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Abstract

A series of bimetallic Ru-containing monometallic and bimetallic catalysts were prepared and tested for their activity for the hydrogenation of
2-butanone to 2-butanol at 3€ and 3 bar H. RuPt bimetallic catalysts were the most active for the reaction, with a ratio of 5 wt% Ru:1 wt%
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 activities
of the monometallic Ru and Pt catalysts, providing evidence of a “bimetallic” effect. Structural analysis of the bimetallic catalysts revealed that
they consisted of clusters of particles of the order of 1-2 nm. Extended X-ray absorption fine structure analysis showed that there were twi
types of particle on the surface of the bimetallic RuPt catalyst, specifically monometallic Ru and bimetallic RuPt particles. For the bimetallic
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 containing
only 13 at% Ru. Pretreatment of the monometallic and bimetallic catalysts in hydrogen had a significant effect on the activity. Both the bimetallic
and monometallic Ru-based catalysts showed a trend of decreasing activity with increasing temperature of prereduction in hydrogen. This loss «
activity was almost fully reversible by exposure of the catalysts to air after reduction. The changing activity with exposure to different gas phase
environments could not be attributed to changes in particle size or surface composition. It is proposed that the introduction of hydrogen results i
a gradual smoothing of the surface and loss of defect sites; this process being reversible on introduction of air. These defect sites are particular
important for the dissociative adsorption of hydrogen, potentially the rate-determining step in this reaction.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction for the fabrication of fuel cell anodes with increased CO toler-
ance[4,5]. Bimetallic catalysts have been studied for various
Bimetallic catalysts are at present the subject of considerableydrogenation reactiorf—12]. Thomas and co-workers have
interest in heterogeneous catalysis, due to the fact that their catone much research on the preparation and characterisation of
alytic properties can be superior to those of monometallic catruthenium[13] and ruthenium-containing bimetallic catalysts
alysts for many reactiorfd]. The discovery of bimetallic cata- [14-18] They have pioneered a method of anchoring well-
lysts has, in fact, been one of the major technical developmentsefined bimetallic ensembles within mesoporous silica pores to
in heterogeneous catalyqig] and it is now widely acknowl-  produce catalysts that are active and selective for various hydro-
edged that the addition of the second metal provides a methagknation reactions. The activity was found to be dependent on
of controlling the activity, selectivity, and stability of the cata- the nature of the second metal added to ruthenium, the ratio of
lysts in certain reactionfS]. Various bimetallic combinations  rythenium to the second metal, and the cluster size. They found

have been used successfully for different reactions. Pt-Re cahat Ru/Pt bimetallic catalysts were particularly active for the
alysts are used commercially as reforming catalysts. Binary Riydrogenation of cyclohexerj&9].

alloys, such as Pt—Ru or Pt-Sn, have been suggested as catalyst$; is not clear exactly what role the metal promoter plays
in enhancing catalytic activity; it may have a direct role as an

* Corresponding author. Fax: +44 28 90382117. active centre for the reaction or may simply modify the active
E-mail addressj.breen@qub.ac.ud.P. Breen). component. It is also not clear if the two metals form alloys,
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if surface segregation of one element occurs, or if the twd®. Experimental
elements are randomly distributed on the surface of the cata- )
lyst [20]. Several authors have suggested a synergistic effeé1- Catalyst preparation

whereby catalytic performance is enhanced by the synergy be- The catalyst preparation method used depended primarily
tween the component elements at the nanog@dle23} The on whether the metals were impregnated onto the high-surface

role of the second metal is sometimes simply 0 overcome 8o, granhite (HSAG) or activated carbon (AC) support. For the
I|_m|t|ng side reaction or to promote a certain part of th? "€aCimonometallic 5 wt% ruthenium/activated carbon catalyst, the
tion. In some cases the promoter metal shows no activity f0f504-hased activated carbon was slurried in deionised water,
the chosen reaction by |Fself but greatly enhances the activitynq an aqueous solution of pRuO, was added. The slurry was
when added to the existing catalyst. Iwasawa and co-workergjowed to cool and settle before being filtered and dried. A sim-
used Sn-modified Rh catalysts for NO dissociation and NO-Hijar procedure was used to prepare the monometallic 1 wt%
reaction[24]. They acknowledged that Sn metal has no signifi-pyaC catalyst, using a Pt nitrate precursor. For the bimetal-
cant catalytic activity by itself, because it does not interact withjc AC-supported catalysts, the 5 wt% Ru/AC was used as the
Hz, hydrocarbons, CO, or NO, but found that Sn can be usedtarting material. Aqueous solutions of the metallic nitrate pre-
as a promoter for Si@supported transition metal catalysts to cursor salts were allowed to contact the 5 wt% Ru/AC catalyst
enhance catalytic performance. Another possibility is that théor 1 h before being dried in an oven overnight. The monometal-
addition of a second metal changes the morphology of the actiiic graphite-supported catalysts were prepared by making up
metal. When one metal is deposited on another, one observest& required solutions from chloride precursors. These salt so-
number of different phenomena. The deposited metal may forriutions were added to the (HSAG) slurry, and reduced with
islands on the substrate or may alloy into the first or deeper layformaldehyde or sodium hypophosphite. The catalysts were
ers[25]. Although it was presumed that alloy formation was theallowed to settle, then washed, filtered, and dried. A similar
essence of the promotional effect in bimetallic catalysts, morg@rocedure was used to prepare the bimetallic HSAG-supported
recent studies have shown that in some cases alloy formation gsitalysts, except in this case a mixed solution of metal salts was
not desired. Waszczuk et 426] have found that a decorated made up and then added to the graphite slufaple 1sum-
Pt/Ru catalyst is twice as active for methanol electro-oxidatiormarises details of the preparation procedures for all of the cata-
(in terms of current density and turnover frequency) as the comlysts. Itis important to note that in what follows, the term “fresh
mercial alloy catalyst, both of which have nominally identical catalyst” refers to the catalyst state after drying the catalyst.
Pt:Ru ratios. They concluded that ruthenium atoms present at .

