observed hydrogenated species
helped us to propose how involved carbonates react further,
i.e. to make mechanistic proposals regarding support-related
hydrogenation pathways. As the differentiation between
spectator species and potential reaction intermediates was
difficult in some instances, we additionally acquired DRIFT
spectra under isothermal conditions at 350 °C. More
elaborate experiments combining SSITKA and DRIFTS,
however, will be necessary to elucidate the full mechanisms
for the catalysts studied here."***

Starting with Ru-Gd,Oj;, the results of the temperature-
dependent measurements are presented in Fig. 6 (left). After
reductive pre-treatment, we exposed the catalyst to the
reaction gases at 100 °C and then stepwise increased the
temperature to ultimately 350 °C. By starting well below the
expected onset temperature for the reaction, we aimed at
capturing adsorbed surface species possibly involved in the
reaction, but not detectable at higher temperatures where
they undergo fast turnover. Already at 100 °C, CO,
dissociatively adsorbs on the Ru nanoparticles as indicated
by the characteristic vibrations of bridge-bonded CO
(Ru=CO, 1990 cm™") and linearly bound CO on Ru (Ru-CO,
2019 ecm™)."**>%3 In addition, a variety of bands is observed,
which can be assigned to carbonates on the support:
monodentate carbonates (m-CO;*7, 1060 cm ' and 1508
em™),1%*%4 bidentate carbonates (b-CO;>7, 1288 cm™ and
1583 cm™),*® and hydrogen carbonates (HCO;, 1633 cm *,
1437 em™ and 3626 cm '), in accord with the preliminary
characterization (section 3.2)."® An additional shoulder at
around 1755 cm™' can furthermore be related to a formyl
species (HCO").">® Furthermore, signals indicating first
traces of gaseous CH, appear in the spectra for T > 140 °C
(in form of the C-H stretch vibration at 3016 cm™ and with

This journal is © The Royal Society of Chemistry 2021
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increasing temperature also in form of the bending
vibrations at 1304 cm').°*®” Although these findings
evidence first catalytic turnovers of CO, to CH, on the
catalyst surface, the catalytic runs clearly show that
temperatures above 200 °C are needed to achieve practically
relevant conversions.

To analyze how the surface coverages of the species
detected change as a function of temperature, we evaluated
the intensities (peak heights) of the corresponding bands at
each temperature. To this end, we first conducted a careful
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background correction and separated overlapping peaks by
peak fitting (see Fig. S9 in the ESIT for an exemplary fit). The
peak heights were then normalized to their maximum value
and are plotted in Fig. 6 (right). The evolution of all
carbonate species qualitatively follows the same trend. First,
an accumulation on the surface is observed in all cases,
before reaching a plateau at temperatures above 180 °C. In
contrast, linearly and bridge-bonded CO on Ru increasingly
form up to 200 °C and start vanishing at higher
temperatures. Apparently, dissociative CO, adsorption takes

. inHe . in H,+He
_ ' > | >
5 1 '@*q‘amﬁ | 1
f *| * O* * Wl
> | oA A A
5 0.8} ® O a 1
S [ |
= [ [
~ 06} | I .
@©
[0} | |
g [ [
© 04f I & ]
N
= I ) I~ %
[o] ¥ m-CO
502} | o bco* | Oﬂ?gé *
zZ N : | 5

HCO

| 3 |

| j l; i

0 10 20 30

Time / min

(left) Isothermal DRIFTS experiments carried out for Ru-Gd,Os at 350 °C under different gas atmospheres. Red spectra: exposure to 5 vol%

CO, in He for 15 min; green spectra: pure He for 20 min; blue spectra: subsequent exposure to 20 vol% H, in He; yellow trace: exposure to 5 vol%
CO, and 20 vol% H, in He, \'/tot =100 mL min%. Temporal evolution of the spectra from lighter to darker colors (bottom to top); (right) temporal
evolution of the peak heights for m-COs?™ (1061 cm™), b-COs?™ (1576 cm™) and HCOs™ (1633 cm™). Normalized in respect to the peak heights

after saturation with CO, for 15 min (last red spectrum).
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place on the nanoparticles already at low temperatures
leading to CO as an intermediate which, however, is only
converted further at temperatures beyond 200 °C.

