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Raising the CO, Methanation Activity of a Ru/y-Al,O; Catalyst by
Activated Modification of Metal-Support Interactions

Shilong Chen, Ali M. Abdel-Mageed,* Michael Dyballa, Magdalena Parlinska-Wojtan,
Joachim Bansmann, Simone Pollastri, Luca Olivi, Giuliana Aquilanti, and R. Jiirgen Behm*

Abstract: Ru/Al,O; is a highly stable, but less active catalyst
for methanation reactions. Herein we report an effective
approach to significantly improve its performance in the
methanation of COyH, mixtures. Highly active and stable Ru/
y-Al,Oj; catalysts were prepared by high-temperature treatment
in the reductive reaction gas. Operando/in situ spectroscopy
and STEM imaging reveals that the strongly improved activity,
by factors of 5 and 14 for CO and CO, methanation, is
accompanied by a flattening of the Ru nanoparticles and the
formation of highly basic hydroxylated alumina sites. We
propose a modification of the metal-support interactions
(MSIs) as the origin of the increased activity, caused by
modification of the ALO; surface in the reductive atmosphere
and an increased thermal mobility of the Ru nanoparticles,
allowing their transfer to modified surface sites.

Introduction

The methanation of CO, has attracted enormous interest
recently, both as a possible means for curbing greenhouse
gases and to chemically store excess electric energy from
fluctuating renewable sources, which was discussed and
considered as an important part of “power-to-gas” con-
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cepts.'* Supported Ni catalysts are generally considered as
standard catalyst for this reaction, but they are little active at
low temperature (< 300°C) and also suffer from deactivation
due to sintering via Ni(CO), formation.*> Supported Ru
catalysts, which are more active and stable at lower temper-
atures, are therefore an attractive alternative for applications
where lower temperatures are beneficial, despite of their
higher costs.** Tt quickly turned out that also the nature of
the oxide support plays an important role,’! with a superior
activity for Ru nanoparticles (NPs) supported on reducible
oxides (TiO, or CeO,)" compared to much less active
catalysts based on inert oxides such as AL O;.*" Because of
their significantly higher stability during reaction, however,
Ru/AlO; catalysts would be an attractive alternative, pro-
vided their activity could be enhanced to the level of Ru/TiO,.
We demonstrated recently that the activity of Ru/TiO,
catalysts for CO, methanation could be significantly im-
proved by a high temperature reaction treatment in reductive
atmosphere, which we had attributed to a modification of the
metal-support interactions (MSIs),l”! for example, by stabi-
lization of metal NPs and/or charge transfer effects./®!!!
Variation in the catalytic performance due to modification
of MSIs has been considered for decades for noble metal
catalysts supported on reducible oxides under reductive
reaction conditions,*'% including also CO, hydrogena-
tion,'*!718] but not for stable (inert) oxides such as AL,O;.[%
Recent experimental and theoretical studies, however, indi-
cated a stabilization of noble metals on penta-coordinated
AL sites, reflecting a modification of the MSIs that could
lead also to the formation of flat NPs."*?!! This and also the
hydroxylation of alumina were postulated to affect the CO,
dissociation.”! Stimulated by these earlier findings and
proposals we decided to explore the possibility of modifying
the MSIs in a Ru/y-ALO; catalyst by a high-temperature
treatment in the reaction gas atmosphere, employing a combi-
nation of in situ/ operando FTIR and X-ray absorption
spectroscopy (XAS) measurements, coupled with CO/ pyr-
role adsorption measurements and ex situ techniques for
catalyst characterization. If successful, this work will not only
introduce a new and efficient approach for fabricating highly
active and stable Ru/y-Al,O; catalysts for CO, methanation,
but also lead to a significantly improved fundamental under-
standing of the role of MSIs in metal catalysts supported on
irreducible oxides.
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Results and Discussion

