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Abstract: The structures of the catalytically active sites in supported metal catalysts are a long sought
after goal. In this study, XAS has been used to establish these structures. The ethene-induced changes in
the XAS spectra as a function of temperature and pressure were correlated to changes in the adsorption
mode of the hydrocarbon. At low temperature, ethene was adsorbed in on-top () and bridged (di-0) sites
on small platinum clusters. Below room temperature, the adsorbed ethene was dehydrogenated to an
ethylidyne species, which was adsorbed in threefold Pt sites. On larger clusters the dehydrogenation
proceeded at higher temperature indicating a different reactivity. EXAFS results showed that changes in
the geometrical structures were mainly due to (co)adsorbed hydrogen. Our results for platinum agree with
those obtained using other techniques proving that detailed shape analysis of the L; edge XANES is a
practical tool to determine the structure of the sites that are involved in bonding to reactants and
intermediates. Application to gold and alloy catalysts showed that ethene induced a significant change in
the electronic structure of gold nanoclusters that could be interpreted as ethene adsorbed on top of single
gold atoms or in bridged sites. Ethene adsorbed on both platinum and gold in the bimetallic clusters.

Introduction insight into the bonding of reactants and intermediates on metal
. Osurfatces‘?f8 However, the sites that are involved in hydrocarbon
Supported metal catalysts activate hydrocarbon molecules an . . o
conversions are often unidentified for molecules larger than

are the_refore widely applied in th? chem|c_al industry. The ethene and the structures of the active sites on supported metal
adsorption modes of the reactants, intermediates, and products

. o . catalysts remain largely unknown. Our aim is the selective
affect their activity and selectivity. These adsorbates occupy a - .
e . detection of these structures on small metal clusters in powder
specific site on the metal surface, which depends on the type

. . 2"~ catalysts, i.e., the active components in industrial catalysts. As
of metal, the cluster size, the metal oxide support, and alloying. ysis, I.e., P Y

. . . . 2 %" industrial conditions deviate from UHV conditions and can even
Revealing the structures of the adsorption sites provides insight .
. . . reach tens or hundreds of bars, and the hydrocarbon chemistry
into the mechanisms of how small metal clusters activate

hvdrocarbon molecules. which. ultimately. enable tuning of the on metal surfaces varies with partial pressure of the reactants,
y ) . ' el 9 and a technique that can be applied under catalytically relevant
catalytic performance. Since ethene is the smallest molecule " . .
containing a carboncarbon double bond. the adsorption of conditions is required. Recent developments have shown that
othene og metal surfaces is an often-uséd model rga?cﬁon the adsorption sites of various atoms and molecules on metal
- Clusters can be determined with X-ray absorption spectroscopy
At low temper_ature, ethene adsorbs molegularly on the Pt(111) (XAS), a technique that can be applied under high pressures
itjrrza;g ;?:;rzzgag;ﬁgg?ﬁ?hzg::gges?fg;??;giﬁez ijndon and temperatures. The positioning of hydrogen atoms on Pt as
heatin ’to 270 K, a CKCH intermed,iate i gformed ';har:: o @ function of coverage has been determined by examining
9 ’ - . . spectral changes in the X-ray absorption near-edge structures
dehydrogenated to ethylidyne (GE), which is adsorbed in s \NEs o delta XANES) along with the aid of FEFF8
threefold metal site3® Such information has come from calculationg3 Similarly, Pt-O and P+-OH interactions in
vibrational spectroscopy studies under UHV conditions on single '

crystalst—3 and theoretical studies that have provided further (6) Delbecq, F.; Sautet, B. Catal 1995 152, 217.
(7) Morin, C.; Simon, D.; Sautet, B. Phys. Chem. B004 108 12084.
(8) Loffreda, D.; Delbecq, F.; Vighe-.; Sautet, PJ. Am. Chem. So2006

TETH Zurich. 128 1316.
* George Washington University. (9) Ramaker, D. E.; Mojet, B. L.; Oostenbrink, M. T. G.; Miller, J. T,
(1) Cassuto, A.; Kiss, J.; White, J. Mburf. Sci.1991, 255, 289. Koningsberger, D. CPhys. Chem. Chem. PhyE999 1, 2293.
(2) Land, T. A.; Michely, T.; Behm, R. J.; Hemminger, J. C.; ComsaJG. (10) Ankudinov, A. L.; Rehr, J. J.; Low, J.; Bare, S. Rhys. Re. Lett. 2001,
Chem. Phys1992 97, 6774. 86, 1642.
(3) Somorjai, G. A.; Marsh, A. LPhil. Trans. R. Soc. London, Ser.2805 (11) Ramaker, D. E.; Koningsberger, D. Phys. Re. Lett.2002 89, 139701.
363 879. (12) Teliska, M.; O'Grady, W. E.; Ramaker, D. E.Phys. Chem. B004 108
(4) Alexeev, O. S,; Li, F.; Amiridis, M. D.; Gates, B. Q. Phys. Chem. B 2333.
2005 109 2338. (13) Oudenhuijzen, M. K.; van Bokhoven, J. A.; Miller, J. T.; Ramaker, D. E.;
(5) Argo, A. M.; Odzak, J. F.; Lai, F. S.; Gates, B. Rature2002 415 623. Koningsberger, D. CJ. Am. Chem. So@005 127, 1530.
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an electrochemical cell and in a working fuel cell have been Hydrogen uptake measurements of the Pt catalysts were done at 300
examined*15and the difference spectra induced by the binding K under static volumetric conditions with a Micromeritics ASAP 2010

of CO on gold and platinum clusters have been described @pparatus. The H/Pt ratio is the ratio of the number of ads_orbed H
previously%ﬁ’”Nearly guantitative agreement between theoreti- atoms to the total number of Pt atoms, the former obtained by

cal and experimental high-energy resolution XANES spectra
was found before and after the adsorption of CO on small Pt
clusters'® The XANES also provides electronic information such

extrapolating the linear high-pressure part of the first adsorption
isotherm to zero pressure. The 0.5 wt % Au@{ was prepared by
incipient-wetness impregnation gfAI,O; with an aqueous solution

of HAuClI,. Stirring the powder in water at 343 K, and maintaining a

as the empty density of states. At the same time, the extended, of g using NaOH, removed chloriR&PtAU/SIO, was prepared by

