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Abstract: Free and supported metal clusters reveal unique chemical and physical properties, which vary
as a function of size as each cluster possesses a characteristic electron confinement. Several previous
experimental results showed that the outcome of a given chemical reaction can be controlled by tuning the
cluster size. However, none of the examples indicate that clusters prepared in the gas phase and then
deposited on a support material are indeed catalytically active over several reaction cycles nor that their
catalytic properties remain constant during such a catalytic process. In this work we report turn-over
frequencies (TOF) for Pd, (n = 4, 8, 30) clusters using pulsed molecular beam experiments. The obtained
results illustrate that the catalytic reactivity for the NO reduction by CO (CO + NO — 1/2N, + COy) is
indeed a function of cluster size and that the measured TOF remain constant at a given temperature. More
interestingly, the temperature of maximal reactivity is at least 100 K lower than observed for palladium
nanoparticles or single crystals. One reason for this surprising observation is the character of the binding
sites of these small clusters: N, forms already at relatively low temperatures (400 and 450 K) and therefore
poisoning by adsorbed nitrogen adatoms is prevented. Thus, small clusters not only open the possibility of
tuning a catalytic process by changing cluster size, but also of catalyzing chemical reactions at low
temperatures.

Introduction principles for understanding these size-dependent chemical
Heterogeneous catalysts most often consist of metal particlesprOpertles are now emergingThese are the unique dynamic

highly dispersed on oxide surfaces, where the metal center iss'[ructural fluxionality of clusters, distinct quantum size effects

the active sité. The oxides, however, not only serve as support and characteristic cluster-support interactibhgvhether small
material, but also can pI:e\y an act}ve role during a catalytic clusters keep these unique properties during a catalytic process

process. For instance, they are responsible for spill-over andhas hot yet been shown experimentally. Here we report size-

reverse spill-over effects, they may change the properties of de::)?ntc_ient tu[_n-ovel\zof:_qu(e)nc_i?sc(TOf) 11‘/02r the GONO”
the metal particles by charge transfer or they may define the catalytic reaction ( Oz N) on sma

metal-support interface, where reactions often occur. Focusing pal!adium plusters, shoyving that such S”?"".” clusters ilndeed stay
on the metal part, two size regimes can be defined. First active during a catalytic process. Surprisingly, maximal reac-
heterogeneous ca’talysts can consist of metal particles Wit’htivities are observed at temperatures 100 K below those observed

i i —13 1 _
hundreds or thousands of atoms. For these sizes, size-depende{ffr Iarg(tarr] palladt|_um partlrclzleé_l a_nd El,:lk SB:jSt:mjs' Informa th
observations are most often explained by the changing morphol- lon cl)tn te reacl_lon .mfec ac;usmz Istho alnle d y cortpparlntg di ese
ogy and the concomitant varying number of surface defeéts. results to eartier nirared an ermal desorption studies,

Second, the catalysts can be composed of small metal cRister Srevealing that at least 5 atoms are needed to initiate the catalytic
consistihg of only a few or at most a few dozen atoms. This oxidation of CO by NO and that a low and a high temperature

size range opens up fascinating opportunities for tuning the mechanism exist where molecularly and dissociated NO is

efficiency?” and selectivit§ of chemical and catalytic reactions involved, respectively.

