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Abstract

Two supported Ru catalysts were prepared by the chemical vapor depositiog(€31» on MgO and SiQ (MOCVD).
TEM, XRD, and static H chemisorption measurements confirmed that the Ru particle size was about 2 nm on both supports.
Using in situ DRIFT (diffuse reflectance infrared Fourier transform) spectroscopy at atmospheric pressure it was found that the
adsorption of CO on the reduced samples is clearly influenced by the supports whereas the adsorption of CO on the oxidized
Ru catalysts is essentially independent of the suppartcli@misorption measurements showed that a thin Rauface
layer was formed on both catalysts under oxidizing conditions at room temperature. The observed C-O stretching frequencies
were found to be in good agreement with HREELS and LEED data reported for the(RLQ) single crystal surface.
The catalytic activity was assessed under high-vacuum conditions using the TAP (temporal analysis of products) reactor
by co-feeding CO and © These conditions ensured that heat and mass transfer limitations were absent. Both supported
Ru catalysts were found to be highly active and stable under the CO oxidation conditions even down to room temperature.
The deactivation of the catalysts observed at room temperature was reversible and independent of the support. The turnover
frequencies (number of GOmolecules per metal surface site per second) derived from steady-state measurements are in
good agreement with data reported for the R{iC1 0) single crystal surface under UHV conditions. Based on the results of
the DRIFTS (diffuse reflectance infrared Fourier transform spectroscopy) and the kinetic measurements suppegiited RuO
identified as the catalytically active phase. In addition, the turnover frequencies are in good agreement with data reported for
Ru/SiG, at atmospheric pressure. Thus, both the materials and the pressure gap were bridged successfully.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction such as Fischer-Tropsch synthefi$ or ammonia
synthesig2], recently the interest is focused on the
It is still an exciting challenge to close the material application as oxidation catalysts. The oxidation of
and pressure gaps between real and ideal systems ifCO was chosen as a simple model reaction, which
heterogeneous catalysis. Especially, ruthenium cata-can be studied easily both on single crystal surfaces
lysts find widespread attention. Whereas they were and over supported Ru catalysts.
extensively investigated for hydrogenation reactions, The obtained results can be summarized as fol-
lows. Under UHV conditions Ru single crystals are
mpondmg author. Tels49-234-32-28754: not activg in CO oxidation3]. In contrast, under a'F-
fax: +49-234-32-14115. mospheric pressure, supported Ru catalysts are highly
E-mail address: muhler@techem.ruhr-uni-bochum.de (M. Muhler).  active[4,5]. Furthermore, under atmospheric pressure,
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Peden and Goodmd#6] showed that the kinetics for  pressure and monitored by in situ DRIFT (diffuse
Ru single crystals is comparable with the kinetics ob- reflectance infrared Fourier transform) spectroscopy.
tained for supported Ru particles on SiO'he ob- The adsorption sites as a function of different pre-
served difference in activity for single crystals is not treatment conditions were identified, and compared
due to a pressure gap. In fact, the high activity of with the Ru@(110) single crystal surface. For the
Ru single crystals originates from the presence of the first time, continuous flow experiments were carried
RuQ,(110) surfacd7,8], which is formed as a thin  out in the TAP (temporal analysis of products) reactor
epitaxial overlayer on RGO 0 1) under high Q ex- to determine the catalytic activity at different tem-
posures at temperatures above 6(JOK An atomistic peratures. Due to the high-vacuum conditions these
mechanism leading to Ry 1 0) oxide patches on kinetic measurements were not impaired by heat and
Ru(000 1) wasproposed by Reuter et dlL0]. In a mass transfer limitations. The resulting turnover fre-
series of further studies, adsorption characteristics of quencies were combined with data reported for the
CO, the properties of the various oxygen species as CO oxidation at atmospheric pressure on supported
well as the catalytically active coordinatively unsatu- Ru catalysts and on Ru single crystals in an Arrhenius
rated Ru sites on the Ry 1 0) surface were inves- plot. The good agreement suggests that the pressure
tigated[11-16] and the material gaps were bridged successfully.

In addition, the stability of the Ruf)1 1 0) surface
as a function of the oxygen pressure was derived us- )
ing density-functional theory17]. Recently, Reuter ~ 2. Experimental
and Schefflef18] constructed a phase diagram of sur-
face structures from ultra-high vacuum to technically 2.1. Catalyst preparation
relevant pressures and temperatures using ab initio
atomistic thermodynamics. The absence of a pressure The catalysts Ru/MgO and Ru/Si@vere prepared
gap was confirmed by Wang et §19]. The kinetic by the MOCVD (molecular organic chemical vapor
behavior of a Ru@(110) single crystal surface in- deposition) method, which was already applied suc-
vestigated at 10’ mbar pressure was compared with cessfully for the preparation of Ru/Mg®2] em-
that of small supported RyOparticles working at  ployed in ammonia synthesis. The 8O);2 (Strem)
atmospheric pressure. The latter were shown to be precursor was deposited on the commercially avail-
very active in the oxidation of CO already at room able supports MgO (ALFA, purity of 99.9955%) as
temperaturg20]. Virtually identical results for ideal ~ well as on SiQ (Aerosil 200, Degussa). Details about
and real Ru catalysts were also found by Madhavaram the procedure are described in R@R]. A sieve frac-
et al. [21] comparing the behavior of Ry 10) tion of 250-355.m was used for the chemisorption
single crystals with that of polycrystalline RgOn and TAP measurements.
the oxidation of CO and methanol. From the results
summarized above, it is obvious that Ru single crystal 2.2. Catalyst characterization
surfaces are rather well investigated. In contrast, only
little information exists concerning the behavior of For elemental analysis the samples were dissolved
real Ru catalysts in oxidation reactions under vacuum in a sodium peroxide solution. The Ru content was
conditions as well as at high pressii?®,21] measured by inductively coupled plasma optical emis-

