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Abstract: y-Al,03, ZrO,, and TiO, gold supported model catalysts have been synthesized by laser
vaporization. Structural characterization using Transmission Electron Microscopy and X-ray Photoelectron
Spectroscopy experiments have shown that the gold clusters deposited on the different supports have
similar distribution of size centered around 3 nm and are in the metallic state. However, X-ray photoemission
measurements also indicate lower binding energies than the usual Au 4f7, at 84.0 eV for both alumina and
titania supported catalysts, indicating a modification of the electronic structure of the metal. One has taken
benefit of these features to study the influence of the nature of the support toward CO oxidation activities
without being hindered by particle size or gold oxidic species effects. By comparing the activities of the
different catalysts, it is concluded that the nature of the support directly affects the activity of gold. The
following tendency is observed: titania and zirconia are superior to alumina as supports, titania being slightly
better than zirconia. From XPS and activity results we can conclude that the existence of negatively charged
clusters is not the key point to explain the high activity observed for Au/ZrO, and Au/TiO, catalysts and
also that metallic Au is the major catalytically active phase. Hence, due to their very nature, titania and to
a less extent zirconia should participate to the catalytic process.

Introduction Gas Shift reaction, propylene epoxidation, benzene total oxida-

Gold has often b d tintroduced in all tion have also been shown to be catalyzed by §old.
0ld has ofien been used as a component INtroduced in alloys -, discovery of gold efficiency in catalysis was at the origin

to increase or modify the catalytic properties of an active metal. of many publications devoted to the analysis of the different

;thexamlﬁ)lﬁ » 1N tr;]e hydrhoco?]verig_n_ of rr;ethI)(/jIcycIOﬁ)legFane, factors controlling the activity of gold based catalysts. Among
1a 'e.t al- have shown t att.e.a ition of gold to palladium o) the most relevant appear to be the particle size, the nature

or platlnur.n.enhances the activity of t.he pure metals, WhereasOf the suppoftand the preparation method&Depending on

the selectivity toward products resulting from ring expansion the pretreatment or preparation conditions, different oxidized

increases. Schmidt et&have also shown ”‘"?‘t RQAUO'ZIVUI_Can or hydroxidized gold species have been detected on the surface
represents the most CO-tolerant catalyst in the potential range ¢ catalysts prepared by chemical meth&8hese different
of interest for practical fuel cell applif:ation.l Qxidation measure- | .4-tion states of gold have been claimed to be important for
ments have even showh the superior activity of PdAu at fuel- CO oxidation. Clearly, a distinction between support, size, and
cell anode compared with a state-of-the-art' PIRu catalyst.. oxidation state effects on the reactivity is not straightforward.
Molenbroek et af. have presented a detailed study ofNi hgeeq, the calcination step often needed to synthesize supported
Au catalysts which in the steam reforming reaction have been caaiysts on different supports leads to different gold species
proved to be more resistant toward carbon formation than pure 4q particle size showing that gold phases, support and particle
Ni catalyst. Blocking highly reactive Ni edge and kink sites by~ sjze are interdependent. To circumvent this problem, Grunwaldt
Au atoms was assumed to be the reason for the increasedy 5110 have used a colloidal route to prepare “size controlled”
robustness of the NiAu catalyst. gold particles whose particle size is established before deposit
Nevertheless, the genuine catalytic properties of pure gold on the oxide supports.
have been almost ignored until the pioneering work of Haruta  |n the present study, we report for the first time on the activity

et al* which demonstrated the high activity of gold for CO  of gold supported catalysts obtained by low energy cluster beam
oxidation at low temperatures. Other reactions such as Water

(5) Bond, G. C.; Thompson, DCatal. Re.. Sci. Eng.1999 41, 319, and
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Table 1. Metal Loading and Mean Diameters of Fresh and Used is covered by a carbon film. The mica sheet is then plunged into a
Supported Catalysts Deduced Respectively from Chemical solution containing a mixture of water (89%), acetone (10%) and
Analysis and TEM Experiments hydrofluoric acid (1%).The acid concentration is chosen to dissolve
gold metal mean diameter mean diameter the support without dissolving the metal particles.
sample content (weight %) fresh catalysts (nm)? used catalysts (nm)? X-ray Photoemission SpectroscopyThe XPS experiments were
Auly-Al 03 0.08 2.6 (1.6) 3.1(1.6) carried out in an ESCALAB 200R machine from Fisons Instruments,
Au/ZrO, 0.05 29(1.7) 3.8 (1.9) including a hemispherical analyzer and working at a pressure lower
Au/TiOz 0.02 2.9 (1.7) 32(1.3) than 3x 1072° mbar. The metal loading of our catalysts are so low

that the measurement of Au 4f core level binding energies were not
possible with enough accuracy. To overcome this difficulty, small