X-ray absorption fine structure (EXAFS) provides the local
metal structure such as metahetal bond lengths and number

adding P#Au4(C=CBU)s to a slurry of SiQ (Merck 60, 0.74 mL/g,
460 nt/g) in hexane, filtering, and dryin§:?® The metal loading was

and type of neighbors. Previous FEFF8 calculations have shown2 wt % Au and 1 wt % Pt. Metallic PtAu clusters were obtained after
that the white-line intensity stays approximately constant with calcination at 573 K and reduction at 473 K.

cluster size for 3D close-packed and polytetrahedral clusters. The XAS experiments were performed at beam line X1 of HASY-
The cluster geometry, however, does affect the white line as LAB (Hamburg, Germany) and at the DUBBLE station (BM26A) at
the 2D close-packed systems exhibit more intense white linesthe ESRF (Grenoble, France). At beam line X1 the double-crystal
than the 3D cluster¥ Fortunately, the changes in the white monochromator was equipped with Si(111) crystals that were detuned
line from these geometry changes differ from those induced by to 70% of the intensity to remove higher harmonics. At the DUBBLE

. . station, the double-crystal monochromator was followed by two
adsorbates on small clusters enabling the distinction between . . . ) . 8 .
10 . vertically focusing Pt- and Si-coated mirrors to reject higher harmonics.
geometryt® and adsorbate-induced changes.

S . All spectra were recorded in transmission mode using ionization
Here, the binding sites of ethene on noble metal nanoclusterschambers for detection. The sample was pressed into a self-supporting

(Pt, Au, and PtAu) under various pressures and temperaturesyafer and placed in a stainless-steel in situ?¢Hat was connected

are established using the delta XANES technique on the Pt andto a gas-flow system, temperature controller, liquid-nitrogen tank, and

Au L edges. Platinum catalysts that are widely used in industry turbo molecular vacuum pump. Prior to the experiments, the catalysts

were studied first, showing the ability of in situ XAS to detect

were reduced in situ in pure hydrogen. Pt®d was reduced at 723

the structure of the adsorbate sites on supported metal catalyst&: PUSI®—AI;0; at 573 K, and PUSi@) Au/Al0s, and PtAU/SIQ at

that activate hydrocarbons. The support- and cluster-size effects?

are discussed. Recently, it was found that gold is also active in
hydrocarbon reforming?-23 Since the structure of the active
sites in the supported gold catalysts is a matter of debate, we
studied the adsorption sites of ethene on Ap@Al Furthermore,

the catalytic activity of platinum alloyed with gold is distinctly
different from that of the pure metals. This different catalytic
activity can originate from geometric and electronic effects,
inducing different modes of adsorption as experimentally
observed*2> Gold is often considered an inactive additive in
these alloy catalysts. We show that both platinum and gold
interact with ethene in PtAu-alloy clusters.

Experimental Section

The 2 wt % Pt/AJO3; was prepared by incipient-wetness impregnation
of y-Al,O; (Condea, 0.51 mL/g, 230 #y) with an aqueous solution
of tetraammine platinum nitrate (PTA) and calcination at 673 K. The
2 wt % Pt/SiQ—AI0; and 1 wt % Pt/SiQwere prepared by adding
an aqueous solution of PTA to a slurry of $iAI,03 (Davison 135)
or Si0, (Davison 644, 1 mL/g, 290 #g), respectively, in an N{OH
solution with a pH of 10. After filtering and washing, Pt/SiQAI,O3
was prereduced in hydrogen at 523 K and PtSa©473 or 873 K.

(14) Teliska, M.; O’'Grady, W. E.; Ramaker, D. E.Phys. Chem. B005 109,
8076.

(15) Roth, C.; Benker, N.; Buhrmester, T.; Mazurek, M.; Loster, M.; Fuess, H.;
Koningsberger, D. C.; Ramaker, D. E.Am. Chem. So2005 127, 14607.

(16) Weiher, N.; Bus, E.; Delannoy, L.; Louis, C.; Ramaker, D. E.; Miller, J.
T.; van Bokhoven, J. AJ. Catal.2006 240, 100.

(17) Scott, F. J.; Mukerjee, S.; Ramaker, D JEElectrochem. So2007, 154,
A396.

(18) Safonova, O. V.; Tromp, M.; van Bokhoven, J. A.; de Groot, F. M. F;
Evans, F.; Glatzel, Rl. Phys. Chem R006 110, 16162.

(19) Ankudinov, A. L.; Rehr, J. J.; Low, J. J.; Bare, S.RChem. Phys2002
116 1911.

(20) Haruta, M.Catal. Today1997, 36, 153.

(21) Valden, M.; Lai, X.; Goodman, D. WSciencel998 281, 1647.

(22) Sivadinarayana, C.; Choudhary, T.V.; Daemen, L. L.; Eckert, J.; Goodman,
D. W. J. Am. Chem. So2004 126, 38.

(23) Bus, E.; Prins, R.; van Bokhoven, J. 8atal. Commun2007, 8, 1397.

(24) Yeates, R. C.; Somorjai, G. A. Catal. 1987, 103, 208.

(25) Chandler, B. D.; Schabel, A. B.; Pignolet, L. H.Phys. Chem. BR001,
105 149.

73 K. The chemisorbed hydrogen was removed by evacuatibtf¢

Pa) at 473 K or higher, and L edge spectra were collected at several
temperatures. Ethene was adsorbed at 77 or 300 K by passing an ethene
in helium or ethene flow through the cell. L edge spectra of the catalysts
in static or flowing ethene were collected at the adsorption temperature
and after heating with 5 K/min to 300, 373, or 473 k. &dge spectra

for Pt/Al,O3; were collected while removing ethene by heating under
vacuum. L edge spectra for Pt48l; and Pt/SiQ were also collected

in hydrogen and in a gas mixture of ethene and hydrogen.

XAS data analysis was carried out using the XDAP software
packag€e?® The absorption data were background subtracted by means
of standard procedur&sand normalized on the height of the edge step
at 50 eV above the edge. EXAFS multiple-shell fitting was performed
in R space usinds weightings of £3. It was not necessary to include
multiple-scattering paths. Higher-order cumulants were included, and
when fitting both a metatmetal and a metallight scatterer shelk,,
scaverer WAS kept equal to zero an@ujignt scaterer €qUal t0 Ca metat?
Experimentally calibrated theoretical references obtained with the
FEFF8 cod® were used to obtaif? F, andd.

