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Abstract

Ruthenium oxide-like (RuxOy ) nanoparticles were prepared by the decomposition of carbonyl precursors in organic solvents und
conditions. CO oxidation over the reduced particles was studied by combined in situ X-ray diffraction and gas-phase analysis. Fo
prepared in dichlorobenzene, in a flow of CO/O2 = 0.55, oxidation of CO started at ca. 70◦C with the simultaneous formation of amorpho
surface oxide. On further heating, the CO2 production increased proportionally with the rate of formation of surface oxide. Below ca. 1◦C
the catalyst can be reversibly reduced in CO to the disordered precursor state, average size ca. 2.8 nm. After catalytic performa
at 180◦C, reduction in CO of partially oxidized RuxOy is accompanied by a burst of CO2 partial pressure and induces particle growth
∼ 5 nm due to the exothermic heat of the reaction. These results are comparable to earlier results for ruthenium single-crystal surfa
under low pressure conditions.
 2005 Elsevier Inc. All rights reserved.
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-
ol-
ve
lec-

id

ad-

tion

r-

ent

r Ru
ior

of
ted
sta-
ed

x-

m
dies
1. Introduction

Ruthenium nanoparticles (Rux) prepared by decompo
sition of a tris-ruthenium dodecacarbonyl in organic s
vents (xylene (Xyl) and 1,2-dichlorobenzene (Dcb)) ha
proved to be effective electrocatalysts when used as e
trode materials for molecular oxygen reduction[1–3]. Their
electrocatalytic activity toward oxygen reduction in ac
medium has been studied in previous papers[4–6]. Fur-
thermore, in situ electrochemical FTIR spectra of CO
sorbates on such nanoparticles was reported recently[7].
These studies showed that the degree of CO interac
was higher on Rux(Xyl) than on Rux(Dcb). Recent DRIFT
studies on MgO- and SiO2-supported ruthenium nanopa
ticles prepared by CVD from Ru3(CO)12 precursor indi-
* Corresponding author. Fax: +33 (0)54945-3580.
E-mail address: nicolas.alonso.vante@univ-poitiers.fr

(N. Alonso-Vante).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.03.017
cated the RuO2 surface overlayer to be the active compon
for CO oxidation[8]. In situ X-ray diffraction (XRD) and
electrochemical methods were used to characterize ou
clusters with respect to their oxidation/reduction behav
in an oxygen/hydrogen atmosphere[9]. Reduction of air-
exposed samples under mild conditions (H2, T � 150◦C)
leads to what we call a “disordered precursor state”
∼ 2-nm Ru metal particles. The disorder may be rela
to residual subsurface oxygen, which could also cause
bility against the coagulation of this non-ligand-stabiliz
material. A nanoscaled binary compound RuxSey prepared
similarly from carbonyl precursors was found to exhibit e
traordinary oxygen resistance and structural stability[10].

There are a vast number of both experimental[11–15]
and theoretical[16,17]surface-related studies on rutheniu
single crystals under UHV conditions. Some of these stu

have been performed recently in the presence of oxygen and
carbon monoxide at the Ru(0001) surface, even under high-
pressure conditions[11]. However, the complex behavior of

http://www.elsevier.com/locate/jcat
mailto:nicolas.alonso.vante@univ-poitiers.fr
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ruthenium in its nanodivided form is still a matter of discu
sion.

It is generally agreed that the catalytic oxidation of c
bon monoxide over platinum-group metals proceeds via
so-called Langmuir–Hinshelwood mechanism. However
contrast to other platinum-group metals such as Pt, Rh,
Pd, ruthenium is the least active metal for CO oxidat
under UHV conditions, but its reaction rate under hig
pressure and oxidizing conditions is exceptionally high[12].
Therefore, ruthenium appears to be a nice example of a
alyst that exhibits the so-called pressure gap phenome
For Ru(0001) surfaces it has been shown that the rea
probability increases by a factor of 100 beyond an oxy
load of 3 ML [13]. It is suggested that subsurface oxyg
destabilizes surface oxygen because of the onset of o
formation. The conversion of these subsurface oxygen a
into a regular RuxOy phase takes place at temperatures
high as 900–1150 K[14]. Böttcher and Niehus have studie
the conditions needed to promote the formation of sub
face oxygen on Ru(0001) in very large oxygen quanti
(partial pressure of 10−2 mbar)[11]. Surface roughness wa
found to have considerable influence on the capacity for o
gen penetration. In a more recent paper, the oxygen
Ru(0001) surface was found to consist of patches of (1×1)O
overlayers in coexistence with patches of RuO2 with (110)
orientation. It is supposed that only the RuO2(110) domains
are able to oxidize CO molecules at high conversion ra
whereas chemisorbed O overlayers are virtually inac
with respect to CO oxidation[15].