The additionally performed isothermal DRIFTS
experiments turned out to be more suitable in elucidating a
potential involvement of the carbonates in the reaction and
are presented in Fig. 7 (left). In analogy to the experiments
under reaction conditions, we performed here a quantitative
evaluation of the signal intensities as well, which is
contained in the figure (right). After activation at 400 °C and
subsequent flushing with He to remove residual H, from the
DRIFTS cell, the sample was exposed to 5 vol% CO, in He for
15 min at 350 °C and several spectra were recorded over time
(step 1: red spectra). Overall, the same signals are observed
as compared to the temperature-dependent measurements,
including the characteristic signals for CO on Ru and all
three types of carbonates (mono- and bidentate carbonates as
well as hydrogen carbonates).'®*®** Considering that H, was
not present in the feed, the formyl species detected here
again supposedly originates from CO that spills over from Ru
to the support and reacts with residual H that remained from
the activation."®®> When stopping the CO, exposure and
purging the cell with He for 20 min (step 2: green traces), CO
adsorbed on Ru decreases rapidly (while the band for linearly
bound CO vanishes completely after 11 min, a small peak for
bridge-bonded CO remains). The features assigned to mono-
and bidentate carbonates and hydrogen carbonates, as well
as to formyl species also lose intensity over time, but much
more slowly (see Fig. 7, right). If 20 vol% H, are eventually
added to the feed (step 3: blue traces), methane can
immediately be detected in the gas phase. Concomitantly,
the coverages of all carbonates on the support surface drop
significantly and then decrease further over time, suggesting
that all three species are consumed by reacting with the
supplied hydrogen. Upon exposure to the reactant mixture
(step 4: yellow trace), basically the same spectrum as
observed in the temperature-dependent measurements was
recorded, proving that the catalyst surface was in the same
condition than it was in the experiments under reaction
conditions (Fig. 6).

In summary, the DRIFTS results provide an explanation of
the superior catalytic performance of the REO supported
catalysts, in particular above 310 °C (see Fig. 5). The fast
consumption of CO on Ru occurring at low temperatures
(below ~300 °C) indicates that the Ru-based hydrogenation
pathway is preferred in this temperature regime and the
catalytic conversion of CO, to CH, predominantly takes place
on Ru alone. On the contrary, the loss of mono- and
bidentate carbonates as well as of hydrogen carbonates on
the support surface in conjunction with the methane
evolution observed in the isothermal DRIFTS experiments
implies their consumption by hydrogenation at higher
temperatures. According to the common notion,">" the
necessary hydrogen can be supplied by spill-over from the Ru
deposits after dissociative adsorption of H, on the metal
surface hence enabling further reaction of the carbonates on

4108 | Catal Sci. Technol., 2021, 11, 4098-4114
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the support surface. The efficiency of such support-related
pathways of course depends on the diffusion range of the
hydrogen atoms on the oxide, which, in turn, is a function of
the surface chemistry.®®”® While for irreducible oxides this
range was found to be comparatively small (0.5 nm on MgO
at 75 °C, for instance),”* hydrogen spillover is significantly
more facile in case of reducible and defect rich oxides, such
as the REOs.®>®® For instance, Wang et al.°> demonstrated by
SSTIKA-DRIFTS that, in case of reduced CeO,, the entire
surface takes part in the CO, hydrogenation and not just on
sites at or close to the metal-support perimeter. Due to the
presence of all three kinds of basic sites on the REO surfaces
- Lewis basic oxygen atoms and vacancies as well as Brgnsted
basic hydroxyl groups - and the susceptibility of the related
carbonates to hydrogenation, these supports have the
potential to catalytically contribute in all three ways
described in the introduction and sketched in Fig. 1. The
effects (1) and (2) apparently boost the activity above 310 °C.
Notably, the detected formyl species (HCO) is a conceivable
reaction intermediate and can be formed by H-assisted
abstraction of oxygen from a hydrogen carbonate or by
hydrogenation of a bidentate carbonate, for instance. At
lower temperatures, where no indications for a direct
involvement of the REO supports in form of secondary
reaction pathways on their surfaces were found, the excellent
catalytic activity also observed in this regime is probably due
to effect (3), i.e. an indirect contribution.