Ru/y-AlO; catalysts with ~2.3 wt. % Ru loading were
prepared by incipient wetness impregnation.”! We first
evaluated the activity of the Ru/y-AlL,O; catalyst in the
methanation of CO, in a CO,/H, mixture (CO,-ref: 15.5%
CO,, 80.9% H,, N, balance) at 190°C for 1000 min (190°C-
1 phase). Next we stepwise increased the temperature from
210 to 350°C in a temperature programmed reaction (TPR)
sequence, followed by a second reaction phase at 190°C
(190°C-2 phase) for 1000 min (Experimental section, Sup-
porting Information (SI)). In the 190°C-1 phase, the catalyst
showed a stable CO, methanation activity with a rate of
~2.7 umolcy 8re '8! (TOF: 4.0x107*s7") and 100% selec-
tivity for methane formation, with no evidence for the
formation of gaseous CO via the reverse water-gas shift
(RWGS) reaction. During the TPR sequence, the CO,
conversion increased with temperature, reaching 61% at
350°C, while keeping its high selectivity for methane for-
mation (Figure 1a). Interestingly, after cooling down to
190°C-2 phase, the catalyst showed a much higher activity
(40.5 umol¢yyygr,'s™) than in the 190°C-1 phase, while
keeping essentially 100 % selectivity for methane formation
(Figure 1b). After less than 5% deactivation over 200 min on
stream, the steady-state activity in the 190°C-2 phase leveled
off at ~38.3 umolcy,gr, 's ' (TOF: 6.8 x107°s™"), which is
~ 14 times higher than in the 190°C-1 phase.

To unravel the influence of trace impurities of CO on CO,
hydrogenation, we examined the CO, methanation in the
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Figure 1. a) CO, conversion and selectivity for methane formation
(Schacoz) = Rena (chs formation)/ R(cozconsumption)) N COo-ref in the range 210
to 350°C. b) Temporal evolution of the Ru-mass-normalized CO,
methanation rate and the corresponding TOFs in CO,-ref reformate
gas during isothermal reaction in the 190°C-1 and 190°C-2 phases.
c) CO/ CO, conversion and the selectivity for CO, methanation (see
above) during reaction in SR-ref 6000 reformate gas in the range 210
to 350°C. d) Temporal evolution of the Ru-mass-normalized CO
methanation rate and the corresponding TOFs during reaction in SR-
ref 6000 reformate gas in the 190°C-1 and 190°C-2 phases.
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presence of CO traces (SR-ref 6000: 15.5% CO,, 0.6% CO,
80.9% H,, N, balance). During the 190°C-1 phase, the
catalyst showed only CO methanation (no CO, conversion),
with a rather low rate of ~5.0 pmoly,gr, ‘s~ (TOF: 7.6 x
10~*s™") for 1000 min. The inhibition of CO, methanation
under these conditions was previously explained and dis-
cussed in detail by CO,, induced site blocking effects.”>?!
During the TPR sequence, full CO conversion was reached at
250°C (Figure 1c). At that point, CO, methanation started
and increased with temperature, reaching a conversion of
~73% at 350°C, with close to 100% selectivity towards
methane formation (no RWGS activity). After cooling back
to 190°C-2, we did not see any evidence for CO, methanation.
The increase in CO, methanation activity during the TPR
sequence is largely similar to that observed in CO,-ref
reformate gas (in the absence of CO), indicating that the
under these conditions the CO traces do not affect the CO,
methanation behavior. Furthermore, we observed a ~ 5 times
higher CO methanation rate in the 190°C-2 phase compared
to that in the 190°C-1 phase (Figure 1d). This higher rate is
comparable to that reported on Ru/TiO, and Ru/zeolite
catalysts, so far the most active Ru-based catalysts for
(selective) CO methanation,®* 2 but with a significantly
higher stability of the Ru/y-Al,O; catalyst (Table S1, SI).

To examine the impact of CO, on the observed enhance-
ment of the CO methanation activity, we tested the CO
methanation behavior in a CO,-free gas mixture (ID-ref 6000:
0.6% CO, 80.9% H,, N, balance). This test showed an
essentially similar behavior as for the CO methanation in the
SR-ref 6000 gas mixture, with little difference in the Ru-mass-
normalized rates (see details in Figure S1, SI). Overall, the
TPR sequence results in a pronounced enhancement both of
CO, and CO methanation rates on Ru/y-Al,Oj; catalyst, while
CO traces do not measurably affect the CO, methanation
performance.

