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ABSTRACT: Aiming at a detailed understanding of the role of metal−support
interactions in the selective methanation of CO in CO2-rich reformate gases, we
have investigated the catalytic performance of a set of Ru/TiO2 catalysts with
comparable Ru loading, Ru particle size, and TiO2 phase composition but very
diﬀerent surface areas (ranging from 20 to 235 m2 g−1) in this reaction. The activity
for CO methanation, under steady-state conditions, was found to strongly depend
on the TiO2 support surface area, increasing ﬁrst with increasing surface area up to
a maximum activity for the Ru/TiO2 catalyst with a surface area of 121 m2 g−1 and
then decreasing for an even higher surface area; however, the selectivity is mainly
determined by the Ru particle size, which slightly decreases with increasing support surface area. This goes along with an increase
in selectivity for CO methanation, in agreement with a model proposed previously for nonreducible supports. In situ infrared
measurements further revealed that also the adsorption properties for these catalysts, as evidenced by the CO adsorption
strength, change signiﬁcantly with increasing catalyst surface area and that strong metal−support interactions cause a partial
overgrowth of the Ru nanoparticles for the highest surface area catalyst. The interplay between catalyst surface area and reaction
characteristics and the important role of metal−support interactions in the reaction, in addition to particle size eﬀects, will be
elucidated and discussed.
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1. INTRODUCTION

performance of metal oxide supported Ru catalysts in
hydrogenation reactions in general.8,9
Previous studies have demonstrated that both activity and in
particular the selectivity of Ru nanoparticle catalysts can be
varied in a wide range by varying the Ru particle size, allowing
the catalysts to reach 100% selectivity in CO2-rich reformate
gases down to very low CO concentrations.5,7,10−13 In the
present paper, we report results of a diﬀerent approach, where
we tried to modify the metal−support interaction (MSI) in a
very controlled way, namely, by systematically increasing the
surface area of the support, while essentially maintaining other
important properties such as Ru loading or Ru particle size.
Because of their well-known tendency of exhibiting pronounced
MSIs, we used a set of four Ru/TiO2 supported catalysts with
widely varying TiO2 surface areas, while keeping the Ru loading
and particle size as well as the phase composition of the support
largely unchanged. In this work, we focus on the state and
performance of the catalysts under steady-state reaction
conditions.
Before moving to the results, we will brieﬂy summarize the
main results of previous studies pertinent for this work. There

The selective methanation of CO is a key reaction in the
transition phase toward an environmentally more friendly H2
economy, providing a simple way for the removal of CO
contaminations from H2-rich feed gases for polymer electrolyte
fuel cells (PEFCs) that were generated by steam reforming of
fossil fuels. Due to the high sensitivity of the Pt-based anode
catalysts of PEFCs, CO contaminations have to be reduced to
below 10 ppm for this purpose. In particular, for decentralized
small-scale applications (e.g., domestic operation such as house
heating), CO methanation represents an attractive alternative
to the commonly used preferential CO oxidation (PROX)
reaction because it does not require additional features for
controlling and dosing additional reactants such as O2.1−3
Because of the high CO2 contents of typical reformate gases,
catalysts for this application have to be 100% selective for CO
methanation to avoid intolerable losses of H2 due to CO2
methanation. Supported Ru catalysts (e.g., Ru/Al2O3, Ru/
zeolite, or Ru/TiO2) are well-known for their high activity for
CO methanation, whereas their activity for CO2 methanation is
rather low.4 Hence, they are attractive candidates for such kind
of applications.5−7 In addition to its relevance for practical
applications, the selective CO methanation represents also an
ideal case (model reaction) for evaluating the catalytic
© 2015 American Chemical Society
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reformates containing medium (6000 ppm) and low (100
ppm) CO concentrations (section 3.2). Next, we present
results of in situ IR spectroscopy measurements (Diﬀuse
Reﬂectance Infrared Fourier Transform Spectroscopy
(DRIFTS)), where we determined the (relative) amounts and
types of adsorbed surface species formed during the reaction,
focusing on the evolution of adsorbed CO species (section 3.3).
Lastly, we evaluated the tendency for CO formation via CO2
dissociation in CO-free CO2-rich reformate gas. On the basis of
these data, we will try to disentangle in a systematic way the
contributions arising from diﬀerent eﬀects, including Ru
particle size eﬀects, metal−support interactions, and other
possible eﬀects on the reaction characteristics.

seems to be general agreement in the meantime that under
conditions of low CO content in the reaction gas, where the
selectivity is not determined by site blocking eﬀects, due to
blocking of sites for CO2 dissociation by adsorbed CO, the Ru
particle size is the decisive parameter for the selectivity of these
catalysts.5,7,11 Lower CO2 methanation activities originate from
a decreasing CO2 dissociation activity with decreasing Ru
particle size, which in turn results in an increase of the
selectivity for CO methanation.1,6,11,14−16 This behavior was
explained by a lower stability of the CO2 dissociation product
COad with decreasing particle size, which according to the
Brønsted−Evans−Polanyi (BEP) principle results in a higher
activation barrier for CO2 dissociation.11,12,17 The intrinsic
activity, in terms of turnover frequencies (TOFs), of Ru
catalysts for CO methanation, in contrast, decreases with
decreasing Ru particle size.7,11,18−20 This was explained by a
structural eﬀect, assuming a higher CO methanation activity on
the crystallite facets, whose relative abundance decreases with
decreasing Ru particle size. For the Ru-mass-normalized
activity, however, this may be diﬀerent, because a decreasing
Ru particle size always goes along with an increase in
dispersion. Hence, there is a counterbalance between activity
gain (due to higher Ru surface area) and activity loss (due to
lower TOFs) with decreasing particle size, which can result in
either a decrease or an increase in Ru-mass-normalized activity.
Both situations have been observed, depending on the exact
nature of the catalyst and the conditions during catalyst
activation as well as during reaction.11,12,21,22 It was, for
example, reported that the increase of Ru particle size resulting
from the increase of Ru loading on a Ru/TiO2 and Ru/zeolite
catalysts results in an increased Ru-mass-normalized activity.7,11
On the other hand, formation of larger Ru particles by
reduction22,23 or calcination7 at elevated temperatures resulted
in lower Ru-mass-normalized activities. Wherever TOFs were
reported, however, these increased with increasing particle size.
It is well-known that the nature of the support material also
has a pronounced inﬂuence on the catalytic performance of
supported Ru catalysts in the selective CO methanation.
Comparison of diﬀerently supported Ru catalysts revealed that
Ru catalysts supported on TiO2 are among the most active and
selective catalysts for this reaction.3,7,22 Similar ﬁndings were
reported for other metals (Rh and Pd), where TiO2 supported
catalysts also showed signiﬁcantly higher CO methanation/
hydrogenation activities compared to catalysts based on other
support materials (e.g., Al2O3, MgO, or SiO2).24−28
Already in the late 70s of the last century, Tauster et al.
demonstrated for small group VIII metal particles supported on
reducible metal oxides, in particular on TiO2, that the oxide not
only acts as an otherwise inert stabilizer for small metal
nanoparticles but that interactions between metal and support
(strong metal−support interactions (SMSI)), may alter the
(electronic and/or structural) properties of the metal nanoparticles upon reduction at elevated temperatures.29−31 This
may result in drastic changes of their chemisorption properties
and catalytic performance.25,30 Therefore, a mechanistic
understanding of Ru/TiO2 catalysts and of the ongoing surface
processes requires the separation and disentangling of Ru
particle size eﬀects and possible metal−support interactions.32
In the following we will, after a short description of the
experimental procedures (section 2) and the catalyst characterization (section 3.1), ﬁrst present results of kinetic measurements, comparing the activity and selectivity of the diﬀerent
Ru/TiO2 catalysts for selective CO methanation in CO2-rich