Alignment of the normalized XANES spectra, to remove initial-
state core level shifts and final-state screening effects, was done by
setting the energy of the point in the Bdges having an intensity of
0.4 to zerd**The first derivative of the § EXAFS oscillations between
50 and 120 eV above the edge was then aligned on the first derivative

(26) Yang, J.Y.; Henao, J. D.; Costello, C.; Kung, M. C.; Kung, H. H.; Miller,
J. T.; Kropf, A. J.; Kim, J.-G.; Regalbuto, J. R.; Bore, M. T.; Pham, H. N;
Datye, A. K.; Laeger, J. D.; Kharas, Kppl. Catal., A2005 291, 73.

(27) Espinet, P.; Fornies, J.; Martinez, F.; Tomas, MChem. Soc., Dalton
Trans.199Q 791.

(28) Chandler, B. D.; Schabel, A. B.; Blanford, C. F.; Pignolet, LJHCatal.
1999 187, 367.

(29) Vaarkamp, M.; Mojet, B. L.; Kappers, M. J.; Miller, J. T.; Koningsberger,
D. C.J. Phys. Cheml995 99, 16067.

(30) Vaarkamp, M.; Linders, J. C.; Koningsberger, D RBysica B1995 208
159

(31) Koningsberger, D. C.; Mojet, B. L.; van Dorssen, G. E.; Ramaker, D. E.
Top. Catal.200Q 10, 143.

(32) Bus, E.; Miller, J. T.; Kropf, A. J.; Prins, R.; van Bokhoven, J.Xys.
Chem. Chem. Phy2006 8, 3248.

(33) Zabinsky, S. I.; Rehr, J. J.; Ankudinov, A.; Albers, R. C.; Eller, MPHys.
Rev. B 1995 52, 2995.

(34) Bus, E.; Miller, J. T.; van Bokhoven, J. A. Phys. Chem. BR005 109,
14581.
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corresponding to a cluster size of 0.6 nm. In these small clusters,
the Pt-Pt distance Rpipy) under vacuum after the removal of
hydrogen was 2.682.70 A, which shows the contraction of
the metat-metal distance typical of small clustefsA contribu-

tion of a light scatterer with aN of 0.1-0.4 was observed at
ca. 2 A, which is ascribed to an oxygen atom of the support.
Pt/SIG that was prereduced at 873 K (Pt/$i873) had an H/Pt
ratio of 0.28.Nppt Was around 9Rpipy Was 2.75 A, and the
contribution of support oxygen was too low to be detected. Thus,
these platinum clusters were much larger with a bulklike
Figure 1. (a) Ethylidyne and (bjyr-bonded ethene on adtluster, as used structure.

in the FEFF8 calculations. Pt (dark-gray spheres), C (gray spheres), and H Upon addition of hydrogen to Pt/Al©; and Pt/SiQ-473,
(white spheres). Npept increased to 6.7 anBpp; increased by 0.04 to 0.06 A,
caused by the electron-withdrawing properties of the hydrogen
atoms* For all Pt catalysts, addition of ethene resulted in similar
Pt—Pt coordination numbers and distances like those found for
the bare metal clusters, suggesting that the structure of the metal
clusters is insensitive to the adsorption of ethene. Upon heating
in ethene atmospherBp.p: for the small Pt clusters increased.
Analysis of the difference between the EXAFS with and without
ethene at 300 K indicated that the contribution of the light
scatterer increased for the catalysts with small clusters. In

k(A addition to contributions from the support oxygens, a contribu-
Figure 2. 3-weighted EXAFS function for Pt/ADs under vacuum (---) tion of carbon from adsorbed ethene was detected that decreased
and in ethene atmosphere)at 300 K. upon heating. However, the small intensity of the light-scatterer

contribution compared to the PPt scattering did not allow a
of the L, EXAFS oscillations measured under the same conditions by more accurate analysis.

means of the least-squares method. XANES difference spekip ( Addition of ethene to the Pt catalysts induced an effect in
were extracted by subtracting the&dge collected under vacuum from the XANES at all three L edges (Figure 3). The RBiedges for
that collected in the gas atmosphere, mostly at the same temperaturept/AIZOS and PUSIG—Al,0; shifted to highér energy, and the

To interpret the experimentalu spectra, self-consistent full multiple- e . . .
scattering calculations of the Pt and Ay KANES were performed white line had an enhanced intensity after the adsorption of

with the FEFF8 code. A HedinLundqvist potential and thesXANES, ethene while the intensity decreased in the regiord@eV
LDOS, NOHOLE, SCF, and FMS cards were used. A cluster consisting 2bove the edge (Figure 3a,d). The édges in 25 kPa partial
of six metal atoms was used (Figure 1). Four atoms form the base andpressure of ethene and in pure ethene did not differ significantly;
are placed in a square arrangement, for example the four atoms in frontat lower partial pressure the white-line intensity was slightly
in Figure la. Two additional atoms are positioned below this plane. lower, and the positive edge shift was smaller. The changes in
On a cluster like this, all different adsorption sites, such as hcp, fcc, the edge upon addition of the ethene/He gas mixture were not
bridged, and on-top are preséhtThe atom coordinates of ethene in  que to air that could have unintentionally entered the in situ
the_ adsorptlon modes, dl-o,_ and ethylidyne (Flgu_re 1) yvere optlmlzed' XAS cell, because upon oxidation an increas&ig.p; and a
:?Sgrcfsgcee-l]:]ild G?I:;sl?/ﬁlz nSFL()MgAO%C;ﬁi%”gg:ﬂI'Sri'gra)zgzggm' decrease iMNp_p; would have been observed. The intensity in
Lo o the white-line region of the 4 edge increased upon ethene

the different adsorbate sites were calculated by taking the difference . ; , .
between the spectra for the cluster with ethene and that for the bare@dsorption, and above 10 eV the intensity decreased (Figure

metal cluster. 3b). These changes are similar to those present in jleglge,
since both edges probe the empty d DOS. Thedge probes
Results the p band. The Ptledge shifted slightly to higher energy

upon ethene adsorption (Figure 3c). Its intensity increased
between 13 and 33 eV and decreased between 33 and 50 eV
above the edge. These changes in the EXAFS region are due
to the changes in the geometric structure, mainly the addition
of a Pt=C contribution. Subsequent evacuation at 300 K resulted
in a further change in the L edge spectra. The effect of ethene

shell .Wa§ fit, no higher shells were present.. The-Pt on the platinum clusters was reversible, and at 723 K all ethene
coordination numberMNpwpy) for Pt/Al,O3 and Pt/SiQ—Al 03 was removed

under vacuum was around 6. Thus, the cluster size was 0.8 nm, To emphasize the changes in the specteaAk difference

in agreement with the measured H/Pt ratios aboye*1PY spectra were calculated, with the spectrum of the bare metal
SIO; reduced at 473 K (PUSH473) had anNer-pt of 5.1, measured at the same temperature used as reference Athese
difference spectra for Pt/ADsz at 77, 300, and 473 K are shown

