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Abstract

A series of bimetallic Ru-containing monometallic and bimetallic catalysts were prepared and tested for their activity for the hydroge
2-butanone to 2-butanol at 30◦C and 3 bar H2. RuPt bimetallic catalysts were the most active for the reaction, with a ratio of 5 wt% Ru:1
Pt on activated carbon (AC) found to be optimum. The activity of this bimetallic catalyst was more than double that of the sum of the
of the monometallic Ru and Pt catalysts, providing evidence of a “bimetallic” effect. Structural analysis of the bimetallic catalysts reve
they consisted of clusters of particles of the order of 1–2 nm. Extended X-ray absorption fine structure analysis showed that there
types of particle on the surface of the bimetallic RuPt catalyst, specifically monometallic Ru and bimetallic RuPt particles. For the b
particles, it was possible to fit the data with a model in which a Ru core of 1.1 nm is enclosed by two Pt-rich layers, the outer layer c
only 13 at% Ru. Pretreatment of the monometallic and bimetallic catalysts in hydrogen had a significant effect on the activity. Both the
and monometallic Ru-based catalysts showed a trend of decreasing activity with increasing temperature of prereduction in hydrogen. T
activity was almost fully reversible by exposure of the catalysts to air after reduction. The changing activity with exposure to different g
environments could not be attributed to changes in particle size or surface composition. It is proposed that the introduction of hydrogen
a gradual smoothing of the surface and loss of defect sites; this process being reversible on introduction of air. These defect sites are
important for the dissociative adsorption of hydrogen, potentially the rate-determining step in this reaction.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Bimetallic catalysts are at present the subject of consider
interest in heterogeneous catalysis, due to the fact that thei
alytic properties can be superior to those of monometallic
alysts for many reactions[1]. The discovery of bimetallic cata
lysts has, in fact, been one of the major technical developm
in heterogeneous catalysis[2] and it is now widely acknowl-
edged that the addition of the second metal provides a me
of controlling the activity, selectivity, and stability of the cat
lysts in certain reactions[3]. Various bimetallic combination
have been used successfully for different reactions. Pt–Re
alysts are used commercially as reforming catalysts. Binar
alloys, such as Pt–Ru or Pt–Sn, have been suggested as ca

* Corresponding author. Fax: +44 28 90382117.
E-mail address:j.breen@qub.ac.uk(J.P. Breen).
0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
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for the fabrication of fuel cell anodes with increased CO to
ance[4,5]. Bimetallic catalysts have been studied for vario
hydrogenation reactions[6–12]. Thomas and co-workers hav
done much research on the preparation and characterisat
ruthenium[13] and ruthenium-containing bimetallic catalys
[14–18]. They have pioneered a method of anchoring w
defined bimetallic ensembles within mesoporous silica pore
produce catalysts that are active and selective for various hy
genation reactions. The activity was found to be dependen
the nature of the second metal added to ruthenium, the rat
ruthenium to the second metal, and the cluster size. They fo
that Ru/Pt bimetallic catalysts were particularly active for
hydrogenation of cyclohexene[19].

It is not clear exactly what role the metal promoter pla
in enhancing catalytic activity; it may have a direct role as
active centre for the reaction or may simply modify the ac
component. It is also not clear if the two metals form allo

http://www.elsevier.com/locate/jcat
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if surface segregation of one element occurs, or if the
elements are randomly distributed on the surface of the c
lyst [20]. Several authors have suggested a synergistic e
whereby catalytic performance is enhanced by the synergy
tween the component elements at the nanoscale[21–23]. The
role of the second metal is sometimes simply to overcom
limiting side reaction or to promote a certain part of the re
tion. In some cases the promoter metal shows no activity
the chosen reaction by itself but greatly enhances the act
when added to the existing catalyst. Iwasawa and co-wor
used Sn-modified Rh catalysts for NO dissociation and NO2
reaction[24]. They acknowledged that Sn metal has no sign
cant catalytic activity by itself, because it does not interact w
H2, hydrocarbons, CO, or NO, but found that Sn can be u
as a promoter for SiO2-supported transition metal catalysts
enhance catalytic performance. Another possibility is that
addition of a second metal changes the morphology of the a
metal. When one metal is deposited on another, one obser
number of different phenomena. The deposited metal may f
islands on the substrate or may alloy into the first or deeper
ers[25]. Although it was presumed that alloy formation was
essence of the promotional effect in bimetallic catalysts, m
recent studies have shown that in some cases alloy formati
not desired. Waszczuk et al.[26] have found that a decorate
Pt/Ru catalyst is twice as active for methanol electro-oxida
(in terms of current density and turnover frequency) as the c
mercial alloy catalyst, both of which have nominally identic
Pt:Ru ratios. They concluded that ruthenium atoms prese
the edge of Pt nano-sized islands display significantly enha
activity for the CO poison removal compared with the act
sites on a Pt/Ru alloy.

Consequently, it is important to characterise the size, st
ture, and distribution of the metal particles of these bimeta
catalysts in an attempt to understand the correlation betw
microstructure and catalytic properties. Characterisation of
alysts by the traditional bulk techniques can be very diffic
because of the microscopic nature of the particles. This is e
cially true for bimetallic systems, which can be complicated
the presence of several metal phases[27]. For example, Rolison
et al.[28] performed bulk and surface analyses of several c
mercial and industrial Pt–Ru/C electrocatalysts and highligh
the need to use a combination of techniques to characteris
catalysts; in particular, they found that X-ray diffraction (XR
analysis on its own could give misleading results.

