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ABSTRACT: The catalytic performance of a series of Ru/
AL O; catalysts with Ru content in the 0.1—5% range was
examined in the reduction of CO, with H,. At low Ru loadings
(<0.5%) where the active metal phase is highly dispersed
(mostly atomically) on the alumina support, CO is formed
with high selectivity. With increasing metal loading, the
selectivity toward CH, formation increases, while that for CO
production decreases. In the 0.1% Ru/Al,O; catalyst, Ru is
mostly present in atomic dispersion, as scanning transmission
electron microscopy (STEM) images obtained from the fresh
sample prior to catalytic testing reveal. STEM images recorded
from this same sample, following the temperature programmed
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reaction test, clearly show the agglomeration of small metal particles (and atoms) into 3D clusters. The clustering of the highly
dispersed metal phase is responsible for the observed dramatic selectivity change during elevated temperature tests: dramatic
decrease in CO and large increase in CH, selectivity. Apparent activation energies, estimated from the slopes of Arrhenius plots,
of 82 and 62 kJ/mol for CO and CH, formation were determined, respectively, regardless of Ru loading. These results suggest
that the formation of CO and CH, follow different reaction pathways or proceed on active centers of a different nature. Reactions
with CO,/H, and CO/H, mixtures (under otherwise identical reaction conditions) reveal that the onset temperature of CO,

reduction is about 150 °C lower than of CO reduction.
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Bl INTRODUCTION

The conversion of CO, to high energy density organic
molecules (e.g., methanol or methane) has been proposed
over both homogeneous and heterogeneous catalysts contain-
ing transitions metals (e.g, Cu, Ni, and Pd) as active
centers." ™ Considerable work has been aimed at designing
and synthesizing heterogeneous CO, reduction catalysts.*”®
The activity and selectivity of these catalysts have been shown
to be very sensitive to the cluster size and the shape of the
metal particles dispersed on the support, as well as to the
interaction between the active metals and oxide supports.”'®
However, these features of oxide-supported metal catalysts
remain, to a great extent, hard to control due to the nature of
synthetic protocols and, in particular, to sintering of metal
clusters during the activation process. The heterogeneous
catalytic conversion of CO, is currently not feasible due to the
demanding reaction conditions (e.g., high catalyst bed temper-
ature) originating from the chemical inertness of CO,.
Therefore, understanding the elementary reaction steps of
catalytic CO, reduction is critical in order to design
economically viable catalytic systems.

Despite the ongoing research efforts, the role of support and
the control of CO/CH, selectivity in the reduction of CO, with
H, have not been well established, in particular not on
subnanometer-sized supported metal atoms/clusters. Recently,
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we have reported on the very unique catalytic properties of
isolated Pd atoms in the reduction of CO,."" In that report, we
showed that atomically dispersed supported metals can be
catalytically active even in the demanding reaction of CO,
reduction, but their activity and selectivity patterns differ by a
large extent from those of 3D metal particles. The results of
CO, hydrogenation reaction on Pd/Al,O; and Pd/MWCNT
catalysts have unambiguously proved the need of two different
functionalities in an active catalyst. The reduction of CO,
requires the presence of a catalyst component that is able to
activate CO, (either the support oxide (ALO;) or an oxide
promoter) and a metallic component (here Pd) that is able to
dissociate H,. When both of these functionalities are present,
the CO and CH, selectivities seem to be determined by the
sizes of the metal particles.

In this study, we prepared a series of Ru on alumina catalysts
with Ru loadings that assured a dispersion range from atomic to
3D clusters and tested their CO, reduction performances.
Atomically dispersed Ru on alumina initially produced CO
exclusively by CO, reduction. This is in complete contrast with
the catalytic behavior of 3D Ru clusters supported on alumina
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Figure 1. Temperature programmed CO, reduction reaction on Ru/AlLOj; catalysts: CO, conversion (a) and CO (b) and CH,(c) yields. (m
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that have been known to be efficient methanation cata-
lysts.">™'* On the basis of these results, we propose that CO
can be produced by different reaction mechanisms on active Ru
centers with different particle sizes. Furthermore, CO may not
be a simple reaction intermediate in the path of CO,
hydrogenation to CH,.