In this work we present gas-phase studies of the ab
mentioned material in the presence of an oxygen and/or
bon monoxide mixture. In situ X-ray diffraction, combine
with on-line monitoring of reaction products, has turned
to be a unique technique for the study of gas-phase
alytic reactions[18,19]. None of the usual techniques a
plied in catalysis research allow the direct observation
nanocrystalline catalyst particles with respect to their st
tural changes under reaction conditions. This has not b
done so far. For instance, this technique has led to unra
ing of the mechanism of the chemical oscillations that oc
during CO oxidation over platinum[19]. In an earlier work
we used the technique to study CO oxidation over surfact
stabilized bimetallic PtRu alloy colloids[18].

2. Experimental

2.1. Sample preparation

The ruthenium nanoparticles were elaborated under
conditions in organic solutions, from Ru3(CO)12, as de-
scribed, for example, in Refs.[3,5]. In short, the chemica
precursor (Ru3(CO)12 (from Alpha no. 617002) was dis

solved either in xylene (Xyl, Merck no. 8687.1000) or in
1,2-dichlorobenzene (Dcb, Merck no. 6.03298.1000). The
reaction was performed in a nitrogen atmosphere under re-
f Catalysis 232 (2005) 395–401

-
.

fluxing conditions for 20 h. The nanodivided materials
powder form were recovered by filtration on a 0.2-µm PT
filter, dried with ethyl ether, and kept in vials. The pre
ence of oxygen from air induces the oxidation of rutheni
nanoparticles. Therefore, unless otherwise quoted, su
material exposed to oxygen from air converts to oxide-
ruthenium nanoparticles (RuxOy).

2.2. X-ray diffraction

X-ray patterns were measured with a Guinier po
der diffractometer (Huber) in the 45◦ transmission mode
A Johansson-type Ge monochromator produces a foc
monochromatic Cu-Kα1 primary beam (λ = 1.5406 Å).

Structural changes induced by reactive gases at elev
temperatures were studied with a specially designed in
cell attached to the goniometer[20]. The cell body was mad
of stainless steel, and the reaction volume of a cylindr
beryllium cover, mounted on a water-cooled flange, co
sponded to a reactor volume of 115 cm3. The powder sam
ples were lightly pressed into pellets (8 mm× 15.5 mm×
0.1 mm in size). These pellets are mechanically unst
and thus were tightly fixed, and permeable for gas, betw
two 0.1-mm beryllium plates before they were inserted i
the sample holder. In the so-called open slit (OS) mode
counter slit is set to be stationary, for example, at a pro
nent peak of the target material. In this time-resolved m
in situ studies of particle growth or oxide formation are p
sible. A quadrupole mass spectrometer (QMS) is conne
to the reaction cell by a differential pump transfer line. T
allows analysis of the reaction products during X-ray m
surements. Note that the QMS signal has a delay of a
100 s with respect to changes in the gas-phase condition
flow rate or composition. The conditions for the mass fl
within the pore system of the compressed catalyst ind
concentration gradients and correlated temperature grad
involving nonisothermal conditions of reaction. This mak
a quantitative analysis of reaction kinetics impossible,
allows for observations of selected aspects, as will be
cussed later.

Some θ -scans were performed ex situ. In this ca
the samples were fixed between two 3-µm polyethyl
foils and measured immediately in ambient conditions.
background-corrected patterns were subjected to the u
angular correction for absorption, polarization, and g
metrical factors and plotted versus the reciprocal scatte
length,b = 2 sin(θ)/λ.