At reaction temperatures below 310 °C, the TiO, and, to a
lesser extent, the ZrO, supported catalyst take the lead and
show the highest CH, yields. It is known that both oxides
can exhibit oxygen vacancies which promote CO, adsorption
and  activation.”*®’>  Although the CO,”TPD and
corresponding DRIFTS results (see section 3.2) provided no
evidence of their presence, the temperature-dependent DRIFT
spectra of Ru-ZrO,, shown in Fig. 8, reveal their formation
under reaction conditions. Already at 100 °C, bidentate
hydrogen carbonates (b-HCO;™, 1469 and 1628 cm*)°”°® are
detected which - as shown below - are related to b-CO;>
species, initially formed and directly hydrogenated to
hydrogen carbonates by H,q spilling over from the Ru
nanoparticles. In addition, the characteristic bands of
monodentate carbonates (1518 and 1488 cm™')>*”* and
formates (HCOO™, 1360, 1377 and 1383 cm*)**’* appear in
the spectra. The features at 1979 cm™ and at 2063 cm ™,
corresponding to bridge bonded and linearly bonded CO on
Ru, respectively (see Fig. 8 (left)), evidence parallel CO,
adsorption and dissociation on the metal deposits, in analogy
to the REOs. In contrast to them, however, the band of
linearly bonded CO is blue-shifted suggesting the presence of
some oxidized Ru species (Ru'-CO), probably formed at the
metal/support interface. First bands of gaseous CH, (3016
em™") appear at 230 °C, in good agreement with the onset of
measurable catalytic activity in this case (see Fig. 5).”°

Again, the quantitative evaluation of the peak intensities
allowed analyzing variations of the surface coverages in case
of all relevant species as a function of temperature. The

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 (left) Temperature-dependent DRIFTS reaction study on Ru-ZrO,, (right) normalized peak heights for m-CO3%" (1518 cm™), HCOO™ (1360
cm™), b-HCO3™ (1469 cm™), Ru=CO (1979 cm™?) and Ru™-CO (2063 cm™) as a function of reaction temperature; conditions: 5 vol% CO,, 20 vol%

H, in He, Vior = 100 mL min™,

results presented in Fig. 8 (right) reveal that m-CO;> species
accumulate with increasing temperature, suggesting a role as
spectator species here. In contrast, the concentrations of all
other species on the surface increase first and then decrease
again, reaching their maximum however at different
temperatures. For b-HCO;~ the maximum occurs at 180 °C,
whereas the highest coverage of formate species (HCOO") is
found at 200 °C in form of a shallower maximum. This
correlated progression of both species renders a mechanism
probable where b-HCO; is converted to HCOO as an
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Fig. 9 Isothermal DRIFTS experiments carried out for Ru-ZrO, at 350
°C under different gas atmospheres. Red spectra: exposure to 5 vol%
CO, in He for 15 min; green spectra: pure He for 20 min; blue spectra:
subsequent exposure to 20 vol% H, in He; yellow trace: exposure to 5
vol% CO, and 20 vol% H, in He, Viox = 100 mL min™t. Temporal
evolution of the spectra from lighter to darker colors (bottom to top).
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intermediate through an unassisted C-O bond cleavage, i.e.
by elimination of an O atom which eventually fills an oxygen
vacancy on the ZrO, surface. Overall and in opposition to the
Ru-REO catalysts, the DRIFTS results indicate the availability
of a support-related pathway according to option (2) in Fig. 1
already below ~300 °C. On the contrary, the Ru-based
mechanism seems of minor importance in this temperature
regime, as inferred from the coverage of Ru with CO showing
a maximum at a by ~100 °C higher temperature as compared
to the hydrogen carbonate and formate species. So, in
essence, the mechanistic scenario for the ZrO, supported
catalyst seems inverted to the REOs. While for the latter a
direct contribution of the support to the conversion seems to
be limited to the second half of the temperature window
studied, in the former case it is particularly pronounced in
the low temperature regime.