In this paper, Pt–Ru bimetallic catalysts are characterise
various techniques, including transmission electron microsc
(TEM), extended X-ray absorption fine structure (EXAF
analysis, XRD, and X-ray photoelectron spectroscopy (XP
The results of the characterisation are correlated with the
tivity of the catalysts for the hydrogenation of 2-butano
after a series of pretreatment procedures. Hydrogenatio
2-butanone was chosen as a test reaction primarily bec
the reaction is 100% selective to 2-butanol under mild co
tions of temperature and pressure and thus allows compa
of activities of catalysts without complications due to selec
ity.
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2. Experimental

2.1. Catalyst preparation

The catalyst preparation method used depended prim
on whether the metals were impregnated onto the high-su
area graphite (HSAG) or activated carbon (AC) support. For
monometallic 5 wt% ruthenium/activated carbon catalyst,
wood-based activated carbon was slurried in deionised w
and an aqueous solution of Na2RuO4 was added. The slurry wa
allowed to cool and settle before being filtered and dried. A s
ilar procedure was used to prepare the monometallic 1
Pt/AC catalyst, using a Pt nitrate precursor. For the bime
lic AC-supported catalysts, the 5 wt% Ru/AC was used as
starting material. Aqueous solutions of the metallic nitrate p
cursor salts were allowed to contact the 5 wt% Ru/AC cata
for 1 h before being dried in an oven overnight. The monome
lic graphite-supported catalysts were prepared by making
the required solutions from chloride precursors. These sal
lutions were added to the (HSAG) slurry, and reduced w
formaldehyde or sodium hypophosphite. The catalysts w
allowed to settle, then washed, filtered, and dried. A sim
procedure was used to prepare the bimetallic HSAG-suppo
catalysts, except in this case a mixed solution of metal salts
made up and then added to the graphite slurry.Table 1sum-
marises details of the preparation procedures for all of the c
lysts. It is important to note that in what follows, the term “fre
catalyst” refers to the catalyst state after drying the catalys

2.2. Catalytic tests

The hydrogenation reactions were performed in a 3003

Parr stainless steel autoclave with a maximum pressur

Table 1
Summary of catalyst preparation variables

Metal
loading

Metal pre-
cursor salts

Support Reducing
agent

Notation

5% Ru Na2RuO4 Activated None 5Ru/AC
carbon

5% Ru 1% Rh Na2RuO4 Activated None 5Ru1Rh/AC
a nitrate of Rh carbon

5% Ru 1% Pd Na2RuO4 Activated None 5Ru1Pd/AC
a nitrate of Pd carbon

5% Ru 1% Pt Na2RuO4 Activated None 5Ru1Pt/AC
a nitrate of Pt carbon

5% Ru 2% Pt Na2RuO4 Activated None 5Ru2Pt/AC
a nitrate of Pt carbon

5% Ru 0.1% Pt Na2RuO4 Activated None 5Ru0.1Pt/AC
a nitrate of Pt carbon

5% Ru 0.5% Pt Na2RuO4 Activated None 5Ru0.5Pt/AC
a nitrate of Pt carbon

1% Pt A nitrate of Pt Activated None 1Pt/AC
carbon

5% Pt Chloride Graphite Formaldehyde 5Pt/HSAG
4% Ru 1% Pt Chlorides Graphite Sodium hypo-

phosphite
4Ru1Pt/HSAG

1% Ru 4% Pt Chlorides Graphite Sodium hypo-
phosphite

1Ru4Pt/HSAG

5% Ru Chloride Graphite Sodium hypo-
phosphite

5Ru/HSAG
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5%
207 bar and a maximum temperature of 350◦C. For each ex-
periment, 0.1 g of catalyst (particle size< 250 µm) was used
to hydrogenate 2.4 g of 2-butanone diluted in 100 cm3 of ul-
trapure water. The pressure was monitored by a pressure g
on the removable head of the autoclave. The temperature
set using the temperature controller, which was connecte
the heating mantle and monitored by a thermocouple loc
within the autoclave. A stirrer with a four-blade impeller rot
ing at approximately 1700 rpm was used to thoroughly mix
liquid in the vessel. A continuous supply of hydrogen from
fixed-volume reservoir was fed to the autoclave to mainta
constant pressure of 3 bar during the course of each reac
The rate of hydrogen loss from the reservoir was monito
and logged continuously by means of a pressure transd
coupled to a PC. Given that hydrogen reacts stoichiometric
with 2-butanone to give 2-butanol as the only product (as c
firmed by gas chromatography), hydrogen uptake was use
an indirect measure of the rate of reaction of 2-butanone
hydrogenations were performed in duplicate at 30◦C.

In some cases the catalyst was pretreated in situ with 3
hydrogen before the reactant was added. Details of this pre
ment are as follows.

2.2.1. In situ pretreatment
For in situ pretreatment, 82 g water was added to 0.1 g

alyst and sealed in the autoclave. The vessel was flushed
nitrogen three times. The temperature was set to the de
level (60, 120, 180, or 230◦C) and was allowed to stabilis
while the mixture was stirred slowly (approximately 150 rpm
Then 3 bar of hydrogen was introduced into the autoclave,
the catalyst was allowed to reduce for 90 min. The solution
then allowed to cool to 30◦C before being purged three tim
with nitrogen.

2.3. Scanning transmission electron microscopy

Small portions of catalyst sample were taken and crus
then dusted onto a scanning transmission electron micros
(STEM) grid (Cu). The samples were examined on a Tec
F20 Transmission Electron Microscope operating at 200
Approximately eight micrographs were recorded for each s
ple. The composition of selected nanoparticles was determ
by energy-dispersive X-ray analysis. In this analysis, the e
tron probe beam was focused along a path containing reg
of blank support and nanoparticles, X-ray fluorescence sig
were collected at every nanometer along the path. The in
sities of the signals characteristic of Pt and Ru were plo
against distance along the line scan.

2.4. Extended X-ray absorption fine structure

Data were collected at reaction temperature at the S
chrotron Radiation Source in Daresbury, U.K., using sta
9.2. The spectra were recorded at the ruthenium K edge
the platinum LIII edge using a double-crystal Si(220) mon
chromator set at 50% harmonic rejection in transmission m
Scans were collected and averaged using EXCALIB, wh
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was also used to convert raw data into energy versus ab
tion data. EXBROOK was used to remove the background.
analysis of the EXAFS was performed using EXCURV98
the raw data using the curved-wave theory. Phase shifts
derived from ab initio calculations using Hedin–Lundqvist e
change potentials and von Barth ground states. Compar
were made with reference Ru and Pt foils and RuO2 and PtO
powders. The EXAFS analysis was performed as a functio
catalyst reduction temperature using an in situ reaction cell
Kapton windows on a pressed pellet of catalyst with hydro
gas. For the reoxidation treatment, the catalyst was purged
nitrogen before air was slowly admitted to minimise the risk
exotherms. The temperature was controlled with a Euroth
PID controller with a thermocouple in contact with the cataly

2.5. X-Ray photoelectron spectroscopy

The samples were pressed and mounted on the spec
stage using double-sided adhesive tape and analysed
monochromatic Al-Kα radiation in a 500 µm spot at 150 W
The binding energies were all referenced to C1s at 284.8 eV.
Detailed spectra were obtained at 40 eV pass energy.