the edge of Pt nano-sized islands display significantly enhanc?dz' Catalytic tests

activity for the CO poison removal compared with the active The hydrogenation reactions were performed in a 308 cm

sites on a PURu aI.Io.y.' . . Parr stainless steel autoclave with a maximum pressure of
Consequently, it is important to characterise the size, struc-

ture, and distribution of the metal particles of these bimetallic
catalysts in an attempt to understand the correlation betwe .
microstructure and catalytic properties. Characterisation of cat : ,
alysts by the traditional bulk techniques can be very difficult:v'e“’.II Metal pre- — Support  Reducing  Notation

oading cursor salts agent

because of the microscopic nature of the particles. This is espe-

ble 1
ummary of catalyst preparation variables

. . . . . 5% Ru NaRuQ Activated None 5Ru/AC
cially true for bimetallic systems, which can be complicated by 2Rt carbon
the presence of several metal phgd2&3. For example, Rolison 50, Ru1% Rh  NaRuOy Activated None SRULRN/AC
et al.[28] performed bulk and surface analyses of several com- anitrate of Rh  carbon
mercial and industrial Pt—Ru/C electrocatalysts and highlighted” Ru1%Pd  NgRuG, Activated  None SRulPd/AC

a nitrate of Pd  carbon
Pt NaRuOy Activated None 5RulPt/AC
a nitrate of Pt carbon

the need to use a combination of techniques to characterise tlg% Ru 1%
catalysts; in particular, they found that X-ray diffraction (XRD)

analysis on its own could give misleading results. 5% Ru 2% Pt NaRuQy Activated None 5Ru2Pt/AC

In this paper, Pt—Ru bimetallic catalysts are characterised by anitrate of Pt carbon
various techniques, including transmission electron microscopy”® RU 0-1% Pt NgRu0, Activated - None 5Ru0.1PUAC
TEM tended X b ti fi truct EXAFS a nitrate of Pt carbon
(TEM), extended X-ray absorption fine structure ( )50 RUO.5% Pt NgRUO;  Activated None 5RU0.5PYAC
analysis, XRD, and X-ray photoelectron spectroscopy (XPS). anitrate of Pt carbon
The results of the characterisation are correlated with the ad% Pt Anitrate of Pt Activated None 1P/AC
tivity of the catalysts for the hydrogenation of 2-butanone , carbon

o Pt Chloride Graphite Formaldehyde 5Pt/HSAG

after a series of pretreatment procedurgs. H){drogenatlon (%0 RU1%Pt  Chlorides Graphite  Sodium hypatRULPYHSAG
2-butanone was chosen as a test reaction primarily because

' ’ > - ! phosphite

the reaction is 100% selective to 2-butanol under mild condi1% Ru 4% Pt  Chlorides Graphite  Sodium hypdRu4Pt/HSAG
tions of temperature and pressure and thus allows comparison _ ~ phosphite

of activities of catalysts without complications due to selectiv->%° R Chloride Graphite phSOi‘:)'r‘:it“; hypoSRUHSAG

ity.
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207 bar and a maximum temperature of 3680 For each ex- was also used to convert raw data into energy versus absorp-
periment, 0.1 g of catalyst (particle size250 pm) was used tion data. EXBROOK was used to remove the background. The
to hydrogenate 2.4 g of 2-butanone diluted in 10 @hul-  analysis of the EXAFS was performed using EXCURV98 on
trapure water. The pressure was monitored by a pressure gauthe raw data using the curved-wave theory. Phase shifts were
on the removable head of the autoclave. The temperature waerived from ab initio calculations using Hedin—Lundqvist ex-
set using the temperature controller, which was connected tchange potentials and von Barth ground states. Comparisons
the heating mantle and monitored by a thermocouple locatedlere made with reference Ru and Pt foils and Ra@d PtO
within the autoclave. A stirrer with a four-blade impeller rotat- powders. The EXAFS analysis was performed as a function of
ing at approximately 1700 rpm was used to thoroughly mix thecatalyst reduction temperature using an in situ reaction cell with
liquid in the vessel. A continuous supply of hydrogen from aKapton windows on a pressed pellet of catalyst with hydrogen
fixed-volume reservoir was fed to the autoclave to maintain aas. For the reoxidation treatment, the catalyst was purged with
constant pressure of 3 bar during the course of each reactionitrogen before air was slowly admitted to minimise the risk of
The rate of hydrogen loss from the reservoir was monitore@g@xotherms. The temperature was controlled with a Eurotherm
and logged continuously by means of a pressure transduc@®iD controller with a thermocouple in contact with the catalyst.
coupled to a PC. Given that hydrogen reacts stoichiometrically
with 2-butanone to give 2-butanol as the only product (as con2.5. X-Ray photoelectron spectroscopy
firmed by gas chromatography), hydrogen uptake was used as
an indirect measure of the rate of reaction of 2-butanone. All The samples were pressed and mounted on the specimen
hydrogenations were performed in duplicate atG0 stage using double-sided adhesive tape and analysed with
In some cases the catalyst was pretreated in situ with 3 bamonochromatic Al-K, radiation in a 500 um spot at 150 W.
hydrogen before the reactant was added. Details of this pretreafhe binding energies were all referenced tos Gt 284.8 eV.
ment are as follows. Detailed spectra were obtained at 40 eV pass energy.