at given temperatures by varying the cluster SiZguiding Experimental Section
t University of Ulm. Institute of Surface Chemist d Catalvsi The cluster model catalysts were prepared by softlaritiitg(that
¢ngﬂecfi'l}’cﬁmm' nstitute ot surface Lhemistry and L-atalyss. is, deposition of the clusters without fragmentation and significant
(1) Ertl, G.; Freund,. H.-JPhys. Todayl99g 52, 32—38. structural distortiorff size-selected cluster cations (singly charged)
(2) Campbell, C. TSurf. Sci. Rep1997, 27, 1-111.
(3) Henry, C. R.Surf. Sci. Rep1998 31, 231-326. (9) Heiz, U.; Abbet, S.; Sanchez, A.; Schneider, W.-Dkkiaen, H.; Landman,
(4) Baumer, J.; Freund, H. Prog. Surf. Sci1999 61, 127. U. In The Physics and Chemistry of Cluste@ampbell, E. E. B., Larsson,
(5) Ekardt, W., EdMetal Clusters Wiley: Chichester, 1999. M., Eds.; World Scientific: Visby, 2000; Vol. 117, pp 8B8.
(6) Sanchez, A.; Abbet, S.; Heiz, U.; Schneider, W.-D'kkiaen, H.; Barnett, (10) Hé&kkinen, H.; Abbet, S.; Sanchez, A.; Heiz, U.; LandmanAdg. Chem.
R. N.; Landman, UJ. Phys. Chem. A999 103 9573-9578. Int. Ed. 2003 42, 1297-1300.
(7) Abbet, S.; Sanchez, A.; Heiz, U.; Schneider, W.-D.; Ferrari, A. M.; (11) Rainer, D. R.; Vesecky, S. M.; Koranne, M.; Oh, W. S.; Goodman, D. W.
Pacchioni, G.; Rsch, N.J. Am. Chem. So00Q 122 3453-3457. J. Catal.1997 167, 234.
(8) Abbet, S.; Sanchez, A.; Heiz, U.; Schneider, W.JDCatal. 2001, 198, (12) Piccolo, L.; Henry, C. RAppl. Surf. Sci200Q 162—163 670-678.
122-127. (13) Piccolo, L.; Henry, C. RJ. Mol. Cat A2001, 167, 181—190.
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obtained via supersonic expansion of a cold laser-generated metalfurther studied by repeatedly measuring the temperature evolu-
plasma onto well-defined oxide surfac@®eposition of less than 0.5%  tjon of the CQ formation. Up to temperatures of 500 K, no

ML (1 ML = 2.25x 10 clusters/crf) at a substrate temperature of ~ change in the temperature-dependent reactivity pattern could
90 K ensures isolated clusters and prevents agglomerétiBy. be detected within the uncertainty of the experiment, whereas
integrating the cluster current during deposition the densities are the reactivity almost disappeared for all temperatures after
precisely known. For all model catalysts, the cluster density was scaled heating the sample up to 700 K. Thus, we attribute the measured

in order to cover similar surface areas. This precaution guarantees L2 b 500 K to th tivity of the clust
identical reverse spill-overs from the support material during the reactivities up to about to the reactivity of the cluster

catalytic process, which means identical effective pressures of the Size deposited on the MgO film.

reactant molecules on the clusté¥sthe magnesium oxide supports Since the mass spectrometer is calibrated absolutely we
were prepared in situ by epitaxially growing thin films on a Mo(100) extract from these data a catalytic activity averaged over a single
surface?? These films have bulklike properties as observed by low pulse as a function of cluster size and temperature by integrating
energy electron diffraction (LEED), electron energy loss spectroscopy the CQ peaks and dividing the obtained numbers by the number
(EELS), and ultraviolet photoelectron spectroscopy (UPS)nder of deposited atoms and the duration of the NO pulse. As we
given experimental conditions (evaporation rate, oxygen background 5 not in steady-state conditions, we call it pseudo-turn-over
pressure, annealing temperature) a controlled density of oxygen frequency. The evolution of the pseudo-TOF as a function of

vacancies (F-centers) on the surface is obtained, which is at least a, . - o
factor of 5 larger than the cluster densitiéd4onte Carlo simulations temperature is shown in Figure 1c. These small clusters exhibit

showed that under these conditions the clusters are efficiently trappeda Slze_-erendent maximal catalytic reaCt'V'ty_W'th‘ .de?l).(lmal

on F-centers and coalescence is preveftgihding energies of several  reactivity of 0.54 CQ/atomsec at 450 K) being significantly

eV ensure the cluster to be stable even at temperatures where thénore reactive than Bgl(maximal reactivity of 0.34 Cgatom
catalytic processes occhi’ The catalytic properties were studied by ~ Sec at 420 K) whereas the latter reveal maximal reactivity at
pulsed molecular beams in a UHV chamber with a base pressure bettelower temperatures. For both cluster sizes, the catalytic reactivity
than 1 x 107 mbar. To obtain turn-over frequencies for different was measured with increasing CO background pressure and as

cluster sizes the quadrupole mass spectrometer was calibrated forexpected the reactivity is increasing (Figure 2).
absolute particle numbefs.The obtained results are compared to

temperature programmed reaction (TPR) and Fourier transform infrared Discussion

(FTIR) studies. These experiments showed for the first time that such small

Pd, clusters are indeed catalytically active. They maintain their
catalytic activity at least for a few hundreds of reaction cycles.