2.6. X-Ray diffraction

XRD analysis was performed on a Siemens D5000 X-
diffractometer with Cu-Kα radiation (1.5405 Å). In situ diffrac
tion patterns were obtained using a home-built environme
cell as described previously[29]. For the reduction and oxi
dation treatments, hydrogen and air, respectively, were flo
over the sample at 20 cm3 min−1, and the data were obtained
the treatment temperature.

2.7. Temperature-programmed reduction

Temperature-programmed reduction (TPR) experim
were performed with approximately 0.1 g of fresh catalys
a Micromeritics Autochem 2910. The samples were place
a U-shaped tube and cooled to−50◦C in argon. A high-purity
mixture of 5% hydrogen in argon was fed in to the reactor,
the temperature was ramped up to 500◦C at a rate of 10◦C min.
Hydrogen uptake, as monitored by a thermal conductivity
tector (TCD), was recorded.

2.8. CO chemisorption

CO chemisorptions were performed using a Micromeri
Autochem 2910 to monitor CO uptake while pulsing CO o
the catalyst at 4◦C. Approximately 0.1 g of catalyst was prer
duced in 5% H2/Ar for 120 min at 120◦C, then purged with He
for 60 min before cooling to 4◦C. A mixture of 10% CO/He
was pulsed into the reactor every 5 min, and the uptak
measured by the TCD was recorded. Pulsing continued
no further uptake of CO occurred. The CO peaks were i
grated, and the total amount of CO chemisorbed was calcul
The pulse chemisorptions were repeated after reduction in
H2/Ar at 180 and 230◦C.
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3. Results

3.1. Catalytic activity

Various monometallic and bimetallic activated carbon-s
ported catalysts were prepared and tested for their activity
the hydrogenation of 2-butanone to 2-butanol. These re
are summarised inTable 2. It was found that the addition o
a second metal to Ru/AC catalysts resulted in enhanced ac
for the liquid-phase hydrogenation of 2-butanone. This ac
ity enhancement depended on the nature of the metal ad
Platinum added as a second metal to ruthenium was foun
produce a larger effect than either rhodium or palladium. In
dition, it was found that there was an optimum concentratio
platinum which, with the range of catalysts used in our wo
was of the order of 1% Pt on a 5% Ru/AC catalyst. Conc
trations of Pt above and below 1% gave catalysts with lo
activity. It is noteworthy that Pt on its own had almost no
tivity for the reaction, and the arithmetic sum of the activit
of the two monometallic 1Pt/AC and 5Ru/AC catalysts was
than half the activity of the bimetallic 5Ru1Pt/AC catalyst. T
is clear evidence of a “bimetallic effect” in the hydrogenat
of 2-butanone with platinum-promoted ruthenium catalysts

Although activated carbon supports are frequently use
industry for liquid-phase hydrogenation reactions, there
problems associated with these supports. In particular, activ
carbons are very heterogeneous materials, containing inorg
matter and numerous oxygen functional groups[30], making
them difficult to characterise. Graphite is a much “clean
support. Therefore, to minimise problems with catalyst ch
acterisation, it was decided to use graphite as well as activ
carbon as supports for the bimetallic catalysts.

Table 2shows that the graphite-supported 5Ru/HSAG c
lyst was less active than the AC-supported counterpart. H
ever, the HSAG catalysts showed the same trends as obs
for the AC-supported materials. The 5Pt/HSAG catalyst
very low activity for the reaction, and (as in the case of
AC-supported catalysts) the combined rates of reaction
the two monometallic catalysts was less than half that
tained over the bimetallic 4Ru1Pt/HSAG catalyst. This is

Table 2
Initial rates of reaction for a series of monometallic and bimetallic AC-
HSAG-supported catalysts

Catalyst Rate of reaction
(mmol kg−1 s−1)

5Ru/AC 364
5Ru1Rh/AC 665
5Ru1Pd/AC 438
5Ru1Pt/AC 850
5Ru0.1Pt/AC 403
5Ru0.5Pt/AC 499
5Ru2Pt/AC 643
1Pt/AC 2
5Ru/HSAG 168
4Ru1Pt/HSAG 459
1Ru4Pt/HSAG 104
5Pt/HSAG 29
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idence of a “bimetallic effect” on the HSAG-supported ca
lysts. The bimetallic catalyst rich in Pt (1Ru4Pt/HSAG) h
low activity for the reaction. However, if the rate was no
malised to the number of Ru atoms in the catalyst, then
activity of the 1Ru4Pt/HSAG was significantly greater th
that of the monometallic catalyst and approached tha
the 4Ru1Pt/HSAG. This is an indication that the Ru in
1Ru4Pt/HSAG had enhanced activity due to the “bimetallic
fect,” but there was a significant quantity of “free” Pt with lo
activity.

Several authors[31–34] have studied the effect of differ
ent pretreatments on Ru-based catalysts, particularly for
drogenolysis reactions[35,36], and have used their findings
characterise the nature of the active site. We used this appr
to aid identification of the active site in our bimetallic cataly
for the hydrogenation of 2-butanone.