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation and Pretreatment. The Ru/
TiO2 catalysts were prepared by incipient wetness impregnation
using commercially available TiO2 supports with diﬀerent
surface areas (TiO2-1: Sigma-Aldrich; TiO2-2: P25/Degussa;
TiO2-3: P90/Degussa; TiO2-4: Sachtleben). For impregnation
with Ru, 63.5 mg of the Ru precursor (RuCl3 hydrate, SigmaAldrich) was dissolved in the appropriate amount of Millipore
water before adding 1 g of the support material (as received)
under stirring. The raw Ru/TiO2 catalysts obtained that way
were ﬁnally ﬁltrated and dried at 25 °C overnight.
Prior to all experiments, the catalysts were pretreated in situ
by calcination and subsequent reductive activation. Calcination
involved ﬁrst heating up in N2 to 150 °C, then exposure for 30
min to 10% O2/N2 at 150 °C, and ﬁnally ﬂushing for 15 min
with pure N2 at the same temperature. For the reductive
activation, the Ru/TiO2 catalysts were exposed to the
respective reaction gas atmosphere during heating up from
150 °C to the reaction temperature (190 °C). After that the
reaction was run for over 1000 min.
2.2. Catalyst Characterization. Transmission Electron
Microscopy (TEM). The Ru particle size was determined from
TEM imaging performed after reaction in SR-ref 6000
reformate at 190 °C for 1000 min on stream, where no more
changes in catalytic activity were observed and a steady-state
situation is reached (conditions see below). The particles were
deposited by drop coating onto holey carbon grids. The TEM
measurements were performed on a Philips CM 20 instrument
operated at 200 keV. For detailed information on the Ru
particle size (volume-area mean diameter and size distribution),
at least 500 particles were evaluated for each sample. Moreover,
the Ru dispersion was also calculated from the volume-area
mean diameter of the Ru nanoparticles. The corresponding
equations are given in the Supporting Information (SI).
X-ray Diﬀraction (XRD). XRD measurements on the Ru/
TiO 2 catalysts were performed on a Siemens D5000
spectrometer, using Cu Kα radiation (λ = 0.154 nm). The
average TiO2 crystallite sizes of the diﬀerent catalysts were
calculated from the TiO2 diﬀraction peak of anatase (25.4°), via
the Scherrer equation (D = Kλ/fwhm cos θ). Here K = 0.89 is
the Scherrer’s constant, λ the wavelength of the X-rays, and
fwhm the full width at half-maximum of the diﬀraction peak.
The ratio of anatase/rutile was also estimated from the
diﬀractograms, taking the relative intensities of the diﬀraction
peaks at 25.4° (TiO2(101), anatase) and 27.5 (TiO2(110),
rutile) as the measurements. This enables the detection of
diﬀerences in the ratio of the diﬀerent phases, between the
diﬀerent catalysts.23
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X-ray Photoelectron Spectroscopy (XPS). X-ray photoelectron (XP) spectra were recorded on a PHI 5800 ESCA
system (Physical Electronics) using monochromatic Al Kα
radiation (1486 eV). Spectra were recorded for the raw catalyst
as well as for the samples after reaction (1000 min in SR-ref
6000 at 190 °C).
The binding energies (BEs) of all spectra were calibrated
against the C(1s) peak, which was ﬁxed at a binding energy of
284.4 eV. The Ru and Ti surface concentrations and their ratios
were calculated from the measured intensities of the Ru(3d)
and Ti(3p) signals, using tabulated sensitivity factors and
assuming a constant composition of the topmost few layers.
2.3. Kinetic Measurements. Kinetic measurements were
performed in a quartz tube micro reactor at atmospheric
pressure in H 2 -rich reformate gas mixtures with CO
concentrations of either 0.6% (SR-ref 6000: 0.6% CO, 3.0%
N2, 15.5% CO2, balance H2) or of 0.01% (SR-ref 100: 0.01%
CO, 3.0% N2, 15.5% CO2, balance H2). The gas mixtures were
prepared using mass ﬂow controllers from Hastings (HFC-202)
with a total gas ﬂow of 41.6 Nml min−1 for all measurements. In
order to ensure diﬀerential reaction conditions, the catalysts
were diluted with varying amounts of catalytically inactive and
thermally stable α-Al2O3 powder (calcined at 1200 °C for 24
h). Depending on the catalytic activity of the respective catalyst
and on the reaction atmosphere (SR-ref 6000 or SR-ref 100),
dilutions of the catalyst with Al2O3 ranged from 1:5 to 1:400,
resulting in total CO conversions well below 20% in all
measurements. In total, about 200 mg of diluted catalyst was
used, resulting in a catalyst bed of ∼1.2 cm length.
After calcination of the catalyst at 150 °C (see above), the
catalysts activity was determined during 1000 min reaction at
190 °C. Here the partial pressures of inﬂuent and eﬄuent gases
were analyzed by online gas chromatography with a CO
detection limit of ca. 5 ppm (DANI 86.10), using H2 as carrier
gas and thermal conductivity detectors.
The Ru-mass-normalized reaction rate for the CO
methanation (CO + 2H2 → CH4 + H2O) was calculated
from the CO conversion (XCO) under diﬀerential reaction
conditions (XCO < 20%, see above), the molar ﬂow rate of CO
into the reactor (ṅCO,in), and the absolute mass of Ru metal
(mRu) according to eq 1. The Ru mass-normalized CH4
formation rate, in contrast, was calculated by the eﬄuent
molar ﬂow rate of CH4 formed (ṅCH4,out), produced from CO
and CO2 (eq 2). From these Ru-mass-normalized reaction rates
turnover frequencies (TOFs) were calculated using the molar
mass of Ru (MRu) and the Ru dispersion (DRu) obtained from
TEM imaging, according to eq 3. The selectivity toward CO
methanation (SCO) is given by the ratio of the CO methanation
compared to the overall methane formation (from CO and
CO2, see eq 4).