The isothermal DRIFTS measurements (Fig. 9) confirm the
assumed genesis of the bidentate hydrogen carbonates as a
first hydrogenation product of initially formed bidentate
carbonates upon CO, adsorption on oxygen vacancies. The
latter species directly appear in the spectra recorded in the
first step (step 1, red traces) of the experiment, ie. after
exposing the catalyst to CO, (in He) at 350 °C, in form of a
pronounced peak emerging at 1560 cm .>®*7® Under these
conditions, only minor amounts of b-HCO; are formed as
disclosed by the corresponding bands which are only weakly
pronounced. (Bands associated with monodentate carbonates
(1506 cm™) are present as well, but exhibit only minor
intensities®®>®7%7%), Moreover, the spectra document the
formation of CO on Ru. Upon purging with He (step 2, green
traces), the coverage of the surface with bidentate carbonates
remains fairly stable as deduced from the almost unchanged
intensities of the IR signals, whereas the b-HCO; species
seem to fully desorb until the end of the purging step.
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Fig. 10 Temperature-dependent DRIFT spectra for
conditions: 5 vol% CO,, 20 vol% H, in He, Vio; = 100 mL min2.

Ru-TiOy;

However, after exposing the sample to H, (step 3, blue
traces), the immediate reappearance of a much stronger b-
HCO;™ signal and the concurrent disappearance of the band
associated with b-CO,>” indicate the direct conversion of the
latter to the former species. As in case of the REO supports, a
facile supply of the required hydrogen by spill-over from the
Ru deposits is expected here as well. (Note that the negative
peaks between 1900 and 2100 cm™ hint to the presence of
minor amounts of adsorbed CO on Ru prior to the
background collection, probably originating from the
colloidal synthesis as residues’”). Upon subsequent exposure
to the reaction gases (step 4: yellow trace), the bands of
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Fig. 11 Isothermal DRIFTS study for Ru-TiO, at 350 °C, red spectrum:

after exposing the catalyst to 5 vol% CO, in He for 15 min; yellow
spectra: subsequent exposure to 5 vol% CO,, 20 vol% H, and 75 vol%
He, Viet = 100 mL min2, Temporal evolution of the spectra from
lighter to darker colors (bottom to top).
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gaseous CH, reappear. In addition, the characteristic signal
of formates (HCOO ) at 1360 cm ™ emerges.

Although TiO, is also capable of forming oxygen
vacancies, this catalyst showed a distinctly different behavior
than Ru-ZrO,, indicating a different mechanistic scenario.
The temperature-dependent DRIFT spectra acquired in this
case (Fig. 10) exhibit only a few and very weakly pronounced
features. A small but detectable band assignable to bridge
bonded CO (1995 ecm™) evidences that dissociative CO, on
Ru occurs already at 100 °C. In analogy to ZrO,, also a Ru'-
CO species (due to partially oxidized Ru) is present on the
surface, as can be concluded from the weak band at 2083
em™.”® Yet, no bands corresponding to carbonates on the
titania surface are observed in the spectra, also ruling out
any accumulation of such species on the catalyst surface with
increasing temperature. Instead, the features of CO adsorbed
on Ru completely disappear at around 230 °C, while bands of
gaseous CH, already appear at 160 °C.