To elucidate the physical origin of these changes in
reactivity, we characterized the structural properties of the
Ru/y-AlLO; catalyst after the 190°C-1 phase in SR-ref 6000
reformate (Ru/y-Al,O;-ISO), and after the TPR sequence
and the subsequent 190°C-2 phase (Ru/y-Al,O;-TPR), re-
spectively.

XRD measurements indicated that the cubic y-AlLO;
phase is retained after the TPR sequence, without any
measurable bulk structural changes. The diffraction patterns
did not show any Ru reflections, as expected for the very small
Ru NPs in these catalysts (Figure S2, SI). Also the specific
surface areas (127+4m?g') and porosity (volume:
0.91 cm®g ™!, pore diameter: 22 nm) remained unchanged,
confirming the stability of the y-Al,O; bulk structure during
the TPR sequence (Table S2, SI). The structure of y-Al,Os
was also examined by Al magic angle sample spinning
(MAS) NMR spectroscopy, after calcination and after the
190°C-1 and 190°C-2 phases (Figure S3, SI). We can clearly
identify the AI*" ions in octahedral (A,, 7 ppm) and tetrahe-
dral (A,, 63 ppm) coordination sites on the three catalysts,
while the concentration of pentahedral AP* sites (Al,) was
below the detection limit of the NMR measurements.”
Comparison of the NMR spectra indicated no significant
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changes in the spectra, indicating that there is no measurable
change in the coordination environment of AI*".

Furthermore, the structure of the catalysts was examined
by (S)TEM (Figure 2a,c). Comparison of HAADF-STEM
images recorded before and after the TPR sequence reveals
the presence of very small Ru NPs with sizes in the range of 1-
Snm (see also Figure S4, SI). Ru particle size distributions,
obtained by evaluating over 600 NPs in (S)TEM images
(Figure 2b,d), revealed a slight increase of the mean Ru
particle size from 1.54+0.4nm for the Ru/y-AlL,O;-ISO
catalyst to 1.7+0.5nm for the Ru/y-AL,Os;-TPR catalyst.
(S)TEM measurements performed after reaction in CO,-ref
gas mixture under similar reaction conditions revealed mean
particle sizes for the two catalysts (Figure S5, ST), which are
essentially identical to those obtained after reaction in SR-ref
6000 reformate gas. Hence, the presence of CO in the feed gas
(in SR-ref 6000) has little effect on the size/ distribution of the
Ru NPs after CO, hydrogenation.

Furthermore, we evaluated the shape of the Ru NPs by
analyzing more than 600 Ru NPs on the (S)TEM images,
following an approach described earlier.!*!"?! Briefly, this is
based on determining the ratio of the shortest diameter (R;)
to the longest diameter (R,) of the two-dimensional projec-
tion of each Ru NP (Figure3a). Low R//R, ratios are
expected for flat particles. Those particles observed from
the side appear with an elliptic shape, while those viewed
from the top should appear circular (Figure 3b,d). Spherical
particles, in contrast, should always appear with circular
projection, independent of the imaging angle (Figure 3b).
The fraction of Ru particles with a ratio < 0.8 was about 42 %
in the Ru/y-Al,O;-ISO catalyst (Figure 3¢), while for Ru/y-
ALO;-TPR this increased to ~69% (Figure 3e), indicating
an irreversible flattening of the Ru NPs during the TPR
sequence. Further information on TPR induced changes of
the Ru NPs was obtained from diffuse reflectance FTIR
(DRIFTS) spectroscopy measurements during CO adsorption
at 30°C. Both before and after the TPR sequence the catalysts

b) RWAL,O-ISO
220
S
£
g 10-
éI_J 1.5+0.4 nm

04

1 2 3 4 5
Particle Size (nm)

d) Ru/ALO, TPR
& 20
Q
[o)]
k)
c
© 101
(&)
5 1.7+0.5nm
o

0

0 1 2 3 4 5
Particle Size (nm)