In the present work we investigated the influence sion spectroscopy (ICP-OES),tdnd G chemisorp-
of the total pressure and of the support on the CO oxi- tion measurements were carried out at 298K in a
dation. Therefore, Ru nanopatrticles were prepared on Quantachrome Autosorb 1C instrument. Prior to
MgO and on Si@ by chemical vapor deposition. To these measurements the catalysts were reduced in
the best of our knowledge, the adsorption of CO on situ in hydrogen by heating up to 773K (heating
Ru catalysts was only investigated so far using trans- ramp 5K/min). This temperature was maintained
mission IR spectroscopy under high-vacuum condi- for 2 h. Finally, the system was evacuated for 1 h at
tions. To investigate the influence of the total pressure 773K and cooled down to 298 K. Hydrogen (purity
the adsorption of CO was carried out at atmospheric >99.9999%) and oxygen (purity >99.998%) were
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supplied by Messer Griesheim. For the characteriza- creased in a continuous argon flow with 10 K/min and

tion of the supported Ru catalysts by transmission held at certain temperatures for 15min. After each

electron microscope (TEM) a Hitachi H-8100 micro- step the samples were cooled to 308K and a spec-
scope operated at 200 kV was used. The TEM imagestrum was recorded. DRIFT spectra were recorded as
were recorded after the chemisorption measurements.single-beam spectra using a resolution of 4 érand

The X-ray diffraction (XRD) analysis was performed averaging 200 scans. To obtain the spectrum of the
using a Siemens D500 diffractometer using Ca K  catalyst the single-beam spectrum of the sample was
radiation. The diffraction patterns were collected in divided by the background spectrum (KBr). Spectra

the @ range from 10 to 90°. are presented in apparent absorption urite@g R). In
the case of Ru/Si@and SiQ, data are reported as dif-
2.3. DRIFT spectroscopy ference spectra obtained by subtracting the spectrum

of the sample recorded before the interaction with CO

DRIFT spectra were recorded using an Unicam from that recorded after adsorption. This was neces-
RS1 spectrometer equipped with a diffuse reflectance sary because the spectrum of silica is characterized
accessory, a Spectra Tech high-temperature reactionby three broad bands within the 2000—1600¢me-
chamber and an MCT detector. The ceramic sample gion. These absorptions are due to overtones (1978
cup contained about 30 mg of catalyst and was cov- and 1625 cm?) and a combination tone at 1865 th
ered by a water-cooled stainless steel dome with ZnS of lattice vibrationg23,24]
windows. The coolant temperature was maintained
at 303 K. The sample temperature was controlled by 2.4. Catalytic activity measurements
a thermocouple in direct contact with the catalyst.

The flow rates (between 15 and 30 Nml/min) pass- The continuous flow experiments were performed
ing through the chamber were maintained by mass in a TAP reactor (model 1b, equipped with a high-
flow controllers. Two four-way valves (Valco) al- pressure assembly). A detailed description of this re-
lowed fast switching between different gases, which actor is found in Ref[25]. The performance of the
were supplied by Messer Griesheim (argon: purity temperature-programmed and isothermal experiments
>09.999%, 10% KH/Ar mixture with a hydrogen pu-  in the vacuum-flow mode allows to measure the cat-
rity >99.999%, 10% CO/Ne mixture with purities alytic activity without mass transfer limitations or hot
>99.997 and >99.999%, respectively, and a 10% spots. It has to be pointed out that the mass transport
O2/Ne mixture with an oxygen purity >99.9995%). through the fixed bed occurs via Knudsen diffusion.
For the DRIFTS measurements all catalysts were Thus, the mean volumetric flow rate calculated from
used as powders. Before the adsorption of CO they the pressure drop in the gas container amounts to only
were pretreated as follows: about 1 mlmi®. Thus, it is possible to detect tran-
sient adsorption/desorption phenomena by solving
the mass balance as a function of time.