As in the case of the other catalysts, we additionally
carried out isothermal experiments with a stepwise
admission of the reactants (Fig. 11). On contrary to the other
catalysts, these were conducted in a different way in an
attempt to detect involved carbonates exhibiting such a low
stability that they readily desorb during the purging step
(step 2 in the other cases) but are detectable in the presence
of hydrogen in form of more stable hydrogenation
intermediates. Upon saturating the sample in a first step with
CO, at 350 °C (in analogy to step 1 of the other experiments),
the two already known peaks assignable to bridge bonded CO
on Ru and CO on Ru' evolve. As a new but only weakly
pronounced feature, a peak at 1060 cm ' appears in the
spectrum, revealing the formation of m-CO;*" in small
amounts under these conditions. Upon additional admission
of H, (step 4 otherwise), immediate and continuous
formation of gaseous CH, is observed. Furthermore, a peak
triplet at 2951, 2908 and 2864 cm ' points to the presence of
CH, species on the surface, not detected for the other
catalysts. At the same time, the peaks of CO adsorbed on Ru
disappear in spite of the constant CO, supply, indicating its
rapid conversion on the metal surface. On the contrary, m-
CO;> apparently accumulates on the surface, as judged from
the increasing intensities of the associated peaks (1060 and
1506 cm ™) so that a role as spectator is probable.”

In essence, the DRIFTS results for Ru-TiO, render the
availability of a support-related hydrogenation pathway in
analogy to ZrO, very unlikely. Rather, the data suggest that
the reaction proceeds on the Ru particles alone - a finding
that is in accord with other studies in the literature reporting
that CO on Ru is the dominating reaction intermediate on
this type of catalyst.”® Since TiO, outperforms all other
supports below 310 °C and even above yields similar CH,
formation rates than ZrO,, the question regarding the origin
of the high activity arises. The appearance and fast
conversion of CO on Ru already at low temperatures suggests
that the hydrogenation reaction on the metal deposits runs
more efficiently on this support than on others. As explained

This journal is © The Royal Society of Chemistry 2021
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in the introduction and also proposed for the REOs, such an
acceleration can result from an indirect support effect
according to option (3) in Fig. 1. Apparently, the shift of
electron density from the metal deposits to the oxide, being
responsible for this beneficial interaction, is particularly
pronounced for the Ru-TiO, system. The resulting decrease
of electron density reduces the degree of electron back-
donation from Ru to the antibonding n-orbital of CO and, as
a result, the metal-carbon bond is weakened."*?””° In this
way, the coverage of the Ru nanoparticles with CO is lowered
and, hence, a more favourable ratio of H/CO achieved on
their surface."®*>”® Supposedly, for ZrO, such an electronic
influence of the support also plays a role which, however,
seems to be less pronounced.

To verify the presence of oxygen vacancies for TiO, under
reaction conditions, we carried out in situ Raman
measurements between 200-400 °C in a H, atmosphere,
mimicking the reducing gas atmosphere of the methanation
reaction (a detailed description of the experiments and the
recorded spectra can be found in the ESIf (Fig. S15)). A
characteristic temperature-dependent blue shift observed in
the spectra indeed reveals that oxygen vacancies are
increasingly formed in the temperature range of the catalytic
conversion (Fig. $161), in agreement with literature.*