2.2.1. In situ pretreatment 2.6. X-Ray diffraction

For in situ pretreatment, 82 g water was added to 0.1 g cat-
alyst and sealed in the autoclave. The vessel was flushed with XRD analysis was performed on a Siemens D5000 X-ray
nitrogen three times. The temperature was set to the desiretiffractometer with Cu-k radiation (1.5405 A). In situ diffrac-
level (60, 120, 180, or 23WC) and was allowed to stabilise tion patterns were obtained using a home-built environmental
while the mixture was stirred slowly (approximately 150 rpm). cell as described previous[9]. For the reduction and oxi-
Then 3 bar of hydrogen was introduced into the autoclave, andation treatments, hydrogen and air, respectively, were flowed
the catalyst was allowed to reduce for 90 min. The solution wasver the sample at 20 chmin—1, and the data were obtained at
then allowed to cool to 30C before being purged three times the treatment temperature.
with nitrogen.

2.7. Temperature-programmed reduction
2.3. Scanning transmission electron microscopy
Temperature-programmed reduction (TPR) experiments

Small portions of catalyst sample were taken and crushedyere performed with approximately 0.1 g of fresh catalyst in
then dusted onto a scanning transmission electron microscopyMicromeritics Autochem 2910. The samples were placed in
(STEM) grid (Cu). The samples were examined on a Tecnhaa U-shaped tube and cooled-+&0°C in argon. A high-purity
F20 Transmission Electron Microscope operating at 200 kVmixture of 5% hydrogen in argon was fed in to the reactor, and
Approximately eight micrographs were recorded for each samthe temperature was ramped up to 8Q0at a rate of 10C min.
ple. The composition of selected nanoparticles was determingdydrogen uptake, as monitored by a thermal conductivity de-
by energy-dispersive X-ray analysis. In this analysis, the electector (TCD), was recorded.
tron probe beam was focused along a path containing regions
of blank support and nanoparticles, X-ray fluorescence signa2.8. CO chemisorption
were collected at every nanometer along the path. The inten-
sities of the signals characteristic of Pt and Ru were plotted CO chemisorptions were performed using a Micromeritics

against distance along the line scan. Autochem 2910 to monitor CO uptake while pulsing CO over
the catalyst at 4C. Approximately 0.1 g of catalyst was prere-
2.4. Extended X-ray absorption fine structure duced in 5% H/Ar for 120 min at 120 C, then purged with He

for 60 min before cooling to 4C. A mixture of 10% CO/He
Data were collected at reaction temperature at the Synwas pulsed into the reactor every 5 min, and the uptake as
chrotron Radiation Source in Daresbury, U.K., using statiormeasured by the TCD was recorded. Pulsing continued until
9.2. The spectra were recorded at the ruthenium K edge amb further uptake of CO occurred. The CO peaks were inte-
the platinum Ly, edge using a double-crystal Si(220) mono- grated, and the total amount of CO chemisorbed was calculated.
chromator set at 50% harmonic rejection in transmission modelhe pulse chemisorptions were repeated after reduction in 5%
Scans were collected and averaged using EXCALIB, whichHz/Ar at 180 and 230C.
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3. Results idence of a “bimetallic effect” on the HSAG-supported cata-
lysts. The bimetallic catalyst rich in Pt (1Ru4Pt/HSAG) had
3.1. Catalytic activity low activity for the reaction. However, if the rate was nor-

malised to the number of Ru atoms in the catalyst, then the

Various monometallic and bimetallic activated carbon-sup-activity of the 1Ru4Pt/HSAG was significantly greater than
ported catalysts were prepared and tested for their activity foinat of the monometallic catalyst and approached that of
the hydrogenation of 2-butanone to 2-butanol. These resuli§e 4RulPtHSAG. This is an indication that the Ru in the
are summarised iffable 2 It was found that the addition of 1Ru4PtY/HSAG had enhanced activity due to the “bimetallic ef-
a second metal to Ru/AC catalysts resulted in enhanced activif{gCt,” but there was a significant quantity of “free” Pt with low
for the liquid-phase hydrogenation of 2-butanone. This activactivity.
ity enhancement depended on the nature of the metal added. Several author$31-34] have studied the effect of differ-
Platinum added as a second metal to ruthenium was found @1t pretreatments on Ru-based catalysts, particularly for hy-
produce a larger effect than either rhodium or palladium. In addrogenolysis reactior{85,36] and have used their findings to
dition, it was found that there was an optimum concentration ofharacterise the nature of the active site. We used this approach
platinum which, with the range of catalysts used in our work,t0 aid identification of the active site in our bimetallic catalysts
was of the order of 1% Pt on a 5% Ru/AC catalyst. Concenfor the hydrogenation of 2-butanone.
trations of Pt above and below 1% gave catalysts with lower Fig. 1clearly shows that hydrogen pretreatment of the cat-
activity. It is noteworthy that Pt on its own had almost no ac-alyst had a sometimes dramatic effect on the catalyst activ-
tivity for the reaction, and the arithmetic sum of the activitiesity- This effect was most noticeable in the bimetallic catalyst.
of the two monometallic 1P/AC and 5Ru/AC catalysts was lesd e initial activity of the bimetallic catalyst was high and was
than half the activity of the bimetallic 5SRu1Pt/AC catalyst. This Slightly improved by exposure to hydrogen at°Z5 how-
is clear evidence of a “bimetallic effect” in the hydrogenation€Ver, in situ pretreatment in hydrogen at higher temperatures
of 2-butanone with platinum-promoted ruthenium catalysts. (=60°C) resulted in drastically reduced activity, to the extent