B EXPERIMENTAL SECTION

Al O5-supported, 00.1, 0.5, 1, 2 and 5 wt % Ru catalysts were
prepared on a commercial y-ALO; powder (Condea, BET
surface area = 200 m*/g) by the incipient wetness method
using ruthenium(III) nitrosyl nitrate solution (Ru(NO)-
(NO3)x(OH)y, x + y = 3 in dilute nitric acid, 1.5% Ru,
Aldrich) as the precursor. CO, reduction activity measurements
were conducted by temperature programmed reaction methods
in a packed bed reactor using 50 mg of catalyst powder samples
(quartz reactor O.D. = 1/2 in.). The catalysts were activated
prior to catalytic measurements by calcination at 500 °C for 2 h
under 6.7% O,/He (flow rate = 60 mL/min) and followed by
reduction at 500 °C for 30 min under 15% H,/He (flow rate =
60 mL/min). The activity was measured using a feed gas
mixture containing 5% CO, and 15% H, in He (total flow rate
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= 60 mL/min and H,/CO, = 3; mg = S0 mg). The
concentrations of all reactant and product species were
measured by a gas chromatograph (HP 7820), with separation
using a capillary column (Supelco, Carboxene-1006 PLOT, 30
m X 0.53 mm LD.) and a thermal conductivity detector. A
temperature programmed CO hydrogenation reaction was also
performed using 5% CO, with the same protocols.

Catalytic activity changes by sintering were tested by time-
on-stream measurements at 350 °C up to 16 h on the 0.1% Ru/
Al Oj catalyst prepared by the same pretreatments under the
same reaction conditions as described previously. Steady state
activities were measured at 280—320 °C, which show stable
activities up to 1 h, with different Ru loaded catalysts using
newly activated samples for each temperature, and initial
activities were extrapolated. Catalytic activities were evaluated
under conditions where CO, conversion stayed below 5%.
Turnover frequencies (TOF, number of CO, converted/
Rug,fes) were calculated on the basis of the number of
surface Ru atoms (as determined from H, chemisorption
measurements) on alumina. For the H, chemisorption
experiments, the catalysts were pretreated under identical
conditions that were applied prior to the catalytic tests. The
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amount of chemisorbed H, was determined on the thus treated
samples using a Micromeritics AutoChem 2920 Chemisorption
Analyzer apparatus. The activated catalyst (calcined then
reduced) was held a 100 °C during H, chemisorption
measurements.

High-resolution TEM imaging was performed with a FEI
Titan 80-300 microscope operated at 300 kV. The instrument
is equipped with a CEOS GmbH double-hexapole aberration
corrector for the probe-forming lens, which allows imaging with
0.1 nm resolution in scanning transmission electron microscopy
(STEM) mode. The images were acquired in high angle
annular dark field (HAADF) with an inner collection angle of
52 mrad. The sample preparation for the TEM measurements
involved mounting of the powder samples on lacey carbon
TEM grids and immediate loading into the TEM airlock to
minimize extended exposure to atmospheric O,.