. . . . . cluster deposits have been performed (equivalent deposited thickness,
deposition onto high surface area oxides. The aim of this work g 4 nm) on self-supported disks obtained by pressing, without any

is to determine the influence of the nature of the support toward aqgitives, the three different oxide powders. XPS measurements were
CO oxidation without being hindered by patrticle size or oxidized performed using the A} line of the dual anode and a pass energy of
gold species effects. Actually, these parameters strongly com-50 eV. In this case, the resolution of the spectrometer was better than
plicate the interpretation of the catalytic results and attempts to 0.1 eV.

elucidate whether the activity is solely due to the gold Catalytic Activity Measurements: Carbon Monoxide Oxidation.

aThe standard deviations are indicated in parentheses.

nanoparticles or to the gold-support interface. Activity measurements were carried out at atmospheric pressure in a
continuous flow fixed bed reactor. The gas mixture consisted in 2%
Experimental Section CO, 2% Q balanced in helium. For calibration, a gas mixture containing

3% CO, 3% CQ, 6% O in N, was used.
tion. The laser vaporization cluster source has been extensivel Gases were mixed with mass flow controllers (Brooks) calibrated
' y for the above gases with a soap-bubble flow-meter. In this way, accurate

described elsewhefé!? The second harmonic of a Nd:YAG pulsed ; :
. . - and reproducible CO/gHe mixtures could be generated at a flow rate
laser is used to vaporize the metal from the rod which creates a plasma.

Cluster nucleation and growth occur when a continuous flux of inert f[);rtypur:]atltI]y 5r0 qulr/mrmo'lir-rh(tel gtastrr:mxture z?u:g tther: elrt]hferr bi slenit

gas (a mixture of He and Ar) is introduced into the vacuum chamber. ough the reactor or directly to the gas chromatograph for analysis.
- . . . ; . The reactor consisted of a quartz tube located in a ceramic furnace.

Differential pumping extraction of the clusters through a skimmer yields The reaction was temperature programmed between 30 and@20

a cluster beam which carries neutral and ionized species. The ionizedWith h ltin W nd p“n ur tp %/min Sev rvlvr fion |

clusters can be analyzed by time-of-flight mass spectrometry (TOFMS). a heating (and cooling) rate o - Several reaction cycles,

After removal of the ionized clusters by electrostatic deflection, the each consisting of a heating and a cooling period, were recorded to

neutral clusters are deposited on the substrates. Typical deposition rateglgrg;?;&gf;gﬁ;g;?ﬁ?; ggg(t:gvlzt(')%nr:é aﬁ:i\g'gguﬁzz |Vr\1/ 2?2;;;
(equivalent thickness) of about 10 nm/min are obtained with neutral '

clusters of various materials. The deposition rates were monitored usingS/fAF:Iisl\l _m,\r;]lcrs rgcéucépa;&;?ise wiereedcc’jvrirtiﬁ(; 'Ic')gtD (Zir:e-tliancetoy\li'tl'r\lvoa
a quartz microbalance. To deposit the clusters on the supports, which ( ) €quipp )

. . o ) . ._columns were used in parallel: a Molsieve 5A column (Ar as carrier
in the present case are alumina, titania and zirconia powders, a device

was developed which stirs the powder in front of the cluster beam. gas) :O qua::_lfy ggng ?ho’ alnr(‘jn? por:;:PLOTer cdolutnég ($ﬁ as carlner
This device is expected to favor homogeneous cluster deposition on gas) to quantify oth columns were operated at J9. The usua

most of the powder grains. After deposition, the samples are air procedure was used to verify that the activity was measured in the

transferred, characterized, and/or used in catalytic reactions. For thesekme“C regime by varying the flow rates and the mass of catalyst in

experiments, a gold rod of 99.99% purity from Goodfellow was used. the same proportions to prowae a constant cqntact time, and conse-
Approximately five grams of each alumina (Condea Puralox quently a constant space velocity. The conversion does not vary as the
ScFa-215, 221 Afg), titania (Hombikat T100 20-S20 Type, anatase mass flow is changed, indicating that the measured rate is not limited
60 n¥/g) and zirconia (MEL chemical, 79#g) supported catalyst were by external transfers (film diffusion).
prepared. The metal content of each catalyst measured by chemicalResults
analysis (ICP or ICPMS) is reported in Table 1. L. . .