3. RESULTS AND DISCUSSION
3.1. Ru/TiO2 Catalyst Characterization. The Ru loadings
of the various Ru/TiO2 catalysts used in this study, as
determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES), are 2.8, 2.2, 2.2, and 2.1 wt % for Ru/
TiO2-1, Ru/TiO2-2 and Ru/TiO2-3, and Ru/TiO2-4, respectively (see Table 1) and hence rather similar to each other. The
Table 1. Physical Properties, Catalytic Activities for the
Selective CO Methanation at 190 °C (in SR-ref 6000) and
Selectivities for CO Methanation (in SR-ref 100) of Various
Ru/TiO2 Catalysts with Diﬀerent Speciﬁc Surface Areas
parameter
Ru loading/wt %
surface area/m2 g−1
pore diameter/nm
Cl content/% (XPS)
Ru/Ti (atomic ratio/XPS)
TiO2 crystallite size/nm
ratio anatase/%
Ru particle size/nm
Ru dispersion/%
reaction rate/10−6 mol gRu−1
s−1
TOF/10−3 s−1
selectivity/%

mRu

R CH4 =

(1)

nCH
̇ 4,out

TOFCO =

mRu

(2)

R CO × mRu
DRu

(3)

R CO
R CO
=
R CH4
R CO + R CO2

Ru/
TiO2-1

Ru/
TiO2-2

Ru/
TiO2-3

Ru/
TiO2-4

2.8
20
3.45
0.32
0.076
52.4
92
2.3
43
2.7

2.2
64
3.08
0.47
0.043
19.3
83
1.8
55
20

2.2
121
3.05
0.34
0.016
14.0
89
1.6
68
30.0

2.1
235
2.27
0.50
0.012
8.8
97
1.5
71
11.1

0.65
58

3.7
76

4.4
90

1.8
95

surface areas of the Ru catalysts, in contrast, diﬀer signiﬁcantly,
ranging from 20 m2 g−1 to 235 m2 g−1 for Ru/TiO2-1 and Ru/
TiO2-4, respectively. Accordingly, also the TiO2 crystallite sizes
of the samples diﬀer signiﬁcantly from each other. Based on
XRD measurements, the crystallite size of the TiO2 particles
decreases from 52 nm for Ru/TiO2-1 to about 9 nm for Ru/
TiO2-4, respectively. This trend ﬁts quite well, at least
qualitatively, to the observed increase in surface area. The
XRD measurements provide additional information on the
phase composition of the support material. For all support
materials, the most prominent diﬀraction peaks were detected
at 25.3° and 48.1°, which are related to the (101) and (200)
planes of anatase.34,35 Hence, in all samples, TiO2 is
predominantly present as anatase. In addition, there are also
weaker reﬂections at 27.4°, 36°, and 55°, which are assigned to
the (110), (101), and (211) planes of rutile. The diﬀractograms
indicate that in all catalysts TiO2 is present as a mixture of
anatase and rutile, as it is well-known for TiO2-2 (P25). Taking

XCO × nCO,in
̇

R CO =

SCO =

2.4. In Situ IR Spectroscopy Measurements. In situ
diﬀuse reﬂectance FTIR spectroscopy (DRIFTS) measurements were performed in a commercial reaction cell (Harricks
HV-DR2). The spectra were recorded with a Magna 6700
spectrometer (Thermo Fischer) equipped with a MCT narrowband detector. Gas mixtures were prepared as described above
for the kinetic measurements, and similar gas ﬂows were used.
Spectra were collected in SR-ref 6000 gas reformate. The
reaction was followed over 800 min with spectra recorded in
situ (400 scans collected per one spectrum). The intensities
were evaluated in Kubelka−Munk units, which are linearly
related to the adsorbate coverage.33 Background removal of the
spectra was performed by dividing the measured absorption by
the absorption obtained in spectra recorded in a ﬂow of N2 at
150 °C, before heating up to 190 °C in reaction atmosphere.

(4)
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with increasing surface area, in agreement with the XRD results,
and that the Ru nanoparticles are well separated and highly
dispersed on the TiO2 surface. The Ru size distributions reveal
that the mean Ru particle size decreases slightly with increasing
surface area, from 2.3 nm (Ru/TiO2-1) to 1.5 nm (Ru/TiO2-4).
Although the diﬀerences in Ru particle size are rather small for
Ru/TiO2-2, Ru/TiO2-3 and Ru/TiO2-4 (1.8, 1.6, and 1.5 nm,
respectively), the mean Ru particle size for Ru/TiO2-1 catalyst
(2.3 nm) diﬀers signiﬁcantly (see Table 1). On the basis of the
particle size distributions, we also calculated the dispersions,
assuming hemispherical Ru particles and 1.5 × 1015 Ru atoms
cm−2. The resulting Ru dispersions are 43, 55, 68, and 71% for
the Ru/TiO2-1, Ru/TiO2-2, Ru/TiO2-3, and Ru/TiO2-4
catalysts, respectively. Here one should note that the Ru
surface area may be slightly underestimated due to partial
overgrowth by TiOx caused by strong metal−support
interactions. This is in particular true for the catalyst with the
highest surface area/smallest TiO2 particles (Ru/TiO2-4),
which will be discussed below (section 3.3).
Overall, the diﬀerences in Ru loading, Ru particle size (or Ru
dispersion), and TiO2 phase composition of the four Ru/TiO2
catalysts are rather small compared to the diﬀerences in catalyst
surface area, which grows by more than 1 order of magnitude
from Ru/TiO2-1 to Ru/TiO2-4, from 20 to 235 m2 gcat−1. The
inﬂuence of the diﬀerent structural properties on the reaction
characteristics will be discussed in more detail below, after
presenting the results of the kinetic and in situ IR spectroscopic
studies.
3.2. Activity and Selectivity for CO Methanation. The
performance of the Ru/TiO2 catalysts in the selective
methanation reaction was determined in kinetic measurements
at atmospheric pressure and at 190 °C in two diﬀerent reaction
atmospheres. First the catalytic activity for CO methanation
was determined in SR-ref 6000 (6000 ppm CO, 3.0% N2, 15.5%
CO2, balance H2). In this reformate, high selectivities of
essentially 100% are known to result from surface blocking by
adsorbed CO, which blocks the active sites for CO2 adsorption
and dissociation, as had been demonstrated in previous
measurements on Ru/Al2O3 and Ru/zeolite catalysts.6,12
Similar results were obtained for the Ru/TiO2 catalysts
investigated in the present study in SR-ref 6000, and they are
similarly attributed to site blocking by COad. Therefore, the
inherent selectivity of the catalyst for CO methanation in the
presence of large amounts of CO2 (15.5%) has to be
determined in a reformate containing much lower CO contents
(SR-ref 100: 100 ppm CO, 3.0% N2, 15.5% CO2, balance H2).
This low CO partial pressure results in a much lower COad
coverage on the Ru surface. Accordingly, there are active sites
available for CO2 dissociation and CO2 methanation, and the
selectivity is no longer governed by adlayer site blocking.
Technically, such low CO concentrations are met at the end of
a methanation reactor. Also under these conditions, a high
selectivity is mandatory to avoid intolerable losses of H2 due to
methanation of CO2.6
First the activity of the diﬀerent Ru/TiO2 catalysts was
evaluated during 1000 min time on stream in SR-ref 6000, until
almost no changes in activity were detected anymore and
steady-state conditions were reached. The temporal evolution
of the Ru-mass-normalized activities of the diﬀerent catalysts is
illustrated in Figure S3. The data show for all catalysts an initial
activation period, ranging over the ﬁrst 50−300 min of the
reaction, where the activity increases with time on stream. This
is followed by a continuous decrease in reaction rate