B RESULTS AND DISCUSSION

CO, conversion (panel a) and yields of CO (panel b) and CH,
(panel c) obtained in the temperature programmed CO,
reduction experiments on 0.1, 0.5, 1, 2, and S wt % Ru/
Al O, samples are displayed in Figure 1. On the 5% Ru/Al,O,
catalyst, the CO, reduction starts at ~150 °C and shows the
maximum conversion at ~320 °C, and then, the conversion
decreases with further temperature increase to ~500 °C. Above
500 °C, the CO, conversion increases again. With decreasing
Ru loading, the CO, conversion profiles are shifted toward
higher temperature. On the 0.1 wt % Ru/Al,O; sample, CO,
reduction starts above ~300 °C and monotonically increases
and then slows down above 450 °C. CO, conversion levels
above this temperature (~450 °C) are practically the same for
all Ru loadings studied, although the loading changes by a
factor of 50. Even though CO formation starts at practically the
same temperature (~300 °C) for all Ru-loaded samples, the
activity profiles were very different. Interestingly, catalysts with
a lower amount of Ru showed a significantly higher rate of CO
formation at relatively low temperature, while over Ru/Al,O;
catalysts with Ru loading >2% the CO yield increased
monotonically. The highest CO yield in the 350—500 °C
temperature range was observed for the lowest Ru-loaded
sample (0.1%). The CO yield increased rapidly after the onset
temperature of ~350 °C, but then, it leveled off between 450
and 500 °C, and at even higher temperatures, it followed
exactly the same path we observed for all the other catalysts.
When the Ru loading increased to 0.5%, the trend in the CO
yield was similar to that observed for the 0.1% sample;
however, its initial high activity leveled off at a much lower CO
yield than that seen for the 0.1% catalyst. For the 1% sample,
the high CO yield region at low temperature is even less
evident than over the other two low Ru-loaded samples, but it
is still clearly distinguishable. Above 500 °C, the CO yield
profiles are identical for all catalysts studied and practically fall
on a single line. The CH, yield profiles indicate that methane
formation rate increases with increasing Ru loading and, at the
same time, the temperature where the maximum methane yield
is observed shifts to lower values with increasing Ru loading.
These temperature programmed reaction results were com-
pletely consistent with our previously reported results on CO,
reduction on Pd/alumina, where we have unambiguously
showed that isolated, single Pd atoms favor the formation of
CO, while methane formation is prevalent on Pd clusters.
These results are very peculiar in light that Ru has been well-
known as a very efficient methanation catalyst.”> The CO,
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conversion as well as the CO and CH, yields trends seem to
suggest the existence of three different reaction regimes as the
temperature is increased from 25 to 500 °C. The formation of
CH, is prevalent at low reaction temperatures, and the CH,
yield increases proportionally with Ru loading. This is in line
with the conclusions of earlier studies that CH, formation is
favored on large metal clusters. With increasing Ru loading, the
size of metal clusters increases, as it has been substantiated by
TEM measurements. At very low Ru loading (0.1 wt %) (highly
dispersed Ru), no CH, formation is seen even at temperatures
(~350 °C) where the CH, yield reached its maximum at high
Ru loadings. As we will show in the following paragraph, the
low Ru-loaded catalyst exhibits CH, formation activity only
after the onset of metal sintering, i.e., after the formation of 3D
metal clusters. The maximum in the CO, conversion vs
temperature plot can solely be attributed to the maximum in
CH, formation rate. This behavior suggests that at high
temperature the concentration of one of the reactants (either
CO, or H,) on the catalyst surface decreases which leads to a
drop in CO, conversion and also in the CH, yield. In the
second temperature regime, the dominant reaction is the
formation of CO on highly dispersed Ru particles. At low Ru
loadings, we see a particular shape of the CO yield traces as a
function of temperature. The onset temperature of CO
formation at low Ru loadings is around 320 °C. At the lowest
Ru loading (0.1 wt %), the CO vyield increases fast with
temperature, levels off around 450 °C, and then increases again
above 500 °C. With increasing Ru laoding, however, the CO
yield drops, and over the 5 wt % Ru-loaded sample, we observe
no CO formation. CO is only produced on this sample as a
result of a secondary reaction at this high temperature between
CH, formed on Ru clusters and the reactant CO, (dry
reforming of CO,). (The observed increase in CO yield above
500 °C over the low Ru loaded samples can also be attributed
to the onset of this secondary reaction.) The increase in CO,
conversion at high temperatures (above 500 °C) on all samples
studied here can be attributed to the reaction between CH, and
CO,.

CO, methanation over supported Ru catalysts has been
shown to be structure sensitive as it depended on the particle
size of Ru clusters."®™*! For CO hydrogenation, Che et al.*'
observed that the TOF decreased with increasing Ru
dispersion, and similar findings for CO, methanation were
reported by Kowalczyk et al.'® (although, in the latter study, the
size of Ru clusters was shown to affect the CO, hydrogenation
rate in a lesser extent than the rate of CO hydrogenation). The
variation in the methanation rate with Ru particle size might be
(at least in part) correlated with the effect of the support on the
metal particles. The electronic state (charge density) of the Ru
particles on a given support material (here AL,O;) may vary
with particle size, as it was proposed by Scire at al,** who
reported that the electronic state of the active metal (Ru)
strongly influenced the CO selectivity in the CO, hydro-
genation process. They proposed that a more oxidized Ru
surface led to higher methanation activity, due to the higher
hydrogen and lower CO coverage. In order to vary the
electronic properties of Ru particles supported on YSZ solid
electrolyte pellets, Theleritis et al.>> used the electrochemical
promotion of catalysis (EPOC) effect by applying external
potential to the catalytic system. They found that at low
temperatures (up to 240 °C) CO, hydrogenation reaction
yielded CH, primarily, while CO was the dominant product at
high temperatures. Electrochemical O*~ supply to the Ru
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particles resulted in large increases in both the formation rate
and selectivity of CH, and concomitantly a large decrease in the
CO formation rate.