The size-dependent cluster catalysis was studied by pulsedFrom the obtained data, pseudo-turn over frequencies could be
molecular beams. In these experiments a nitric oxide molecular estimated. Compared to larger particles and single crystals these
pulse, produced by a newly designed, highly stable piezo valve, small Pgl clusters are reactive at considerably lower tempera-
is injected onto the cluster catalysts and the product moleculestures!~1327To better understand these findings, we review the
CO, and N are quantitatively detected by a mass spectrometer reaction mechanisms of the oxidation of CO by NO on size-
as a function of cluster size, temperature, and CO backgroundselected Pg Pd;, and Pdy on MgO thin films obtained by

Results

pressures> The catalytic formation of C®on Pdg and Pd is temperature programmed reaction (TPR) and Fourier transform
shown in Figures la/b for selected temperatures and for ainfrared spectroscopy (FTIR) experimefts.
constant CO partial pressure of 6 107 mbar and a NO In summary, the oxidation of CO by NO is observed for

effective pressure of X 10~% mbar. The effective pressure is  clusters consisting of at least five atoms, e.g4 iBdnert. Two
defined as the average pressure at the location of the samplalifferent reaction mechanisms were reported foy, Bldsters
during the duration (fwhm: 100 ms) of the NO pulsegRdd with up to thirty atoms, where CQs formed in a first reaction
Pdsp show almost no catalytic reactivity up to about 390 K. mechanism at around 150 K and in a second reaction mechanism
For Pdyo, maximal reactivity is observed at 420 K whereag Pd CO, is formed at around 300 K (Figure 3a). FTIR studies
is most reactive at 450 K. At higher temperatures the formation indicate that at higher temperatures 4©formed by a reaction

of CO, decreases. The G@ormation on both cluster sizes at mechanism where molecular adsorbed CO and atomic oxygen
temperature of maximal reactivity is stable even after hundredsis involved. The adsorbed oxygen atom results from the
of NO pulses, indicating that the clusters are stable at this dissociative adsorption of NO (N& Nag + Oag). For clusters
temperature. The thermal stability of the cluster reactivity was smaller than Pgthe NO dissociation is most efficient and thus
no other reaction mechanism is observed. For larger clusters a
(14) Cheng, H.-P.; Landman, (&ciencel993 260, 1304-1307. second low temperature mechanism is proposed. An IR-band

15) Cheng, H.-P.; Landman, U. Phys. Cheml1994 98, 3527. .
Elﬁg Bromgnn, K.; Felix, C.; Brune,yH.; Harbich, W.: Monot, R.; Buttet, J.: typically for 3-fold bound, molecularly adsorbed NO (1550

an l’fﬂern,lK. ?Acieggﬁ._w% |_2|74|11 95dG—958-UDh Re. Lett. 2002 89, 176 103 cm™1) points toward a reaction mechanism where the adsorbed
oseler, M.; Inen, H.; Lanaman, U?nys. Re. Lett. ), . N . . . . .
(18) Harbich, W. InMetal Clusters at Surfacedvleiwes-Broer, K.-H., Ed.; CO is reacting directly with adsorbed NO via a Langmu"_
Springer Series in Cluster Physics: Berlin, 2000. Hinshelwood type reaction mechanism. For both reaction
(19) Heiz, U.; Vanolli, F.; Trento, L.; Schneider, W.-Bev. Sci. Instrum1997, . . .
68, 1986. mechanisms the produced ¥ desorbing in a temperature range
(20) 1Ag?2b7ef’1§é;5wdai’ K.; Klinger, L.; Heiz, LPure Appl. Chem2002 74, between 300 and 500 K (Figure 3b). Interestingly, under NO-
(21) Matolin, V.; Gillet, E.Surf. Sci.1986 166, L115. rich conditions (NO is exposed prior to CO) the reaction is

(22) Wu, M. C.; Corneille, J. S.; Estrada, C. A.; He, J.-W.; Goodman, D. W. inhibi
Chem. Phys. Lettl991 1825), 472. almost inhibited.