Catalyst Characterization. Microscopy Experiments.The mor- Transmission Electron Microscopy Experiments Electron

phologic characterization of the supported clusters was performed with Microscopy experiments have been performed on each catalyst
a JEOL JEM 2010-F Transmission Electron Microscope (TEM) before and after reaction.

operating at 200 kV. To obtain suitable samples for TEM characteriza- ~ The photographs at both stages are displayed respectively in
tion, the powders were dispersed in ethanol by ultrasonication. A drop Figure 1 for Au/AbOs, Au/ZrO,, and Au/TiG catalysts. Since

of the solution was then deposited onto a thin holey-carbon film the size is an important parameter to determine the activity of
supported on a copper microscopy grid (200 mesh, 3.05 mm) and left gold we have performed extractive replicas for Zabd TiQ

to dry. The grains of powder containing the metallic particles are well supports which are not transparent enough to electrons to
separated and may thus be characterized by TEM to determine the Siz%/isualize precisely the smallest particles.

of the clusters and their distribution over the support. Because the size The size histograms, deduced from these images are respec-

is an important parameter in the reactivity of gold we performed .. s .
extractive replicas for each samples. Extractive replicas are neededtlvely shown in Figures 2 and 3 before and after reaction.

whenever supports are not enough transparent to electrons and even if _ The mean _partide diam_etedi“ were calculated from size
the support is thin enough, they enable a better contrast allowing to histograms with the following formula

Catalyst Preparation using Low-Energy Cluster Beam Deposi-

observe the smallest particles. In the present case, the catalysts are d
: . e o > (- d)
ultrasonically dispersed in a liquid and a drop of the suspension is |
deposited on freshly cleaved mica. After drying, the dispersed powder d,=
X
(11) Rousset, J. L.; Renouprez, A. J.; Cadrot, A. Rhys. Re. B 1998 58, Z
2150

(12) Rouéset, J. L.; Stievano, L.; Cadete Santos Aires, F. J.; Geantet, C.; i o X .
Renouprez, A. J.; Pellarin, M. Catal. 2001, 197, 335. wherex; is the number of particles with diameter
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Figure 1. TEM images of (a) Auf-Al,03, (c) Au/ZrO,, and (e) Au/TiQ
fresh catalysts and after reaction (right side). The scale bars are 20 nm.
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Figure 2. Size distribution histograms of gold clusters before reaction.
Auly-Al ;03 (black), Au/ZrQ (dark gray) and Au/TiQ (light gray).
The corresponding standard deviatiowas calculated using
the following equation
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Figure 3. Size distribution histograms of gold clusters after reaction. Au/
y-Al,03 (black), Au/ZrG (dark gray) and Au/TiQ (light gray).
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Figure 4. XPS spectra of Au 4f of fresh Au/Zr)a), Au/TiO; (b), and
Auly-Al,03 (c) catalysts.

This was, of course, expected because the clusters are
produced before deposit. After reaction, TEM showed that the
crystallites have a mean diameter slightly larger than that of
the fresh catalysts (Table 1) and also that the sintering depends
only slightly on the nature of the support.

As the catalytic properties vary appreciably only between the
first and second catalytic cycle, one can deduce that the observed
increase of the mean particle size has already occurred during
the first annealing treatment and not during the following
reaction cycles. Later on, the structure of the catalysts does not
undergo any further change.

These results clearly demonstrate that the laser vaporization
source constitutes a precious tool to investigate the effect of
the support on the reactivity with only limited size effects.

X-ray Photoemission Analysis: Influence of the Nature
of the Support and of Reaction Conditions.To get a closer
insight into the interaction between gold particles and their
supports, the characteristics of the Au 4f XPS peaks before and
after reaction were compared. For this purpose, the three pellets
(see the Experimental Section) were characterized either for
“fresh catalyst” or after having been submitted to the conditions
of the reaction. The Au 4f XPS spectra of the catalysts before
and after reaction are shown in Figures 4 and 5.