The results of these temperature programmed reaction
measurements may also be argued on the basis of having more
Ru in the catalyst translating to higher hydrogenation activity
and, therefore, extensive CH, formation. This interpretation,
however, cannot explain the formation of the larger amount of
CO on catalysts containing a lower amount of Ru. In order to
address this issue, we performed isothermal CO, hydrogenation
on the 0.1% Ru/Al,O; catalyst at 350 °C. At this temperature,
single Ru atoms present on the alumina support initially show
sintering during the course of reaction. The initial selectivity of
CO formation at this catalyst bed temperature is much higher
(over 84%) than that of CH, production on the 0.1% Ru/AlL,O,
catalyst, as shown in Figure 2a. With increasing time-on-stream,
CO production rate increased slowly, while the CH, formation
rate increased much faster, and after ~200 min time-on-stream,
CO and CH, were produced in almost the same amounts. After
16 h time-on-stream, CH, production far exceeded the
formation of CO, as the CO selectivity dropped to ~36%.
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Figure 2. (a) TOFs of CO,, CO, and CH, as a function of time-on-
stream at 350 °C over a 0.1% Ru/Al,O; catalyst. (b) Steady state
TOFs for CO, conversion and CO/CH, production over a fresh and
reactivated (after reaction at 350 °C) 0.1% Ru/ALO; catalyst at 300
°C.
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These results indicate that the Ru/Al,O; catalysts with low Ru
loadings are not stable under the reducing reaction conditions
of CO, reduction. In order to compare the activities of fresh
and used catalysts, we evaluated the steady state activities of
two 0.1% Ru/AlO; catalysts at 300 °C: a freshly prepared
catalyst and the one that was reactivity tested at 350 °C for 16
h. The fresh catalyst showed stable steady state activity at this
lower reaction temperature of 300 °C in comparison to that
observed at 350 °C. As the results of Figure 2b substantiate, the
overall CO, conversion activity of the 350 °C-tested catalyst
increased ~4.5 times and most of the activity increase came
from the ~20-fold increase in the CH, production rate. At the
same time, the increase in CO TOF at steady state at 300 °C
over the 350 °C-tested sample was much smaller, only about
1.5X. A likely explanation for the observed variation in catalytic
activity at high temperature with time-on-stream is the change
in metal particle size under reaction conditions. As we have
seen for the Pd/ALO; catalysts,"" both the overall catalytic
activity (i.e., CO, conversion) and the product (CO and CH,)
selectivity were strongly dependent on the active metal particle
size. In order to visualize the change in metal particle size
(changes in Ru dispersion), we collected STEM images from
two catalyst samples: from a freshly prepared 0.1% Ru/Al,O;
catalyst and from the one that was reaction-tested at 350 °C.
The freshly prepared 0.1% Ru/AlL,O; sample showed almost
exclusively atomically dispersed Ru (and very small Ru
aggregates) on the alumina support (Figure 3a). On the

Figure 3. STEM images from a 0.1% Ru/Al,Oj catalyst before (images
a and b) and after (images c and d) CO, reduction at 350 °C for 16 h.

contrary, after reaction test at 350 °C for 16 h, mostly nm-sized
(some of them even larger than S nm) 3D Ru clusters are
visible in the STEM images (Figure 3c). These results strongly
support our hypothesis that CO formation is favored on single
Ru atoms supported on alumina, while Ru clusters are mostly
active for CH, formations. Therefore, we conclude that the
high methanation activity reported for Ru on alumina catalysts
originate from large (3D) Ru clusters. The catalytic data
discussed in the previous section seem to suggest that the
reaction mechanism is different for the small (atomically
dispersed) and larger (3D) Ru particles. Therefore, next we

dx.doi.org/10.1021/cs400381f | ACS Catal. 2013, 3, 24492455
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Figure 4. Arrhenius plots for CO, conversion (a), as well as for CO (b) and CH, (c) formations over Ru/Al,Oj catalysts between 270 and 350 °C.