The results of the isothermal and temperature-dependent
DRIFTS experiments for Ru-Al,O; and Ru-MgO generally
match the expectations and are in line with their lower
catalytic activity. In contrast to MgO, in case of the Al,O;
support, HCO; species are observed on the surface,
indicating CO, adsorption on Brensted basic OH groups (Fig.
S11 and S127). This finding confirms a partially hydroxylated
surface under reaction conditions (see section 3.2). Formate
species, also detected in the spectra with increasing
temperature, fit to a support-related pathway according to
support effect (1) as possible reaction intermediates. As in all
other cases, conversion along the Ru-based pathway is
evidenced by the bands of linearly and bridge bonded CO on
Ru, which appear in the spectra above 140 °C. The additional
contribution of the support suffices to achieve a better
catalytic performance as compared to MgO and SiO,. But
overall only an intermediate position in the ranking of the
catalysts is reached. For Ru-MgO (Fig. S137), the DRIFT
spectra indicate the formation of monodentate carbonates
under reaction conditions, in agreement with the results of
the surface characterization (section 3.2). Nevertheless, a
relevant catalytic involvement of these carbonates (according
to pathway (1)), i.e. a catalytic impact of the Lewis basic
oxygen atoms obviously present on the MgO surface, can be
ruled out, as judged from the activity of this catalyst which is
similarly low as in case of the non-basic SiO, support.

As a final remark, we would like to mention that metal-
support interactions seem to play a certain role for all
supports studied here. When comparing the temperatures at
which Ru-CO species are first detected and the temperature-
dependent development of these species for the various
catalysts (see Fig. S11-S14 in the ESI}), differences in the Ru-
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CO binding strength become obvious. For the REOs, TiO,
and ZrO,, the beneficial impact of a reduced binding
strength on the Ru-related pathway according to support
effect (3) has already been discussed. In contrast, for Al,O;
and MgO a progressive accumulation of CO on the Ru
deposits is observed suggesting a contrary effect.

4 Conclusion

In this study, we investigated the influence of the support
basicity on the performance of supported Ru catalysts for the
CO, methanation reaction. In particular, we aimed at
understanding the role of support-related reaction pathways,
contributing to the conversion, and of beneficial electronic
interactions, accelerating the conversion on Ru. To this end,
we chose oxides with different Lewis and/or Brensted basic
surface properties. In contrast to previously published
reports, we applied a building block approach, in which
colloidally prepared Ru nanoparticles exhibiting the same
average size (~1 nm) and narrow size distribution were
deposited on eight support materials. In this way, we were
able to exclude differences in particle size for the catalysts
studied which - due to the structure-sensitivity of the
reaction — would otherwise obscure the identification of clear
trends regarding the influence of the support basicity on the
catalytic performance.

To cover different types and combinations of surface
basicity, eight oxides were chosen for the study: Sm,Oj;,
Gd,0; and Y,0;, as rare earth metal oxides (REOs), TiO,,
Zr0,, Al,03, MgO as well as SiO, the latter as an example of a
non-basic support. Our starting hypothesis was that the
following three types of basic centers can act as additional
CO, adsorption sites and possibly lead to higher formation
rates of CH, as compared to non-basic supports: (a) Lewis
basic oxygen vacancies enabling the formation of bidentate
carbonates which, in addition to a fixation, correspond to a
first reduction step of CO,, (b) Brensted basic hydroxyl
groups that can bind CO, in form of hydrogen carbonates,
and (c) sufficiently Lewis basic lattice oxygen atoms at the
surface permitting CO, adsorption in form of monodentate
carbonates. To verify the strength and density of these sites,
the surface basicity of all supports was characterized by CO,-
TPD and DRIFTS in a first step.

In case the REO supported catalysts, the data revealed the
presence of Lewis basic oxygen atoms and vacancies as well
as hydroxyl groups on the surface. For TiO, and ZrO, neither
CO,-TPD nor DRIFTS provided indications of surface basicity,
but Raman and DRIFTS experiments, respectively, carried out
under reaction conditions, evidenced a significant and
sufficient concentration of oxygen vacancies at temperatures
typical for the methanation reaction and in the presence of
H,. While for MgO Lewis basic oxygen atoms were shown to
be exposed at the surface - probably at surface defects -, the
characterization of the Al,O; support revealed a low basicity
at first, but a partial hydroxylation of the surface, i.e. the
formation of Brensted basic OH-groups, was implied by
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cy00399b

Open Access Article. Published on 13 May 2021. Downloaded on 8/4/2025 2:19:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

DRIFTS under reaction conditions. In agreement with
expectations, the SiO, support exhibited no basic adsorption
sites.