For the measurement, 50 mg catalyst (size fraction:
250-355.m) were placed in the isothermal zone of a
modified TAP-1 microreactd26]. The gas flow was

To investigate the adsorption of CO on oxidized Ru in the range of 0.4-0.5Nml/min. The gas mixtures
catalysts the reduced samples were subsequently ox-used for the DRIFT spectroscopy were also used for
idized for 2h at 308K in a continuous 10%Dle the kinetic measurements. In addition, neon (purity
feed followed by purging in argon for 15 min. For the >99.999%), utilized as reference gas, and hydrogen
adsorption of CO a continuous flow of a 10% CO/Ne (purity >99.9999%) were used. Both gases were sup-
gas mixture was passed through the cell at 308 K. The plied by Messer Griesheim. On-line analysis was
adsorption process was monitored in the series modeperformed with a calibrated quadrupole mass spec-
of the spectrometer allowing a continuous collection trometer. The masses were scanned in the range from
of spectra. To determine the thermal desorption of the 1 to 60 amu. The measured intensities were converted
adsorbates the sample temperature was stepwise inin relative concentrations. Prior to each experiment

1. Heating in a 10% BYAr mixture with 10 K/min up
to 773K and holding this temperature for 2 h.

2. Purging with Ar at 773K for 15 min.

3. Cooling in Ar down to 308K.
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the samples were heated in hydrogen with 5 K/min up
to 773 K. This temperature was held for 14 h. In order
to reduce the samples at about 1 bar the high-pressure
assembly was used. Afterwards the reactor was evac-
uated at 773K and the desired start temperature was
adjusted. The CO conversion was measured as a func-

tion of time as well as of temperature. CQ/@atios
equal to 4 and 2 were chosen.

The conversion of CO and Owas calculated as
follows:

Cin __ (out
conversion of CQ%) = —2——C0 x 100 (1)
Cco
in __ ~out
conversion of @ (%) = % x 100 2)
O2

The calculation of the yield of COwas based on the

inlet concentration of CO((ié‘O :
Cout _ in
yield of CO, (%) = —%——°% x 100 3)
Cco

Thus, at a CO/@ratio equal to 4, the maximum the-
oretical yield of CQ is 50%.

3. Results and discussion
3.1. Catalyst characterization

The diffraction patterns of the Ru catalyskEds. 1
and 2 do not provide any evidence for the presence of

100
90
80
70
60 )
50' 62.4
40
30}
20} ]
10 370 L 2 ETT
0' " 1 " 1 " 1 " 1 " 1 " 1 " 1 "

10 20 30 40 50 60 70 80 90

26

T
&
<

— T T T T

T

relative intensity /%

Fig. 1. XRD pattern for Ru/MgO.
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Fig. 2. XRD pattern for Ru/Si@

Ru particles. In the case of Ru/MgO, all five sharp re-
flections can be assigned to crystalline MgJ]. The
diffraction pattern of Ru/Si@shows only a broad re-
flection which originates from the amorphous support
[28]. The absence of Ru reflections indicates that the
size of the Ru particles is below the XRD detection
limit of about 4 nm. Static blchemisorption was used
to determine the specific metal surface, the dispersion
and the ruthenium particle size based on the extrap-
olation method. In addition, a surface stoichiometry
of Had¢/RUsurf = 1, @ metal density of 12.3g/cn
and an average area of 8.17 Aer Ru atom were
assumed29,30] The results of the chemisorption
measurements are summarizediable 1 A high Ru
dispersion (63 and 69%) is found for both catalysts.
The calculated average crystallite size is about 1.5 nm
assuming spherical particles and is compatible with
the XRD results.

For Ru/SiQ a reversible and irreversible hydrogen
spillover on the support is described in the literature
[31,32] The weakly and reversibly bound hydrogen

Table 1
Results of the elemental analysis and the chemisorption measure-
ments

Catalyst Ru/MgO Ru/Si®
Metal content (%) 3.21 3.02
H. adsorption mol g;1) 101 102
Specific metal surface area {lggalt) 9.9 10.2
Dispersion (%) 63.4 68.5
Average crystallite size (nm) 1.6 15
O, adsorption mol g;.1) 206 197




J. ABmann et al./Catalysis Today 85 (2003) 235-249

239

is subtracted by the extrapolation method used in this Goodwin [35] from oxygen uptake measurements at

work. However, an irreversible hydrogen spillover
onto the support might lead to an overestimation of
the Ru metal surface. Therefore, Uner effal] sug-

gested optimized experimental parameters to avoid

this problem. With the exception of the temperature,

our experimental conditions were in good agreement

with these parameters. Thus, contributions from irre-
versible hydrogen spillover onto Sire assumed to
be minimized.

The TEM micrographs of the Ru catalystsHigs. 3
and 4confirm the small size of the supported Ru par-
ticles. In the case of Ru/SiQa mean patrticle size of
2.5nm was determined from the particle size distribu-
tion in Fig. 4. For the system Ru/MgO, a Ru particle
size of 1 nm or less was estimated from the particle
size distribution inFig. 3taking into account that for

room temperature for RyfAl2O03. In comparison
to our results, these O/Rys ratios are somewhat
higher.

3.2. DRIFT spectroscopy

In the first part of this section the adsorption of CO
on the reduced Ru catalysts is compared with that on
the pure supports. In the second part of the DRIFTS
study adsorption of CO on oxidized Ru samples is
discussed.