investigated how the reaction mechanisms changed with the
variation of active metal particle size. To this end, we
performed kinetic measurements on all the Ru-loaded alumina
supported catalysts prepared (from 0.1 to 5% Ru loading). A
series of Arrhenius plots of CO, TOF (calculated on the basis
of the number of surface Ru atoms on the alumina supported
metal clusters) are displayed in Figure 4a, each showing
reasonable linearity in the temperature regime explored in this
study (270—350 °C). The CO, TOF is the lowest over the 0.1
wt % Ru/alumina catalyst and increases dramatically over the
0.5 wt % sample and further over the 1 wt % catalyst. Above 1
wt % Ru loading, the CO, TOF increases only marginally.
Good linearity in the Arrhenius plots for both CO and methane
TOFs is shown in Figure 4b,c, respectively, except for the 0.1%
Ru/AlL,O; sample which is related to the significant error in the
calculation of TOF due to low CH, selectivity. At Ru loadings
up to 2%, the CO TOF values are very similar and only drop
significantly on the highest Ru loaded sample (S wt %), as large
metal clusters tend to produce no CO. The TOF plots of CH,
at Ru loadings higher than 1% are very close to each other, but
there is a systematic increase in CH, TOF with increasing Ru
loading. This observation suggests that Ru clusters exhibit very
similar catalytic activities toward CH, formation above a certain
cluster size. These results are consistent with our previous
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interpretations that single Ru atoms or interfacial Ru favor CO
formation, while Ru clusters favor CH, formation. From the
slopes, we can estimate the apparent activation energies of CO
and CH, formation. Interestingly, the activation energy for CO
formation (~82 kJ/mol) was always ~20 kJ/mol higher than
that for CH, formation (~62 kJ/mol), regardless of Ru loading.
If one considers CO as an intermediate in the path toward CH,,
formation in the CO, hydrogenation process, the activation
energy for CO formation should be equal to or lower than that
for CH, formation. Therefore, we propose that CO is formed
either by a different route (not as an intermediate in the
reduction toward CH,) or on a different active center than
CH,. The E, for methane formation obtained from the
Arrhenius plots in this study is comparable to those reported
previously by Solymosi et al.***® for CO, methanation over 5%
Ru/ALQ; (67.4 kJ/mol) and by Bartholomew et al.* for Ru/
SiO, (72 kJ/mol). Changes in the apparent activation energy
with reaction conditions applied has also been reported in the
latter publication due, possibly, to the variation in the rate
determining step under different reaction conditions.

In Figure Sa, we show CO and CH, TOFs measured at 300
°C as a function of Ru loading in the reduction of CO,. With
increasing Ru loading, the trends in CO and CH, TOFs are
opposite: the TOF for CO formation is practically constant up

dx.doi.org/10.1021/cs400381f | ACS Catal. 2013, 3, 24492455
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to 2 wt % Ru loading and then it decreases, while that for CH,,
formation increased in the entire Ru loading regime studied
(0.1-5 wt %). The CO selectivity below 1% Ru on alumina
evidently increases sharply with the decrease in Ru loading
(Figure Sb). We believe that these results indicate high Ru
dispersion at loadings less than 1%, when most of the Ru is
present as isolated single atoms and small metal aggregates, and
the production of CO is favored. On the other hand, at Ru
loadings high enough to form Ru clusters (starting from ~1%),
the reduction of CO, proceeds all the way to CH,. These
results are fully consistent with our previous report on the
reactivity of isolated Pd atoms that have been shown to favor
the formation of CO, while mostly CH, formed on the Pd
clusters.'’ The results of both of these studies strongly suggest
that the active sites for CO formation are highly dispersed
single metal atoms (these form CO with high selectivity) and
possibly small metal aggregates, as well. However, the
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formation of CH, can only proceed in the presence of metal
clusters that are able to supply large amounts of atomic
hydrogen to this process. As we have mentioned above, the
apparent activation energy for CH, formation is about 20 kJ/
mol lower than that of CO formation over every Ru/Al,O,
catalyst studied here. This result seems to suggest that CH,
production may not proceed through an intermediate that
formed from CO produced in the initial reduction step. To test
this, we performed temperature programmed reduction of both
CO and CO, on freshly prepared 0.1% Ru/Al,O; catalysts. As

the results displayed in Figure 6 show, the onset temperature
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Figure 6. Temperature programmed CO and CO, conversions over a
0.1% Ru/AlL,Oj; catalyst.