Fig. 1 clearly shows that hydrogen pretreatment of the
alyst had a sometimes dramatic effect on the catalyst a
ity. This effect was most noticeable in the bimetallic cataly
The initial activity of the bimetallic catalyst was high and w
slightly improved by exposure to hydrogen at 25◦C; how-
ever, in situ pretreatment in hydrogen at higher temperat
(�60◦C) resulted in drastically reduced activity, to the ext
that after treatment at 230◦C, the catalyst was inactive for th
reaction. Interestingly, when the catalyst was exposed to a
25◦C), there was significant recovery of catalyst activity af
reduction at 230◦C. This demonstrates that treatment in oxyg
can at least partially reverse the adverse effects of the re
tive pretreatment in hydrogen. Reexposure of the catalys
hydrogen at 230◦C after a cycle of reduction (at 230◦C) and
oxidation (at 25◦C) resulted in decreased activity as compa
with the activity of the catalyst after the oxidation step. Ho
ever, the catalyst did retain some activity after this redox cy
in contrast to the inactive catalyst obtained by a single pretr
ment in hydrogen.

To investigate whether the activity reduction was due s
ply to the effects of temperature, the bimetallic catalyst w
pretreated in nitrogen instead of hydrogen at 120◦C. Clearly,
pretreatment in nitrogen had only a minor deactivating ef
on the catalyst. This effectively means that a combination
temperature and hydrogen is necessary to deactivate the
lyst.

The behaviour of the monometallic 5Ru/HSAG subjected
the various pretreatments was quite similar to that observe
the bimetallic catalyst, with two notable exceptions. First,
monometallic catalyst was more resistant to deactivation by
ductive treatment and was deactivated only after reductio
hydrogen at 180◦C. The initial catalyst activity (with no pre
treatment) could be recovered by exposure to air after redu
at 230◦C. Second, the bimetallic catalyst showed very little d
ference between the activity of the fresh catalyst and tha
the catalyst exposed to in situ hydrogen pretreatment at 25◦C,
whereas for the 5Ru/HSAG catalyst, H2 pretreatment at 25◦C
resulted in a noticeable increase in activity. The unchanged
tivity of the 4Ru1Pt/HSAG catalyst after H2 pretreatment a
25◦C was expected. EXAFS analysis (Tables 4 and 5) show
that the catalyst was fully reduced at 25◦C and likely reduced
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s
Fig. 1. Comparison of average rates of hydrogenation of 2-butanone with 5Ru/G and 4Ru1Pt/G with various in situ pre-treatments. Note: Both catalysthave been
chemically reduced during preparation.
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Fig. 2. TPR of the 5Ru/HSAG and 4Ru1Pt/HSAG catalysts.

very quickly under reaction conditions at 30◦C. Therefore, the
catalyst states after in situ prereduction in H2 at 25◦C and un-
der reaction conditions are likely to be very similar. For
5Ru/G catalyst, EXAFS and TPR analysis (Fig. 2) show that the
catalyst exhibited no bulk reduction at 25 or 30◦C. However,
XPS analysis (Table 7) indicated that Ru4+ and Ru6+ species
were present on the 5Ru/HSAG surface, whereas TPR a
sis showed that the average oxidation state of the Ru (bulk
surface) was Ru4+. This means that the surface of the cata
was more oxidized than the bulk; thus, it is possible that
y-
d

t
e

surface was partially reduced (e.g., from Ru6+ to Ru4+) by hy-
drogen treatment at 25◦C. That no peaks associated with t
partial reduction were observed on TPR analysis may be
cause reduction occurs at a lower temperature than the sta
temperature of the TPR. This partial reduction of the surf
may be sufficient to promote catalyst activity.

It should be noted that very similar effects were also fou
for monometallic ruthenium and bimetallic ruthenium/platinu
catalysts supported on AC. The effects of the pretreatmen
the catalyst activity are not readily explainable and may p
sibly be attributed to such effects as changes in the dispe
or morphology of the catalysts and changes in the oxida
state. In the case of the bimetallic catalyst, changes in the
tribution and bonding of the two metals on the surface of
catalyst could be factors. To gain a clearer understanding o
nature of the active site on these catalysts, the 5Ru/HSAG
4Ru1Pt/HSAG catalysts were characterised using a numb
different techniques.

3.2. Catalyst characterisation

3.2.1. CO chemisorption
CO chemisorption was carried out over the 5% Ru/HS

catalyst at three different reduction temperatures. Analysi
CO uptake after prereduction at temperatures of 120–23◦C
showed that CO uptake remained constant (Table 3), indicating
that no sintering of the Ru particles occurred at temperature
to 230◦C.

3.2.2. Temperature-programmed reduction
The TPR profile of the monometallic 5Ru/HSAG catal

showed one main reduction peak at 128◦C, which can be at
tributed to the reduction of ruthenium oxide (Fig. 2). Quan-
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Table 3
Total CO uptake on 5% Ru/HSAG during CO pulse chemisorptions

Reduction
temperature (◦C)

CO/Ru
molar ratio

120 0.32
180 0.34
230 0.34

tification of hydrogen consumption during TPR correspon
to the reduction of Ru4+ to Ru0. This demonstrates that eve
subjecting the catalyst to a reduction treatment with forma
hyde or sodium hypophosphite during catalyst preparation
not sufficient to keep the final catalyst in a reduced state. T
analysis of the bimetallic catalyst revealed two peaks, a m
peak at 100◦C and a shoulder peak at 70◦C. The peak at 100◦C
can be attributed to the reduction of Ru4+, and that at 70◦C can
be attributed to the reduction of Pt, probably PtO. The prese
of Pt in the bimetallic catalyst lowered the temperature of
duction of ruthenium oxide in the bimetallic catalyst compa
with the monometallic 5Ru/HSAG catalyst. The small bro
peak starting at 200◦C in both TPR profiles can be attribute
to methanation of CO or CO2 formed from decomposition o
surface oxygen groups on the support[37].

3.2.3. X-Ray diffraction
XRD analysis was performed on the 5Ru/HSAG and 4

1Pt/HSAG catalysts reduced at different temperatures.
peaks due to crystalline Ru or RuO2 were observed in eithe
the monometallic or bimetallic catalysts. In the case of
Ru/G, this indicates that the Ru was present in a highly
persed form, with particle sizes below the detection limit of
technique (<4 nm). In the case of the bimetallic catalyst, t
absence of Ru or RuO2 crystallites suggests that the Ru w
highly dispersed. This could be in the form of Ru, as par
a PtRu ensemble, or even as a PtRu alloy. Broad peaks d
Pt (or possibly a Pt alloy) were observed corresponding
particle size of 4 nm; however, little change was observed
function of temperature or atmosphere.

