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a b s t r a c t

Supported metallic catalysts were prepared from pyrolysis of the organometallic clusters RuOs3(CO)13(l-
H)2, Os3(CO)10(l-AuPPh3)2, Os3(CO)12, Ru3(CO)12 and [Ru(CO)4]n, on either silica or titania, and their cat-
alytic performance for CO oxidation has been assessed against a supported catalyst prepared from RuCl3.
Ruthenium catalysts prepared from organometallic precursors were found to exhibit better activity, and
that supported on TiO2 exhibited activity at the lowest operating temperature.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

CO oxidation, a relatively simple, irreversible reaction without
parallel or secondary reactions, is probably the best studied heter-
ogeneously catalysed reaction. That it is of relevance to problems
such as the removal of CO from automotive exhaust and in indus-
trial pollution abatement [1], has made the development of cata-
lysts for fast and complete oxidation of CO at low temperatures
an active area of research for the past several decades. The reaction
is exothermic, but has a relatively high kinetic barrier [2].

COþ 1=2O2 ! CO2 DH
�

298:15 K ¼ �283 kJ mol�1

Among the most active catalysts for CO oxidation are the sup-
ported Au catalysts of Haruta [3]. Extremely fine, deposited gold
particles have been reported to be very active at low temperatures.
However, the activity depends critically on the particle size and is
hence susceptible to sintering [4]. Other materials investigated in-
clude Ru [5], RuO2 [6], CuO/CeO2 [7], Pd [8], Pt [9,10], and alloys
such as Al1Mn6.7Co, and Ag3.3Mn34.1Co1.7Ni [11]. Recent research
has shown that hydrous ruthenium oxide is a very active catalyst
for the oxidation of CO. However, this material suffers from decom-
position upon heating [12]. The sol–gel method adopted afforded a
material with high surface area, but the poor thermal stability and
crystallinity limited its use [13].
All rights reserved.
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A number of studies have shown that the use of organometallic
clusters as precursors afforded metallic nanoparticles that are
small, with a narrow size distribution, leading to significant
improvement in catalytic efficiencies. They also afford good control
in the case of bimetallic particle composition as in the precursors,
the two metallic elements are mixed homogeneously at the atomic
scale [14–16]. In this study, we have prepared a number of metal
catalysts containing ruthenium, osmium and/or gold, from readily
available organometallic precursors, and studied their catalytic
efficiency with respect to CO oxidation.
2. Experimental

The compounds RuOs3(CO)13(l-H)2 [17], Os3(CO)10(l-H)(l-
AuPPh3) [18] and [Ru(CO)4]n [19,20] were prepared according to
the reported procedures. Os3(CO)12, Ru3(CO)12 and RuCl3 were pur-
chased from Oxkem and used as supplied without further
purification.
2.1. General procedure for pyrolysis of organometallic clusters

The clusters were added to SiO2 (Aerosil Degussa 200) or TiO2

(Degussa P25) at roughly 7% loading by weight, flame-sealed in a
tube after evacuation, and then heated for 24 h at 200 �C and for
another 24 h at 400 �C. The individual mixtures were then reduced
under a stream of hydrogen gas for 2 h at 400 �C and then cooled to
room temperature. Prior to thermolysis, both supports were cal-
cined overnight at 100 �C.
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Table 1
XPS data for the supported catalysts.

Sample Binding energy (eV)

C 1s Ru 3d5/2 Os 4f7/2 Au 4f7/2

Ru/TiO2 284.8 279.8 284.4 – – –
Ru/SiO2 284.8 281.0 283.9 – – –
Ru3/SiO2 284.8 280.8 284.1 – – –
RuOs3/SiO2 284.8 280.7 283.9 51.2 54.2 –
RuCl3/SiO2 284.8 280.4 283.7 – – –
Os3/TiO2 284.8 – – 49.8 51.3 –
Os3/SiO2 284.8 – – 51.3 53.5 –
AuOs3/SiO2 284.8 – – 51.6 53.9 84.2
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2.2. Preparation of RuCl3/SiO2 catalyst

Silica powder (700 mg) was added to an ethylene glycol
(100 ml) solution containing RuCl3 � 3H2O (0.085 g, 0.325 mmol)
to form a suspension. The temperature was raised to 180 �C to al-
low the reduction of RuCl3 by the ethylene glycol. After the reduc-
tion, the suspension was diluted with 0.3 M aq. NaNO3. The black
solid was collected by filtration and washed with water several
times.

2.3. Characterization of metallic particles and surfaces

X-ray powder diffraction (XRD) studies were performed using a
Philips X’Pert diffractometer, PW3040 (kCu Ka = 0.15418 nm), on fi-
nely ground samples using a continuous 2h scan mode from 35� to
90� in steps of 0.02�. XPS data were collected with a VG ESCALAB
220i-XL XPS system; samples were sputtered to �10 nm before
measurement in order to remove the effect of exposure to air.
Binding energies were referenced to the Si 2p (103.4 eV) or Ti 2p
(464 eV) signals [21,22]. BET analyses were performed using nitro-
gen adsorption and desorption, on a Micromeritics ASAP 2000 Sur-
face and Porosity analyzer.