the intensity ratio of the (101) reﬂection of anatase and of the
(110) reﬂection of rutile as a measure, there are no signiﬁcant
diﬀerences in the phase composition of the four Ru/TiO2
catalysts (see Table 1 and Figure S1, Supporting Information).
The chemical composition of the catalyst surfaces was
characterized by XPS measurements, evaluating the Ru(3d) and
Ti(2p) signals of the four samples after calcination and reaction
for 1000 min in SR-ref 6000 reformate gas at 190 °C. The
spectra presented in Figure S2 show that the binding energy
(BE) for the 3d5/2 state of Ru is between 279.5 and 280.0 eV,
which refers to a largely reduced catalyst.36 The BEs of the Ti
(2p3/2) signals are between 458.1 and 458.8 eV, which is typical
for Ti4+.37,38 The relative ratio of oxidic to reduced Ru species
as well as the expected shifts in the core−shell could not be
determined by XPS because of instantaneous surface oxidation
upon exposure to air, during catalyst transport to the
spectrometer. In situ XANES spectra on Ru/TiO2-3 at the
Ru K-edge, which were recorded under reaction conditions,
however, revealed mainly metallic Ru species during CO
methanation. On the basis of these results, we consider Ru to
be present as metallic species under reaction conditions, as it
was previously reported also for Ru/Al2O3 and Ru/zeolite
catalysts using XANES/EXAFS experiments.12,39
Highly important is also the atomic ratio of Ru:Ti in the
topmost layers of the Ru/TiO2 catalysts, which was calculated
from the intensity ratio of the Ru (3d5/2) and Ti (2p3/2) peaks,
taking into account the tabulated sensitivity factors for the
respective signals. The Ru:Ti ratio is found to decrease
continuously with increasing surface area, by a factor of about
3 when going from Ru/TiO2-1 to Ru/TiO2-4 (see Table 1).
This signiﬁcant decrease of the Ru:Ti ratio at (almost) constant
Ru loading and Ru dispersion is clearly correlated with the
increase of support surface area.
TEM images taken of all samples after reaction in SR-ref
6000 for 1000 min at 190 °C are shown in Figure 1, together
with the corresponding particle size distributions. These images
clearly illustrate that the TiO2 nanoparticles decrease in size

Figure 1. TEM images and particle size distributions of Ru NPs
supported on TiO2 with diﬀerent surface areas: (a) Ru/TiO2-1 (b)
Ru/TiO2-2; (c) Ru/TiO2-3, and (d) Ru/TiO2-4. Measurements were
performed ex situ, after reaction in SR-ref 6000 gas reformate at 190
°C for 1000 min (Ru/TiO2-1: black; Ru/TiO2-2: red; Ru/TiO2-3:
green; Ru/TiO2-4: blue). Scale bars in the TEM images correspond to
10 nm.
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Table 1). Although the TOF increases by a factor of about 7,
from 0.65 × 10−3 s−1 to 4.4 × 10−3 s−1, when going from the
Ru/TiO2-1 to the Ru/TiO2-3 catalyst, it is again much lower,
by a factor of about 2.5, for Ru/TiO2-4 (1.8 × 10−3 s−1). Even
when considering an underestimation of the dispersion for Ru/
TiO2-4 by 20% (due to the partial overgrowth of the Ru NPs by
reduced TiOx, see also section 3.3), the TOF of the latter
catalyst is still signiﬁcantly lower compared to Ru/TiO2-2 and
Ru/TiO2-3.
One possible explanation for such a dependency of TOFs on
the Ru particle size would be that special undercoordinated
sites (e.g., step or edge sites) on the Ru nanoparticles are the
active sites for CO methanation. A similar behavior was
previously demonstrated for the ammonia synthesis on
supported Ru catalysts, for which special B5-type sites were
held primarily responsible for the catalytic activity.40 Their
relative amount ﬁrst increases with decreasing Ru particle size,
down to about 2 nm, but decreases again for even smaller Ru
particles.40,41 The resulting structure sensitivity in the Rucatalyzed ammonia synthesis would ﬁt to the Ru size
dependency of the (TOF-based) activity reported above.
Similarly, also for the CO methanation on Ni catalysts
undercoordinated sites were proposed to represent the active
sites for the rate-limiting step (dissociation of a COH
intermediate).42 On the other hand, previous studies on the
Ru-catalyzed CO methanation found that the TOF-based
activity increases with increasing Ru particle size,5,7,11,12,17,19,43
which was explained by the higher activity of planar facets.
The present ﬁnding of a maximum activity at a particle size of
1.6 nm and a steep decay of the activity for a catalyst with only
slightly smaller particles (Ru/TiO2-4) seems to be speciﬁc for
Ru/TiO2 catalysts, and correlated also with the signiﬁcant
variation in TiO2 surface area. Hence, we assume that the
distinct increase in activity (mass-normalized activity as well as
TOF), with increasing surface area and decreasing particle size
(Ru/TiO2-1, Ru/TiO2-2, and Ru/TiO2-3), does not originate
from particle size eﬀects alone but includes also contributions
from the support surface area. The latter will be discussed in
more detail below, after evaluation of the adsorption properties
of the diﬀerent catalysts. Lastly, we would like to note that
diﬀerences in the TiO2 phase composition can also be excluded
as reason for the observed variations in the catalytic
performance because this is rather similar for all catalysts and
does not follow at all the trend observed in the catalytic activity.
In the above measurements, all catalysts were 100% selective
for CO methanation due to COad site blocking (see above in
this section).
To gain further information on temperature eﬀects, we
performed another set of experiments, where the reaction
temperature was increased from 190 to 270 °C during the CO
methanation in SR-ref 6000, after having reached a steady-state
situation at 190 °C (temperature-programmed reaction, heating
ramp 5 °C min−1). Although for the ﬁrst three catalysts the CO
conversion increased continuously with temperature over the
whole temperature range, until reaching full conversion, the
Ru/TiO2-4 catalyst with the highest surface area (235 m2 g−1)
showed a moderate increase in CO conversion only from 190
to 220 °C, followed by a decrease in activity for even higher
temperatures (see Figure 3). At that temperature, the catalyst
becomes increasingly active for the reverse water gas shift
reaction, producing mainly CO and H2O and no longer CH4.
The other three catalysts, in contrast, were only active for the
methanation reaction (CO and CO2 methanation) in the entire

(deactivation). This temporal evolution (activation/deactivation) and its origin are a topic of ongoing work in our
laboratory, the results of which will be reported later. In the
present paper, we focus on the catalytic activities of the
diﬀerent supported Ru catalysts under steady-state conditions,
after 1000 min reaction at 190 °C (see Figure 2b). For the ﬁrst