Platinum Catalysts. Figure 2 shows the EXAFS function
for Pt/Al,Oz at 300 K under vacuum and in ethene atmosphere.
The data quality was good up to 16 & and good fits were
obtained. The resultant parameters for all Pt catalysts under
various conditions are given in Table 1. The first coordination

(35) Janin, E.; von Schenck, H.;"@elid, M.; Karlsson, U. O.; Svensson, M.
Phys. Re. B 200Q 61, 13144.
(36) de Graaf, J.; van Dillen, A. J.; de Jong, K. P.; Koningsberger, Dl.C. (38) Delley, B.; Ellis, D. E.; Freeman, A. J.; Baerends, E. J.; PosPlys.

Catal. 2001, 203 307. Rev. B 1983 27, 2132.
(37) Kip, B. J.; Duivenvoorden, F. B. M.; Koningsberger, D. C.; PrinsJR. (39) Sanchez Marcos, E.; Jansen, A. P. J.; van Santen, Rhém. Phys. Lett.
Catal. 1987, 105, 26. 199Q 167, 399.
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Table 1. Structural Parameters of the Platinum Catalysts under Various Conditions as Determined by EXAFS Fitting of the Pt L3 Edges®?
and the Measured H/Pt Ratios in Brackets®

Pt—Pt shell Pt-light scatterer shell
catalyst T(K) atmosphere N Ac?(1074A?) R(A) AE, (eV) N Ac?(1074A?) R(A)
Pt/Al,O3 7 vacuum 5.7 36 2.68 0.9 0.4 -13 2.0
(1.51) ethene 5.9 27 2.68 2.8 0.6 27 2.0
300 vacuum 5.6 43 2.68 1.2 0.4 39 2.0
hydrogen 6.7 52 2.72 1.3 0.4 0.8 2.0
ethené 5.4 46 2.69 4.4 0.7 47 2.0
473 vacuum 5.7 53 2.68 1.3 0.5 35 2.0
ethené 5.4 59 2.70 3.9 0.6 63 1.9
Pt/SiG-Al 03 300 vacuum 6.1 32 2.68 2.3 0.3 -12 2.1
(1.46) 25 kPa ethene 5.5 31 2.70 4.2 1 59 1.9
473 vacuum 5.9 45 2.68 1.6 0.3 35 2.1
25 kPa ethene 5.9 51 2.72 4.8 0.4 -1.9 1.9
PY/SiG-473 295 vacuum 5.1 8.4 2.70 0.0 0.1 =72 1.9
(1.22) 303 GH4H,=1:3 6.7 2.4 2.76 0.7
373 GH4sH,=1:3 6.6 19 2.75 1.1
473 GHaH, = 1:3 6.9 50 2.77 -2 0.5 -6.3 2.1
Pt/SiG-873 300 vacuum 9.3 -13 2.75 -0.7
(0.28) 33 kPa ethene 9.3 -13 2.76 -0.3
473 vacuum 9.4 7.7 2.75 —-0.1
33 kPa ethene 9.2 11 2.75 —-0.4

a3 <k <13 A1 1.6<R<3.1A, including higher-order cumulants and wih, light scatterer= 0 eV32 b Platinum foil: N = 12, Ac2 =0 A2 R
=2.76 A, AE; = 0 eV. ¢ Errors: 15% inN, 100% inAo?, 1% inR, and 2 eV inAE,. 9 There was no difference between the structural parameters of the
platinum clusters in pure ethene and in 25 kR#&l£Owith He as makeup gas.

1.24 124 ¢ 12
1.0 1.0 1.04
e e
= 038 0.8 = 0.8
B ®
Iy 8 e
T 06 0.64 T 0.6
E % £
S ] ]
S o4l 0.41 c 04
0.2
0.2 0.2
0.0 VAN
0.0 ; . . ) . . . 0.0 : ‘ . Y ‘ :
0 20 40 0 20 40 0 20 40 0 20 40
E-E,(eV) E-E,(eV) E-E,(eV) E-E,(eV)

Figure 3. (a) Pt Ls edge, (b) Pt k edge, and (c) PtiLedge for Pt/AJOs under vacuum at 300 K (---) and after admission of 25 kPa ethene in He at 77 K
and heating to 300 K at 5 K/min). (d) Pt Ls edge for Pt/Si@—Al O3 under vacuum (---) and in 25 kPald, at 300 K (), and theAu difference obtained
from the spectrum in 25 kPa minus the spectrum under vacuum at 36€) lird 473 K ¢ - —).

1.2
0.05 E 101
g ERY:
7] .84
& 0.00 —— =
£ == .g 0.6
£
-0.05 ] . . . . ] 5 041
-20 0 20 40 60 80 021
E-E, (eV)
Figure 4. Ay difference spectra (spectrum under vacuum at the same 0.0
temperature as reference) at the Rteldge for Pt/AJOs in 25 kPa partial 02 02
pressure of gHs at 77 K (— - —), and in pure ethene at 300 K-f and 473 : 0 20 40 0 20 40
K (). E-E,(eV) E-E,(eV)

in Figure 4. These ethene-induced changes are sharper and pea{fég)l”_e 5]:OOPIEIP_3 ‘gjge?fgg iVSi%W;th_ S(;T‘ffa” Pt C;Uiter% (ga)l) Uféder vacuum

. ---), In aHat , and their difference~), an unaer vacuum
at'lower enlt%rlgzy1 than the H-'lnduced changes at 'tlaeedlge (). in 25 kPa GHa/H, at 300 K (), at 373 K ( - ), and at 473 K
(Figure 5af101213The ethene-induced effect at 77 Kis a narrow  (-..), and the correspondinty difference with the spectrum under vacuum
intense peak at 5 eV and a negative feature at 25 eV. After at the same temperature used as reference (same line patterns as the
heating the catalyst to 300 K, a larger negative contribution €0'résponding original spectrum).
was observed around 0 eV, and an increase in intensity of themore intense. The difference spectrum at 473 K resembled that
peak at 5 eV, which at its base was a bit broader than the at 300 K up to 5 eV; at higher energy the intensity was larger.

spectrum measured at 77 K. The negative peak at 25 eV wasAll Au difference spectra featured a broad, shallow peak around

J. AM. CHEM. SOC. = VOL. 129, NO. 26, 2007 8097
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Table 2. Structural Parameters of Au/Al,O3 under Vacuum and in
20 mL/min 25 kPa C,H4 with Makeup Gas He As Determined by
EXAFS Fitting of the Au Ls Edges&?