3.2.1. Comparison between MgO and the reduced
Ru/MgO sample

After the pretreatment of MgO and Ru/MgO no
bands due to adsorbates are observed. The spectra

a particle diameter less than 1 nm a determination of recorded before the adsorption of CO (not shown)

the particle diameter was not possible.

were only characterized by one band at 3750¢m

O, chemisorption measurements were carried out which is typically for O-H stretching vibrations of

at 298K to determine the oxygen uptake of both
Ru catalysts. Based on the resuliafjle 1), the de-
gree of oxidation of the @treated samples used for
the DRIFTS experiments was calculated. It was not
the aim to determine the specific Ru metal surface
which would be possible using the low-temperature
oxygen chemisorption (LTOC) technique as sup-
plement to the K chemisorption measurements
[33,34]

Using the extrapolation method a Ofguatom
ratio of 1.3 was found for both catalysts, wheredru

free OH groups of Mgd36,37] The DRIFT spec-
trum of MgO between 2400 and 1100 chrecorded
during CO adsorption at 308 K is shownhig. 5b. In

the region of carbonyl vibrations weak bands can be
observed at about 2064 crh which disappeared after
purging with Ar (not shown). These bands were as-
signed to an adsorbate species which contain a ketenic
chromophore[38]. Between 1800 and 1200 crh
different bands indicate that carbonates are formed.
This observation is in agreement with literature data
[23,38-41] Table 2 summarizes the assignment of

designates the total number of ruthenium atoms in the the bands observed also after adsorption of;CO

sample. Similar results were reported for alumina-
supported ruthenium catalysts with a crystallite size
of 1-2 nm[34]. Including only the Ru surface atoms
(Rusyrf) in our calculations, O/Ryys ratios of 2.0
and 1.9 are derived for Ru/MgO and Ru/gjQe-
spectively. The number of Ru surface atoms is known
from the H chemisorption measurementgable J).
These results indicate the formation of a thin RuO

surface layer as a consequence of oxidizing the Ru 1685
catalysts at about 300K. It was shown by a subse-

quent B chemisorption experiment that the oxidation

at room temperature did not change the Ru particle 1275

size. An oxygen to surface ruthenium stoichiometry
of 2 was also found by Masthan et §B3] using
the LTOC technique for Ru/AD3 catalysts. Values
of 2.14-3.5 for O/Ryys ratios were obtained by

on MgO.

Table 2

Assignment of the bands observed after adsorption of CO on MgO
This work Literature data (cmt) Assignment

(em™)

2064 2064[38] Ketenic chromophore

1680[23]; 1690[40] Bidentate carbonate

1660 1666-165%60-62] Bidentate carbonate
1628 1630[61] Bidentate carbonate

1310[23,40] Bidentate carbonate

1275[40,61] Bidentate carbonate
1518 1520[40]; 1517[60,61]  Unidentate carbonate
1398 1398[60,61] Unidentate carbonate
1370 1370[40] Unidentate carbonate
1215 1210[23]; 1220[60] Bicarbonate
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Fig. 3. TEM image and particle size distribution of Ru/MgO.

The spectrum of CO adsorbed on Ru/MgO is The broad shoulder at 1950 cth was assigned to
shown inFig. 5a. In the region of carbonyl vibrations  bridged CO. The sharp band at 2134 ¢nwith lower
the spectrum is characterized by two sharp bands intensity points to CO adsorbed on oxidized Ru sites
(2134 and 2052 cmt) and a broad shoulder at about (Ru”t) as shown later in this study.
1950cnT!. The band at 2052 cnt is due to C-O In addition to the discussed bands in the carbonyl
vibrations of linearly adsorbed CO on reduced Ru region, different bands between 1200 and 1800tm
sites. This assignment is confirmed by an FT-IRAS indicate the formation of carbonates, which was al-
study of CO adsorption on R2iQ 0 1)single crystals ready observed after CO adsorption on MgO. In
[42]. In this study, Peden et g42] observed a band  comparison to MgO, the positions and intensities of
at 2060 cm! and assigned it to linearly bound CO. the carbonate bands are very similar. Obviously, the
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Fig. 4. TEM image and particle size distribution of Ru/$iO

presence of Ru particles has no important influence the explanation given above. The band at 2048tm
on the formation of carbonates on the support. (linearly adsorbed CO on Risites) is shifted to lower

To study the thermal desorption of the different wavenumbers with increasing desorption temperature
adsorbates the CO-covered Ru/MgO catalyst was and disappeared nearly completely at 673g( 6e).
heated in a continuous Ar flow up to elevated temper- This red-shift may be explained by a decrease of the
atures. The corresponding DRIFT spectra are shown CO coverage or can be attributed to the transformation
in Fig. 6. At 373K (Fig. éb) the band at 2134 cnt of the linearly bound CO to the bridged bound CO.
is no longer present. This implies that CO adsorbed The small change in intensity of the corresponding
on RuU** sites is very weakly bound, which confirms IR band observed at lower temperatur&agy( 6a—c)
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Fig. 5. DRIFT spectra after 15min adsorption of CO at 308 K:
(a) Ru/MgO and (b) MgO.

suggests that below 473K transformation rather
than desorption is dominant. The broad shoulder at
1950 cnt ! reveals a composite nature and splits into
several components at 1919 and 1883 ¢mat 773K
(Fig. &).
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Fig. 6. DRIFT spectra of Ru/MgO after adsorption of CO followed
by desorption in Ar at: (a) 308K, (b) 373K, (c) 473K, (d) 573K,
(e) 673K and (f) 773 K.
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Fig. 7. DRIFT difference spectra after 15min adsorption of CO
at 308K and purging with Ar: (a) Ru/Siand (b) SiQ.