3.2.4. Scanning transmission electron microscopy
STEM coupled with energy-dispersive X-ray (EDX) ana

sis was used to obtain information on the nature of the part
on the fresh monometallic and bimetallic catalysts.Fig. 3shows
that the Ru exists primarily as clusters of Ru particles of
3 nm in diameter. Likewise,Fig. 4 shows that the particles o
the 4Ru1Pt/HSAG catalyst also exist primarily in the form
clusters of small particles (1–2 nm). The compositions of in
vidual particles were determined by atom-probe EDX analy
EDX spectra were collected at regular intervals of 1 nm
the beam moved along the line indicated in the dark-field
age inFig. 5. This 30 nm-long line scan incorporates one f
cluster and portions of another two clusters interdisperse
the graphite support. The fluorescence intensity for Ru an
together with the background fluorescence, were plotted
function of distance along the scan length.Fig. 6clearly shows
that the clusters contained a mixture of Pt and Ru atoms. A
subtracting the background, it was found that for the cluster
-
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Fig. 3. TEM of the 5Ru/HSAG catalyst.

Fig. 4. TEM of the 4Ru1Pt/HSAG catalyst.

Fig. 5. TEM dark field image of 4Ru1Pt/HSAG sample.
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Fig. 6. Plot of fluorescence intensities obtained from EDX analysis during
line scan represented by the white line inFig. 4.

Fig. 7. Rawk3χ(k) EXAFS data from the Ru K-edge of 4Ru1Pt/HSAG u
der different reaction conditions: (a) fresh catalyst, (b) following reductio
room temperature, (c) following reduction at 230◦C and (d) after reduction an
re-exposure to air at room temperature.

countered between 8 and 15 nm along the scan path, the a
ratio of Ru:Pt was 4.7:1. This is lower than the bulk atomic
tio of Ru:Pt in the catalyst (7.8:1). However, because this
measurement from only one cluster, it is not possible to d
any conclusions about the average ratio of the metals in the
ticles of the catalyst. The important point is the existence
bimetallic clusters.

3.2.5. Extended X-ray absorption fine structure
Figs. 7–10show the EXAFS and pseudoradial distrib

tion functions for the Ru K-edge and Pt LIII -edge of the
4Ru1Pt/HSAG catalyst as functions of different pretreatme
EXAFS analysis was also performed on the 5Ru/HSAG
5Pt/HSAG catalysts. For both of the fresh Ru-containing
alysts, the ruthenium K-edge data showed the presenc
oxygen coordination consistent with bond distances foun
e

t

ic

a

r-
f
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d
-
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n

Fig. 8. Comparison of the experimental (solid line) and fitted (dashed
pseudoradial distribution functions of the Ru K-edge of 4Ru1Pt/HSAG u
der different reaction conditions: (a) fresh catalyst, (b) following reductio
room temperature, (c) following reduction at 230◦C and (d) after reduction an
re-exposure to air at room temperature.

Fig. 9. Rawk3χ(k) EXAFS data from the Pt LIII -edge of 4Ru1Pt/HSAG un
der different reaction conditions: (a) fresh catalyst, (b) following reductio
room temperature, (c) following reduction at 230◦C and (d) after reduction an
re-exposure to air at room temperature.

RuO2. This is as expected, considering that the TPR res
(Fig. 2) showed that even though these catalysts were
jected to chemical reduction during catalyst preparation,
were readily oxidised by exposure to the lab atmosphere
fore EXAFS analysis.Table 4summarises the parameters us
to fit the EXAFS data. In agreement with TPR results, in
absence of platinum, little reduction of the ruthenium was
served below 120◦C. At 120◦C, reduction to ruthenium meta
was observed with no evidence of oxygen coordination an
ruthenium first shell coordination number of 6.9, indicating



J.P. Breen et al. / Journal of Catalysis 236 (2005) 270–281 277

line
-
n a
d

e o

e
e
nl

tio

n o

all

duc-
e of
. It
Ru

mi-
was

al-

m,
t. In
ina-
um
e, in
lyst.
duc-
etal
a
or

th
tion
rs
b-

n in
Ru
Fig. 10. Comparison of the experimental (solid line) and fitted (dashed
pseudoradial distribution functions of the Pt LIII -edge of 4Ru1Pt/HSAG un
der different reaction conditions: (a) fresh catalyst, (b) following reductio
room temperature, (c) following reduction at 230◦C and (d) after reduction an
re-exposure to air at room temperature.

Table 4
Structural parameters from the fitted EXAFS spectra for the Ru K-edg
4Ru1Pt/HSAG and 5Ru/HSAG

Catalyst/
treatment

Shell/
atom

Shell
distance
(Å)

Co-ordi-
nation
number

Debye–
Waller
factor (Å)

Fit
factor
(%)

4Ru1Pt/HSAG 1 O 1.98 4.5 0.017 28.9
(fresh) 2 Ru 3.11 5.4 0.033

4Ru1Pt/HSAG 1 Ru 2.65 6.9 0.017 25.7
(reduced 2 Ru 3.75 3.3 0.027
at 25◦C) 3 Ru 4.65 2.6 0.014

4Ru1Pt/HSAG 1 O 2.00 3.0 0.012 20.2
(reduced then 2 Ru 2.67 6.2 0.014
reexposed to air) 3 Ru 3.78 2.4 0.019

4 Ru 4.73 3.1 0.013

5Ru/HSAG 1 O 1.98 4.5 0.016 26.5
(fresh) 2 Ru 3.11 4.5 0.030

5Ru/HSAG 1 Ru 2.66 6.2 0.015 25.1
(reduced 2 Ru 3.77 3.0 0.022
at 120◦C) 3 Ru 4.55 3.3 0.017

5Ru/HSAG 1 O 2.00 2.3 0.025 18.6
(reduced then 2 Ru 2.68 6.9 0.015
reexposed to air) 3 Ru 3.78 1.8 0.013