(23) Heiz, U.; Schneider, W.-CCrit. Rev. Solid State Mater. ScR001, 26,
251-290

(26) Warz, A. S.; Judai, K.; Abbet, S.; Heiz, U. Am. Chem. So2003 125,

(24) Heiz, U.;.Schneider, W.-0. Phys. D: Appl. Phy200Q 33, R85-R102. 7964-7970.
(25) Judai, K.; Abbet, S.; Wa, A. S.; Rdtgen, M.; Heiz, U.Int. J. Mass (27) Vesecky, S. M.; Rainer, D. R.; Goodman, D. W.Vac. Sci. Technol. A
Spectrosc2003 229, 99-106. 1996 14, 14571463.
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Figure 1. CO, formation measured for Bgl(a) and Pd (b) at several temperatures. These@@nsients were measured at an isotropic CO pressure of 5

x 1077 mbar and an NO pulse with a width of 100 ms, resulting in an effective pressurexaf* mbar. From the calibrated integral of the £feak

and by dividing by the number of deposited atoms and the pulse width, the pseudo turn-over frequencies (TOF) at various temperatures are obtained. The
evolution of the pseudo-TOF as function of temperature are shown in (g)sfdore reactive, the temperature of maximal reactivity, however, is 30 K

higher (Table 1).

A distinct size dependency is also observed in the pulsed ments for these different systems. The reaction temperatures
molecular beam experiments. In agreement with the TPR experi-for the various systems and experimental conditions are sum-
ments, Pgis not reactive for the CO- NO reaction. Larger marized in Table 1. Possible origins are discussed in the follow-
clusters readily produce GOOn one hand, the temperature of ing section. The TOF are strongly dependent on the experimental
maximal CQ formation is slightly lower for Pgh (Figure 1a) conditions and as the experiments reported here were carried
than it is for Pg (Figure 1b), on the other hand, the maximum out at NO pressures (I mbar) between those of nanometer-
reactivity for Pd is higher by almost a factor of 2 (Figure 1c). sized Pd particles on MgO(108j (6 x 10~8 mbar) and those
In line with the TPR experiments, the reactivity is largely of nanometer-sized Pd particles on aluminar Pd single
decreased under NO rich conditions as the clusters are poisonedrystal2’ (6 mbar) an accurate comparison is not possible.
by NO. This information is obtained by FTIR experiments where Nevertheless, we express the catalytic reactivity as the reaction
the IR-absorption band for CO is almost absent under theseprobability (i.e., the conversion factor) with respect to the flux
conditions?® of NO. It is calculated by taking the ratio of the number of

Before relating the size-dependent chemical and catalytic CO, molecules produced in a single pulse per Pd atom and the
activity with intrinsic cluster properties (quantum size effects) number of NO in a beam pulse reaching a single Pd atom. The
one has to ensure that they cannot be explained by purelyobtained values for the cluster model catalysts are in the range
geometric effects related to the increased proportion of surfaceof 104 This reaction probability is about 4 orders of magnitude
atoms with decreasing cluster size. As an example, a truncatedsmaller than the one for nanoparticles on MgO(100) but 1 order
octahedron of order 1 contains 38 atoms where the surface isof magnitude larger than for nanoparticles on alumina or Pd
composed of 32 atoms, representing 84% of the total numbersingle crystals. Studies are under investigation where reaction
of atoms. In contrast, for Béll atoms are on the surface. Thus, probabilities for single crystals, nanoparticles and clusters are
using these geometric arguments an increase in reactivity ofmeasured under identical experimental conditions.
only ~19% is expected for Bpwhich is, however, significantly Let us now compare in detail the results forspaith those
smaller than the one observed experimentatyp§%). Fur- of single crystals and Pd nanoparticles in order to understand
thermore, the observed cluster reactivities are distinctly different the low-temperature catalysis on clusters. OggPdinitrogen
compared to the reactivity of Pd nanopartiéle$®2829 and
single crystalg’*° Most importantly, the model catalysts (28) xu, X. P.: Goodman, D. WCatalysis Lett1994 24, 31—35.
consisting of small palladium clusters reach maximal reactivities (29) g’gggt'lf-z'\zﬂgffsm O.; Piccolo, L.; Henry, C. R.Phys. Condens. Matter
at temperatures, which are 100 K lower than those for palladium (30) Hirsimii, M.; Suhonen, S.; Pere, J.; Valden, M.; PessaSMf. Sci199§
particles with sizes of 2.5 nm and largfer3 (Table 1). Although (1) ‘Boﬁel&?;‘é%y ama, H.; Takagi, N.; Nishijima, M.; Aruga, Burf, Sci.
the reaction temperatures depend on the partial pressures of the ~ 1995 341, L1096-L1100.
reactants in the experimeristhis interesting trend is also (32 fgfgg gﬂébgglﬂfgg“a' H.; Takagi, N.; Nishijima, M.; Aruga, Burf. Sci.
observed in the temperature programmed reaction (TPR) experi-(33) Praot, G.; Henry, C. RJ. Phys. Chem. 2002 106 12191.
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Table 1. Reaction Temperatures for Maximal Formation of CO»
(a) Pd_ (0.28 % ML) (b) Pd, (0.28 % ML) and N, Measured in Single Cycle Temperature Programmed
T=423K T=450K Reaction Experiments and Measured under Steady State
Conditions or Using Pulsed Molecular Beams?
Trax TPR (K) Trmax TOF (K)
CO, N, CO,
p =110 mbar p =1*10° mbar Pcy/MgO(100)/Mo(100) 305 ~400 450
_ _ Pdi/MgO(100)/Mo(100) 145,300 ~450 420
fé : Pd/MgO(100) 52813
5 5 Pd particles 2.8 nm
£ . 4 , Pd/AlLO3/Ta(110) 500, 658 >650H
P p=56*10" mbar b p =5*10" mbar Pd particles 2.5 nm
5 § Pd(111) 450, 568 >650t
g o Pd(100) 486132 500, 706132 >650%8
7,28
© p=110"mbar | © p =1*107 mbar 480, 580
o WA - Wi 2In the case of two desorption peaks, both temperatures are given. Note
- 510° mb - 510° mb that for both experimental schemes the cluster catalysts are most reactive
p= mbar PSR mbar at temperatures at least 100 K smaller than for single crystals or Pd
PNt nanoparticles.
+10° +10° .
p =1*10" mbar p =1*10" mbar is produced as a broad peak centered at around 450 K apd CO
gives rise to two sharper peaks at 300 and 145 K. On Pd
L L L L L L L L nanoparticles supported on alumina or sifiéajtrogen recom-