For the fresh samples (before reaction), the mean particle sizes The binding energy scale was corrected for surface charging
and standard deviation were found to be nearly identical within by taking the C1s peak of contaminant carbon as a reference at
10% (Table 1). This indicates that the vaporization source 285.0 eV8° Table 2 indicates the binding energies obtained on

produces clusters of the same size whatever the support.

all the investigated samples.

J. AM. CHEM. SOC. = VOL. 126, NO. 4, 2004 1201
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Figure 6. Temperature effects on CO oxidation on the fresh gold catalysts
for the first heating. Ay/-Al;03 (<), Au/ZrO; (O) and Au/TIG: (O).
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Figure 5. XPS spectra of Au 4f for used Au/Zgda), Au/TiO;, (b), and E 60 E
Auly-Al 03 (c) catalysts. @ r
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Table 2. Au 4f;, Binding Energies of Supported Particles Also § 40 ¢
with Al 2ps/2, Zr 3dsp2, and Ti 2ps2 Binding Energies from the o
Supports © 20 f
Au 4f, BE Al 2p3 Zr 3dsy, Ti 2ps [ gl
sample (eV) (V) (V) (V) 0 —== e
AUAILOs fresh 831 745 0 100 200 300 400 500
after reaction 83.3 74.3 Temperature (°C)
Au/ZrO; fresh _ 83.9 1824 Figure 7. Temperature effects on CO oxidation over gold catalysts for the
after reaction 84.1 182.5 second heating. AutAl,Os (O), Au/ZrO, (O) and Au/TiC; (O).
Au/TiO2 fresh 83.4 458.8

after reaction 82.9 459.2

rather high temperature is needed to achieve, under the same
] ) reaction conditions, a 100% conversion with the yAél,0;

We first note that for the fresh catalysts, the correction for sample. The same heating and cooling cycles were applied to
surface charging effects leads to Al 2p, Ti 2p, and Zr 3d binding e different catalysts. Figure 6 shows the effect of temperature

energies very close to those generally observed for pw®Al  qyring the first heating of the fresh catalysts. Marked differences
TiOz, and ZrQ oxides. This gives confidence in our charge j, activities between titania, zirconia, and alumina supported
correction procedure. Interestingly, important shifts of the catalysts are already observed.

binding energy toward lower values are observed for titania and  |ndeed. the temperatures for half CO conversion, are

alumina gold supported particles. On the contrary, no shift was 1409 190 and 336C for Au deposited on Tig) ZrO,, and AbOs
observed for gold particles deposited on zirconia. One should yggpectively. As mentioned above, several reaction cycles, each
note that for both zirconia and titania supports, our results agreeconsisting of a heating and a cooling period, were performed
quantitatively well with those of Claus et &“Afterward, the 5 eyidence possible hysteresis, deactivation, or activation.
influence of the reactive conditions (heating under reactive acqyally, an activation is observed between the first and second
atmosphere) on the Au spectra of the different samples werecycjes Later on, no modification of the catalytic activity was
studied. No significant modifications were detected for either pserved for further cycles, indicating a stabilization of the

alumina or zirconia supported catalysts. catalysts. The results corresponding to the second cycle are

Conversely, on titania, an additional shift of 0.5 eV to lower gjisplayed in Figure 7. The half conversion temperatures are now
binding energy of the Au 4f peak is observed resulting in a gjightly lower for all the catalysts, 120, 130, and 360
binding energy of Au 4f at 82.9 eV, together with a positive  respectively for gold deposited on titania, zirconia, and alumina
shift of 0.4 eV of the Ti 2p. support.

Catalytic Activity of Al ;03, ZrO,, and TiOz Gold Sup- To check for a possible deactivation, the effect of time on
ported Catalysts. Most gold catalysts prepared by chemical stream was measured on the most active catalyst, Au/TiO
ways are generally stabilized and/or activated in oxygen or air two different ways. First, immediately after three heating and
at temperatures up to 700 K. In the present case, no calcinationcooling cycles, the temperature was increased up to°€20
or reduction steps are needed since the deposited clusters argnder the reactive mixture and then kept constant during 70 h.
assumed to be ligand free. Hence, all the catalytic tests haverigure 8 shows that no deactivation occurs. Second, the fresh
been performed on the fresh catalysts without any pretreatment.sample has been heated to 1%D under reactive atmosphere