for CO, hydrogenation on the 0.1% Ru/Al,O; is ~300—350
°C, while that for CO hydrogenation is ~500 °C. We propose
that this ~150 °C upward shift in the on-set temperature for
hydrogenation provides two important insights into the
reaction mechanisms. First, CO, hydrogenation to CO might
proceed by two different, in parallel occurring mechanisms:
hydrogenation on metallic surfaces and reverse water gas shift
reaction. Second, alumina-supported isolated single Ru atoms
can catalyze CO, reduction to CO but cannot catalyze further
hydrogenation to CH, due, perhaps, to their limited hydrogen
activation functionality. This would be consistent with our
previous finding'' in that dual catalyst functionality was
required for CO, hydrogenation to CH, over sugported Pd
catalysts. In a Ru-doped ceria catalyst, Metiu et al.”" have also
found that “gas-phase CO is not a reaction intermediate for the
methanation of CO, by CegsRus0,”. In a recent study, Ussa
Aldana et al. carried out in operando FTIR measurements on
the CO, methanation reaction over Ni/CeZrO, catalysts.”®
Their results unambiguously show that methane formation
does not go through a CO intermediate, rather surface
carbonate/formate species formed on the oxide support play
a critical role in the formation of CH,. Adsorbed CO, is
proposed to hydrogenate stepwise, forming bicarbonates,
formates, formaldehyde, and finally methoxide. Supported Ni
clusters dissociate H, and supply H atoms for these
hydrogenation steps. The mechanism of CO, methanation on
supported Ru catalysts has also been strongly debated, and no
clear consensus on the actual reaction path has been reached.
On the basis of the results of a DRIFT spectroscopy study,
Prairie et al. proposed formic acid as a critical intermediate in

dx.doi.org/10.1021/cs400381f | ACS Catal. 2013, 3, 24492455
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the CO, methanation process.”” Subsequently, the role of
formic acid or formate intermediate was questioned by Traa et
al,, who found in their kinetic study on CO, methanation over
Ru/TiO, catalysts that CH, formation proceeded through the
hydrogenation of surface carbon as the rate determining step.*’
Our current kinetic and spectroscopy studies are focused on
understanding the reaction mechanisms for the formation of
both CO and CH, over these Ru-based catalysts at different Ru
loadings and identifying active catalytic centers of these
materials and key reaction intermediates.

H CONCLUSION

The reactivities of Ru/Al,O; catalysts in the Ru loading range
of 0.1-5 wt % were studies in the reduction of CO, with H,.
The main focus of the work was to find correlation between the
active metal dispersion and the catalytic performance of these
materials. At very high metal dispersion (metals mostly present
in atomic dispersion, as evidence by STEM), the catalyst
produces CO with high selectivity. As 3D metal clusters form at
higher Ru loadings (at and above 1 wt %) or as a results of
sintering, the selectivity toward CH, formation increases
significantly. Catalysts with low metal loading, however, are
unstable under reaction conditions of CO, reduction and form
large metal clusters. This clustering is accompanied by a large
increase in CH, selectivity and drop in CO formation
selectivity. Apparent activation energies of 82 and 62 kJ/mol
were estimated from the slopes of Arrhenius plots for CO and
CH, formation, respectively. The difference in activation energy
of ~20 kJ/mol for each catalyst studied suggests either different
reaction paths for the formation of CO and CH, and/or
different active sites. The higher apparent activation energy for
CO formation also seems to suggest that CO is not an
intermediate in the formation of CH,. This is further supported
by the results of activity measurements over a 0.1% Ru/AlL,O;
catalyst, that showed about a 125 °C onset temperature
difference between the CO, (~325 °C) and CO (~450 °C)
reduction.
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