Au-Au shell Au-light scatterer shell

Ad? Ao?
T(K) atmosphere A (104A) R@A) AREY) N (10443 R(A)

300 vacuum 5.3 55 2.76 0.6 0.1 1.1 2.1
ethene 6.2 76 2.75 3.1 0.1 1.1 2.1
373 vacuum 55 71 2.75 1.6 0.1 18 2.1
ethene 5.6 70 2.76 2.0 0.1 -5.4 2.1
473 vacuum 5.3 84 2.75 1.3 0.1 28 2.1
ethene 5.2 69 2.75 1.6 0.1 11 2.1

normalized MuX

a3 <k <13 A1 1.6<R<3.1A including higher-order cumulants 00 0 20 0-0 0 20
and with Ey, light scatterer= 0 eV32 > Gold foil: N = 12,A02 =0 A2 E-E (eV) E-E (eV)
R=12.85A,AEy = 0 eV. ¢ Errors: 15% inN, 100% inA¢?, 1% inR, and 0 0
2 eV in AEg. Figure 6. (a) Au Lz edge and (b) Au kedge for Au/AbO3 under vacuum

(---) and in 25 kPa gH4 (—) at 300 K.

50 eV, with its intensity being lowest at 300 K. The Au
difference for Pt/Si@—Al,O3; consisted of a small negative
contribution at 0 eV, and a broad positive contribution from 3
to 16 eV (Figure 3d). At 473 K the negative contribution became
more intense, and the intensity of the positive contribution
increased slightly. The ethene-induced difference spectra for Pt/
SiO,-873 at 300 and 473 K were similar to that at 77 K for the
smaller Pt clusters supported on,@k, but the intensity was 0,02

twice as low. ' 0 20 40

The Ls edges for Pt/Si@473 upon chemisorption of hydro- E-E, (eV)
gen and L?pon adm'SS'On of a gas mIXture_ Of_ ethene and Figure 7. Difference spectraAu, at the Au Lz edge for Au/AbOs in 25
hydrogen, in a 1:3 ratio, at 300 K are shown in Figure 5. The kpa GH, at 300 K (), at 373 K (---), and at 473 K~ - —) with respect
change in the . edge upon admission of the gas mixture is to the spectrum under vacuum at the same temperature.

Clearl_y the Same as the signature for hqugen in-fold site. Table 3. Structural Parameters of PtAu/SiO, under Vacuum and
The increase iMNpi—p; and Rp-pt and disappearance of the in 25 kPa C;H, in Helium As Determined by EXAFS Fitting of the
contribution of the light scatterer in the EXAFS are consistent Au and Pt Ls Edges
with the chemisorption of hydrogen. The intensity of the Pt-scatterer shell2 Au-scatterer shell®
difference spectrum decreased slightly when heating to 373 K, Ao? Ao?
probably due to desorption of hydrogen. The shape changedr() amosphere AN (10443 R(A) AE(EV) N (104A4) R(A) AE (V)
upon further heating, and the contribution of the light scatterer 350 vacuum 90 35 276 1.6 7.4-22 280 —21
appeared again in the EXAFS. Flowing 25 kPa ethene in ethene 90 30 276 10 76 10 28014
hydrogen over Pt/ADs with chemisorbed hydrogen also led 473 vacuum 89 81 276 14 72 38 280-19
to a Pt L edge that resembled that of platinum with chemisorbed ethene 90 73 276 16 75 48 28014
hydrogen. Apparently, since there was an excess of hydrogen, api|,EXAFS, 3.1< k<9 AL 1.6<R < 3.4 A, because of the short
ethene was hydrogenated to ethane, and only hydrogen chemik rangeCs was not included® Au Ls EXAFS, 3< k < 13 A1, 1.8 <R
sorbed on the platinum surface. Ethene hydrogenation readily = 3-2/A, including higher-order cumulant3. ¢ Errors: 15% inN, 100%
. in Ag?, 1% inR, and 2 eV inAE.
occurs on platinum at room temperatdfe.

AU/Al ;03. Nay-au Of Au/AlO3 was 5.3, corresponding to @ Al,03 at 77 K. At 373 K, theAu had the same shape, but a
cluster size of 0.8 nm (Table 2). The interatomic distance was lower intensity. At 473 K, theAu was negative below 5 eV
2.76 A; thus, the AtrAu bonds were contracted by 0.09 Awith  and broad with a low intensity at higher energy. The addition
respect to the bulk value, as to be expected for clusters with of ethene to Au/AlO; was done twice, at different beam lines,
such a lowNay-au.** Au—O scattering mimicking oxygen in  once in static mode and once in flow mode (shown here), and
the support at 2.1 A was included in the fit. Upon addition of the same results were obtained in both experiments.
ethene at 300 KNau-au increased to 6.2, and it decreased again  PtAu/SiO,. The platinum atoms in PtAu/Sithad 9 nearest
to the original value upon heating to 473 K. No significant neighbors, and the gold atoms hag& neighbors (Table 3);
carbon scattering from the adsorbed ethene was detectedthus, gold was preferentially located at the surface. The Pt
Addition of ethene to the gold clusters caused significant neighbor distance was 2.76 A, indicative of gold and platinum
changes in the Au4d.and L, XANES (Figure 6); thus, ethene  neighbors, and the Atneighbor distance was 2.80 A. From
chemisorbs on the gold surface and induces changes in theelectron microscopy, the metal cluster size was estimated to be
electronic structure of gold. The ethene-induced change at 300ca. 1.5 nm. The structural parameters around both platinum and
K was sharp and had a negative contribution above 10 eV gold did not change upon admission of ethene; thus, the
(Figure 7). TheAu resembled that for the Ptsledge for Pt/ morphology of the PtAu clusters was not affected by ethene.
Addition of ethene to the PtAu-alloy clusters induced a change

0.044

0.024

intensity

o
o
=]