Figure 2. (a) Average Ru particle diameter (▼) and Ru dispersion
(○) after reaction for 1000 min in SR-ref 6000 at 190 °C, (b) steadystate Ru-mass-normalized CH4formation rates (●) in SR-ref 6000 gas
mixture at 190 °C and corresponding turn over frequencies (⧫), (c)
Ru-mass-normalized activity (CO conversion: ■; CH4 formation: ●)
and corresponding CO selectivity (▲) in SR-ref 100 reformate at 190
°C, all as a function of TiO2 surface area (SA).

three catalysts, the Ru-mass-normalized activity increases
continuously with increasing support surface area, from 2.7 ×
10−6 mol gRu−1 s−1 for the 20 m2 g−1 (Ru/TiO2-1) catalyst to
30.0 × 10−6 mol gRu−1 s−1 for the 121 m2 g−1 (Ru/TiO2-3),
catalyst (see Table 1). A further increase of the catalyst surface
area to 235 m2 g−1, however, results in an unexpected loss of
activity to only 11.1 × 10−6 mol gRu−1 s−1 (Ru/TiO2-4). Overall
this results in a volcano type dependence of the CO
methanation activity on the catalyst surface area, with the
highest reaction rate observed on the Ru/TiO2-3 catalyst with a
surface area of 121 m2 g−1 (see Figure 2b). Note that for the
latter catalyst the Ru-mass-normalized activity is comparable to
that reported for a commercial, highly active, and selective Ru/
zeolite catalyst (Clariant Produkte).11,12
We also calculated the TOFs of the various catalysts, using
the Ru dispersion as calculated from the Ru particle size
distribution (see section 3.1) in order to determine the intrinsic
catalytic activities of the Ru nanoparticles. As shown in Figure
2, these exhibit the same volcano-like dependence on the
catalyst surface area as the Ru-mass-normalized activities (see
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particles for the dissociation of CO2, which was attributed to a
lower stability of the dissociation products of CO2 (COad +
Oad) on these very small particles.11,12,17 According to the
Brønstedt−Evans−Polanyi(BEP) relation, the activation barrier
for the CO2 dissociation increases with decreasing stabilization
of the ﬁnal product COad + Oad.45
Changes in the selectivity for CO in the presence of large
amounts of CO2 have also been reported by Miyao et al. and46
and Djinovic et al.47,48 for Ru/Al2O3, Ru/CeO2 and Ni−Al
mixed oxide catalysts, respectively. They demonstrated that the
presence of signiﬁcant amounts of (residual or doped) Cl
increases the selectivity, which they explained by Clad site
blocking of the metal active sites for CO2 dissociation to
COad.46 Accordingly, one may speculate that also for the
present Ru/TiO2 catalysts residual Cl species on the catalyst
surface, which might be present after catalyst preparation and
activation, inﬂuence their catalytic performance, which would
lead to the observed diﬀerences. XPS measurements performed
on the four Ru/TiO2 catalysts after activation revealed,
however, rather similar Cl surface concentrations of 0.3−0.5%
for all samples (see Table 1). No Cl at all was detected in EDX
measurements. Hence, considering the similar amount of Cl
and the absence of any correlation between the Cl content and
the selectivity, a signiﬁcant impact of residual Cl can essentially
be ruled out in the present study.
3.3. Adlayer Formation. In order to gain additional
information on the chemical properties of the Ru nanoparticles
and possible changes therein with increasing surface area of the
catalysts, we followed the buildup of adsorbed species during
the reaction by in situ IR spectroscopy. In situ DRIFT spectra
were recorded upon interaction of the diﬀerent Ru/TiO2
catalyst samples with the SR-ref 6000 reformate at 190 °C
until reaching steady-state conditions (after 800 min), applying
identical pretreatment and reaction conditions as described
above for the kinetic measurements (see section 3.2). Because
we were particularly interested in the nature and the amount of
adsorbed CO, formyl, and formate species formed on the
catalyst surface during reaction, we focus here on the spectral
region between 1200 and 2200 cm−1. The evolution of these
species, which are known to act as reaction intermediate (COad,
formyl species) and spectator species (formate), respectively,39,49 can provide valuable information on the diﬀerences
in the catalytic performance. Sets of spectra showing this
region, which were recorded during the CO methanation at
diﬀerent reaction times (from 0 to 735 min) on the diﬀerent
catalysts, are presented in Figure 4. Sets of spectra covering the
OH-region (around 3700 cm−1) and the CHx-region (around
3000 cm−1) are presented in the Supporting Information
(Figure S4).
From the spectra presented in Figure 4, it is obvious that
both the type as well as the amount of surface species formed
on the catalyst surface during reaction diﬀer signiﬁcantly for the
diﬀerent catalysts. A weak band appearing in the range 2135−
2145 cm−1, together with another band at around 2078 cm−1, is
considered to be characteristic for the CO vibration in Rumulticarbonyl surface species.50,51
For all samples, the intensity of these two bands was found to
reach a maximum within the ﬁrst minutes of reaction, followed
by a continuous decrease with time on stream afterward.
Moreover, this band is much more intense on the catalysts with
higher surface areas (Ru/TiO2-3 and Ru/TiO2-4) than on the
samples with lower surface areas. When reaching steady-state
conditions, this band has completely vanished for the Ru/TiO2-

Figure 3. Relative CO conversion during a temperature-programmed
reaction (190−270 °C) in SR-ref 6000 reformate gas of Ru/TiO2-1
(●), Ru/TiO2-2 (▲), Ru/TiO2-3 (◊), and Ru/TiO2-4 (⧫) after
reaching a steady−state situation at 190 °C.