3.2.2. Comparison between SO, and the reduced
Ru/SO, sample

After the pretreatment, the spectra of Si@nd
Ru/SiQ, (not shown) were characterized by the typi-
cal sharp band at 3745 crhassigned to O—H stretch-
ing vibrations[43]. Broad bands below 2200 crh
were due to lattice vibrations. The difference spectra
of the SiQ and Ru/SiQ samples after the adsorption
of CO at 308K and purging with Ar are shown in
Fig. 7o and a, respectively. Only the region of car-
bonyl vibrations is presented because in the carbonate
region no bands were observed. Thus, in contrast
to the basic MgO, the more acidic SiQs inert
for the adsorption of CO due to the stronger Si-O
bond.

The spectrum of Ru/Si®(Fig. 7a) shows three
bands (2141, 2078 and 2050 cth) with overlapping
bands at 2078 and 2050 crh In addition, a small
shoulder at 1950 crt can be observed. These bands
are due to C-O vibrations of adsorbed CO on differ-
ent Ru sites. The assignment of the observed bands is
summarized iriTable 3 The stability of the adsorbed
CO species on Ru/Siwvas ascertained by heating the
sample in Ar to higher temperatures. The results (not
shown) are in good agreement with TPD and IR data
obtained by Yokomizo et al44]: CO adsorbed on
oxidized R('* sites desorbs between 300 and 475K,
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Table 3
Assignment of the bands observed after adsorption of CO on
reduced Ru/Si@

This work (cnTl)  Literature References  Assighnment
data (cnTl)

2141/2078 2132, 2070 [5] Ru"*(CO),
2140-2130, [47] RU*(CO),
2080-2070
2146, 2085  [63] RuU"*(CO),
2130, 2064  [24] Ru"*(CO);
2144, 2082  [45,46] R (COx

2050 2040+ 10 [24,46-49] RW’-CO

1950 (shoulder) 1900-1700 [63] Bridged CO

whereas linearly adsorbed CO on Rsites desorbs
at higher temperatures with the maximum desorption
rate at about 520 K.

3.2.3. Adsorption of CO on the oxidized Ru catalysts

To study the adsorption of CO under conditions
relevant for the catalytic oxidation, CO was passed
through the IR cell filled with the in situ oxidized
Ru catalysts. As determined by,QGchemisorption
(Table ) the oxidized catalysts are characterized by
a thin RuQ surface layer. InFig. 8 the spectra of
oxidized Ru/MgO during adsorption of CO are pre-
sented as a function of time. At the beginning of the
adsorption process, two bands in the carbonyl region

-logR

2200 2000 1800

wavenumber/cm'?

2400

Fig. 8. DRIFT spectra of oxidized Ru/MgO in dependence on
the CO adsorption time. Spectra were recorded after 1 min (solid
line), 2min (long dashes), 3min (short dashes), 10 min (dotted),
20 min (short dotted) and 30 min (dash-dotted) adsorption of CO.
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can be observed at 2125 and 2072¢mAt lower
wavenumbers a weak shoulder is noticeable. In ad-
dition, gaseous C®and gaseous CO were detected.
Particularly during the first three minutes, CO was
converted to C@. Even after 30 min minor amounts
of CO, were detected which is in agreement with the
change of the bands between 2200 and 1800'cr
new band arose at about 1995chand its intensity
increased during adsorption. Obviously, the bands at
2125 and 2072 cmt can be assigned to CO adsorbed
on RU'* sites, whereas the new band at ca. 1995tm

is due to CO adsorbed on oxygen vacancies formed by
the oxidation of CO to C@ Hence, we can conclude
that the adsorption of CO on oxidized Ru/MgO at
308K leads to a partial reduction of the Ry€urface
layer.

For Ru/SiQ we observed a similar behavior. The
difference spectra as a function of time are shown in
Fig. 9. They are characterized by sharp bands with
high intensity at 2130 and 2074 crh In agreement
with the literature these bands can be assigned to ad-
sorbed CO on Rut sites[45-50] At 2016cnt?, an-
other band can be observed which increases with time.
This band is due to C-O vibrations of CO adsorbed on
oxygen vacancies created by the reaction of oxygen
with CO. Both the appearance of this new band and
the formation of gaseous GQluring the CO treat-
ment indicate that CO was oxidized associated with a
reduction of the Ru@surface.

-logR

2200 2000 1800

wavenumber/cmt

2400

Fig. 9. DRIFT difference spectra of oxidized Ru/Sit depen-
dence on the CO adsorption time. Spectra were recorded after
1 min (solid line), 2 min (long dashes), 3 min (short dashes), 10 min
(dotted), 20 min (short-dotted) and 30 min (dash-dotted) adsorption
of CO.
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Fig. 10. CO and @ conversion for the oxidation of CO over

50 mg Ru/MgO as a function of temperature. The COréactant
feed ratio was 2.