Figures 6 and 7 display the catalytic activities for CO and then kept in steady-state conditions.

oxidation as a function of the temperature up to 420 This As shown in Figure 8, after a brief activation period, similar
to that already observed between the first and second cycle,
(13) Radnik, J.; Mohr, C.; Claus, PPhys. Chem. Chem. Phy2003 5, 172. ; 0 ;
(14) Schimpf, S.; Lucas, M.; Mohr, C.; Rodemerck, U.; Bkoer, A.; Radnik, the_con\_/ersmn reaches 98% and the sample never deactivates
J.; Hofmeister, H.; Claus, FCatal. Today2002 72, 63. during time on stream.
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support interaction. Looking at the literature data for Ji@sed
systems, it appears that a small concentration of electrically
active donor-type defects arises from randomly distributed
oxygen vacancie¥ These intrinsic defects lead to the appear-
ance of occupied electronic states located just below (0.3 eV)
the bottom of the conduction bad@From earlier studies, it is
fairly well established that these filled band gap surface defect
states correspond to3Ti.18 Moreover a value of 3.9 eV for the
electron affinity (i.e. the gap energy between the vacuum level
and the bottom of the conduction band) of FiGas been
reported by Konenkam}y.The above arguments lead to a typical
work function value of about 4.2 eV for surface defective 7iO
whereas the work function of 3 nm gold nanoparticles is 5.0
eV.29 According to simple work function arguments, an electron
transfer from T3 to Au clusters is thus expected to occur.
Zwijenburg et aP! have determined the binding energies of the

The physical properties and reactivity of gold nanoparticles Au 4fz2level and the Auger parameter of gold clusters supported
deposited ony-Al,0s, ZrO,, and TiQ, synthesized with this ~ on TiO.. Using Auger parameter and binding energy values,
physica| method can be Compared with those of Cata|ysts the initial and final state contributions to the AU7/4fO|nd|ng
obtained by chemical preparations such as CVD, impregnation energy shift have be Separated. The initial-state effect observed
or deposition precipitation. Because the gold particles are in their experiment was found to be0.90 eV i.e., much larger
produced before deposits, the particle size distributions arethan the expected value for SCLS@.4 eV), whereas the
similar on the different supports. Moreover, XPS analysis has change of the final-state relaxation energy was ony14 eV
shown that gold is in a metallic state because no peaksindicating that the gold particles are almost metallic. Moreover,
corresponding to oxidized species, located around 85.5 and 86.3he TEM experiments show that the particle diameter is about
eV? have been detected. However, surprisingly, XPS shows 5 nm i.e., with approximately 20% of the atoms located at the
significant shifts of the Au 4f, peaks toward lower binding ~ surface. This allows to conclude that the initial state effect they
energies, with respect to the value of 84.0 eV for bulk metallic 0bserved cannot be solely due to surface effects. Alternatively,
gold, for both particles deposited grAI,O5 and TiQ, supports. a charge transfer from the substrate to the Au particles would
On the contrary, only a slight shift was observed with theZrO better explain the sign and the magnitude of the initial state
support. The results concerning Au/Ti@nd Au/ZrQ agree effect.
quantitatively well with recent results of Radnik et &.and of Concerning the zirconia support, recent calculations per-
Schimpf et al* They have observed a clear dependence of the formed by Foster et &-22 provide quantitative energy level
Au 4f7, binding energies on the kind of the support. The lowest values of oxygen vacancies in neutral, singly or doubly charged
Au 4f,, electron binding energy levels have actually been found states. These neutraW/Q) or singly (v*) and doubly ¥?*)
for Si0O, (83.2 eV) and TiQ (83.0 eV) supported catalysts. In  charged vacancy levels were found at respectively at 3.2, 3.33,
contrast, for gold particles deposited on Zr@ binding energy and 3.54 eV below the bottom of the conduction band, itself
close to that of bulk metallic gold was measured. located at 1.8 eV below the vacuum le¥&lHence,\°, V',

It is well-known that the Au 4f, electrons of surface Au  andV?' energy levels are located respectively at 5.0, 5.1, and
atoms have a binding energy lower than that of bulk atoms and 5.3 eV below the level of vacuum. These values are very close
these values should decrease for decreasing coordinationto the work function of the gold particles and could only lead

®
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Figure 8. CO conversion as a function of time on steam for the fresh
Au/TiO; catalyst at 160C (O) and for the used Au/Ti®(O) catalyst (after
three heating and cooling cycles) at 120.