Although activated carbon supports are frequently used ithat after treatment at 23Q, the catalyst was inactive for the
industry for liquid-phase hydrogenation reactions, there aréeaction. Interestingly, when the catalyst was exposed to air (at
problems associated with these supports. In particular, activate?p°C). there was significant recovery of catalyst activity after
carbons are very heterogeneous materials, containing inorgarfigduction at 236C. This demonstrates that treatment in oxygen
matter and numerous oxygen functional grof®g], making  can at least partially reverse the adverse effects of the reduc-
them difficult to characterise. Graphite is a much “cleaner'tive pretreatment in hydrogen. Reexposure of the catalyst to
support. Therefore, to minimise problems with catalyst charhydrogen at 230C after a cycle of reduction (at 23€) and
acterisation, it was decided to use graphite as well as activatéidation (at 25C) resulted in decreased activity as compared
carbon as supports for the bimetallic catalysts. with the activity of the catalyst after the oxidation step. How-

Table 2shows that the graphite-supported 5Ru/HSAG cata&Ver: the Catalyst_dld r_etam some act|v_|ty after th|:_; redox cycle,
lyst was less active than the AC-supported counterpart. How! con_trast to the inactive catalyst obtained by a single pretreat-
ever, the HSAG catalysts showed the same trends as observ&gnt in hydrogen. . _ _
for the AC-supported materials. The 5PYHSAG catalyst had 10 investigate whether the activity reduction was due sim-
very low activity for the reaction, and (as in the case of thePly to the effects of temperature, the bimetallic catalyst was
AC-supported catalysts) the combined rates of reaction ovepretreated in nitrogen instead of hydrogen at 120Clearly,
the two monometallic catalysts was less than half that obPretreatment in nitrogen had only a minor deactivating effect

tained over the bimetallic 4Ru1PYHSAG catalyst. This is ev-On the catalyst. This effectively means that a combination of
temperature and hydrogen is necessary to deactivate the cata-

lyst.

Eﬁ; fates of reaction for a series of monometallic and bimetallic AC- and The behaviour of the monometallic SRUHSAG subjected to
HSAG-supported catalysts the various pretreatments was quite similar to that observed for
Catalyst Rate of reaction e b|metall!c catalyst, with two notgble exceptlon_s. FII’St, the
(mmolkg-1s~1) ~ monometallic catalyst was more resistant to deactivation by re-
SRUAC 364 ductive treatment and was deactivated only after reduction in
SRULRN/AC 665 hydrogen at 180C. The initial catalyst activity (with no pre-
SRulPd/AC 438 treatment) could be recovered by exposure to air after reduction
SRUlPYAC 850 at 230°C. Second, the bimetallic catalyst showed very little dif-
2238';’2322 jgg ference between the activity of the fresh catalyst and that of
5RUZPYAC 643 the catalyst exposed to in situ hydrogen pretreatment &€25
1PYAC 2 whereas for the 5RU/HSAG catalyst; idretreatment at 25C
5RU/HSAG 168 resulted in a noticeable increase in activity. The unchanged ac-
4RULPYHSAG 459 tivity of the 4RulPt/HSAG catalyst after Hpretreatment at
ég%gi”'GSAG 120; 25°C was expected. EXAFS analysigaples 4 and pshow

that the catalyst was fully reduced at 5 and likely reduced



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

500
__ | ] Bl 5Ru/HSAG
450 1 4Ru1Pt/HSAG 1 4Ru1Pt/HSAG
Treated in N
400 - ‘/ 2
H,, 230 °C
;.-\ 350 then
_‘I” Air, 25 °C
E’ 300 T
©
E 250 A
-nq-'v) 200 -
©
o H,, 230 °C
150 - then
Air, 25 °C
100 4 then
H,, 230 °C
. i
o | .

Fresh  H, 25°C H, 60°C H, 120 °C H,, 180 °C H,, 230 °C

Fig. 1. Comparison of average rates of hydrogenation of 2-butanone with 5Ru/G and 4RulPt/G with various in situ pre-treatments. Note: Botiacatadesis

chemically reduced during preparation.
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Fig. 2. TPR of the 5Ru/HSAG and 4RulPt/HSAG catalysts.

very quickly under reaction conditions at 30. Therefore, the
catalyst states after in situ prereduction ip & 25°C and un-

surface was partially reduced (e.g., fromfRuo Ru*+) by hy-
drogen treatment at 2&. That no peaks associated with the
partial reduction were observed on TPR analysis may be be-
cause reduction occurs at a lower temperature than the starting
temperature of the TPR. This partial reduction of the surface
may be sufficient to promote catalyst activity.

It should be noted that very similar effects were also found
for monometallic ruthenium and bimetallic ruthenium/platinum
catalysts supported on AC. The effects of the pretreatments on
the catalyst activity are not readily explainable and may pos-
sibly be attributed to such effects as changes in the dispersion
or morphology of the catalysts and changes in the oxidation
state. In the case of the bimetallic catalyst, changes in the dis-
tribution and bonding of the two metals on the surface of the
catalyst could be factors. To gain a clearer understanding of the
nature of the active site on these catalysts, the 5Ru/HSAG and
4RulPt/HSAG catalysts were characterised using a number of
different techniques.

3.2. Catalyst characterisation

3.2.1. CO chemisorption

CO chemisorption was carried out over the 5% Ru/HSAG
catalyst at three different reduction temperatures. Analysis of
CO uptake after prereduction at temperatures of 1202€30

der reaction conditions are likely to be very similar. For theshowed that CO uptake remained constaabie 3, indicating

5Ru/G catalyst, EXAFS and TPR analydtsd. 2) show that the
catalyst exhibited no bulk reduction at 25 or°30 However,
XPS analysis Table 7 indicated that Rti- and Rt species

that no sintering of the Ru particles occurred at temperatures up
to 230°C.

were present on the 5RU/HSAG surface, whereas TPR analg.2.2. Temperature-programmed reduction

sis showed that the average oxidation state of the Ru (bulk and The TPR profile of the monometallic 5RU/HSAG catalyst
surface) was Rtr. This means that the surface of the catalystshowed one main reduction peak at 228 which can be at-
was more oxidized than the bulk; thus, it is possible that thdributed to the reduction of ruthenium oxid€ig. 2). Quan-