4 Ru 4.68 3.8 0.014

average metal cluster size of∼1 nm. Further increases in th
reduction temperature up to 230◦C produced no change in th
EXAFS data. Furthermore, exposure to air after reduction o
caused a small amount of reoxidation. Oxygen coordina
could be fitted at a distance of∼2 Å; however, the majority
of the ruthenium showed Ru–Ru coordination at∼2.7 Å, due
to metallic ruthenium. In the presence of platinum, reductio
the catalyst in a flow of H2 and formation of metallic ruthenium
was observed at room temperature. As with the monomet
)

t

f

y
n

f

ic

Table 5
Structural parameters from the fitted EXAFS spectra for the Pt LIII -edge of
4Ru1Pt/HSAG and 5Pt/HSAG

Catalyst/
treatment

Shell/
atom

Shell
distance
(Å)

Co-ordi-
nation
number

Debye–
Waller
factor (Å)

Fit
factor
(%)

4Ru1Pt/HSAG 1 O 1.98 3.3 0.013 33.2
(fresh) 2 Ru 2.63 0.5 0.014

3 Pt 2.72 2.1 0.010

4Ru1Pt/HSAG 1 Ru 2.69 3.7 0.011 32.7
(reduced 2 Pt 2.74 4.9 0.015
at 25◦C) 3 Ru 3.78 0.6 0.004

4 Pt 3.82 2.6 0.016
5 Ru 4.69 0.8 0.007
6 Pt 4.81 2.0 0.003

4Ru1Pt/HSAG 1 Ru 2.70 3.6 0.013 35.7
(reduced then 2 Pt 2.75 4.8 0.018
reexposed to air) 3 Ru 3.79 1.1 0.009

4 Pt 3.85 1.3 0.004
5 Ru 4.73 1.9 0.011
6 Pt 4.82 1.9 0.002

5Pt/HSAG 1 O 2.01 1.3 0.008 25.7
(fresh) 2 Pt 2.76 5.0 0.011

3 Pt 3.61 1.1 0.013
4 Pt 4.80 4.3 0.016

5Pt/HSAG 1 Pt 2.76 9.0 0.013 20.7
(reduced 2 Pt 3.90 3.9 0.015
at 25◦C) 3 Pt 4.80 13.6 0.019

4 Pt 5.43 6.2 0.013

catalyst, no further change was observed with increasing re
tion temperature, and on reexposure to air, a small degre
oxidation was observed, implying only surface reoxidation
should be noted that although a Ru–Pt could be fitted to the
K-edge data for the bimetallic catalyst after reduction, exa
nation of theχ2 statistical tests demonstrated that the shell
not significant.

Examining the Pt LIII -edge data for the fresh monomet
lic and bimetallic catalyst (Figs. 9 and 10) similarly showed
oxygen coordination; however, in contrast with the rutheniu
a significant amount of Pt–Pt coordination was also presen
the bimetallic sample, some (albeit small) ruthenium coord
tion around the platinum was observed. Both of the platin
catalysts showed complete reduction at room temperatur
agreement with the Ru K-edge data for the bimetallic cata
There was no change in the EXAFS data as a function of re
tion temperature. The 5Pt/HSAG catalyst contained large m
particles with first shell coordination number 9, indicating
particle size of∼2.5 nm assuming hemispherical particles. F
the bimetallic catalyst, the Pt LIII -edge data clearly showed bo
Pt–Pt and Pt–Ru coordination, with more Pt–Pt coordina
than Pt–Ru coordination.Table 5summarises the paramete
used to fit the Pt LIII -data. No oxygen coordination was o
served on reexposure to air.

It is clear that the Pt–Ru coordination observed in the Pt LIII -
edge data is not mirrored by complementary coordinatio
the Ru K-edge data. Coupled with the fact that the average
coordination number indicates a particle size of∼1 nm, this
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Fig. 11. Cross-section of bimetallic RuPt cluster (Pt atoms, Ru atoms ).

Table 6
Model co-ordination numbers for a 1:1 Pt–Ru hemisphere containing a 1.
Ru core and two layers of randomly mixed Pt–Ru overlayers with 66% R
the inner layer and 13% Ru in the outer layer

Atom type Co-ordination numbe

Pt–Pt 4.4
Pt–Ru 3.5
Ru–Ru 6.7

suggests that at least two types of particles are present in th
duced bimetallic sample. The data are consistent with the c
istence of monometallic Ru particles and mixed metal partic
Possible structures can be examined using geometric mod
the bimetallic clusters. One model that is consistent with
data comprises a PtRu bimetallic particle with a 1:1 stoichio
etry, with a ruthenium core of approximately 1.1 nm and t
mixed layers of Pt and Ru at the surface, with the outerm
mixed layer enriched in Pt. The total dimension of the pa
cle in this model is 2.0 nm.Fig. 11shows the cluster propose
with the proportion of atoms in each section.Table 6also gives
the theoretical coordination numbers associated with this c
ter, which, given an error of at least±0.5 in the coordination
number, are in good agreement with the experimentally de
mined values from the Pt LIII -edge data. A 1:1 Pt:Ru ratio fo
the bimetallic particles would indicate that 75% of the Ru w
found in the monometallic form, a result consistent with the
sence of a significant Ru–Pt shell for the Ru K-edge data.

3.2.6. X-Ray photoelectron spectroscopy
XPS analysis was performed on the 5Ru/HSAG, 4Ru

HSAG, and 5Pt/HSAG catalysts.Table 7gives the binding en
ergies of the Pt4f7/2 and Ru3d5/2 peaks as a function of trea
ment. In the fresh 4Ru1Pt/HSAG catalysts, the platinum
oxidised with binding energy at 72.8 eV attributable to Pt2+ [7].
In addition, a peak was observed at 76.0 eV, likely associ
with Pt4+; although this binding energy is higher than is n
mally associated with the 4+ oxidation state (∼74.7 eV), this
may be due to interactions of Pt with ruthenium oxide, as
ported by Villulas et al.[38]. The spectrum for Ru 3d wa
deconvoluted into two components with binding energies
281.5 and 282.7 eV. The peak at 281.5 eV can be attrib
to Ru4+ [38,39], and that at 282.7 eV can be attributed to
ther Ru6+ or hydrous speciation of Ru[28,40]. A similar Pt/Ru
m
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Table 7
XPS characterisation data for Ru/G, 4Ru1Pt/G and 5Pt/G catalysts