Discussion

number. Indeed, the Au 4 surface core level shift (SCLS)
has been studied experimentally and values-6f35,—0.35,
and—0.38 eV have been reportédor the Au(111), (110)-(2

to a very small electron transfom the particles to the support

Zafeiratos et &> have determined experimentally the binding
energy of the Au 4f; level and the Auger parameter on very

x 1), and (100) surface orientations respectively. Coordination small particles on Zr@(obtained by the evaporation of 0.25
numbers as small as 7 to 9 are thus required to observe such anonolayer (ML) of gold). For such particles, most of the atoms
negative SCLS in the particles. This can only be achieved either are located at the surface i.e., with a mean coordination number

by the presence of ultra small clustersl( nm) or for flat, close to 7. The initial state effect observed in their experiment
unidimensional particles. Both possibilities were discarded by

electron microscopy: it has indeed been shown that the particle(16) Schierbaum, K. D.; Fischer, S.; Wincott, P.; Hardman, P.; Dhanak, V.;

diameter is well above 1 nm whatever the support and that they(1

have an isotropic shape.

Alternatively, because the SCLS even for open surfaces are

roughly only equal to—-0.4 eV, it seems that electron transfer

from the substrate to the particle should significantly contribute
to the observed shift, this latter effect leading also to a shift to
lower core level binding energies. Actually, electronic structure

differences between the supports can play a role in the gold (23

(15) Heimann, P.; Van der Veen, J. F.; Eastman, DS&lid State Commun.
1981, 38, 595.

Jones, G.; Thornton GBurf. SCI 1997 391, 196
Gpel, W.; Rocker, G Feierabend, Rhys. Re. B 1983 28, 3427.
Henrich, V. E.; Dresselhaus G.; Zeiger, HPhys. Re. Lett 1976 36.

)
(18)
) Konenkamp RPhys Re. 82000 61, 11 057.
)
)

7

(19

(20) Salisbury, B. E.; Wallace, W. T.; Whetten, R.Chem. Phys200Q 262

131.

(21) Zwijnenburg, A.; Goosens, A.; Sloof, W. G.; Crajd. W. J.; Van der

Kraan, A. M.; Jos de Jongh, L.; Makkee M.; Moulun J. APhys Chem.

B 2002 106, 9853.

Foster, A. S.; Sulimov, V. B.; Lopez Gejo, F.; Shluger, A. L.; Nieminen,

R. M. Phys. Re. B 2001, 64, 224, 108.

Foster A. S.; Sulimov, V. B.; Lopez Gejo, F.; Shluger, A. L.; Nieminen,
M. J. of Non -Cryst. Sol|d§002 303 101.

Thomas 0. C.; Xu, S. J.; Lippa, T. P.; Bowen, K.HCluster Sci1999

10, 525.

(25) Zafeiratos, S.; Kennou, Surf. Sci 1999 443, 238.

(22)
)
(24)
)
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was equal to-0.49 eV i.e., very close to the value-Q.4 eV) of the reaction. Only ultra small clusters have been experimen-
of the SCLS. Hence, the initial state shifts measured on thesetally and theoretically studied for this purpc®ét-34 It has been
small clusters were interpreted as surface core level shifts shown that the binding of £10 Au, clusters is different (lower)
reflecting the reduced average coordination number of Au atoms.from that on Ay~, suggesting that charging a supported cluster
This result corroborates our conclusion that no charge transferincreases its reactivity with respect to oxygen.

occurs between Zrand gold particles. More precisely, activation of ©on gold clusters is a

Hence, the above arguments provide possible explanationsconsequence of the charge transfer from Au to the antibonding
for the observed Au 4f, binding energies of both Au/Ti£and a* orbital of O,. The binding energy of oxygen to Awr Au,~
Au/ZrO;, catalysts. actually depends on the parity of the number of electrons in