Figure 2. Representative HAADF-STEM images and Ru particle size
distributions. a),b) Ru/y-Al,05-1SO and c),d) Ru/y-Al,O;-TPR catalysts.
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Figure 3. Ru particle shape analysis probed by (S)TEM. Schematic
illustration of the particle shape analysis based on the TEM image-

s (a). Representative HAADF-STEM images of the Ru/y-Al,0;-1SO (b)
and Ru/y-Al,O;-TPR (d) catalysts, and diameter ratio distributions of
the respective catalysts (c,e). Additional representative (S)TEM images
used for size and shape evaluation are shown in Figure S4, Supporting
Information.

showed typical bands of CO,, species in the range from 1900
to 2170 cm ' (Figure 4a). Assuming similar cross-sections for
different CO,4 species, the CO,4 coverage on the Ru NPs in
Ru/y-AlL,O5-TPR is 1.4 times higher than in Ru/y-Al,O;-ISO.
Since changes in the CO,, saturation coverage on that scale
are unlikely, this points to an increase in surface area of the
Ru NPs after the TPR sequence. Considering the little
variation of the Ru NP size upon the TPR sequence, this
would be consistent with the change in particle shape towards
flat configurations, sufficient to overcompensate the loss of
surface area due to the subtle increase in mean Ru particle
size upon the TPR sequence.

FTIR spectra of the CO,, region and fits of the individual
contributions are presented in Figure 4. The pronounced
bands at 2128 and 2078 cm™' seem to be characteristic for
CO,q on the Ru/y-Al,O;-TPR catalyst, where their intensity is
much higher than on Ru/y-Al,O;-ISO. In contrast, the bands
at 1974 and 2004 cm™' and a weak contribution around
1950 cm ! are characteristic for CO,q on the Ru/y-Al,O5-1SO
catalyst, where their intensities are much higher than for Ru/
v-ALO;-TPR. The band at 2050 cm™' shows about similar
intensities on both catalysts, but considering the lower total
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Figure 4. Ru particle shape analysis probed by in situ IR spectroscopy.
a) DRIFT spectra showing the CO,4 band region of Ru/y-Al,O;-1SO and
Ru/y-Al,O5-TPR catalysts. Spectra were recorded under steady-state
conditions during low-temperature (30°C) CO adsorption from 1%
CO/ N,. b) Deconvolution of the spectra in (a).

CO,4 band intensity on Ru/y-Al,O;-ISO the relative contri-
bution of the related CO,4 species is lower on the Ru/y-Al,Os-
TPR catalyst.

Bands at ~2130 cm ' were assigned to Ru-multicarbonyl
species adsorbed at undercoordinated Ru atoms, e.g., at the
periphery interface sites of the Ru NPs, with more than one
CO adsorbed on low-coordination Ru atoms.”"?**! In
a recent study, bands ~2070-2080 cm™' were assigned to
asymmetric stretch vibrations of the above species and to CO
on-top adsorbed on Ru sites that are electronically modified
by interaction with the substrate (“monolayer sites”),”! e.g.,
sites at the interface perimeter."** Bands in the range 2000~
2050 cm ™" were associated with on-top CO adsorbed on Ru
NPs,?"-227) while bands below that range were attributed with
bridge-bonded CO.*

Based on the band intensities (Figure 4b), the fraction of
the CO,, species characteristic for the flat Ru NPs (bands at
2078 and 2132 cm ') increased from 23 % for Ru/y-Al,O5-ISO
to 49 % for Ru/y-Al,O5-TPR. The higher abundance of CO in
multicarbonyl and monolayer Ru sites on the Ru/y-Al,O5-
TPR catalyst is in perfect agreement with the conclusion
derived from (S)TEM imaging that the Ru particles in the Ru/
v-AlL,Os;-TPR catalyst are flatter and stabilized by stronger
interaction with the modified substrate. In that case, we would
expect an increase in island edges, the formation of a large
fraction of “monolayer sites”, and a decrease of sites typical
for hemispherical particles. The fact that there is some
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intensity at 2130 and at 2070 cm ' also on the Ru/y-ALO5-1SO
catalyst can simply be explained by the fact that also i) on this
hemispherical catalyst undercoordinated sites exist at the
periphery of the interface that can give rise to these CO,q
species and that ii) this catalyst also contains flat particles, but
fewer and less pronounced. Correspondingly, the fraction of
CO,q species typical for CO adsorption on small hemispher-
ical Ru NPs decreases upon the TPR sequence.