0 11 2 3 0 12 8 bination is observed at 500 and 680 K, which is 50 K to 230 K
ime [s] Time [s] X . . .
) ; ) df 4 Pdb g higher than for the cluster model catalysts. This behavior is
Figure 2. CO, formation measured for Rel(a) and P (b) at 423 an similar to the one for open Pd surfaces such as Pdf1@0)

450 K, respectively. These G@ansients were measured at varying isotropic : =N
CO pressures (k 108 mbar— 1 x 10-6 mbar) and an NO pulse witha  Pd(320¥° where a loosely bound nitrogen adspecies is involved

width of 100 ms, resulting in an effective pressure ok 1L0~* mbar. As for the formation of N at 500 K, whereas the JNformation
expected the reactivity is increasing with CO pressure and saturation is notgccurs via a strongly bound nitrogen adspecies at-6@D K.

yet attained at these experimental conditions. In fact, it is known that a . ;
shallow reactivity maximum is reached at a mole fraction of the two Interestingly, the second mechanism takes place at temperatures

reactants of 0.3% This shows that at our experimental conditions we are much higher than the GQOproduction (500 K}° This is the
far from the optimum. In addition, for Rel(Figure 2a) and R(Figure 2b) reason that at steady state conditions the strongly adsorbed

the fwhm of the CQtransients is decreasing with increasing isotropic CO nitrogen poisons the catalyst. In contrast, for Pd(111) the high

pressure. This can be understood by the competitive adsorption of the two . .
reactants. When increasing the pressure of the less abundant reactant, ifemperature peak is almost absent and even disappears when

this case CO, the NO molecule is replaced more efficiently and the reaction the reactants are dosed at low temperature (as in the present
can take place more rapidly. Thus, the reaction probability is increased experiments). The very small amount of the strongly bound

leading to narrower transients. Interestingly,4 Bthows no measurable . . L. . L
catalytic reactivity under any of these experimental conditions. nitrogen on Pd(111) is at the origin of the higher reactivity of
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Figure 3. Formation ofl3CO; (a) and™™N; (b) for Pd, Pd, and Pdo measured by a temperature programmed reaction (TPR) experiment. In these experiments,
the cluster samples were first dosed at 90 K to 1 Langmuir'#CjO (Garba Gas, 99.37 vol.-%) subsequently to!¥MO (Aldrich Chemical Co., 98
atom-%). The reactivities for various clusters, expressed as the number of product molecules per cluster normalized to the formgfianeoshBadn in