40) Somorjai, G. A.; Rupprechter, G@. Phys. Chem. B999 103 1623. ; H H
2413 Miller,JJ. T.; Kropf, AEJPJ Zha, Y.; Reg);/albuto, J. R.; Delannoy, L.; Louis, in both the Pt and the AudXANES (Flgure 8)’ 599985“”9
C.; Bus, E.; van Bokhoven, J. Al. Catal. 2006 240, 222. that ethene adsorbs on both metals. The edges shifted to higher
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1.2 ' ' 1 1.2] ' ' ] distances in the Agicluster are slightly longer, the calculated
Au signatures on gold are very similar and not shown here.
The signature ofr-bonded ethene has no negative contribution
at low energy and a positive contribution around 0 eV. There
is a broad peak at about 40 eV. The signature of 8snded
ethene is characterized by a small negative feature followed by
a positive contribution of medium size. The broad peak is less
pronounced than forr-bonded ethene and shifted to higher
energy. The theoretical ethylidyne signature has a large negative
contribution followed by an intense positive peak, which is
broader than for- and dio bonded ethene and has its maximum

s 20 P 20 at about 0 eV. At about 20 eV a small feature is visible, and at

E-E,(eV) E-E,(eV) about 45 eV thereis a broa_ld feature, which is at higher energies
Figure 8. () Pt L edge and (b) Au b edge for PtAW/SI@under vacuum than for the other_ adsorption moqles. Becayse the positions of
(=) and in 25 kPa gHs (—) at 300 K, and their difference-) multiplied the metal atoms in .the cluster with and without ethelne were
by 5. unchanged, these signatures represent the changes induced by
the adsorbed species. As indicated by the EXAFS analyses of
the experimental data, the metahetal distances and coordina-
tion numbers did not change significantly after ethene adsorp-
tion; thus, the FEFF8 predicted signatures can be directly
compared to the experimental ones. The theoretical signatures
reflect the changes in the XANES of a unique adsorbate on the
metal surface, whereas the changes in the experimental spectra
could be caused by a multiple of species. Because XAS
measures an averaged signal of all atoms in a sample, the
0.8+ : . signature of all species will be superimposed. The most-present
-20 0 20 40 60 species will dominate the signal, and minor species likely remain
! B, : ! ' undetected. We estimate that species that are present in
i concentrations below 15% may remain undetected. As will be
shown, the signature of mixed adsorbates consisting of hydrogen
A and ethylidine can be distinguished, because of their presence
{ o in equal amounts. Improvements in experimental techniques that
0.0=<n - =, enhance the spectral resolution will provide more spectral detail
Vi and improve the accuracy.

1.0

0.8

0.6

0.4

normalized MuX

0.2
NXS
0.0

-
L)
1

1.0+

normalized MuX

intensity (a.u.)

-20 0 20 40 60 Discussion

E-E, (eV) _ . .
Electronic Effect on Platinum. The addition of ethene to

Figure 9. (a) FEFF8 calculated Ptsledge for a Ricluster ¢-+), and for the platinum catalysts induced changes in the fwhite line,
Ptﬁ'with etgeneb agéngb;d iln tlh?zosded ), dti-G (-;—), C;L ethyligyni g indicating changes in the electronic structure that result from
fm . ggmgu;'ér )in e bended ?—), fﬁ‘; ?jg;‘f‘;rfssegyﬁ’id;::? _Sf; ®? " the bonding of ethene to the metal. Upon bonding of reactants
modes. such as ethene and CO to a metal surface, bonding and
antibonding states are formed. Electrons are transferred from
the r orbitals of the adsorbate to the unoccupied d orbitals of
the metal, and a back-donation populates the ethene at’CO
orbitals with electrons from the occupied metal orbit&rs>

The resulting empty antibonding states of d character are
. . . . observed in the white line of thesledge, which probes the
Theoretically Predicted Signatures.Using the FEFF8 code, number of holes in the d band. All of these effects are
the XANES data for the bare £iand ALB_ Clusters were incorporated into the FEFF8 code that accounts fortheand
calculated, as well as that for the clusters with ethene adsorbedthese effects depend on the adsorbate site, producing the

in thesz--bonded (Figure 1b), di and ethylidyne modes (Figure different Au signatures. Infrared spectroscopy, in contrast,

1a). As shown in Figure 9a for Fhe@Qﬂuster, FEFF reproduces_ probes the changes in the<€ and CO stretch frequencies that
the XAS spe(_:tra of ;mall platllg]um and gold cIu_sters yvell N are due to the charge donation of the metal to the adsorbates.
agreement_wnh the literatufe: The_shape and intensity of An increase in the white-line intensity due to the withdrawal
the white line suggest that the platinum cluster has a three- of electron density from small platinum clusters by adsorbed

Q|me?zs:gnal Stgédw@’ Whr']Ch ﬁgreeg Wlllth theé).retgca(lj.?fredlc- ethene has been observed before; however, the spectra were
tions4? Figure 9b shows the theoretically predictad differ- not shown or interpreteti.

ence spectra, or signatures, for different modes of ethene
adsorption on a Ricluster. Although the AtAu interatomic

energy. TheAu difference spectra were similar for both metals,
but the negative contribution was more intense for platinum.
The Au magnitude at the Ptdedge was twice as large as that
at the Au edge, but smaller than the RtAx for pure platinum
clusters with similar coordination number (Figure 4).

(43) Chatt, J.; Duncanson, L. A. Chem. Soc1953 2939.
(44) Duddell, D. A.Spectrosc. Struct. Mol. Complex&873 387.
(42) Wang, L. L.; Johnson, D. Dl. Am. Chem. So007, 129, 3658. (45) Blyholder, G.J. Phys. Cheml1964 68, 2772.
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Table 4. Ethene Adsorption Modes under Various Conditions

adsorption site temperature

sample cluster size (nm) atmosphere <100 K 300K 373K 473K
Pt/Al,05 0.8 25 kPa GH4 7 (and dio) ethylidyne dehydrogenated etheheH
Pt/Al,O5 0.8 100 kPa @H4 ethylidyne dehydrogenated etheheH
Pt/SIQ-Al,O3 0.8 25 kPa GH4 ethylidyne+ H dehydrogenated ethereH
Pt/SIO 0.6 25 kPa GHs + 75 kPa b H in n-fold site H inn-fold site  H inn-fold site
Pt/SIG 3 33 kPa GH4 m and dio z and dio
Pt single cryst&l 1074 Pa GH, b4 di-o and ethylidyne ethylidyne ethylidyne H
Au/Al,03 0.7 25 kPa @H4 7 and dio 7 and dio
PtAU/SIQ 15 25 kPa GH4 low coverage im-fold
sites consisting of
Ptand Au

aFor the smallest clusters, an expected range@f nm can be assumetFrom ref 3.