3. Results

3.1. Gas-phase CO oxidation-temperature dependence,
RuxOy(Dcb)
The purpose of this study was to correlate the rate of CO
oxidation over RuxOy nanoparticles with the rate of oxide
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Fig. 1. Intensity around the RuxOy peak and CO2 partial pressure during r
exposed to a flow of O2/CO/He (right side).

formation/reduction under various conditions of partial pr
sure and temperature of the reactants.

From previous studies it is known that these catalysts
be reversibly reduced and oxidized under mild condition
an amorphous RuxOy phase[9]. A sample of RuxOy(Dcb),
stored at room temperature in air for several months, was
tially pre-reduced in a flow of CO/He (1.22/4.53 ml/min),
and the temperature was ramped between room tem
ture (RT) and 170◦C during reduction. The kinetics of th
process can be qualitatively followed by the OS mode (c
pare Section2.2); that is, the scattered intensity (I -signal)
is measured in a “Bragg window” around the oxide pe
(θ = 16◦ ± 1◦), which serves as a probe for the oxide fra
tion (this Bragg window is indicated as a vertical bar in
RuxOy diffractogram inFig. 7). The QMS signal was syn
chronized with the X-ray unit and measured CO2 partial
pressure in arbitrary units atm/z = 44 (CO2-mass signal)
Fig. 1 (left side) displays this experiment. At about 120◦C,
marked by a vertical dashed line, the reduction starts. Th
evident from the drop in theI -signal. The CO2 mass signa
goes over a maximum during this process. Note that s
rious CO2 in the reactor volume and transfer line produ
a p(CO2) signal that decreases with pumping time. In
actual experiment the pumping time was too short to red
the CO2 partial pressure to the final lowp(CO2) background
level. This accounts for the high CO2 signal before the onse
of Ru reduction. After cooling the sample to RT we scann
the XRD pattern, which revealed the typical features for
disordered precursor of metallic Ru nanoparticles∼ 2.8 nm
in size[9] (Fig. 2, thin line). The diffraction pattern of fully
oxidized starting material is shown for comparison (th
line). The diffuse oxide peak disappears and the typical p

for nanoscale Ru metal aroundb = 0.44 Å
−1

appears in-
stead.
The reduced sample was then exposed to a flow of
CO/O2/He at a flow rate of 4.3/2.4/8.5 ml/min. The result of
this treatment is shown on the right side ofFig. 1. On heat-
tion in CO versus time and temperature (left side). The reduced sampl

-

Fig. 2. Diffractogram of the oxidized precursor sample RuxOy (Dcb) after
storage for about one month in air at room temperature (thick line),
reduction in CO (thin line), and after the first catalytic performance
consecutive reduction in CO (dashed line). The beryllium plates use
encapsulate the sample produce the narrow peaks (marked by∗).

ing, at about 70◦C, ignition of CO oxidation takes place, a
indicated by the rising CO2-mass signal (marked by a ver
cal line). TheI -signal also rises at the ignition point, whic
indicates the onset of surface oxide formation. Note that
is not a flash-like ignition, in contrast to, for example, that
platinum, where all active sites are blocked by surface
up to a certain temperature[19]. In this case a high helium
flow rate was needed as a “quenching gas” to transpor
excess heat away from the catalyst particles and to pre
them from agglomerating and growing. The Ru nanopa
cles were slowly re-oxidized under the selected conditio
CO/O2 < 2, that is, with a slight excess of oxygen over t
stoichiometric ratio.

Hereafter, the sample was again reduced in CO. This

reversible oxidation/reduction treatment converts RuxOy

(Dcb) back to the disordered nano-Ru state (Rux), since
there is no noticeable difference between the two scans
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Fig. 3. CO oxidation after three cycles of oxidation/reduction in
O2/CO/He flow. At point A an intermediateθ -scan was taken under th
conditions as specified at this point. When the oxygen flow is switche
(see arrow) the catalyst is rapidly reduced with a short burst of CO2 pres-
sure (right side).

(cf. Fig. 2, dashed line). (Note that in this figure the narr
lines of the beryllium plates used to encapsulate the sam
are not cut from the diffraction patterns.)