Next we examined the coordination of the Ru atoms in
the Ru NPs during reaction by operando EXAFS measure-
ments at the Ru K-edge. Fourier transforms of representative
spectra in (SR-ref 6000) are shown in Figure Sa. Here it
should be noted that the shorter reaction times during
operando XAS measurements are still sufficient to essentially
reach steady-state conditions (see details in Experimental
section, SI)). After calcination, the Ru/y-AlL,O; catalyst
showed a dominant Ru-O coordination shell at a distance of
22+0.1 A, with Ru-O coordination numbers (CNg, o) of
5.0+0.5 (fit parameters in Table S3, SI). Upon switching to
the reaction gas (190°C-1), the CNg,., decreased rapidly,
being negligible already after 5 min, while the corresponding
CNgy.ry Values increased to 3.2 + 0.5 and grew further to 5.7 +
0.5 after 30 min on stream. For the remaining time at 190°C-
1 it stayed constant. Hence, reduction of the oxidic Ru NPs to
metallic Ru NPs occurs in the first few minutes during
reaction. During the TPR sequence and the 190°C-2 phase,
the CNg.g, value remained unchanged at 5.5 + 0.5 (Figure Sa
and Figure S6, SI). Considering that the CN of Ru-Ru is
determined by Ru particle size and shape, we would expect an
increase in the CN for an increase in particle size and
a decrease for a flattening of the particles. The constant CNg,,.
ru Value upon the TPR sequence can be rationalized by
a counterbalance between the small increase in mean particle
diameter, from 1.5 to 1.7 nm, and the change in particle shape,
from hemispherical to flat.

Further information on the chemical state of the Ru NPs
was obtained from the XANES spectra (Figure 5b). The
spectra recorded after calcination at 150°C show a strong
white line contribution between 22120 and 22160 eV, whose
shape is a combination of the RuO, and RuCl; references.
Only 5 min after switching to the reaction gas, the white line
intensity has decreased dramatically and then remained
almost constant, consistent with a very fast reduction of most
of the oxidic Ru species (Figure 5b and Figure S7, SI). Based
on a linear combination analysis (LCA) of the XANES region
for the Ru/y-AlO; catalyst the freshly calcined catalyst is
composed of ~92% oxidic and ~8% metallic Ru species
(Figure 5c and Figure S8, SI). The contribution of metallic Ru
species in the Ru/y-AlO; catalyst increased to ~ 83 % in the
first 5 min reaction at 190°C-1 and further to ~88% at
extended reaction times. During the TPR sequence, specifi-
cally at 300-350°C, the Ru species became even 100%
metallic. However, after cooling back to 190 °C, the content of
metallic Ru species decreased slightly to ~95% during the
first 40 min and then remained at this value. The slight re-
oxidation fits well to the observed initial slight deactivation
after the TPR sequence.

XPS measurements (Figure 5d and Figure S9, SI) re-
vealed that the binding energies (BEs) of the main Ru 3ds,

Angew. Chem. Int. Ed. 2020, 59, 22763 —22770
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Figure 5. a) Fourier transformed EXAFS spectra in R-space recorded at the Ru K-edge in N, after calcination and at different reaction times on the
Ru/y-Al,O; catalyst in SR-ref 6000 at 190°C (black lines: measured EXAFS data, red/ blue lines: fit data (red: during 190°C-1, blue: during 190°C-
2). b) XANES spectra of references (Ru foil, RuO,, RuCl; powder) and of the Ru/y-Al,O; catalyst in N, after calcination and during reaction in SR-
ref 6000 at 190°C at different reaction times. c) Fractions of metallic Ru (square symbols) and oxidic Ru species (RuO, and RuCl;: triangular
symbols) as a function of time as derived from a LCA analysis of the XANES spectra of the Ru/y-Al,O; catalyst. d) XP spectra of the Al 2p region
of the Ru/y-Al,O5-ISO and Ru/y-Al,O;-TPR catalysts, respectively. Note that the FWMH of the major Al 2p component of the Ru/y-AlL,O;-TPR was
fixed at the same value of the Al 2p peak of the Ru/y-Al,O;-ISO sample (FWHM =2.35 eV).