Catalyst/
treatment

Binding energy (eV) (at%) Pt/Ru atomic ratio

Pt4f7/2 Ru3d5/2 XPS Bulk

4Ru1Pt/HSAG 72.8 (60) 281.5 0.14 0.14
(fresh) 76.0 (40) 282.7

4Ru1Pt/HSAG 72.0 280.1 0.4 0.14
(reduced at 230◦C)

4Ru1Pt/HSAG 71.9 (66) 280.3 0.5 0.14
(reduced then 73.3 (33)
re-exposed to air)

5Ru/HSAG 281.5
(fresh) 282.8

5Pt/HSAG 71.5 (68)
(fresh) 72.6 (32)

atomic ratio of 0.14 was found by both XPS and inductiv
coupled plasma-AES analysis indicating no preferential sur
segregation. After reduction in situ at 230◦C for 1 h, the Ru
was completely reduced to Ru (0), as indicated by the pea
280.1 eV[28,38]. For Pt, a single peak at 72.0 eV was evid
after reduction at 230◦C; this can be attributed to Pt metal[38].
A significant increase in the Pt/Ru ratio as determined by XP
was observed on reduction, indicating surface segregatio
the platinum. This is in agreement with the EXAFS results.

In the monometallic ruthenium catalyst, oxidised ruth
nium was observed with both Ru4+ and Ru6+ oxidation states
present, as found in the bimetallic catalyst. In contrast,
monometallic platinum catalyst showed a much higher de
of reduction compared with the bimetallic catalyst with bo
Pt0 and Pt2+ present. These trends for the fresh 5Ru/HSAG
5Pt/HSAG catalysts are in agreement with the EXAFS an
sis, where metal–metal coordination was observed only in
5Pt/HSAG fresh catalyst, indicating that in the 5Ru/HSAG c
alyst, the ruthenium was fully oxidised and showed no meta
character.

4. Discussion

RuPt bimetallic catalysts are particularly active for the
drogenation of 2-butanone to 2-butanol. The optimum load
of Pt in our experiments was 1%. Catalysts with loadings hig
or lower than 1% demonstrated lower activities. Given tha
has a very low activity for the hydrogenation reaction, it is r
sonable to speculate that high loadings of Pt will tend to co
or encapsulate active Ru particles, thus rendering the cat
less active. At low Pt loadings (<1%), there may be insufficien
Pt in contact with Ru to create a sufficient number of bimeta
particles of the correct stoichiometry or morphology. Indeed
is evident that as the Pt loading decreases from 1%, the ca
activity approaches that of the monometallic Ru catalyst.

RuPt catalysts supported on graphite were less active
their carbon-supported counterparts but followed similar
netic trends as those for the carbon-supported materials.
4Ru1Pt/HSAG catalyst was the most active, considerably m
active than the sum of the activities of the monometallic c
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lysts. STEM analysis of the fresh Ru/HSAG and 4Ru1Pt/HS
catalysts showed that the catalysts consisted primarily of c
ters of small particles (1–3 nm) residing on the support. E
analysis of particles on the 4Ru1Pt/HSAG catalyst confirm
that the clusters were bimetallic, ruling out the possibility
exclusively segregated Ru and Pt particles. EXAFS ana
showed that the particles within the clusters were bimeta
and that the average particle size in both the 5Ru/HSAG
4Ru1Pt/HSAG catalysts was 1–2 nm.

The EXAFS data also revealed that there must be two ty
of particle on the surface of the bimetallic 4Ru1Pt/HSAG c
alyst: bimetallic RuPt particles and monometallic Ru partic
both of the order of 1–2 nm. For the bimetallic particles, i
possible to fit the data with a model in which a Ru core (1.1 n
is enclosed with two mixed Pt-rich layers, with the outer la
containing only 13 at% Ru. Surface enrichment by Pt was
confirmed by XPS analysis and is consistent with theore
calculations performed by Ruban et al.[41]. They have investi-
gated the general trends in the surface segregation pheno
in transition metal alloys. Their matrix of results indicates t
Ru and Pt will strongly segregate from each other and tha
Ru-rich catalysts, Pt will segregate to the surface of the Ru
ticles.

In situ EXAFS analysis of the 5Ru/HSAG and 4Ru1
HSAG at room temperature and during exposure to hydro
at different temperatures revealed that the bimetallic cata
was readily reduced by exposure to hydrogen at room temp
ture. However, reduction of the 5Ru/HSAG catalyst require
temperature>60◦C.

The effect of different pretreatment temperatures on cata
activity showed some interesting trends. For the 4Ru1Pt/HS
catalyst, there was clearly a trend of decreasing activity w
increasing temperature of in situ reduction. After reduct
at 230◦C, the catalyst was almost totally inactive. The
sults of CO chemisorptions on the 5Ru/HSAG and coo
nation numbers extracted from EXAFS experiments on b
the 5Ru/HSAG and 4Ru1Pt/HSAG catalyst clearly showed
change in the metal particle sizes on reduction at tempera
up to 230◦C. This is in agreement with the findings of Bon
et al.[35], who used EXAFS and H2 and CO chemisorption to
show that Ru did not sinter even when treated in H2 up to a
temperature of 480◦C.

Miura et al.[8] found that heat treatments in H2 at 477 and
627◦C resulted in a sharp drop in the Ru surface composi
of their Pt/Ru/SiO2 bimetallics, even though the total numb
of particles remained constant. They also found that exces
Pt at the surface was detrimental to the activity of their c
alysts for the hydrogenation of benzene. XPS analysis of
4Ru1Pt/HSAG catalyst showed that treatment at 230◦C in H2
resulted in surface enrichment by Pt compared with the f
material. However, surface enrichment by Pt cannot be use
an explanation for the decreased activity of our catalysts
increasing temperature of reduction. First, the EXAFS spe
remained constant with changing temperature of reduction,
ing out any further enrichment by Pt after the initial reduction
room temperature. Second, the monometallic 5Ru/HSAG c
lyst also showed a trend of decreased activity with increa
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temperature of hydrogen pretreatment. Clearly, this canno
attributed to enrichment by platinum, thus indicating that so
other process must be responsible for deactivation of the
lysts.