In a last cycle (after three intermediate ones) CO
idation continued up to 180◦C, and the flow rates wer
set to CO/O2/He = 4/4/20 ml/min, that is, to oxidizing
conditions (Fig. 3). Again CO oxidation was observed
described inFig. 1, with ignition at ca. 70◦C and an ini-
tially rapid increase inP(CO2) and surface oxide formation
Both processes approached saturation values as the
perature was increased. At the point marked by an ar
the CO flow was switched to 8 ml/min, that is, to a more
reductive state, which induced an increase in the CO2 pro-
duction. Aθ -scan was taken under the actual conditions
gas composition/flow and temperature at point A of the
ure (duration 50 min). During this period a partial reduct
of the catalyst took place. This is obvious from the low
ing of the I -signal after theθ -scan was started at point
(dashed lines connect these points in the figure). Sh
after theθ -scan the oxygen flow was shut off as mark
in the figure. As a consequence the sample was rapidl
duced: theI -signal dropped, and the burst-like CO2 signal
ran above maximum before dropping to its background le
It appears, therefore, that only oxygen from the gas pha
needed to maintain a certain level of surface oxide, whe
the surface oxide itself is the catalytic active zone of
ruthenium catalyst.

Fig. 4 shows aθ -scan taken ex situ at RT at point B
Fig. 3 and compared with that of point A. Despite the fa
that scan A was taken under nonstationary conditions,
diffraction pattern evidently shows the presence of ox
represented by the high background level. It is impor
to note that this oxide-related background is “X-ray am

phous” and shows no crystallinity. We believe that the ox-
ide forms as an amorphous overlayer on top of the metallic
ruthenium particles. At point B, that is, after the flash-like re-
f Catalysis 232 (2005) 395–401

-

Fig. 4. WAXS patterns of RuxOy (Dcb) taken at point A and point B marke
in Fig. 3.

duction of this overlayer, the Rux particles grow irreversibly
and represent a well-developed Ru phase.

3.2. Partial pressure dependence, RuxOy(Xyl)

A RuxOy(Xyl) sample, generated from Rux(Xyl) previ-
ously stored in air for 8 months at RT, was reduced in flow
CO at 200◦C (seeFig. 5), and aθ -scan was taken unde
these conditions after the sample was cooled to RT. A
the diffraction curve was very similar to that of Rux(Xyl) re-
duced in pure hydrogen at 95◦C, which we have called th
disordered precursor state of nano-ruthenium[4,9]. How-
ever, for CO used as a reducing agent, a much higher
perature was needed to end at the same state of reducti

The following experiment was intended to study the
fect of the O2/CO partial pressures on the oxidation of t
primarily reduced Rux cluster surface. For this purpose t
temperature was held constant at 200◦C, and both theI - and
CO2-signals were measured as a function of time and
flow ratioc = O2/CO, which was changed stepwise (Fig. 6).
We started with a pure CO flow, which was kept const
at 20 ml/min throughout the whole experiment, while t
oxygen flow was increased/decreased betweenc = 0 and 1.
Fig. 5. Intensity around the RuxOy peak (I -signal) during reduction of fully
oxidized RuxOy (Xyl) in carbon monoxide versus time and temperature.
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◦
Fig. 6.I -signal (solid line) at the ruthenium oxide ‘Bragg window’ during CO oxidation at constant 200C versus time and flow ratiosc = O2/CO (stair case
s).
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curve). The CO2 partial pressure is shown as a separate curve (symbol

For c = 0.25, that is, with CO in excess, CO oxidatio
is indicated by a linearly increasing CO2 signal. The re-
sponse time of the QMS to changes in partial pressure
for m/z = 44 is much faster than this increase; that is,
induction time to maximum activity is on the order of hou
Under these conditions we do not observe notable sur
oxidation, which would appear as a risingI -signal. Surpris-
ingly, an increase fromc = 0.5 to 0.75 induces a drop in th
I -signal, which, however, reverts to a risingI -signal (oxi-
dation) with a further increase in the O2/CO ratio toc = 1.
In this domain, where oxygen is in excess over the stoic
metric ratioc = 0.5, the CO2 production decreases. After
certain reaction time the oxidation of the Ru surface st
abruptly, which is indicated by the horizontal slope of t
I -signal. At this point an equilibrium state of oxidation
apparently reached.