The temperature programmed reduction (TPR) studies were
carried out in a tubular quartz microreactor connected to a mass
spectrometer. In a typical TPR study, a sample (15 mg) of the cat-
alyst was placed under a flow of 5% H2 in Ar (20 ml/min). The tem-
perature of the catalysts was ramped at a rate of 9 �C/min from 50
to 860 �C. The products formed during the reduction were detected
by mass spectrometry.

Transmission electron microscopic (TEM) analysis was per-
formed on a JEOL 3010 microscope at an operating voltage of
300 keV. The average particle size was determined by measuring
100 particles for each sample. TEM samples were prepared by cast-
ing a drop of the sample in ethanol onto copper grids (300 mesh)
and dried at room temperature.

2.4. Catalytic studies

In a typical catalytic run, approximately 25 mg of the supported
catalyst was loaded into a quartz tube reactor. The catalyst was
activated by heating at 200 �C under a flow (flow rate = 140 ml/
min) of air for about 1 h, and then cooled to room temperature.
The catalyst activity was tested with 1% CO in air. The CO conver-
sion was calculated on the basis of: CO conversion% = [(CO2)]/
{[(CO2) + [(CO)]}. A Shimadzu GC-14B gas chromatograph
equipped with a Carbosieve S-II column and a thermal conductivity
detector was used to analyze the amount of carbon monoxide, car-
bon dioxide, nitrogen and oxygen.
Fig. 1. XPS spectra of the osmium-containing catalysts.
3. Results and discussions

3.1. Characteristics of the supported catalysts

Metallic catalysts were prepared from the pyrolysis of RuOs3

(CO)13(l-H)2, Os3(CO)10(l-AuPPh3)2, Os3(CO)12, Ru3(CO)12 and
[Ru(CO)4]n, on either silica or titania (�7 wt.% loading of precursor).
A ruthenium catalyst prepared from RuCl3 was used for comparison
with those derived from organometallic precursors. In order to dis-
tinguish the samples obtained, the catalysts obtained are denoted
as RuOs3/SiO2, AuOs3/SiO2, Os3/SiO2, Ru3/SiO2, Ru/SiO2 and RuCl3/
SiO2, respectively, for those supported on silica. The presence of os-
mium–ruthenium alloy, metallic osmium, or ruthenium in the sam-
ples was confirmed by XRD (Fig. S1). For instance, the XRD pattern
of AuOs3/SiO2 showed peaks at 2h = 38�, 44�, 64� and 77�, which can
be assigned to the presence of cubic gold and hexagonal osmium.
The presence of RuO2 and osmium oxides were indicated in the
XPS spectra (Table 1). Thus the XPS spectra in the Os 4f core level
region for the osmium-containing catalysts (Fig. 1) indicated the
presence of two osmium species; one with a 4f7/2 binding energy
just above 51 eV assignable to metallic osmium [22,23], and an-
other with binding energy of �54 eV assignable to OsO2 [24]. The
latter is probably due to oxidation on exposure to air [5,22]. We
have not been able to identify the species with a binding energy
of 49.8 eV observed for Os3/TiO2.

Similarly, for the ruthenium-containing catalysts, two ruthe-
nium species were identified. The species with a binding energy
of �280 eV was assignable to the Ru 3d levels for Ru(0), while that
with a binding energy of �284 eV was assigned to RuO2. The latter
is again probably the result of oxidation upon exposure to air. In
contrast to the osmium case, the peaks corresponding to Ru(0)
and Ru(IV) were of nearly equal intensities, and may be attributed
to the fact that for osmium, further oxidation of OsO2 to form the



Fig. 2. CO oxidation on the supported catalysts.
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volatile OsO4 can occur more readily. For AuOs3/SiO2 the XPS spec-
trum also showed the Au 4f7/2 peak at a binding energy of 84.2 eV,
assignable to Au(0) [25]. Finally, the XPS spectrum of RuCl3/SiO2

exhibited a Cl 2p3/2 peak at a binding energy of 195.7 eV. This is
presumably a remnant from the precursory material, and is ex-
pected to affect the catalytic activity [26].

The presence of oxides was also indicated in the temperature
programmed reduction curves. For instance, the hydrogen con-
sumption profile of Ru3/SiO2 exhibited three peaks at 127, 252
and 410 �C, the first two of which may be assigned to unsupported
and supported Ru(II)/(III) and Ru(IV) oxides, respectively [27–30].
These ruthenium oxides may have been formed on exposure to
air after the preparation of catalysts [31]. Likewise, the H2-TPR pro-
file of Os3/SiO2 showed three reduction peaks at 97, 200 and
320 �C, the last being assignable to the reduction of an Os(I) species
[32].