temperature range investigated. Up to at least 220 °C, all
catalysts are 100% selective for CO methanation. For higher
temperatures, CO2 methanation sets in, most likely due to a
decreasing COad coverage, with diﬀerent relative contributions
for the diﬀerent catalysts.
The activities of the four Ru/TiO2 catalysts for CO
methanation as well as for total methane formation, from CO
and CO2, in SR-ref 100 at 190 °C are shown in Figure 2c,
together with the corresponding selectivities. The trend in the
total methane formation activity is similar to that described
above for reaction in SR-ref 6000. The activity ﬁrst increases
from Ru/TiO2-1 to Ru/TiO2-3, reaching a maximum activity
for the latter catalyst, and then decreases again for the Ru/
TiO2-4 catalyst. This decrease in activity, however, is much less
pronounced compared to reaction in SR-ref 6000. Another
remarkable diﬀerence is the activity for methane formation
from CO2, which is given by the diﬀerence between CO
conversion and methane formation. This diﬀerence is most
prominent for the Ru/TiO2-1 and Ru/TiO2-2 catalysts (see
Figure 2c) and hardly present any longer for Ru/TiO2-4.
Calculations of the respective selectivities for CO methanation
show that these are 58, 76, 90, and 95% on Ru/TiO2-1, Ru/
TiO2-2, Ru/TiO2-3, and Ru/TiO2-4, respectively. Hence, in
contrast to the catalyst activity, there is no maximum for Ru/
TiO2-3, but a steady increase with increasing surface area of the
catalysts. Taking into account previous ﬁndings on the origin of
the selectivity, as described in the introduction, this increase in
selectivity is proposed to originate at least partly from the
decreasing Ru particle size, which decreases in the same order,
from 2.3 nm (Ru/TiO2-1) to 1.5 nm (Ru/TiO2-4). Although
these changes in Ru particle size are rather small, it is wellknown from previous studies on other Ru catalysts that such
changes may be suﬃcient to induce signiﬁcant changes in
selectivity.5,7,11,12,44 Similar results of an increasing selectivity
for CO methanation with decreasing Ru particle size have been
reported in various previous studies, where variation of the Ru
particle size was realized by (i) a decreasing Ru loading on Ru/
zeolite,11 (ii) an increasing calcination temperature on Ru/
zeolite,12 (iii) a decreasing reduction temperature on Ru/Al2O3
and Ru/TiO2,3,7 or (iv) a pretreatment in the presence of water
in the reaction feed on Ru/Al2O3.17 Hence, the present
observations are in good agreement with previous ﬁndings and
clearly demonstrate a general dependence of the CO selectivity
on the Ru particle size, independent of the nature of the metal
oxide support (reducible or nonreducible) or exact procedures
for catalyst preparation and pretreatment. This behavior was
previously explained by a lower activity of small Ru nano6758
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from these spectra. On a qualitative scale, all bands for COad are
most prominent on the Ru/TiO2-3 catalyst, which shows also
the highest activity for CO methanation. On the less active Ru/
TiO2-2 and Ru/TiO2-4 catalysts, in contrast, the band
intensities are much lower. For the sample with the lowest
surface area and lowest activity (Ru/TiO2-1), they are hardly
visible under steady-state conditions. Moreover, for the Ru/
TiO2-3 catalyst, and to a lesser extent also for Ru/TiO2-4, there
is also a characteristic peak at 1982 cm−1, which was previously
attributed to a COad species adsorbed on-top of highly
dispersed, low coordinated Ru clusters isolated from other
metal particles.54,56,57 A band characteristic for bridge-bonded
COad species, located at 1932 cm−1, was only observed on Ru/
TiO2-1. This latter ﬁnding agrees well with results from a
number of previous studies where the relative population of on
top and bridge-bonded adsorbed CO was reported to depend
sensitively on the Ru particle size, with a higher fraction of
bridge-bonded COad for larger particles.17,36,58,59 Hence, the
presence of larger Ru particles increases the possibility of
adsorption in a bridge-bonded conﬁguration.60,61
A band appearing at 1765 cm−1 had been assigned to
adsorbed formyl surface species (HCOad) which are formed
upon reaction between adsorbed COad and Had.49,62,63 This
species had been identiﬁed as an active reaction intermediate,
since the rate of its oﬀ-reaction, as identiﬁed in an isotope
exchange experiment switching from 12CO/H2 to 13CO/H2,
was rather similar to the CO methanation rate.49 This species
appears for all catalysts, but with diﬀerent intensities depending
on the catalyst, as shown in Figure 4. Its coverage ﬁrst increases
gradually with increasing support surface area, from Ru/TiO2-1
to Ru/TiO2-3, but decreases again for even higher surface area
(Ru/TiO2-4, see Figure S5a). Hence, also the intensity of this
species is correlated in the same way with the activity for CO
methanation (see Figure 2a), as described above for the COad
species.
Finally, a band related to surface formates was observed at
1554 cm−1.61,64 The band intensity related to this species
increases with increasing surface area (Figure S5b), from being
absent on the lowest surface area catalyst (Ru/TiO2-1) to low
intensities on the Ru/TiO2-2 and Ru/TiO2-3 catalysts to a very
pronounced band for the Ru/TiO2-4 catalyst with the highest
surface area. For the latter catalyst it is by factors of 15 and 13
higher compared to the Ru/TiO2-2 and Ru/TiO2-3 catalysts,
respectively. The much higher steady-state coverage of surface
formates on the Ru/TiO2-4 catalyst is suspected as a potential
reason for the much lower activity of the Ru/TiO2-4 catalyst.
In a simple picture, the largely diﬀerent COad band intensities
on the diﬀerent catalysts may be expected to result from
signiﬁcant diﬀerences in the COad coverages due to a
modiﬁcation of the CO adsorption properties of the Ru
nanoparticles. Considering, however, that for all catalysts, CO2
methanation is completely suppressed in SR-ref 6000 due to
surface blocking by a dense CO adlayer, resulting in 100%
selectivity, the actual COad coverages on the diﬀerent samples
cannot diﬀer to an extent as indicated by the very diﬀerent IR
intensities in Figures 4 and 5. Most simply, the rather low COad
band intensities in particular of the highest surface area (Ru/
TiO2-4) catalyst may be due to a signiﬁcantly lower number of
accessible adsorption sites than expected from the dispersion of
the Ru particles. This may be caused by a partial overgrowth of
the Ru nanoparticles by TiOx species. Such behavior is a
characteristic feature of strong metal−support interactions
(SMSI) and had been reported earlier (e.g., for oxide supported

Figure 4. DRIFT spectra recorded during the selective CO
methanation (SR-ref 6000 gas mixture, 190 °C) on the diﬀerent
Ru/TiO2 catalysts after diﬀerent reaction times (from bottom to top
after 0, 1, 5, 9, 15, 75, 135, 255, 495, 615, and 735 min, respectively).
(a) Ru/TiO2-1, (b) Ru/TiO2-2, (c) Ru/TiO2-3, and (d) Ru/TiO2-4.

1 catalyst. In the range from 2060 to 1980 cm−1, there are
various other surface species which are attributed to CO
adsorbed in an on-top conﬁguration on Ru particles. While the
band at around 2058 cm−1 was assigned to on-top adsorbed
CO on small Ru clusters,52−54 the band in the range of 2009−
2019 cm−1 was proposed to be characteristic for a COad species
adsorbed on slightly larger Ru particles.54,55 The respective
intensities of these bands (multicarbonyl and COad), as
indicated by the corresponding peak heights (KM units) for
all four catalysts, are illustrated in Figure 5.
Despite the similar Ru loadings and Ru dispersion, a
quantitative comparison of the absolute amount of adsorbed
surface species between diﬀerent catalysts is hardly possible

Figure 5. Intensity of adsorbed CO surface species (peak heights)
during reaction in SR-ref 6000 after 1000 min (steady state) as a
function of the support surface area: (a) Ru-carbonyl associated bands
(2078 cm−1) and (b) on top adsorbed COad (2060−2052 cm−1 and
2009−2025 cm−1; empty and ﬁlled columns, respectively).
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Pt or Ru catalysts).29,31 Experimental evidence for such SMSI
eﬀects in the present case is provided by high-resolution TEM
images, which are shown in Figure 6. For Ru/TiO2-4, the image

Figure 7. Series of DRIFT spectra recorded during 750 min
desorption in N2 at 190 °C (0, 1, 3, 5, 7, 9, 15, 75, 105,195, 255,
435, 495, 675, and 795 min) after surface saturation in SR-ref 6000 at
190 °C for 300 min on (a) Ru/TiO2-1, (b) Ru/TiO2-2, (c) Ru/TiO23, and (d) Ru/TiO2-4).