3.3. Catalytic activity measurements

The temperature-programmed flow experiments
were carried out to determine the kinetically con-
trolled region under the specific experimental condi-
tions used in this study. The experiments were started
at higher temperatures (>625K) cooling at a rate of

2K/min to 310K followed by a heating at 2 K/min
to 625K. InFigs. 10 and 11CO and Q conversions
in an experiment with a CO/ratio of 2 are shown
for Ru/MgO and Ru/Si@, respectively. The figures

=
o
(=]

C RuIng

—=—CO

conversion of CO and O2,CO,Yield /%

o 6 120 180 240
time/min

Fig. 12. CO and O, conversion and CO, yield for the oxidation
of CO as a function of time and temperature over Ru/MgO. The
CO/O; reactant feed ratio was 4.

reached with both supported Ru catalysts. A decrease
of the degree of conversion was only observed for
temperatures below 350K. A closer inspection of the
kinetic data below 350K reveals that the catalytic
activity of both samples is ailmost the same. The hys-
teresis between the cooling and the heating branch
indicates that both catalysts deactivate at low tem-
peratures. However, the increase to essentially 100%
conversion of CO and O, when heating up again
proves that the deactivation at room temperature is
reversible for both catalysts.

are restricted to temperatures between 273 and 373K £/ rthermore. the time dependence of the oxidation
because above these temperatures full conversion wasy co was in\;esti gated at different temperatures. In
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Fig. 11. CO and O, conversion for the oxidation of CO over
50mg Ru/SiO; as a function of temperature. The CO/O, reactant
feed ratio was 2.

thiscase, aCO/O ratio of 4 wasused. InFig. 12 there-
sults obtained with Ru/MgO are presented. At the be-
ginning of the experiment a degree of CO conversion
of more than 80% was observed at 310K. Simultane-
ously, only a small amount of CO, was formed indi-
cating that CO was mainly adsorbed on the catalyst,
but not oxidized to CO». The deficit in the CO, yield
at the beginning of the experiment can be explained
by the formation of carbonates on MgO. The observed
discrepancies in the carbon and oxygen mass balance
are in agreement with these explanations. In addition,
it can be concluded that also adsorbed oxygen has not
completely reacted to CO». Coke formation at tem-
peratures lower than 423K can be excluded [51,52].
For both catalysts a deactivation with time on
stream at room temperature was observed. In the
case of RU/SIO,, steady state was reached after 3h
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Fig. 13. CO and O, conversion and CO, yield for the oxidation
of CO as a function of time and temperature over Ru/SiO;. The
CO/O,, reactant feed ratio was 4.

yielding 7% CO (Fig. 13). The deactivation process
was slower for Ru/MgO (Fig. 12). After 3h steady
state was not yet reached. This observation and the
temperature difference (310K instead of 304K) can
explain the dlightly higher CO, yield (18% after 3h)
compared to the results obtained with Ru/SiO5.

During the subseguent heating ramp (5 K/min to ca.
473K), an increase of the CO and O, conversion and
aso of the CO» yield was observed for both catalysts.
At about 350K the CO, yield reached values above
50% for ashort period of time. Concomitantly, the CO
conversion exceeded the maximum theoretical value
of 50% and a discrepancy in the oxygen mass bal-
ance was observed. These observations suggest that
oxygen which was adsorbed initially reacted at higher
temperatures. After the consumption of excess oxy-
gen, the CO, yield decreased to the maximum theo-
retical yield of 50%. It has to be mentioned that Kiss
and Gonzalez [5] reported an irreversible deactivation
of a Ru/SiO, catalyst for the oxidation of CO at at-
mospheric pressure. This observation is in contrast to
our results observed under high vacuum.

In the kinetically controlled region, steady-state
degrees of conversion were determined with both
catalysts and at different CO/O, reactant feed ratios
(CO/O2 = 2 and 4). For example, the CO; yield is
shown in Fig. 14 obtained with Ru/SIO,. As expected
at higher temperatures, the CO; yield is close to the
maximum theoretical value. Even at 353K, a CO»
yield of amost 50% was observed. Therefore, only

100
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0 1 1 1 1 1 1
0 60 120 180 240 300 360

time/min

CO,yield /%

Fig. 14. CO, yield for the oxidation of CO as a function of time
and temperature over Ru/SiO;. The CO/O; reactant feed ratio
was 4.

the steady-state values obtained at 334 and 316K
(Fig. 14) were converted into turnover frequencies
(TOF = number of CO2 molecules per metal sur-
face site per second). These values are shown in the
Arrhenius plot (Fig. 15) together with other turnover
frequencies derived in this study. In addition, reported
data obtained in high pressure studies on aRu(0001)
single crysta surface [6] and on silica-supported
ruthenium catalysts prepared by impregnation [4,5]
are presented. The turnover frequencies for Ru/SiO»

100:

Clean Ru(001)[6] ® 3% Ru/SiO,[Thiswork]
~ 104 -~ [P(CO)PO,)=2 P(CO)/P(0,)=2
% ® 3%Ru/SiO, [Thiswork]
= P(CO)/P(O,)=4
;’ 14 A 3%Ru/MgO[Thiswork]
2 P(CO)/P(O,)=4
g /
& Y |sarusio
= PCOYPQ,)=2
E 001 : /
L 23 %Rw/SiO, [5]
& 1E-34 P(COYP(0))=2
&)
1E-4 4

1.8 2.0 22 2.4 26 28 30 32 34
1000/ T K"

Fig. 15. Arrhenius plot of the rates of CO, formation
(TOF = turnover frequency, number of CO, molecules formed
per metal surface site per second) over the Ru/SIO; catalyst for
different CO/O; reactant feed ratios. Also included: data obtained
on a Ru(0001) catalyst [6] and two silica-supported ruthenium
catalysts prepared by impregnation [4,5].
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and Ru/MgO are rather similar and there is a very
good agreement regarding the slope (activation en-
ergy of 81.6kJmol [6]) as well as the absolute scale
comparing our results with the literature data. This
clearly proves the absence of a pressure gap. Further-
more, the activation energy depends on the CO/O;
reactant feed ratio which was also reported for the Ru
single crystals [6].