Textural parameters of the supported catalysts as determined
by BET measurements, together with TEM data, are compiled in Ta-
ble 2. The surface area (SBET), pore volume (VP) and average pore
width (dP(av)) are expected to decrease from the values for bare
silica or titania when metallic nanoparticles are deposited onto
the support. There are thus two groups of the supported catalysts
that did not fit this. The first is that of Ru/TiO2 and Ru/SiO2, which
shows slightly higher values for all three parameters, and can be
attributed to the formation of nanorods from these precursors
[33]. The presence of nanorods is confirmed by TEM images of both
samples (Fig. S4), which show nanorods with width of �15 nm. A
second group is that of RuCl3/SiO2 and AuOs3/SiO2, particularly
the former, which has larger pore volume and width than the oth-
ers. We do not have a ready explanation for this, although some of
the variations in the properties can be attributed to the variation in
size and shapes of the metallic nanoparticles. In particular, for Os3/
TiO2, both elongated and spherical particles were observed.

3.2. Catalytic activity

The catalytic activities of the various catalysts are presented in
Fig. 2. Since the characterization above were carried out prior to
catalyst activation for CO oxidation, they should properly refer to
the pre-catalyst states. With the exception of AuOs3/SiO2, these
catalysts showed high catalytic activity for the oxidation of CO to
CO2. The temperatures at which the CO oxidation is about 50%
completed (T50%) are at about 60, 100, 115, 145, 190, 215, and
230 �C, for Ru/TiO2, Ru/SiO2, Ru3/SiO2, RuOs3/SiO2, Os3/TiO2,
RuCl3/SiO2, and Os3/SiO2, respectively. The results suggested the
following:

(i) Catalysts supported on TiO2 were more active than those
supported on SiO2 for the same precursor. This is consistent
with the observation that gold on a basic support produced a
Table 2
Textural properties and TEM data of supported catalysts and naked supports.

Sample Textural propertiesa TEM data (nm)

SBET (m2 g�1) VP (cm�3 g�1) dP(av) (Å)

SiO2 210 0.42 81 –
Ru/SiO2 210 0.51 98 �15 (width)
Ru3/SiO2 160 0.33 85 4.0
Os3/SiO2 120 0.28 95 2.6
RuOs3/SiO2 140 0.33 95 3.1
AuOs3/SiO2 190 0.59 130 4.5
RuCl3/SiO2 200 1.30 260 1.6
TiO2 48 0.11 98 –
Ru/TiO2 52 0.16 130 �15 (width)
Os3/TiO2 44 0.11 98 –b

a SBET = surface area; VP = pore volume; and dP(av) = average pore width.
b Shapes were irregular.
highly active catalyst [34], while that on an acidic support
was inactive [35], although it was also reported that the
activity over supported oxidized ruthenium was nearly inde-
pendent of the support [36]. The higher activity observed on
TiO2 here may be attributed to the lower strength of CO
adsorption, which would favor the CO reaction on the sur-
face [37,38]. In the case of Os3/SiO2, the CO conversion
dropped quickly, possibly due to the loss of osmium, which
can be oxidized to the tetroxide even at room temperature;
this is supported by the observed change in color of the cat-
alyst from black to a lighter gray after use although we do
not yet understand why this is not observed for osmium
on titania.

(ii) Ruthenium catalysts prepared from organometallic precur-
sors exhibited better catalytic activities than that prepared
from the salt. This may be attributed to the presence of chlo-
ride in the latter; such effects have been attributed to selec-
tive blockage of active sites and chloride-induced structural
rearrangements [39,40].

(iii) Ruthenium showed better catalytic activity than osmium.
The addition of ruthenium to osmium decreased the CO con-
version temperature.

For AuOs3/SiO2, the CO conversion was about 17% at 425 �C,
which appears to be at odds with observations that metallic Au
NPs with size <5 nm exhibit good catalytic activity [41]. However,
this may be attributed to the presence of osmium so that the par-
ticle size does not reflect that of pure gold. Furthermore, it sug-
gested that the catalyst cannot be regarded as segregated
osmium and gold phases, but rather as a bimetallic osmium–gold
alloy phase which behaved like neither metal.

4. Conclusions

Supported catalysts containing osmium and/or ruthenium
showed good catalytic activity for CO oxidation. The catalytic activ-
ity followed the order Ru > RuOs3 > Os� AuOs3/SiO2. In particular,
ruthenium catalysts prepared from organometallic precursors
exhibited better activity than that prepared from RuCl3. Further-
more, ruthenium supported on TiO2 exhibited the best catalytic
activity at the lowest operating temperature. The good control of
particle size, and the absence of residual ions that may act as
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poison, demonstrate that organometallic clusters can serve as
excellent precursors for the preparation of very active metallic
catalysts.
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