J.P. Breen et al. / Journal of Catalysis 236 (2005) 270-281 275

Table 3

Total CO uptake on 5% Ru/HSAG during CO pulse chemisorptions
Reduction CO/Ru
temperature9C) molar ratio
120 Q32

180 Q34

230 Q34

tification of hydrogen consumption during TPR corresponded
to the reduction of Rt to RW’. This demonstrates that even
subjecting the catalyst to a reduction treatment with formalde-
hyde or sodium hypophosphite during catalyst preparation was
not sufficient to keep the final catalyst in a reduced state. TPR
analysis of the bimetallic catalyst revealed two peaks, a main
peak at 100C and a shoulder peak at 70. The peak at 100C

can be attributed to the reduction of Ry and that at 70C can Ru
be attributed to the reduction of Pt, probably PtO. The presence

of Pt in the bimetallic catalyst lowered the temperature of re-

duction of ruthenium oxide in the bimetallic catalyst compared Fig. 3. TEM of the 5RU/HSAG catalyst.
with the monometallic 5SRU/HSAG catalyst. The small broad
peak starting at 200C in both TPR profiles can be attributed
to methanation of CO or CfOformed from decomposition of
surface oxygen groups on the supf8].

50 nm

3.2.3. X-Ray diffraction

XRD analysis was performed on the 5Ru/HSAG and 4Ru
1Pt/HSAG catalysts reduced at different temperatures. No
peaks due to crystalline Ru or Ruy@vere observed in either
the monometallic or bimetallic catalysts. In the case of the
Ru/G, this indicates that the Ru was present in a highly dis-
persed form, with particle sizes below the detection limit of the
technique &4 nm). In the case of the bimetallic catalyst, the
absence of Ru or RuQcrystallites suggests that the Ru was
highly dispersed. This could be in the form of Ru, as part of
a PtRu ensemble, or even as a PtRu alloy. Broad peaks due to
Pt (or possibly a Pt alloy) were observed corresponding to a
particle size of 4 nm; however, little change was observed as a
function of temperature or atmosphere.

3.2.4. Scanning transmission electron microscopy

STEM coupled with energy-dispersive X-ray (EDX) analy-
sis was used to obtain information on the nature of the particles
on the fresh monometallic and bimetallic catalyBig. 3shows
that the Ru exists primarily as clusters of Ru particles of 1—
3 nm in diameter. Likewisekig. 4 shows that the particles of
the 4RuUlPt/HSAG catalyst also exist primarily in the form of
clusters of small particles (1-2 nm). The compositions of indi-
vidual particles were determined by atom-probe EDX analysis
EDX spectra were collected at regular intervals of 1 nm as
the beam moved along the line indicated in the dark-field im-
age inFig. 5. This 30 nm-long line scan incorporates one full
cluster and portions of another two clusters interdispersed o
the graphite support. The fluorescence intensity for Ru and Pt
together with the background fluorescence, were plotted as
function of distance along the scan lendtig. 6 clearly shows
that the clusters contained a mixture of Pt and Ru atoms. After
subtracting the background, it was found that for the cluster en- Fig. 5. TEM dark field image of 4Ru1PHSAG sample.
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Fig. 6. Plot of fluorescence intensities obtained from EDX analysis during the f
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Fig. 8. Comparison of the experimental (solid line) and fitted (dashed line)
pseudoradial distribution functions of the Ru K-edge of 4RulPt/HSAG un-
der different reaction conditions: (a) fresh catalyst, (b) following reduction at
room temperature, (c) following reduction at 230 and (d) after reduction and
re-exposure to air at room temperature.
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Fig. 7. Rawk3x(k) EXAFS data from the Ru K-edge of 4RulPt/HSAG un-
der different reaction conditions: (a) fresh catalyst, (b) following reduction at
room temperature, (c) following reduction at 230 and (d) after reduction and
re-exposure to air at room temperature. ' ‘ ‘ ‘ '
2.0 4.0 6.0 8.0 10.0 12.0 14.0

Wavenumber / A

countered between 8 and 15 nm along the scan path, the atomic
ratio of Ru:Pt was 4.7:1. This is lower than the bulk atomic ra-rig 9. Rawi3y (k) EXAFS data from the Pt jy -edge of 4ARULPYHSAG un-
tio of Ru:Pt in the catalyst (7.8:1). However, because this is @er different reaction conditions: (a) fresh catalyst, (b) following reduction at
measurement from only one cluster, it is not possible to drawoom temperature, (c) following reduction at 23D and (d) after reduction and
any conclusions about the average ratio of the metals in the paf-exposure to air at room temperature.

ticles of the catalyst. The important point is the existence of

bimetallic clusters. RuG,. This is as expected, considering that the TPR results
(Fig. 2 showed that even though these catalysts were sub-
3.2.5. Extended X-ray absorption fine structure jected to chemical reduction during catalyst preparation, they