4. Discussion

In the first part of Section 3.2 we compared the ad-
sorption of CO on thereduced Ru catalystswith that on
the pure supports. For both reduced Ru catalysts, the
adsorption of CO on Ru™™ sites was observed. How-
ever, the number of these sites was dependent on the
support. The existence of Ru™* sites after complete
reduction of the sample is not fully understood, but
was also observed by Schwank et al. [53] for RuMgO
aswell asfor Ru/SiO, by Yokomizo et al. [46] in the
presence of CO.

For Ru/SiO», the formation of oxidized Ru™* sites
was explained by corrosive chemisorption [46]:

RU + 2Si—OH + 3CO = (Si0),RU(CO)3 + Ha  (4)

However, this mechanism was critically discussed and
modified by Kantcheva and Sayan [24] who assume
that the influence of SIO, (particularly the influence
of the silanol groups) on the adsorption of CO on
Ru/SiO2 cannot be neglected. Taking into account that
the existence of Ru™* sitesin spite of areductive pre-
treatment was also reported for titania-supported Ru
[54] and for Ru supported on dealuminated Y zeolite
[45], the formation of these sites is not restricted to a
special support. However, the type of the support de-
termines the number of Ru™* sites which are formed
during adsorption of CO. The existence of Ru™* sites
after reduction in the absence of CO israther unlikely,
because the same Ru/MgO sample was successfully
applied in ammonia synthesis after reduction in hy-
drogen at 773K [22]. Taking into consideration that a
partialy oxidized Ru catalyst would be hardly active
in ammonia synthesis, it can be safely assumed that
the reduction of the Ru catalysts was complete. Thus,
the formation of Ru"™* dites is presumably induced
by the adsorption of CO according to the corrosive
chemisorption mechanism.

To reveal the influence of the total pressure on the
adsorption of CO our results are compared with re-
ported data obtained under high-vacuum conditions
using transmission IR spectroscopy. In addition to
the difference in pressure, in transmission IR studies
the samples were pressed into self-supporting wafers
whereas it is possible to use untreated powders in
DRIFTS studies. Despite al differences between both
IR methods, the observed band positions as well as
the assignment to differently CO species adsorbed
on various Ru sites are in a very good agreement.
Particularly, the transmission IR study described by
Gugliedminotti [55] for Ru/MgO corresponds well
with our assignment. In addition, the adsorption
of bridged CO on Ru/MgO was aso observed by
Mizushima et al. [56] who determined an exact ge-
ometry for this species by EXAFS.

The comparison between our assignment of the
vibration frequencies of adsorbed CO on Ru/SiO;
and data reported for IR experiments carried out un-
der high vacuum is presented in Table 2. Concerning
the position of the bands there is again good agree-
ment, indicating the absence of a pressure gap. It
has to be mentioned that the assignment of the two
high-frequency (HF) bands at ca. 2140 and 2080cm—?1
reported in several studies is contradictory. Because
of the overlapping bands observed in the DRIFT
spectra we were not able to distinguish between the
different assignments. However, we favor the assign-
ment to a Ru tricarbonyl Ru?T(CO)3 as suggested
by Landmesser and Miessner [45] who studied the
interaction of CO with ruthenium supported on dea-
luminated Y zeolite. Using this zeolite unusual sharp
CO stretching bands were obtained.

Summarizing the results given above, the DRIFT
spectra show that the adsorption of CO on reduced
Ru supported catalysts is clearly influenced by the
nature of the support. Carbonates were only formed
on Ru/MgO due to the basic properties of the sup-
port. Oxidized Ru sites were found to a greater extent
on RuU/SIO,. In addition, bridged CO was mainly
observed on Ru/MgO which may be related to the dif-
ferent shape of the particle size distribution or to elec-
tronic reasons. It is known that the bridge-bound CO
is favored in the case of increasing particle size [57].
This interpretation does not seem to hold for Ru/MgO
because the Ru particle size is smaller compared to
Ru/SIO,. Thus, electronic reasons are presumably
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decisive for the different adsorption geometry of CO.
Theinfluence of different promoters and supports was
aready demonstrated for Ru catalysts in ammonia
synthesis [22]. Independent of the support, we found
a good agreement with data reported for transmission
IR experiments carried out under high vacuum. This
result points to the absence of a pressure gap.

Regarding the results of the adsorption of CO on the
oxidized Ru catalysts (Figs. 8 and 9) not only asignifi-
cantly weaker influence of the support can be observed
in contrast to the adsorption on the reduced catalysts.
In addition, the bands of CO molecules adsorbed on
oxidized samples appear at lower wavenumbers com-
pared with those of the CO-Ru"* species formed on
the reduced samples. This shift might be explained
by a lower CO coverage on the oxidized samples.
However, literature data show that the high frequency
bands (2130 and 2080cm~1) are not dependent on
CO coverage [46]. Yokomizo et al. [46] propose that
the oxidized Ru sites on reduced Ru/SiO» which were
the consequence of a corrosive chemisorption process
should be more highly oxidized than the Ru** atoms
on the oxidized surface of the Ru particles. The lat-
ter might be present as (RuO)2Ru(CO)3 species as
suggested by Yokomizo et a. [46] or as a RuO, sur-
face similar to the well investigated RuO2(110) sin-
gle crystal surface [7]. Thus, the observed red-shift of
the carbonyl bands on the oxidized Ru samples may
be explained by the decrease of the oxidation state of
the RU"* sites [58].