component of the Ru/y-AL,O;-ISO and -TPR catalysts are
around 280.6 + 0.1 eV, which in agreement with previous XPS
data is slightly higher than the value of metallic Ru.!"! Based
on a deconvolution of Ru 3d spectra (Figure S10, SI), the
contribution of surface metallic Ru species in the Ru/y-Al,O;
catalyst is ~ 80 % after 10 min reaction in the 190 °C-1 phase,
increasing to ~ 87 % after 1000 min on stream. After the TPR
sequence, the contribution of oxidic Ru is hardly visible any
more (~91 % metallic Ru). These ex situ XPS results agree
very well with the trend observed by operando XANES
results (Figure 5c). The amount of surface carbon on the Ru/
v-ALO;-ISO and -TPR catalysts, as evident from the C 1s
signal at ~284.8eV, was essentially identical for both
catalysts, indicating that the TPR sequence did not lead to
increasing carbon deposition. For the Al 2p peak we obtained
a BE of 74.6+0.1 eV, which is typical for fully oxidized
ALO;.® Interestingly the full width half maximum (FWHM)
of the Al 2p peak for the Ru/y-Al,O;-TPR catalyst (2.5 +
0.05 eV) was significantly larger than that of the Ru/y-Al,O5-
ISO catalyst (2.354+0.05¢V). Peak fitting of the Al 2p
spectrum of the Ru/y-Al,O;-TPR catalyst results in a good fit
if we add a second component at about 76.3 eV with
a FWHM =235¢V, which comprises about 9.5% of the
AP" ions in the y-ALO,-TPR catalyst. Following a previous
assignment,>3") we attribute this peak to aluminum oxy-
hydroxide (AIO(OH)) species. The discrepancy to the NMR
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results can be explained by the surface sensitivity of XPS
measurements.

Information on the adsorption properties of the Ru
catalysts, basically CO,, species and hydroxyl groups, was
derived during reaction in SR-ref 6000 reformate and addi-
tionally in ID-ref 6000 reformate in the absence of CO,
(Figure 6a,b). The ID-ref 6000 reformate was chosen to
identify changes in the OH bands, which are not accessible in
the presence of CO, due to interference with CO, combina-
tion bands (3500-3800 cm ). Note that the behavior of CO,q
species during reaction in ID-ref 6000 is almost identical to
that in SR-ref 6000 (Figure S11-S12, SI). During the 190°C-
1 phase, we observed bands at 3673 cm ! and at 3701 cm ',
which had been assigned previously to hydrogen bonded OH
and to bridged OH (b-OH) on sixfold coordinated Al sites
(Alyy) of vy-ALO; (110) facets.'>*! The intensity of these
bands increased in the initial 20 min and then remained
constant (Figure 6a). During the TPR sequence we only
observed these H-bonded and bridged OH groups between
210 and 250°C (left panel in Figure S11, SI). At 270°C, a new
band appeared at 3747 cm !, which has been calculated as
characteristic for terminal OH (t-OH) on penta-coordinated
Al (Al,) sites of y-Al,O; (110) surfaces, but also for ps-type
bridged OH (b-OHj;;) on hexa-coordinated Aly; sites of polar
(111) facets.® The relative concentration of this band
increased with increasing temperature up to 350°C (left
panel in Figure S11, SI). Since we cannot distinguish between
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Figure 6. a),b) Time-resolved in situ DRIFT spectra of OH groups recorded at different times during reaction in ID-ref 6000 reformate at a) 190°C-
1(1,2,5,7,10, 20, 60, 120, 360, 660, 1000 min) and b) 190°C-2 (1, 60, 120, 240, 360, 480, 600 min). Note the intense and broad water bands
(3500-3630 cm™') appearing during the initial reduction of the Ru oxide NPs. c) In situ DRIFT spectra of the different pyrrole covered Ru/y-Al,0;
catalysts (steady-state conditions) at 30°C, d) accumulated, catalyst-mass-normalized amount of desorbed pyrrole during a TPD measurement in
N,. e),f) Time-resolved in situ DRIFT spectra of the CO,4 region recorded at different times during reaction in SR-ref 6000 at e) 190°C-1 phase (1,
2,5, 7,10, 20, 60, 120, 360, 660, 1000 min) (e) and f) 190°C-2 phase (1, 60, 120, 240, 360, 480, 600 min).