Whenc was switched back to the stoichiometric ratio
0.5, the CO2 production rate increased again; that is,
partially oxidized catalyst was still active for CO oxidatio
After a certain induction time, however, theI -signal dropped
again to a much lower level than that observed at the
ginning. This behavior is attributed to a secondary eff
related to reduction and a structural rearrangement/grow

more perfect cluster morphology (cf.Fig. 7, curve C). Most
likely this growth process is induced by local overheat of the
exothermic CO oxidation and is probably also the cause of
Fig. 7. WAXS patterns of RuOx (Xyl) after different treatments. (A): store
in air for 8 months (•), (B): reduced in CO at 200◦C (—), and (C): After
catalytic CO oxidation at 200◦C for ∼ 50 min (- - -). The vertical bar indi-
cates the ‘Bragg window’ for the intensity measurements, i.e., theI -signal
shown inFigs. 1, 3, 5, and 6.

the first drop of theI -signal inFig. 6. The exothermic hea
of the reaction cannot be dissipated fast enough to pre

the clusters from sintering. In contrast, during the pretreat-
ment of the catalyst for more than 1 h in pure CO at 200◦C,
the particles did not grow, but transformed into the reduced
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Fig. 8. Line profile analysis of pattern B inFig. 4by Pearson VII functions
(solid line). The integral line width (db) deduced from the fit is plotted o
the same abscissa on the right axis.

precursor state.Fig. 7compares the diffraction curves tak
at the points labeled (A), (B), and (C) inFig. 6.

3.3. Structural features of Rux particles after CO oxidation

We have performed a line profile analysis of scan B
Fig. 4 with the use of Pearson VII functions to fit the fir
six peaks (solid lines inFig. 8). The related integral line
width (db) is plotted versus peak position (right axis
Fig. 8). One can extract the following information from th
line width:

(i) Lines h0l, l = 1, 2, 3 increase in width according
stacking faults of the (001)-planes. The stacking fa
probability is calculated to be∼ 1%. This means tha
about one fault occurs in the stacking at every 100
planes.

(ii) The 002-line is much broader than lines100, 110. This
relates to a raft-like crystallite shape with a mean late
size La = 1/db(100) = 48 Å andLc = 1/db(002) =
36 Å along thec-axis direction. Since the (002) netpla
has a spacingd002 = 2.138 Å, each crystallite consis
of an average of 17 planes. This means that only a
of the crystallites contain one stacking defect.

4. Discussion

4.1. Nanoprecursor stability

Previous studies[3–5,9]showed the surprisingly high sta
bility of nanocrystalline ruthenium under mild reducing co
ditions. In this state we can exclude the presence of res
amorphous ruthenium oxide, but not the presence of
surface oxygen. The method of preparation and the ra

severe pretreatment conditions exclude the presence of or
ganic ligands that may protect the surface. We believe that
oxygen is still bound to the surface or is present as a sub-
f Catalysis 232 (2005) 395–401

l

surface species and prevents the nanodivided material
coagulating, even under highly reductive conditions (200◦C,
1 bar of CO). Subsurface oxygen would also explain
high degree of disorder found in the precursor state of
material[9]. From single-crystal studies of ruthenium it
well known that chemisorbed oxygen can be fully remov
only under extreme conditions, that is, atT > 1000◦C under
UHV conditions[21].

The XRD experiments presented here are not inten
to give a detailed picture of the kinetics involved at t
gas/surface interface of the ruthenium nanoparticles. U
vorable conditions of heat and mass transport and the
isothermal reaction condition set limitations that may
studied much better in conventional catalyst reactor syste
particularly since the particles are not dispersed on a po
support material that supports gas diffusion. An enhan
surface sensitivity is of course simply related to the sm
size of the reacting particles. The experiments condu
in this work, however, do shed some light on the comp
processes of surface oxidation/reduction and particle gro
during reaction that are not available otherwise.

It appears that many of the results that have recently b
derived from single-crystal studies do in fact apply likew
to ruthenium in its nanodivided form under high-press
conditions. Surface oxide plays a decisive role in the ab
of ruthenium to catalyze CO oxidation. For Rux(Dcb) the
rate of CO2 production increases atT � 70◦C proportion-
ally to the amount of surface oxide formed over a previou
reduced catalyst. Very similar results have been obse
earlier on 2.3 nm Pt–Ru (1:1) alloy nanoparticles[18]. In
a 2:1 CO/O2 flow, CO oxidation requires a higher tempe
ature than 220◦C, and surface oxidation is observed on
above 280◦C.