Interestingly, heat treatment in N2 had no effect on the activ
ity, indicating that hydrogen is necessary for deactivation of
catalyst. It was also found that the activity could be mostly
covered and enhanced by exposure of the catalyst to ox
at room temperature. This was found to be true of both
monometallic and bimetallic catalysts.

These results find some resonance in the findings of Bon
al. [36] that for the gas-phase hydrogenolysis of ethane ov
1% Ru/Al2O3 catalyst, a low-temperature oxidative treatm
of the catalyst caused a significant increase in catalyst act
In addition, they also found that a high-temperature treatm
in hydrogen resulted in significantly decreased activity. T
high-temperature treatment did not result in a change in Ru
persion, so they speculated that the oxidative treatment c
create a higher proportion of active Rux+ ions, which could
be removed by high-temperature hydrogen treatment. Alte
tively (and more plausibly), they suggested that the oxida
treatment could cause structural changes in Ru particles
creasing the number of active defect sites. These defects w
be removed on heating to high temperatures in hydrogen.
versible structural changes were clearly observed by Sch
and co-workers[33,42] during successive oxidation–reducti
treatments over various catalysts. They noted that high a
ity associated with oxidation and low-temperature reduc
was related to the ability to maintain low-coordination, hig
reactivity (defect) sites.

The differences in activity caused by pretreatment of
4Ru1Pt/HSAG catalyst in N2 rather than in H2 at 120◦C can
also most likely be explained by morphological changes. W
et al.[43] found that annealing Pt particles in H2 at 600◦C pro-
duced predominantly cube-shaped particles, exposing m
(100) planes, whereas heating these cubes in N2 at the same
temperature caused the shapes to change to spheres, ex
additional planes. The temperatures used by Wang et al
clearly much higher than those used in our study. However
the bimetallic catalyst, a temperature of 120◦C may be suffi-
cient to cause smoothing of the particle surface, leading to
of defect sites. Lauth et al.[44] demonstrated that the Ru (101̄0)
surface can undergo surface reconstruction under hydrog
low temperatures.

The experimental data for the effect of pretreatment on
tivity of the Ru monometallic catalysts seem to indicate that
hydrogenation of 2-butanone is a structure-sensitive reac
In view of reports cited above that indicate the importance
the surface roughness (surface defect concentration) of Ru
alysts, we conclude that the activity variations observed for
hydrogenation of 2-butanone on Ru catalysts reduced at d
ent temperatures is due to a gradual smoothing of the sur
An alternative, possibly related effect could be the enhan
chemisorption of hydrogen on defect sites. Lauth et al.[44]
noted that hydrogen adsorption on atomically “rough” Ru s
faces is facile, with H2 having a high sticking probability. Thi
is not the case for many “smooth” low-index transition me
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surfaces, where adsorption is often an activated proces
sulting in low sticking probabilities. These authors noted t
surface defects, or centres of roughness, were particularly
portant for the dissociative adsorption of H2. It is interesting
to note that H2 pretreatment at temperatures above 25◦C has a
much greater detrimental effect on the activity of the bime
lic catalyst than the 5Ru/HSAG. The EXAFS results show
this cannot be attributed to greater segregation of inactive
the surface. It appears that in this case the process of su
smoothing and loss of activity could be enhanced by the p
ence of Pt.

Pt has a significant effect on the activity of Ru for t
hydrogenation of 2-butanone. EXAFS and XPS consiste
show that Ru and Pt are combined into bimetallic clusters.
method of catalyst synthesis has not yet been perfected, a
monometallic Ru and Pt particles are also likely present. H
ever, the fact that the activities of the bimetallic catalysts at
Pt loading are much greater than the arithmetic sum of the
tivities of the individual metals suggests a true synergy betw
bimetallic Ru and Pt. Modeling calculations suggest that Pt
be enriched in the surface of Ru/Pt bimetallic particles, so
logical explanation for the effect of Pt is to modify the Ru s
face. This could occur because the Pt breaks up the ense
of Ru atoms, but would require that the Pt be located in ra
than on the Ru surface. The fact that Ru and Pt tend to segr
might make this unlikely.

On the other hand, clusters of Pt atoms on the Ru sur
could provide sites for dissociative adsorption of H2. If this
were a rate-determining process, particularly in the contex
competitive adsorption between H2 and 2-butanone, then the
could facilitate the hydrogenation reaction. In this respect,
role of Pt would be comparable to surface roughening in
case of monometallic Ru.

5. Conclusion

RuPt bimetallic carbon-supported catalysts are particul
active for the hydrogenation of 2-butanone to 2-butanol. A
tio of 5 wt% Ru:1 wt% Pt on AC was found to be optimum
catalysts with lower or higher ratios were less active. The ac
ity of the 5Ru1Pt/AC bimetallic catalyst was more than dou
that of the sum of the activities of the monometallic 5Ru/
and 1Pt/AC catalysts, providing evidence of a “bimetallic”
fect. Similar results were obtained on HSAG-supported
alysts. Pretreatment of the monometallic and bimetallic c
lysts in hydrogen had a significant effect on the activity. Th
was a general trend of decreased activity of the bimetallic
monometallic Ru-based catalysts with increasing tempera
of prereduction in hydrogen. This loss of activity was alm
fully reversible by exposing the catalysts to air after reduct
The changing activity with exposure to different gas-phase
vironments cannot be attributed to changes in particle siz
surface composition; instead, we propose that defect site
most active for the reaction and that the introduction of hyd
gen results in a gradual smoothing of the surface and los
defect sites. This process is reversible on the introductio
air.
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TEM coupled with EDX analysis of the bimetallic catalys
revealed that they consisted of clusters of particles of the
der of 1–2 nm. EXAFS analysis showed two types of partic
on the surface of the bimetallic 4Ru1Pt/HSAG: monometa
Ru and bimetallic RuPt particles. For the bimetallic particle
was possible to fit the data with a model in which a Ru core
1.1 nm is enclosed by two Pt-rich layers, with the outer la
containing only 13 at% Ru.
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