both species from the present data, we will henceforth denote
them as OHqpg species. The previously observed bands at
3673 and 3701 cm™! shifted to 3680 and 3706 cm ™', respec-
tively (Figure S11, SI). After cooling back to 190°C, the OH
region was dominated by the band at 3747 cm ™', a very small
band at 3726 cm ™! may point to water adsorbed on Al, sites of
the y-ALOj; surface (Figure 6b).*1 Overall, these observa-
tions point to a distinct, activated modification of the Al,O;
surface during the TPR sequence reflected by a change in the
type of the dominant OH groups. Driving force for this
change must be a higher stability of the resulting surface
under TPR conditions, which, however, is maintained also
during subsequent reaction at 190°C.

The t-OH groups were previously reported to possess
a higher Lewis basicity (higher net charge) compared to the b-

© 2020 The Authors. Published by Wiley-VCH GmbH

OH groups.? Therefore we tested whether the pronounced
formation of the OHypg groups during the TPR sequence, at
temperatures >270°C, will increase the Lewis basicity of the
v-ALO; support. This could enhance the interaction between
Ru and AlL,O; and thus stabilize flat Ru NPs. We examined
changes in the number and properties of Lewis basic sites
(O*", OH groups, etc.) of the y-Al,O, support upon the TPR
sequence by pyrrole titration experiments. Here we focused
on the N-H stretch vibration of adsorbed pyrrole.

The DRIFT spectra (Figure 6¢) indicate a significantly
higher concentration of Lewis basic sites (basic O*~ (~3330-
3390 cm ') and OH species (~3621cm')) on the Ru/y-
ALO,-TPR catalyst than on Ru/y-Al,O;-ISOM*! (detailed
assignments see Section 12, SI). Analyzing the amount of gas
phase pyrrole at the DRIFTS cell outlet during a temperature
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programmed desorption (TPD) measurement by transmission
IR spectroscopy (Figure S13, SI), we detected a roughly 3
times higher amount of pyrrole desorption from Ru/y-Al,O5-
TPR (2.2 mmol, i 8 ' carayst) than from the Ru/y-AlL,O;-ISO
catalyst (0.76 mmol i 8 caraysr, Figure 6d and Figure S14,
SI). Hence, the pyrrole titration confirms a significantly
higher amount of Lewis basic sites (basic O*~ sites and OH
groups) on the y-Al,O5-TPR support. DFT calculations of the
interaction of small Ru clusters with (100) and (110) y-Al,O5
surfaces revealed that the introduction of surface OH groups
enhances the basicity of the (100) surface, but lowers it for the
(110) surface. This stabilizes the interaction between Ru and
(hydroxylated) y-Al,O; for the (100) surface, while this is
opposite for the (110) surface.**%"

In combination, these results point to stronger interac-
tions between the OHpr hydroxylated y-Al,O; and Ru NPs
on the Ru/y-AlLO;-TPR catalyst compared to the b-OH
hydroxylated Ru/y-Al,O5-ISO catalyst, resulting in a stabili-
zation of flat Ru NPs after TPR sequence. So far we have not
considered, however, that the OHypy type hydroxylation has
to be present underneath the Ru NPs to result in a stronger
interaction. In a static system these surface areas are not
accessible to gas phase species. Hence, the higher temper-
atures during the TPR sequence are not only required to
activate the reaction between y-Al,O; surface and gas phase,
but also to enhance the mobility of the Ru NPs to an extent
that these can move to modified surface areas, where they are
stabilized by the stronger interactions between modified
surface and Ru NPs. The enhanced mobility of the Ru NPs
also allows the thermodynamically favored reshaping of the
Ru NPs.