y-Al20s is a basically irreducible large band gap insulator. the cluster. This binding is strong when the number of electrons
Thus, electronic interactions with gold nanoparticles could not is odd. A plausible explanatidhis that the clusters with an
easily be due to oxygen vacancies and related electronic statesodd number of electrons have a smaller ionization potential,
Nevertheless, strong metal substrate interactions between dif-promoting the availability of the electrons of the HOMO.
ferent metals and alumina have been already repéfté&The Measurements performed in the gas phase by Salisbury®t al.
observed initial state shift was in each case associated withon Au,~ anions 6 = 2...22) show a similar behavior also
electron transfer in the substrate to cluster direction. In the study explained by a correlation between a low electron affinity of
by Ealet and Gillet® a correlation between the charge transfer the cluster and its high reactivity with oxygen. Of course, the
and electronegativity of the deposited metals has been shownaddition of one electron to a small cluster with discrete and
For metal which has an electronegativity close to that of oxygen well-separated energy level could affect drastically the energy
and higher than that of aluminum ions of the support oxide (this level of the HOMO. On the contrary, for larger clusters, with
is the case of gold), the interface phenomena involve an thousands of atoms, the average spacing of the level around
electronic interaction between metal atoms and the cation of the Fermi leveE; is approaching a continuufdand additional
the surface. This is due to the fact that metal atoms (gold in electrons should not, in principle, modify appreciably their Fermi
this case) act as electron-acceptors with respect to aluminumlevel at least for transition metals with d state&€atHowever,
ions and thus compete with oxygen atoms on the surface. Hencegold is a noble metal with a small density of stateEatence,
an electron transfer from alumina to gold particles could explain contrary to transition metals, a charge transfer could lead to a
the large Au 4f;; binding energy shift observed in our XPS rather significant energy shift of; and a somewhat better
experiments. reactivity toward @ molecules.

The infrared study of CO adsorption is widely used as a probe  Comparing the activities of the different catalysts, it im-
for electronic structure modifications of the substrate. Indeed, mediately appears that the nature of the support directly affects
a negative charge on the clusters should induce a significantthe activity of gold. The following tendency is observed: titania
shift of the CO band stretching frequencies to lower wavenum- and zirconia are superior to alumina as a support, titania being
bers. This phenomenon is related to the metal back-donationgjightly better than zirconia. After the first heating and cooling
into the 27* orbitals of the adsorbed CO. Such an effect has cycle which slightly activates and stabilizes the catalysts, the
been observed by Boccuzzi et 8who carried out an infrared  ifferent turnover frequencies (TOF) of Au/Ti@nd Au/ZrG
study of CO adsorbed on gold nanoparticles supported on titania.can be easily compared. The TOF based on surface gold atoms
These authors have observed on reduced samples a new bangssuming a spherical shape) were deduced from size histograms
in the 2050 to 1900 cnt frequency range assigned to CO  gptained after reaction and activity measurements. At 393 K,
linearly and bridge bonded on negatively charged small gold the TOF of Au/TiQ reaches 1.1°%, i.e., 4 times that of the
clusters. This band is located at lower frequency than the bandToE calculated for Au/Zr@(0.28 s1). The activity of these
centered around 2100 crhgenerally assigned to CO molecules  |ow |oaded titania and zirconia gold catalysts prepared by a
adsorbed in on top position on three-dimensional gold metallic physical method are thus comparable to that of the most active

particles. _ catalysts reported in the literatut€37 Such a support effect
To our knowledge, only few results mention low-frequency was also reported by Grunwaldt et'8who found the activity
bands for CO molecules adsorbed on A#l,O5 supports.  of a titania supported gold catalyst to be 1 order of magnitude

Pestryakov et &? have reported results of IR spectroscopy of higher than that of Au/Zr@ However, this support effect was
CO on 5 wt % Auf-AlOs. After a reducing treatment of the  a1so shown to be dependent on the treatment procedure. In the
sample with hydrogen, they have observed an intense band apresent case, support effects exist but are obviously less
2118 cm* and a double band at 205@060 cnmt assigned by pronounced. For AgtAlOs, the TOF is equal to 0.287% at
the authors to surface carbonyls of metallic fAgold. So, @ 573 K. The extrapolation of this latter value to 393 K with
clear evidence of negatively charged gold particles on alumina activation energy, comprised between 15 and 30 kJ/mol leads
support has not yet been provided by IR spectroscopy with CO to lower TOF comprised between 6:7 102 s~* and 1.6x
molecule as a probe.