All catalysts were tested with respect to their catalytic
performance towards methanation of CO, by measuring the
CH, formation rate in the temperature range between 200 °C
and 400 °C. As expected, the results of supplementary
DRIFTS experiments carried out under reaction conditions
proved that in all cases a hydrogenation pathway on Ru alone
exists. As known from literature, it is based on dissociative
adsorption of H, and CO, on the metal nanoparticles,
leading to H,q and CO,q as intermediates. Dependent on the
type, density and strength of basic sites available on the
supports, clear indications of additionally
contributing support-related pathways and electronic effects
were found which could be correlated with increased CH,
formation rates and the ranking of the catalysts observed.

In case of the REO supports, the presence of all three
kinds of basic sites seems to play an enhancing role for the
catalytic the wupper half of reaction
temperatures studied. Upon CO, exposure, an abundant
formation of hydrogen, mono- and bidentate carbonates was
observed on their surface. Their consumption at higher
temperatures and the concomitant appearance of
hydrogenated species, such as formyl species, point to
hydrogenation pathways taking place on the support in
parallel to the Ru-based pathway. Such pathways are
apparently enabled by hydrogen spill-over from the Ru
deposits and provide a conclusive explanation for the
superior CH, formation rates we observed above 310 °C. In
contrast, our results for ZrO,, as a support exhibiting no
Bronsted basicity and exposing no oxygen sites with
sufficient Lewis basicity at the surface, revealed that the mere
presence of oxygen vacancies can be sufficient to distinctly
improve the catalytic performance. The temperature-
dependent evolution of bidentate carbonates, formed by
adsorption of CO, on these sites, and the appearance of a
formate species indicate a support-related hydrogenation
pathway that, in particular, contributes at lower temperatures
to the conversion. In agreement with that, this catalyst
performed better than most of the other ones below 310 °C.

At the example of TiO,, we were able to show that oxygen
vacancies not only can boost the activity by opening
additional support-related pathways but also by accelerating
the catalytic turnovers on Ru. By virtue of an electronic
metal-support interaction, favourably influencing the
strength of the Ru-CO bond, CH, formation rates even
higher than those achieved with ZrO, were observed below
310 °C for this catalyst, although no evidence for the
formation or participation of carbonates in the reaction was
found. Yet not clearly delimitable from the direct support
contributions, a beneficial electronic influence is likely for
the REO supports and ZrO, as well.

In essence, the availability of additional support-related
reaction pathways and favourable metal-support interactions
in case of basic supports can obviously entail higher catalytic

various
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turnovers in the CO, methanation reaction. On these
grounds, TiO, and ZrO, as well as the REOs yielded the best
catalytic results, with the former being the better choice
below 310 °C and the latter above 310 °C. On contrary, the
Al,O3, MgO and SiO, supported catalysts showed distinctly
lower CH, formation rates in the whole investigated
temperature range. In this group, Al,O; proved to be the best
support and its intermediate position between the leading
supports and SiO, and MgO (both behaving rather similarly)
is probably caused by the formation of surface hydroxyl
groups under reaction conditions where H,O is formed as
side product.

Summing up, our study reveals that CO, methanation
catalysts can be optimized, when supports exhibiting a
medium surface basicity are chosen. Lewis basic oxygen
vacancies characteristic for reducible oxides as well as
Brgnsted basic hydroxyl groups turned out to be most
influential. It has to be considered though that their surface
density can change as a function of temperature and reaction
conditions. Other Lewis basic sites, such as under-
coordinated surface oxygen atoms, seem to play a minor or
spectator role in most cases. Among the support materials
studied, in particular, the REO supports, yet still less
commonly employed, appear most promising for technical
applications, where an optimization of CH, yields is sought.
At high temperatures, where the thermodynamics of the
exergonic reaction do not yet set boundaries, they allow a
significant enhancement of the CH, formation rates.
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