Figure 6. High-resolution TEM images of Ru nanoparticles on
diﬀerent titania supports (a: Ru/TiO2-1; b: Ru/TiO2-2; c: Ru/TiO2-3;
d: Ru/TiO2-4).

resolves lattice fringes of TiO2 crystallites through Ru
nanoparticles as also indicated by the low contrast between
Ru and TiO2 particles in the TEM micrographs, which is
indicative of a partial overgrowth of Ru by small TiOX islands.
Similar features are detected also for the Ru/TiO2-3 catalyst,
but to a much lower extent, whereas for the other catalysts with
even lower surface area (Ru/TiO2-1 and Ru/TiO2-2), they
could not be observed. Hence, both the low COad absorption
intensity and the TEM images point to a partial overgrowth of
the Ru nanoparticles on the Ru/TiO2-4 catalyst, which can
explain also the low activity of this catalyst.
Further information on the adsorption properties of the
various Ru catalysts can be obtained by determining the
stability of the CO adlayer under reaction conditions. For this
purpose, we performed another experiment where we switched
from reaction atmosphere to inert atmosphere (N2 only) at 190
°C. The catalyst surface was ﬁrst saturated with COad/carbonyl
species during reaction for 250 min, before their decomposition/desorption with time was followed for 800 min under
isothermal conditions.
The spectra recorded during desorption in N2, and after
saturation of the catalyst surface in SR-ref 6000, are presented
in Figure 7. The temporal evolution of the COad bands (see
Figure 8) reveals an increasing stability of the COad species
adsorbed on the Ru nanoparticles with increasing surface area
of the respective catalyst. The time required for complete
desorption of the COad species clearly increases with increasing
support surface area. While they were almost completely
desorbed in less than 10 min for the lowest surface area catalyst
(Ru/TiO2-1), it took about 250 and 450 min to reach a COad/
Ru-carbonyl free surface for the Ru/TiO2-2 and Ru/TiO2-3
catalysts, respectively. On the Ru/TiO2-4 catalyst, even after
800 min ﬂushing in N2 there were still about 50% of the
adsorbed CO/Ru-carbonyl species present (see Figures 7 and
8).
This increasing stability of COad on Ru nanoparticles with
increasing surface area of the catalysts (Ru/TiO2-1 < Ru/TiO2-

Figure 8. Time evolution of the intensity of adsorbed CO surface
species (peak heights) during desorption in pure N2 after switching
from SR-ref 6000 (▲: 2140−2135 cm−1;●: 2078 cm−1; ○: 2056−
2050 cm−1;■: 2009−2025 cm−1; ▼: 1982 cm−1) on (a) Ru/TiO2-1,
(b) Ru/TiO2-2, (c) Ru/TiO2-3, and (d) Ru/TiO2-4).

2 < Ru/TiO2-3 < Ru/TiO2-4) cannot be explained by a
geometric reduction of the number of accessible surface sites,
but the result points to electronic eﬀects (e.g., by an increasing
electron donation to COad species), which will aﬀect both the
Ru-CO and the C−O bond. Such a transfer of electronic charge
from the support into metal nanoparticles was demonstrated
for the ﬁrst time by Raymond et al. for nickel metal particles
supported on germanium. In that case, a transfer of only one
electron from the support to about 10 000 Ni atoms was
proposed to result in an increase of the activity for formic acid
decomposition by a factor of 1.3 to 3.0.65 The increase in CO
adsorption strength demonstrated above points to such kind of
metal−support interactions, which increase with increasing
catalyst surface area. Because in the present work the increase
in surface area of the catalysts goes along with a slight decrease
in Ru particle size, we obtain an increase of the CO adsorption
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strength with decreasing Ru particle size, which is opposite to
the trend derived previously on other metal oxide supported Ru
catalysts (Ru/zeolite,11 Ru/Al2O36). Furthermore, the change
in electronic and chemical properties due to metal−support
interactions may also be responsible for the increasing activity
for CO methanation with increasing surface area, at least for
surface areas up to 121 m2 gcat−1 (Ru/TiO2-1 to Ru/TiO2-3).
For the Ru/TiO2-4 catalyst with the highest surface area,
however, the measured activity becomes signiﬁcantly lower
because of the partial overgrowth of Ru nanoparticles by TiOx
species, as described above.
Here we would like to note that in this case shifts in the
binding energies of the Ru nanoparticles (Ru(3d) and Ru(3p))
in the XPS measurements (see section 3.1) are not reliable for
identifying electronic modiﬁcations related to the changes in
MSI indicated by the IR and TEM measurements. This is
hindered by the high sensitivity of Ru to oxidation by air during
transfer to the XPS chamber.
Overall, these results indicate increasing metal−support
interactions with increasing TiO2 support surface area/
decreasing TiO2 crystallite size, which result in a stabilization
of adsorbed CO and which are presumably also responsible for
the observed increase in TOF-based CO methanation activity.
In addition to these electronic modiﬁcations, strong metal−
support interactions (SMSI) lead to a partial overgrowth of Ru
by TiO2, which signiﬁcantly reduces the number of accessible
Ru surface sites and hence the number of adsorbed CO and
formyl species as well as the CO methanation activity.
3.4. Interaction of Ru/TiO2 with CO2 and Origin of
Selectivity. So far, we have not addressed the increasing
selectivity with increasing surface area of the various Ru/TiO2
catalysts observed for reaction in SR-ref 100, that is, under
reaction conditions where the inherent activity/selectivity of
the catalyst is dominant rather than COad site blocking.
According to the Brønstedt−Evans−Polanyi (BEP) principle,45
a higher stability of the dissociation product (COad) should
result in a lower activation barrier for CO2 dissociation and,
hence, in a lower selectivity of the catalyst for CO methanation
under these conditions. This, however, is in contrast to the
ﬁnding in the kinetic measurements described above, where the
selectivity was found to increase in the order Ru/TiO2-1 < Ru/
TiO2-2 < Ru/TiO2-3 < Ru/TiO2-4 with decreasing Ru particle
size, while the CO adsorption strength increased. In previous
studies on closely related Ru/zeolite and Ru/Al2O3 catalysts,
the selectivity was also observed to increase signiﬁcantly with
decreasing Ru particle size, up to 100% for 1 nm Ru particle
size. In that case, however, the CO adsorption strength
decreased with decreasing particle size.11,12 Hence, in that case,
expectations based on the BEP principle agreed with the
experimental ﬁnding. To better understand this apparent
discrepancy, we directly tested and compared the CO 2
dissociation activity of all Ru/TiO2 catalysts by in situ IR
spectroscopic measurements in CO-free CO2-ref (15.5% CO2,
balance H2).
The sets of spectra presented in Figure 9, which were
recorded during 1000 min exposure to CO2-ref reaction gas at
190 °C, show for all catalysts except Ru/TiO2-1 two dominant
peaks in the CO region, one at around 2075 cm−1 and one at
around 2010 cm−1, where the former one essentially disappears
during time on stream. The band related to the Rumulticarbonyl species (∼2075 cm−1) exhibits a small red
shift, down to 2072 cm−1, compared to the SR-ref 6000 gas
mixture. This shift can be explained by the rather low coverage