Adsorption Sites. The Au difference spectra (referenced to already at temperatures below 300 K. On the large platinum
bare metal clusters) showed characteristic variations with clusters on Si@Qused in this study, the adsorption sites are on-
temperature and pressure, and moreover, these variationgop and bridged, both at 300 and 473 K. Thus, activation of
differed from those after hydrogen chemisorption. By comparing ethene on small clusters occurs at lower temperatures than on
the experimentalAu to the theoretically predicted ones, the single crystals and larger clusters, in agreement with the increase
adsorption sites can be determined as a function of temperaturen the turnover rates for €H bond activation with decreasing
and composition of the gas phase. Table 4 gives an overviewcluster sizé? Small metal clusters have more edges and corners
of the determined adsorption modes under various conditionsthat are more reactive. Although the equilibrium shifts toward
for the different catalysts. The ethene-induced change in the Ptthe more weakly bonded species at the high coverages and
L3 edge of Pt/AJOs at 77 K resembles the predictadbonded pressures used hetéhe higher reactivity of the small clusters
signature, or a mixture of- and dio bonded ethene on sites makes up for the coverage/pressure effect. Others found that
consisting of one or two platinum atoms .(Efigures 4 and 9). on PY/SiQ ethene adsorbs in the and die bonded mode below
There is a negative contribution at low energyAin at 300 K, 189 K and that some of the dibonded species were converted
and the broad component at about 50 eV is lower than at 77 K. to ethylidyne when heating to room temperature, or that the
These characteristics indicate a conversion to an ethylidyne main surface species on Pt/Sié@ 300 K was ethylidyne, but
species in a threefold Pt site. The broadening of the feature atthe Pt cluster sizes were not given in these stuthésThis
10 eV upon further heating indicates that hydrogen is coad- comparison with results obtained from other techniques shows
sorbed. The ethene-induced change in theXANES of Pt/ that in situ XANES on the b edge is highly suitable for the
SiO,—Al,03 at 300 K is broader than that for Pt&&8; and can determination of the adsorption sites of ethene under catalytically
be interpreted as adsorbed ethylidyne plus hydrogen (Figure 3d).relevant conditions.

Mixed adsorbates on a cluster can be detected byAhe Application to Gold and Alloy Catalysts. We have shown
approach; however, because of the overlapping signaturesbefore that the electronic structure of small gold clusters
agreement with the FEFF8 single adsorbate results become lessupported on AlO; changes upon addition of hydrog&nand
quantitative. Upon heating, the first featureA\n becomes more  we show here that ethene also induces changes in the gold
negative, and the positive contribution broadens, indicating more electronic structure. This proves that hydrogen and ethene form
chemisorbed H, thus further dehydrogenation. The dehydroge-bonds with the gold nanoclusters, in agreement with their
nation of ethene proceeds at lower temperature on smajtSiO  activity in hydrogenation reactior¥$ Comparison of the Au &
Al,Oz-supported platinum clusters than on,@}-supported Au for Au/Al,O3 with the theoretically predicted signatures
clusters. In a gas mixture of ethene and hydrogen, the Rl shows that the ethene adsorption site on small gold clusters is
resembles the signature of a surface fully covered with hydrogenboth on-top and bridged at 300 K (Figure 7). On small platinum
in n-fold sites (Figure 5). All ethene is hydrogenated to ethane, clusters of similar size, ethylidyne species are adsorbed at 300
and hydrogen then preferentially adsorbs on the platinum K. In the 7 and div adsorption modes, in which one ethene
surface!6-47 molecule adsorbs on one or two metal atoms, the methlene

The transition from weakly bonded- and dio adsorbed interaction is weaker than in the ethylidyne mode, in which
ethene at low temperature, to ethylidyne species and dehydro-ethene adsorbs in a threefold metal site. Thus, the interaction
genation at higher temperature, is expected. With sum-frequencyof gold with ethene is weaker than the-Rthene interaction,
generated infrared spectroscopy, NEXAFS, and XPS, it was consistent with the lower activity of gold compared to platinum.
found that on platinum single crystals the adsorption mode is On Au single crystals the adsorption energy of ethene imthe
7 below ca. 100 K. Ther-bonded ethene is converted toali-  and dio modes is calculated to be betweef.15 and—0.78
bonded ethene between 100 and 250 K, and to ethylidyne
between 250 and 300 K4t We showed that on small 52‘33 ?Z;ﬂiﬁi.%“éac“ﬁ?ﬁfé A E?Rﬁaiéil;lﬁﬁﬁpl@i.‘g&mgq 94, 1066.
platinum clusters ethene already adsorbs in the diede in (50) Horsley, J. A.; Stor, J.; Koestner, R. Il. Chem. Phys1985 83, 3146.
addition to thez-bonded mode at 77 K, and ethylidyne is formed (1) Lee. A. F.; Wilson, KJ. Vac. Sci. Technol., 2003 21, 563.

(52) Ramallo-Lpez, J. M.; Requejo, F. G.; Craievich, A. F.; Wei, J.; Avalos-
Borja, M.; Iglesia, EJ. Mol. Catal. A: Chem2005 228 299.

(46) Stuck, A.; Wartnaby, C. E.; Yeo, Y. Y.; King, D. Rhys. Re. Lett.1995 (53) De la Cruz, C.; Sheppard, N. Chem. Soc., Faraday Tran$997, 93,
74, 578. 3569.