Figs. 7-10show the EXAFS and pseudoradial distribu- were readily oxidised by exposure to the lab atmosphere be-
tion functions for the Ru K-edge and Pt;lkedge of the fore EXAFS analysisTable 4summarises the parameters used
4RuUl1Pt/HSAG catalyst as functions of different pretreatmentsto fit the EXAFS data. In agreement with TPR results, in the
EXAFS analysis was also performed on the 5Ru/HSAG andibsence of platinum, little reduction of the ruthenium was ob-
5Pt/HSAG catalysts. For both of the fresh Ru-containing catserved below 120C. At 120°C, reduction to ruthenium metal
alysts, the ruthenium K-edge data showed the presence @fas observed with no evidence of oxygen coordination and a
oxygen coordination consistent with bond distances found imuthenium first shell coordination number of 6.9, indicating an
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Table 5
Structural parameters from the fitted EXAFS spectra for the |Ptddge of
4Rul1Pt/HSAG and 5Pt/HSAG
Catalyst/ Shell/  Shell Co-ordi- Debye— Fit
treatment atom  distance nation Waller factor
A number  factor (A) (%)
4RulPt/HSAG 10 D8 33 0.013 332
(fresh) 2Ru %3 05 0.014
3Pt 272 21 0.010
4RuUl1Pt/HSAG 1Ru B9 37 0.011 327
(reduced 2Pt Z4 49 0.015
at 25°C) 3Ru 378 06 0.004
4 Pt 382 26 0.016
5Ru 469 08 0.007
6 Pt 481 20 0.003
} } ! 4RuUl1Pt/HSAG 1Ru Z0 36 0.013 357
0.0 20 40 6.0 8.0 (reduced then 2 Pt .25 48 0.018
Distance / A reexposedtoair) 3Ru .79 11 0.009
4Pt 385 13 0.004
Fig. 10. Comparison of the experimental (solid line) and fitted (dashed line) 5Ru 473 19 0.011
pseudoradial distribution functions of the Ptj-edge of 4RulPt/HSAG un- 6 Pt 482 19 0.002

der different reaction conditions: (a) fresh catalyst, (b) following reduction at

room temperature, (c) following reduction at 230 and (d) after reduction and SPYHSAG o o s 0008 =l

re-exposure to air at room temperature. (fresh) 2Pt Z6 50 0011

3Pt 361 11 0013

4Pt 480 43 0.016
Table 4
Structural parameters from the fitted EXAFS spectra for the Ru K-edge oPPUHSAG 1Pt Z6 20 0013 e
4RUIPYHSAG and 5RUHSAG (reduced 2Pt 30 39 0015

at 25°C) 3Pt 480 136 0.019
Catalyst/ Shell/  Shell Co-ordi-  Debye— Fit 4 Pt 543 6.2 0.013
treatment atom  distance nation Waller factor
A number  factor (A) (%)
4RUIPYHSAG 10 D8 45 0017 289 catalyst, no further change was observed with increasing reduc-
(fresh) 2Ru 311 54 0.033 tion temperature, and on reexposure to air, a small degree of
ARUIPYHSAG  1Ru 35 69 0017 257 oxidation was observed, implying only surface reoxidation. It
(reduced 2Ru 35 33 0.027 should be noted that although a Ru—Pt could be fitted to the Ru
at25°C) 3Ru 465 26 0014 K-edge data for the bimetallic catalyst after reduction, exami-
ARUIPYHSAG 10 20 20 0,012 202 nation of they 2 statistical tests demonstrated that the shell was
(reduced then 2Ru .87 62 0.014 not significant.
reexposedtoair) 3Ru .3 24 0019 Examining the Pt |y -edge data for the fresh monometal-
4Ru 473 31 0013 lic and bimetallic catalystKigs. 9 and 1P similarly showed
SRU/HSAG 10 198 45 0.016 265 oxygen coordination; however, in contrast with the ruthenium,
(fresh) 2Ru 31 45 0.030 a significant amount of Pt—Pt coordination was also present. In
SRU/HSAG 1Ru %6 62 0.015 251 the bimetallic sample, some (albeit small) ruthenium coordina-
(reduced 2Ru 37 30 0.022 tion around the platinum was observed. Both of the platinum
at120°C) 3Ru 455 a3 0017 catalysts showed complete reduction at room temperature, in
5RU/HSAG 10 20 23 0.025 186 agreement with the Ru K-edge data for the bimetallic catalyst.
(reducedthen ~ 2Ru  .@8 69 0015 There was no change in the EXAFS data as a function of reduc-
reexposedtoair) 3Ru .38 18 0013 tion temperature. The 5Pt/HSAG catalyst contained large metal
4Ru 468 38 0.014

particles with first shell coordination number 9, indicating a
particle size o~2.5 nm assuming hemispherical particles. For
average metal cluster size ofL nm. Further increases in the the bimetallic catalyst, the PjjL-edge data clearly showed both
reduction temperature up to 230 produced no change in the Pt—Pt and Pt—Ru coordination, with more Pt—Pt coordination
EXAFS data. Furthermore, exposure to air after reduction onlyhan Pt—Ru coordinationfable 5summarises the parameters
caused a small amount of reoxidation. Oxygen coordinatiomsed to fit the Pt |y-data. No oxygen coordination was ob-
could be fitted at a distance of2 A; however, the majority ~served on reexposure to air.

of the ruthenium showed Ru—Ru coordination~&.7 A, due Itis clear that the Pt—Ru coordination observed in thejjt L

to metallic ruthenium. In the presence of platinum, reduction oledge data is not mirrored by complementary coordination in
the catalyst in a flow of Hand formation of metallic ruthenium the Ru K-edge data. Coupled with the fact that the average Ru
was observed at room temperature. As with the monometallicoordination number indicates a particle size~af nm, this
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Table 7

XPS characterisation data for Ru/G, 4RulPt/G and 5Pt/G catalysts
Catalyst/ Binding energy (eV) (at%) PRu atomic ratio
treatment Ptaf7)2 Rudds)2 XPS Bulk
4RUlPt/HSAG 738 (60) 2815 014 014
(fresh) 760 (40 2827

4RuUlPt/HSAG 7D 2801 04 014
(reduced at 230C)

4RUlPt/HSAG 71 (66) 2803 05 0.14
(reduced then 73 (33

re-exposed to air)

Fig. 11. Cross-section of bimetallic RuPt cluster (Pt at@)&u atom<0). S5RU/HSAG 2815
(fresh) 2828
Table 6 5Pt/HSAG 715 (68)
Model co-ordination numbers for a 1:1 Pt—Ru hemisphere containing a 1.1 NM¥resh) 726 (32