A direct proof of the role of chemically bonded oxygen
CO oxidation is apparent fromFig. 3. The CO2 rate becomes
constant att = 150 min, O2/CO = 0.5. This means that th
buildup of surface oxide by consumption of gas-phase o
gen and the oxide decay by extraction of oxygen to fo
CO2 with chemisorbed CO have reached equilibrium. If
oxygen supply of the gas phase is switched off, the la
process is no longer “inhibited” by the former process,
indicated by a rapid increase in CO2 partial pressure. Thi
reductive reaction lasts until all surface oxide is comple
consumed (point B inFig. 3).

The apparent contradiction of the observed activity
a reduced Rux(Xyl) sample atT = 200◦C without simul-
taneous oxide formation can be related to the presenc
some residual surface oxide or subsurface oxygen tha
not been fully removed by the described reduction pro
dure. Surface oxide is formed only with oxygen in exce
for example, O2/CO � 0.75. In this experiment He was n
used as a carrier gas, since it could have affected at leas
dissipation, thus preventing the thermal activation of ox

-formation.

An amazing aspect is the apparent equilibrium state of
surface oxide formation. It is reached after a certain induc-
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tion period (time= 81 min) and persists for a certain perio
even when the O2 partial pressure is lowered to O2/CO= 0.5
(Fig. 6). Further work is needed to understand this phen
enon.

4.2. Solid/liquid interface

The surface reaction toward CO oxidation onto Rux(Xyl)
and Rux(Dcb) on the solid/gas interface reflects, to so
extent, a similar behavior when such surfaces form an e
trochemical interface (solid/liquid). In fact, as reported
an earlier work[9], a striking difference in charge store
in the electrochemical double layer between the “reduc
states, that is, of Rux(Xyl) and Rux(Dcb), was observed
More charges (ca. 10 times) are accumulated on Rux(Xyl)
than on Rux(Dcb). Such an effect can be due to the fact t
the species present in the electrolyte (e.g., H+, OH−) inter-
act differently (adsorption process) according to the stat
electrode surface, leading to so-called pseudocapacita
On the other hand, it was observed that the amount of
adsorbed to Rux(Xyl) in an electrochemical cell was als
higher than adsorbed to Rux(Dcb) [7]. Since the measure
COadsvibration frequency from FTIR measurements, in
flexion mode, was similar on the two samples, we arrive
the conclusion that the CO species adsorb easily to Rux(Xyl)
by displacing. other molecules responsible for the sto
charge (pseudocapacitance) in the double layer. This
nomenon also takes place, although to a lesser exten
the oxidized material. This complex interplay between
species in the electrolyte and the state of the surfac
Ru nanoparticle reflects the catalytic behavior depicte
Figs. 1, 3, 5, and 6.

5. Conclusion

It has been shown that in situ X-ray diffraction combin
with gas-phase analysis is capable of providing insight
catalytic processes that depend on a partial surface oxid
of the base material. As a matter of fact, nanodivided ru
nium has achieved growing importance as a fuel cell cata
and in different fields of catalysis such as low-tempera
NH3 synthesis[22] or alkane hydrogenolysis[23]. The pro-
nounced difference between ruthenium, on the one hand
other group 9 and 10 elements in alkane hydrogenolysis
been pointed out earlier by Paál et al.[24]. The importance
of strongly bound oxygen on ruthenium in its interacti
with the oxygen-containing groups of cyclohexanol and
clohexanone has also been reported[25]. The interaction of
Ru oxide with the C–OH and –C=O functional groups may
be analogous to that reported here for carbon monoxide

The present work shows that the catalytic behavior
ruthenium nanoparticles depends on the synthesis condi

and pretreatment. This difference is verified when xylene
and dichlorobenzene are used as solvents. It is suggested th
f Catalysis 232 (2005) 395–401 401

.

-

subsurface oxygen species play a decisive role in this di
ence. More experiments of this type are of course neede
get a full understanding of the underlying mechanisms (e
for CO oxidation). In these experiments it would be imp
tant to avoid conditions that lead to particle agglomerat
since meaningful data can be gained only at a constant
persion of the active catalyst surface.
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