The formation of the thin RuO, surface layer on
the Ru catalysts as determined by O, chemisorp-
tion (Table 1) and its supposed similarity with the
RuO»(110) single crystal surface requires a more
detailed comparison: the CO vibration frequencies
of CO adsorbed on the supported catalysts and the
RuO»(110) single crystal surface are summarized in
Table 4. For the ideal single crystal surface it was
possible to identify exactly the adsorption sites and

Table 4

the adsorption geometry of CO [59]. At higher CO
coverages, only the adsorption of CO in the asym-
metric bridge position was observed. This explains
the absence of a band at about 1900cm=1 in the
DRIFT spectra. The fact that we observed two HF
bands instead of only one band found in the single
crystal studies can be explained by the formation of
a multicarbonyl, most likely a tricarbonyl [45], on
the supported Ru catalysts. Our conclusion that the
RuO, surface layer is partially reduced by the ex-
posure to CO, as indicated by the increase of a new
band at about 1995cm—1, is also confirmed by the
single crystal data. Seitsonen et al. [59] report that the
adsorption of CO in symmetric bridge and asymmet-
ric bridge positions is only possible on the reduced
RuO>(110) surface. Thus, the ideal RuO»(110) sin-
gle crystal surface and the RuO, surface layer formed
on RuU/MgO and Ru/SIO, at room temperature in
flowing O2 seem to be rather similar.

This similarity is further supported by the cat-
alytic measurements. Related to the Ru metal surface
(RU/SIO, = 10.2m?/g), the reaction rate for the ox-
idation of CO with a CO/O» reactant feed ratio of 2
at 321K is of the order of ~10™ moleculescm=2s~1
which is in agreement with reaction rates published
recently by Wang et al. [19] for the oxidation of CO
on a RuO»(110) single crystal surface under UHV
conditions. Thus, in addition to the similar activation
energy for Ru single crystals and supported Ru cat-
aysts presented in the Arrhenius plot (Fig. 15), the
absolute reaction rate is in good agreement. There-
fore, we can assume that the active phase for the
oxidation of CO is supported RuO,. Further studies
are in progress to derive the precise degree of oxida-
tion of the supported Ru particles under steady-state
reaction conditions as a function of the total pres-
sure, and to elucidate the deactivation phenomena
observed by Kiss and Gonzalez [5] at atmospheric
pressure.

Bridging the material gap: comparison of CO vibration frequencies (cm~1) of adsorbed CO on the oxidized Ru catalysts and on the

RuO2(110) single crysta surface

Ru/MgO RWSIO; RuO,(110) RuO2(110) RuO,(110) (LEED) [59]
(DRIFTS) (DRIFTS) (HREELS) [14] (DFT) [59]

2125/2072 2130/2074 2115 2085 On-top

1995 2016 1975/1895 1994/1897 Asymmetric/symmetric bridge
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5. Conclusions

The chemical vapor deposition of Ruz(CO)1» was
found to be a suitable synthesis method to achieve
a high Ru metal dispersion on both MgO and SiOs.
In situ DRIFTS measurements carried out a room
temperature showed that the adsorption of CO on
the reduced Ru catalysts is clearly influenced by the
support. Carbonate formation only takes place on
the more basic MgO. In addition, bridged bound CO
was mainly found on Ru/MgO, whereas the silanol
groups of Ru/SIO, are probably responsible for the
formation of a greater amount of oxidized Ru sites.
The agreement between our results obtained at at-
mospheric pressure with results from transmission
IR spectroscopy measurements under high vacuum
proves that the total pressure has no influence on the
adsorption behavior of CO.

In contrast to the reduced catalysts, only few differ-
ences were observed in the DRIFT spectra of CO ad-
sorbed on the oxidized Ru samples. This observation
is explained by the formation of athin RuO, surface
layer obtained by oxidizing the samples at 300K. CO
exposure leads to a partial reduction of this RuO»
surface layer. Furthermore, a comparison with results
obtained with the RuO,(110) single crystal surface
under ultra-high vacuum indicates that the surface sci-
ence approach is applicable to supported Ru catalysts.

The catalytic measurements under high-vacuum
conditions displayed a high activity in the oxidation
of CO even down to room temperature for both sup-
ported Ru catalysts. This is in agreement with the
DRIFTS experiments, where the oxidation of CO was
also observed at room temperature independent of
the support. The derived turnover frequencies are in
good agreement with reported data obtained on the
RuO2(110) single crystal surface. Thus, supported
RuO, isidentified asthe catalytically active phase. The
absence of a pressure gap was clearly demonstrated
by the Arrhenius diagram combining our turnover
frequencies obtained under high-vacuum conditions
with reported data obtained in high pressure studies.
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