Ru core and two layers of randomly mixed Pt—Ru overlayers with 66% Ru in
the inner layer and 13% Ru in the outer layer

Atom type Co-ordination number  atomic ratio of 0.14 was found by both XPS and inductively
PPt a4 coupled plasma-AES analysis indicating no preferential surface
Pt—Ru 35 segregation. After reduction in situ at 230 for 1 h, the Ru
Ru-Ru 67 was completely reduced to Ru (0), as indicated by the peak at

280.1 eV[28,38] For Pt, a single peak at 72.0 eV was evident

after reduction at 23%C; this can be attributed to Pt mefaB].

suggests that at least two types of particles are present inthe rg- " "=~ . . . .
duced bimetallic sample. The data are consistent with the coeé significant increase in the fiRu ratio as determined by XPS

) . : . .~ “was observed on reduction, indicating surface segregation of
istence of monometallic Ru particles and mixed metal particles, ; L .

. . . . the platinum. This is in agreement with the EXAFS results.
Possible structures can be examined using geometric models 0 ) . .

. . . : . In the monometallic ruthenium catalyst, oxidised ruthe-
the bimetallic clusters. One model that is consistent with the . . YA

: . ; . ) _ ~ . “hium was observed with both Btiand R§* oxidation states

data comprises a PtRu bimetallic particle with a 1:1 stoichiom-

etry, with a ruthenium core of approximately 1.1 nm and tWOpresent, as found in the bimetallic catalyst. In contrast, the
' ' monometallic platinum catalyst showed a much higher degree

S(I)f reduction compared with the bimetallic catalyst with both
PP and P# present. These trends for the fresh SRU/HSAG and
5Pt/HSAG catalysts are in agreement with the EXAFS analy-
X L : i : sis, where metal-metal coordination was observed only in the
the theoretical coordination numbers associated with this clusspy /1o n G fresh catalyst, indicating that in the SRU/HSAG cat-

ter, which, given an error of at Iea$0.5 in the qoordlnatlon alyst, the ruthenium was fully oxidised and showed no metallic
number, are in good agreement with the experimentally deter

X ; Character.
mined values from the Ptjj.-edge data. A 1:1 Pt:Ru ratio for
the bimetallic particles would indicate that 75% of the Ru was, Discussion
found in the monometallic form, a result consistent with the ab-
sence of a significant Ru—Pt shell for the Ru K-edge data.

mixed layer enriched in Pt. The total dimension of the parti
cle in this model is 2.0 nnfig. 11shows the cluster proposed
with the proportion of atoms in each sectidiable 6also gives

RuPt bimetallic catalysts are particularly active for the hy-
drogenation of 2-butanone to 2-butanol. The optimum loading
3.2.6. X-Ray photoelectron spectroscopy of Ptin our experiments was 1%. Catalysts with loadings higher