Figure 9. DRIFT spectra over diﬀerent surface area Ru catalysts at
diﬀerent reaction times (from bottom to top: 0, 1, 5, 9, 15, 75,
135,195, 255, 495, 615, and 735 min) in CO2-ref gas mixture at 190
°C. (a) Ru/TiO2-1, (b) Ru/TiO2-2, (c) Ru/TiO2-3, and (d) Ru/TiO24 (OCO stretch vibration region).

of COad resulting from the CO2 dissociation. The band at
2018−2009 cm−1 associated with on top adsorbed COad species
shows a similar red shift compared to the SR-ref 6000 gas
mixture and appeared in the range of 2005−1992 cm−1. Bands
at 2009, 2058, and 1982 cm−1, which had been detected in the
presence of CO in the reaction gas mixture, did not appear in
CO-free reformate gas.
Also, in these measurements we will focus on the situation
reached under steady-state conditions. We will estimate the
tendency for CO2 dissociation, which is directly correlated with
the selectivity for CO methanation, from the amount of COad
present under steady-state conditions during exposure to CO2ref. This is determined from the intensity of the COad related
band under steady-state conditions, after normalization to the
intensity obtained under saturation conditions, during exposure
to SR-ref 6000. The normalized intensities, which are presented
in Figure 10, clearly show that the formation of COad and Rucarbonyl species from the dissociation of CO2 decreases with
increasing support surface area and, hence, decreasing Ru
particle size. The relative intensities of the carbonyl related
band decrease from 17% over Ru/TiO2-2 catalyst to 0.4% over
Ru/TiO2-4. (Note that the normalization results in measurable
contributions from the Ru-multicarbonyl species, although on

Figure 10. Normalized intensity of adsorbed surface species (empty
columns: 2071 cm−1; ﬁlled columns: 2009−1999 cm−1) resulting from
dissociation of CO2 in CO2-ref on (a) Ru/TiO2-1, (b) Ru/TiO2-2, (c)
Ru/TiO2-3, and (d) Ru/TiO2-4.
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an absolute scale, the band intensities are very low.)
Interestingly, the lowest surface area catalyst (Ru/TiO2-1) did
not show any formation of Ru-carbonyl species, which
resembles the behavior in SR-ref 6000 (see section 3.3),
where they were also absent. For the on-top adsorbed COad
species, the relative band intensity is about 125% for the Ru/
TiO2-1 catalyst, and it decreased with increasing support
surface area, reaching 41% for the Ru/TiO2-4 catalyst (see
Figure 10). Note that the relative intensity >100% for COad
observed on the Ru/TiO2-1 catalyst is possible due to the much
lower intensity for the bridge-bonded CO.
These trends in the coverages of COad and multicarbonyl
species from CO2-ref agree well with the observed increase of
the selectivity with increasing surface area in SR-ref 100, which
goes along with a decreasing Ru particle size. Hence, also for
the Ru/TiO2 catalysts the selectivity for CO methanation is
correlated with their CO2 dissociation activity. Moreover, also
in the present case, the activity for CO2 dissociation decreases
with decreasing of Ru particle diameter, as observed earlier for
Ru/zeolite and Ru/Al2O3.11,12,17 Diﬀerent from the latter cases,
however, this is not correlated with a stabilization of the
dissociation product COad, as expected in a simple picture
based on the BEP principle. Hence, for catalysts with signiﬁcant
metal−support interactions, the physical origin for the
increasing selectivity with decreasing Ru particle size below
ca. 2 nm may be diﬀerent than in the previous cases. This is the
topic of ongoing studies in our laboratory.

reaction, as evident from the COad uptake at saturation
(steady-state in SR-ref 6000). Accordingly, the activity
drops sharply for the latter catalyst due to an SMSI eﬀect.
(iii) Metal−support interactions are evidenced also by an
increasingly stronger CO adsorption on the Ru particles
with increasing surface area. Considering that with
increasing surface area also the Ru particle size decreases,
this variation of the CO adsorption strength is in contrast
to previous observations on other oxide-supported Ru
catalysts (Ru/zeolite, Ru/Al2O 3 ), where the CO
adsorption energy was found to decrease with increasing
Ru dispersion/decreasing Ru particle size. This observation points to an MSI eﬀect for the CO adsorption
energy which overcompensates the particle size eﬀects
dominant in the latter catalysts.
(iv) Metal−support interactions must be responsible also for
the disparate trends for CO adsorption strength and for
the selectivity for CO methanation/activity for CO2
dissociation, with an increasing selectivity for CO
methanation/decreasing activity for CO2 dissociation
together with an increasing CO adsorption strength with
increasing surface area/increasing Ru dispersion, where
the latter is opposite to the trend for the CO adsorption
energy observed in previous studies on Ru/zeolite and
Ru/Al2O3 catalysts and opposite to the trend expected
from simple arguments based on the BEP principle.
Overall, the data clearly demonstrate the role of metal−
support interactions in the selective CO methanation on Ru/
TiO2, which aﬀect the reaction behavior in addition to the Ru
particle size eﬀects well-known for other supported Ru
catalysts. Metal−support interactions also provide an additional
parameter to modify and steer the catalytic behavior of the Ru
catalyst, which is highly relevant also for further catalyst
optimization for technical applications.

4. CONCLUSIONS
Employing a combination of kinetic and in situ spectroscopic
measurements as well as detailed ex situ catalyst characterization, we could show for the selective CO methanation
reaction on a set of Ru/TiO2 catalysts with rather similar Ru
loading, Ru particle size, and TiO2 phase composition that both
the activity (Ru-mass-based activity and TOFs) and the
selectivity of these catalysts in two reaction mixtures with
medium (0.6%) and very low (0.01%) CO contents depend
sensitively on the BET surface area of the catalysts. The activity
increases ﬁrst up to a surface area of 121 m2 g and then
decreases again for the catalyst with the highest surface. The
selectivity for CO methanation is 100% for reaction in
reformate gases with medium CO content, due to site blocking
for CO2 dissociation by COad. For reaction in reformate with
very low CO content, where site blocking eﬀects are negligible,
it increases steadily, reaching close to 100% for the catalyst with
the highest surface area. The variation in reaction behavior with
increasing catalyst surface area goes along with and is aﬀected
by the following eﬀects:
(i) An increasing dispersion/ decreasing Ru particle size
(with increasing surface area) results in an increasing
selectivity for CO methanation under conditions of low
CO contents, where COad site blocking eﬀects are
negligible. Similar to previous ﬁndings for other
supported Ru catalysts (Ru/zeolite, Ru/Al2O3), Ru
dispersion dominates the CO2 dissociation activity
(particle size eﬀect).
(ii) The increasing Ru dispersion also causes the CO
methanation activity to increase, up to the Ru/TiO2-3
catalyst with a surface area of about 121 m2 gcat−1. With
further increasing surface area, counteracting strong
metal−support interaction (SMSI) eﬀects overcompensate this by reducing the surface area available for
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