(47) Watwe, R. M.; Spiewak, B. E.; Cortright, R. D.; Dumesic, JJACatal. (54) Shen, J.; Hill, J. M.; Watwe, R. M.; Spiewak, B. E.; Dumesic, JJA.
1998 180, 184. Phys. Chem. B999 103 3923.
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eV, whereas on Pt(110)-(% 2) it is —1.48 eV in the die unoccupied d orbitals of platinum and back from the occupied
mode®>36At 373 K the gold adsorption site is evidently bridged, metal orbitals to the etheng* orbitals#3-4> The net charge
but the ethene-induced XANES difference spectrum at 473 K transfer is less than in the case of H chemisorption, and therefore
does not resemble any of the theoretical signatures. The changéias no significant effect ofRp—pt and the structure of the
is characterized by a broad positive contribution from 7 to 35 platinum clusters. Gates et al. found a modification of both the
eV. On a mononuclear supported Au(lll) complex the ethene electronic and structural properties of platinum clusters exposed
adsorption mode was, as found with infrared spectroscopy. to alkenes, using in situ XA%?® For platinum clusters of 1.1
EELS and static secondary-ion mass spectroscopy studiesnm, they determined aRpp; Of 2.70 A under vacuum, which
showed that ethene adsorbed in thenode on<1 ML Au on increased to 2.76 A in hydrogen, and decreased again to 2.71
Ru(1000) at 130 K and in temperature-programmed studies A when switching to an ethene flow, at 298 K and atmospheric
ethene adsorbed molecularly on Au(110) and desorbed betweerpressure. Thépip; decreased from 6.5 in hydrogen to 4.1 in
100 and 200 K&5° The supported gold clusters still interact ethene, and the Deby&Valler factor increased. The structural
with ethene at 373 K, since the clusters have a higher reactivity changes were reversible. Platinum clusters of 2.1 nm showed
than bulk Au, because of their narrower d band that lies closer much smaller structural changes. These changes in the structural
to the Fermi levef?61.64 parameters concur with our observation that the coordination
The in situ XAS experiments show that ethene adsorbs on number in hydrogen is higher than in ethene atmosphere and
both platinum and gold in bimetallic clusters, and thus that gold vacuum, especially for the smallest platinum clusters. These
cannot be considered as just an inactive additive. This showsauthors did not identify PtC contributions, because of dif-
the advantage of probing the structure at both metal edgesficulties in the separation of these contributions from the Pt
instead of just the adsorbate as in vibrational spectroscopy. OnOsypportcontributions that were characterized by large Debye
the PtAu-alloy clusters, the intensity &fu is lower than those  Waller factors! Our data suggest that there is a smal-€t
on the monometallic platinum and gold clusters, indicating that contribution caused by ethene adsorption, determined by fitting
on a per atom basis less ethene is adsorbed (Figure 8). The lowcarbon and oxygen as one shell, and taking the difference
intensity of the ethene-induced change is due to the low surfacebetween the coordination number before and after ethene
concentration of platinurfZ Although the difference spectra  adsorption, and by analysis of the EXAFS difference spectra.
cannot unambiguously be assigned to a certain ethene or

hydrogen adsorption site, the shifts of the Pt and Aletiges
to higher energy indicate that the adsorption site is two- or

threefold. Thus, ethene is proposed to adsorb in threefold hollow

and bridged sites that involve both platinum and gold atoms.
In contrast, from TPD experiments with supported AuPd model
catalysts it was concluded that addition of gold leads to a
decrease in the amount of dibonded ethene requiring adjacent
palladium atom&3

Structural Changes. Although there are structural changes
in the platinum clusters upon hydrogen chemisorption, as
indicated by the systematic higher coordination numbers an
longer PtPt distances in hydrogen relative to vacuum, we

Conclusions

The changes in the electronic structure of the empty valence
d band of metals caused by the bonding of adsorbates are
detected in the $.and L, X-ray absorption near-edge spectra.
These changes reflect the adsorption sites of the adsorbates.
Difference spectraAu, are especially sensitive to the changes
in the electronic and geometric structures that occur after the
adsorption of reactants and intermediates. We showed that
comparison of these difference spectra to theoretically predicted

g difference spectra reveals the specific adsorption of hydrocarbon

molecules under catalytic reaction conditions, thus enabling the

observed no significant changes in the geometric structures ofdetermination of the sites that participate in catalytic reactions.

the supported noble metal clusters due to ethene adsorption. In

contrast, restructuring of single-crystal metal surfaces has bee

reported upon adsorption of reactants. For example, the meta
atoms of Pt or Rh(111) single crystals break away from corner

or edge sites in the presence of CO to form multiple-bonded
CO metal complexe® As observed for Pt/Sig@-Al,03 and Pt/
Al;Og3, the coadsorbed hydrogen, which is formed upon dehy-
drogenation, leads to a relaxation of the contracteeP®t
distance. The increase iRp—p; Uupon H chemisorption is
explained by the electron-withdrawing properties of hydrogen:

n
{Application of this technique to supported platinum, gold, and

This delta XANES analysis provides complementary informa-
tion to the EXAFS analysis and to vibrational spectroscopies.

PtAu-alloy clusters showed that the electronic structure of these
clusters changed upon addition of ethene. Analysis of the
difference spectra revealed that ethene &nd dio bonded on
small platinum clusters at 77 K and atmospheric pressure. Below
300 K ethene is converted to ethylidyne species and hydrogen,
which both occupyn-fold sites on the platinum clusters. The
dehydrogenation is faster on Pt/Si€Al,03 compared to AlOs-

the decrease in electron density between the platinum atomsSupported clusters. Geometrical changes to the clusters do not

lengthens the interatomic distan®Upon ethene adsorption
electrons are transferred from theorbitals of ethene to the

(55) Zinola, C. F.; Castro Luna, A. Ml. Electroanal. Chem1998 456, 37.

(56) Loffreda, D.Surf. Sci.2006 600, 2103.

(57) Guzman, J.; Gates, B. @. Catal.2004 226, 111.

(58) Sakakini, B.; Swift, A. J.; Vickerman, J. C.; Harendt, C.; Christmann, K.
J. Chem. Soc., Farad. Trans.1B87, 83, 1975.

(59) Outka, D. A.; Madix, R. JJ. Am. Chem. S0d.987, 109, 1708.

(60) Lopez, N.; Ngrskov, J. KI. Am. Chem. So2002 124, 11262.

(61) Jain, P. KStruct. Chem2005 16, 421.

(62) Bus, E.; van Bokhoven, J. A. Submitted

(63) Luo, K.; Wei, T.; Yi, C.-W.; Axnanda, S.; Goodman, D. W.Phys. Chem.
B 2005 109, 23517.

(64) Bus, E.; van Bokhoven, J. A. Phys. Chem. Q007 in press.

occur upon admission of ethene; rather, thetcoordination
number and distance increase upon chemisorption of hydrogen
that is formed in the dehydrogenation of ethene. Bulklike
platinum clusters are less reactive, and consequently, the
ethene-metal interaction is weaker and the dehydrogenation
proceeds at higher temperature, as for platinum single crystals.
In a reaction mixture of ethene and hydrogen there is primarily
hydrogen chemisorbed on the Pt surface. Ethene adsorbs on
small supported gold clusters, and their reactivity is lower
compared to small platinum clusters. Furthermore, ethene
adsorbs on both platinum and gold in the bimetallic clusters,
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