XPS analysis was performed on the 5SRU/HSAG, 4RulPtér lower than 1% demonstrated lower activities. Given that Pt
HSAG, and 5Pt/HSAG catalyst$able 7gives the binding en- has a very low activity for the hydrogenation reaction, it is rea-
ergies of the Ptf7/> and Ru3s > peaks as a function of treat- sonable to speculate that high loadings of Pt will tend to cover
ment. In the fresh 4RUlPYHSAG catalysts, the platinum wagr encapsulate active Ru particles, thus rendering the catalyst
oxidised with binding energy at 72.8 eV attributable t6'F7].  less active. At low Pt loadings<{1%), there may be insufficient
In addition, a peak was observed at 76.0 eV, likely associatept in contact with Ru to create a sufficient number of bimetallic
with Pt; although this binding energy is higher than is nor- particles of the correct stoichiometry or morphology. Indeed, it
mally associated with the44 oxidation state {74.7 eV), this  is evident that as the Pt loading decreases from 1%, the catalyst
may be due to interactions of Pt with ruthenium oxide, as reactivity approaches that of the monometallic Ru catalyst.
ported by Villulas et al[38]. The spectrum for Ru 3d was RuPt catalysts supported on graphite were less active than
deconvoluted into two components with binding energies otheir carbon-supported counterparts but followed similar ki-
281.5 and 282.7 eV. The peak at 281.5 eV can be attributedetic trends as those for the carbon-supported materials. The
to RU* [38,39] and that at 282.7 eV can be attributed to ei-4Ru1lPt/HSAG catalyst was the most active, considerably more
ther RF+ or hydrous speciation of Ri@8,40] A similar PYRu  active than the sum of the activities of the monometallic cata-
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lysts. STEM analysis of the fresh Ru/HSAG and 4RulPt/HSAGemperature of hydrogen pretreatment. Clearly, this cannot be
catalysts showed that the catalysts consisted primarily of clusattributed to enrichment by platinum, thus indicating that some
ters of small particles (1-3 nm) residing on the support. EDXother process must be responsible for deactivation of the cata-
analysis of particles on the 4RulPt/HSAG catalyst confirmedysts.
that the clusters were bimetallic, ruling out the possibility of Interestingly, heat treatment ipNhad no effect on the activ-
exclusively segregated Ru and Pt particles. EXAFS analysidy, indicating that hydrogen is necessary for deactivation of the
showed that the particles within the clusters were bimetalliccatalyst. It was also found that the activity could be mostly re-
and that the average particle size in both the 5SRu/HSAG andovered and enhanced by exposure of the catalyst to oxygen
4RuU1Pt/HSAG catalysts was 1-2 nm. at room temperature. This was found to be true of both the
The EXAFS data also revealed that there must be two typesionometallic and bimetallic catalysts.
of particle on the surface of the bimetallic 4ARulPt/HSAG cat- These results find some resonance in the findings of Bond et
alyst: bimetallic RuPt particles and monometallic Ru particlesal. [36] that for the gas-phase hydrogenolysis of ethane over a
both of the order of 1-2 nm. For the bimetallic particles, it is1% Ru/AbO3 catalyst, a low-temperature oxidative treatment
possible to fit the data with a model in which a Ru core (1.1 nm)f the catalyst caused a significant increase in catalyst activity.
is enclosed with two mixed Pt-rich layers, with the outer layerin addition, they also found that a high-temperature treatment
containing only 13 at% Ru. Surface enrichment by Pt was alsin hydrogen resulted in significantly decreased activity. The
confirmed by XPS analysis and is consistent with theoreticahigh-temperature treatment did not result in a change in Ru dis-
calculations performed by Ruban et[@l]. They have investi- persion, so they speculated that the oxidative treatment could
gated the general trends in the surface segregation phenometraate a higher proportion of active Ruions, which could
in transition metal alloys. Their matrix of results indicates thatbe removed by high-temperature hydrogen treatment. Alterna-
Ru and Pt will strongly segregate from each other and that inively (and more plausibly), they suggested that the oxidation
Ru-rich catalysts, Pt will segregate to the surface of the Ru patreatment could cause structural changes in Ru patrticles, in-
ticles. creasing the number of active defect sites. These defects would
In situ EXAFS analysis of the 5Ru/HSAG and 4RulPt/be removed on heating to high temperatures in hydrogen. Re-
HSAG at room temperature and during exposure to hydrogewersible structural changes were clearly observed by Schmidt
at different temperatures revealed that the bimetallic catalysind co-worker$33,42] during successive oxidation—reduction
was readily reduced by exposure to hydrogen at room temperé&eatments over various catalysts. They noted that high activ-
ture. However, reduction of the 5RU/HSAG catalyst required dty associated with oxidation and low-temperature reduction
temperature-60°C. was related to the ability to maintain low-coordination, high-
The effect of different pretreatment temperatures on catalysieactivity (defect) sites.
activity showed some interesting trends. For the 4RulPt/HSAG The differences in activity caused by pretreatment of the
catalyst, there was clearly a trend of decreasing activity witMRulPt/HSAG catalyst in Nrather than in H at 120°C can
increasing temperature of in situ reduction. After reductionalso most likely be explained by morphological changes. Wang
at 230°C, the catalyst was almost totally inactive. The re-et al.[43] found that annealing Pt particles in ldt 600°C pro-
sults of CO chemisorptions on the 5RU/HSAG and coordi-duced predominantly cube-shaped particles, exposing mostly
nation numbers extracted from EXAFS experiments on botl{100) planes, whereas heating these cubesjratNthe same
the 5RU/HSAG and 4RulPt/HSAG catalyst clearly showed ndemperature caused the shapes to change to spheres, exposing
change in the metal particle sizes on reduction at temperaturesiditional planes. The temperatures used by Wang et al. are
up to 230°C. This is in agreement with the findings of Bond clearly much higher than those used in our study. However, for
et al.[35], who used EXAFS and #and CO chemisorption to the bimetallic catalyst, a temperature of TZDmay be suffi-
show that Ru did not sinter even when treated inup to a  cient to cause smoothing of the particle surface, leading to loss
temperature of 482C. of defect sites. Lauth et §44] demonstrated that the Ru (110)
Miura et al.[8] found that heat treatments ikt 477 and  surface can undergo surface reconstruction under hydrogen at
627°C resulted in a sharp drop in the Ru surface compositioiow temperatures.
of their Pt/Ru/SiQ bimetallics, even though the total number  The experimental data for the effect of pretreatment on ac-
of particles remained constant. They also found that excessivavity of the Ru monometallic catalysts seem to indicate that the
Pt at the surface was detrimental to the activity of their cathydrogenation of 2-butanone is a structure-sensitive reaction.
alysts for the hydrogenation of benzene. XPS analysis of thén view of reports cited above that indicate the importance of
4RuUlPt/HSAG catalyst showed that treatment atZ3th Hy  the surface roughness (surface defect concentration) of Ru cat-
resulted in surface enrichment by Pt compared with the freshlysts, we conclude that the activity variations observed for the
material. However, surface enrichment by Pt cannot be used dydrogenation of 2-butanone on Ru catalysts reduced at differ-
an explanation for the decreased activity of our catalysts witlent temperatures is due to a gradual smoothing of the surface.
increasing temperature of reduction. First, the EXAFS spectrén alternative, possibly related effect could be the enhanced
remained constant with changing temperature of reduction, ruehemisorption of hydrogen on defect sites. Lauth etj4d]
ing out any further enrichment by Pt after the initial reduction atnoted that hydrogen adsorption on atomically “rough” Ru sur-
room temperature. Second, the monometallic 5SRU/HSAG catdaces is facile, with K having a high sticking probability. This
lyst also showed a trend of decreased activity with increasings not the case for many “smooth” low-index transition metal
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surfaces, where adsorption is often an activated process re- TEM coupled with EDX analysis of the bimetallic catalysts
sulting in low sticking probabilities. These authors noted thatrevealed that they consisted of clusters of particles of the or-
surface defects, or centres of roughness, were particularly inder of 1-2 nm. EXAFS analysis showed two types of particles
portant for the dissociative adsorption of.Ht is interesting  on the surface of the bimetallic 4RulPt/HSAG: monometallic
to note that H pretreatment at temperatures abové@as a Ru and bimetallic RuPt particles. For the bimetallic particles, it
much greater detrimental effect on the activity of the bimetal.was possible to fit the data with a model in which a Ru core of
lic catalyst than the 5SRU/HSAG. The EXAFS results show thatl.1 nm is enclosed by two Pt-rich layers, with the outer layer
this cannot be attributed to greater segregation of inactive Pt toontaining only 13 at% Ru.

the surface. It appears that in this case the process of surface

smoothing and loss of activity could be enhanced by the presacknowledgments
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