In the C-O stretch region, there are significant differences
in the CO,y bands between the DRIFT spectra recorded
during reaction (Figure 6¢.,f) and during CO adsorption at
30°C (Figure 4). During the 190°C-1 phase, the “Ru mono-
layer” species at ~2078 cm ' appeared only during the first
1h reaction and vanished after that, the small band at
2137 cm ™! had disappeared after few min. The on-top CO,q
species characteristic for the hemispherical Ru NPs, which
under reaction conditions appears at 2040 cm~', and the
bridge bonded CO,y species at 1971 cm™' were almost
unchanged for over 1000 min. Considering the much higher
temperature during reaction than during the CO adsorption
experiment in Figure 4, the complete absence of the high
frequency bands under reaction conditions indicates that the
multicarbonyl and “Ru monolayer” CO,4 species with bands
at 2132 and 2078 cm™!, respectively, relate to less strongly
bound CO,, species.

During the TPR sequence, the CO,4 coverage decreased
due to the higher CO and CO, conversion and desorption
under these conditions; in addition, the CO,4 bands also red
shifted due to the lower CO-CO repulsion/ dipole-dipole
coupling at lower CO,, coverages (right panel in Figure S11,
SI). After cooling back to 190°C, we observed only the band
of on-top CO,q at 2042 cm™', while the low frequency CO,q
bands almost disappeared. Furthermore, the total intensity is
significantly lower, by 47 %, than before the TPR sequence.
This discrepancy to the behavior during low-temperature CO
adsorption (Figure 4), where the TPR sequence leads to an
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increase of CO,4 coverage, can be explained by the signifi-
cantly weaker bonding of CO in the multicarbonyl and the
“monolayer Ru” CO,, states with their bands at 2132-2137
and 2078 cm™', respectively, discussed above. During low-
temperature CO adsorption, these sites are saturated with
CO,q4, while they are little populated under reaction con-
ditions at 190°C. This leads to a strong reduction of the total
CO,q coverage during reaction on the Ru/y-Al,O;-TPR
catalyst, while on the Ru/y-Al,O;-ISO catalyst the contribu-
tion of multicarbonyl and Ru monolayer CO,, sites is much
smaller, and therefore its steady-state coverage is less
affected. Furthermore, the significantly higher reaction rate
on the Ru/y-AlLO;-TPR catalyst may also modify the
occupation of different sites. For comparison, we also
performed a blank experiment, monitoring the evolution of
the adsorbate layer on a pure y-Al,O; support in SR-ref 6000
reformate gas by in situ DRIFTS measurement. They only
show the gas phase signals of the reactants CO and CO,
(Figure S15, SI).

Furthermore, not only CO/CO, adsorption and reaction
are modified by the TPR sequence, but also the hydrogen
adsorption/ desorption behavior. Exposing the catalysts to
a mixture of H, and D, (10% H,/ 10% D,/N,, 190°C), the
amount of HD formation was significantly higher (about
20% ) over the Ru/y-Al,O5-TPR catalyst than over the Ru/y-
Al,O;-ISO catalyst on the flat Ru NPs (Figure S16, SI).

Finally we would like to note that, although y-ALO; is
considered to be very stable and non-reducible, the present
data clearly demonstrate that a reductive treatment can
modify its metal-support interactions, a phenomenon which
so far had been reported only for noble metal NPs supported
on reducible oxides."!

Conclusion

In combination, these data indicate that the high-temper-
ature treatment during CO, methanation activates two
processes that are kinetically hindered at lower temperatures:
First, they activate the reactive modification of the support,
leading to the formation of OHypgr species on its surface.
Second, they activate the mobility of the Ru NPs, allowing
them to transfer to already modified adjacent support sites.
This first step results in the formation of Lewis basic sites on
the y-Al,O; surface with an enhanced interaction between Ru
and y-Al, O3, which can stabilize flat Ru NPs, while the second
part describes the kinetic activation required for the struc-
tural transformation of the Ru NPs. In total, we demonstrate
that the enhanced MSIs induced by the temperature pro-
grammed reaction sequence result in a drastic increase of the
CO, methanation activity of the Ru/y-Al,O; catalyst, both in
the absence and presence of CO traces. This way Ru/y-Al,O;
reaches the activity of highly active Ru based catalysts, while
keeping a high stability. Such kind of reductive higher-
temperature treatment provides a simple approach to fab-
ricate a highly active and stable catalyst for methanation
reactions, which can be useful for a wide range of reactions
based on these supports.
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