the insets. For these reactivities, only the main,@@mation at around 300 K is considered.
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Figure 4. Thermal desorption spectra HCO (a) and*NO (b) for Pdo. The clusters were exposed at 90 K to the reactants and the sample was then linearly
heated with a rate of 2 K/s. The low-temperature desorption around 120 K originates from the desorfA@® ahd>NO from the MgO thin film. Also

shown are the vibrational frequencies!®fO adsorbed on Rd(c) as function of the annealing temperature. In these experiments, the sample was annealed

to the indicated temperature and the spectra were then taken at 90 K. These temperature-dependent spectra contain the same information as coverage
dependent experiments, with decreasing coverage as function of temperature.

this surfacé?l Interestingly, the behavior of Bgklusters is much strong repulsion favoring Nformation. Thus for small clusters
more similar to that of a Pd(111) surface than itis to Pd particles poisoning through b} is neutralized at distinctly lower tem-
in the nanometer size range. The similarity of the character of peratures in comparison to surfaces of bulk palladium.
adsorption sites on these tiny clusters to those of Pd(111) is )

also manifested by the IR spectra of adsorbed NO. NO adsorbed°0nclusion

on Pd(111) shows two bands near 1560 éfmain peak above These results show that clusters consisting of only a few
RT) and 1740 cm! (main peak below RT) corresponding to  atoms are catalytically active at relatively low temperature and
3-fold and atop, respectiveff.On Pdy a strong absorption is  stay active during the process. A minimum cluster size of 5
observed at 1725 cm at low temperature while above RT an  atoms is needed for the catalytic reaction to take place. The
absorption band appears near 1590 &as shown in Figure 4. catalytic properties of these small clusters are different than of
On Pd(100), NO gives only one absorption band that shifts nanoparticles or extended surfaces. With the mechanistic details
from 1630 to 1672 cm! when the temperature decreases from obtained for the CG- NO reaction on small Rdn < 30), the
500 to 100 K. When comparing the adsorption behavior and catalytic process and the measured pseudo-TOF can be described
reactivity of Pdo with Pd(111) further, distinct differences are, as follows. Below 300 K very small amounts of g&re formed
however, observed. First a very low-temperature, @€ak at for Pdbo-30 only and we describe this formation by a mechanism
145 K is observed on RBglbut not on Pd(111). As shown before in which CO is directly oxidized by molecularly bonded NO.
the corresponding reaction mechanism involves molecularly This mechanism is not efficient in the catalytic process. The
bound CO and NO. This mechanism is not relevant for the formation of CQ above 400 K is orders of magnitude larger
catalytic action observed by the pulsed molecular beam experi-and the corresponding reaction mechanism is described by the
ments as at such low temperature no ,Ci® observed. oxidation of CO by adsorbed oxygen atomgg®@esulting from
Furthermore, desorption of CO and NO from the small clusters the dissociation of NO. This is the mechanism relevant in the
is observed at much lower temperatures as shown in Figure 4a/bcatalytic process. The much reduced reaction temperatures for
in comparison to the Pd(111) surface §Rd~300 K for CO cluster materials in comparison to larger particles or single
and 370 K for NO). This may either indicate smaller intrinsic crystals may be on one hand explained by the fact that clusters
binding energies of these molecules with the cluster or higher consist almost exclusively of surface atoms. This means that
local densities of the adsorbants where the larger repulsion leadoxygen cannot be accommodated in the bulk, which may largely
to lower desorption temperatures. In addition, the energy of reduce the activation energy for the formation of £On the
formation of N> on the cluster is distinctly smaller than on other hand and more importantly, the formation of &h the
extended surfaces and nanoparticles with crystalline facets. Thiscluster materials at low temperatures prevents poisoning of the
may be due to a decreased interaction of atomic nitrogen atomsmodel catalysts. Only whenNs formed can the reaction cycles
with the clusters and/or an increased dissociation probability take place. The use of cluster-assembled materials in catalysis
of NO resulting in high local B densities and a concomitant may open the possibility to tune the catalytic properties with
cluster size. In this context, it is important that not only the
(34) Xu, X.; Chen, P.; Goodman, D. W. Phys. Chem1994 98, 9242. activity can be changed but also the selectivity. In addition, the
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