One can wonder about the effect of charge on the O (31) Sanchez, A.; Abbet, S.; Heiz, U.; Schneider, W. D.; Hakkinen, H.; Barnett,
activation or dissociation since this activation is a critical step o, R. N.; Landman, UJ. Phys. Chem. A999 103 9573,

Wallace, W. T.; Whetten, R. L1. Am. Chem. So002 124, 7499.
(33) Yoon, B.; H&kinen, H.; Landman, U.J. Phys. Chem. 2003 107, 4066.

(26) Tsud, N.; Johaek, V.; Staral.; Veltruska K.; Matolin, V. Surf. Sci200Q (34) Mills, G.; Gordon, M. S.; Metiu, HJ. Chem. Phys2003 118 4198.
467, 169. (35) Pacchioni, G.; Sai-Cheong Chung, S. C.;¢@y S.; Rech, N.Chem. Phys
(27) Ogawa, S.; Ichikawa, $hys. Re. B 1995 51, 17 231. 1994 184, 125.
(28) Ealet, B.; Gillet, ESurf. Sci.1996 367, 221. (36) Choudhary, T. V.; Sivadinarayana, C.; Chusuei, C. C.; Datye, A. K.; Fackler,
(29) Boccuzzi, F.; Chiorino, A.; Manzoli, MSurf. Sci.200Q 454, 942. J. P., Jr.; Goodman, D. W. Catal.2002 207, 247, and references therein.
(30) Pestryakov, A. N.; Lunin, V. V.; Kharlanov, A. N.; Kochubey, D. |; (37) Bamwenda, G. R.; Tsubota, S.; Nakamura, T.; HarutaCaal. Lett.1997,
Bogdanchikova, N.; Stakheev, A. Y. Mol. Struct.2002 642, 129. 44, 83.
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102 s7L These results agree entirely with the classification of that the stability tests were performed at ZDand 160° C,
supports proposed by Schubert et iito two categories: “inert” temperatures at which surface carbonate species should be
and “active” materials. The first category, which includes already desorbetf:46
y-Al,03, is characterized by the nonreducibility and their low
ability to adsorb or store oxygen. The second one, which Conclusion
includes TiQ and to a lower extent Zr§) is composed of
reducible oxides.

In any case, the above XPS and activity results show that
metal support interactions are present. If metal particles work
as the active phase, with the support modifying their electronic

structure through electron transfer, we should observe compa-b p d aft ) h d onl laht i f th
rable activities for Aup-Al,Oz and Au/TiQ, catalysts. This is efore and aiter reaction showed only a slight increase of the

obviously not the case. Concerning Au/Zr@hich exhibits a crygtallite size during the reaction yvith size distributions rat.her

rather high activity, XPS experiments have shown that gold S|m|l_ar whatever the support. As evidenced by XPS, t_he partl_cles
clusters are quasi-neutral indicating that a charged cluster is2'€ I @ metallic state and metal support interactions exists,
not necessary to provide high activi§/even if charging may espepually with alumina and tltgma. These interactions haye b(_aen
also help?! Hence, the particle-support perimeter should be the ascribed to a charge trans_fgr in the substrate to cluster direction.
scene of cooperative effects where both the support and the' "€ a@nalysis of our activity results clearly shows that the

metal participate to the catalytic process.. This implies that the eXistence of negatively charged clusters is not the key point to

nature of the support itself is much more important, with respect €XPlain the high observed activities of Au/Zr@nd Au/TIO,
to the activity, than the electronic modifications induced on the Catlysts. A synergetic or cooperative effect between the TiO

gold particles. Moreover, it is unlikely that oxidized Au species @nd ZrQ supports and the metal particles is indeed more likely.
would be the main active phases because the activity of the Moreover, thanks to the joint results of XPS experiments and

present Au/TiQ and Au/ZrQ catalysts,which only contain ~ activity tests, we conclude that oxidic Au species are not the
metallic gold compare well with the most active supported major catalytically active phases because the activities of the

Gold nanoparticles with diameters of about 3 nm were
synthesized by laser vaporization and deposited with low kinetic
energy on TiQ, y-Al,03 and ZrQ powder supports. The
structural and catalytic properties of the as prepared supported
catalysts have been compared. TEM investigations carried out

catalysts described in the literature. present Au/TiQ and Au/ZrQ catalysts, which solely contain
Most catalysts are highly efficient during a short period of metallic gold, compare well with the most active supported
time and some gold catalysts such as Auiie® Au/Fe0s,° catalysts.

Au/ZrO,,%0 and Au/MnQ rapidly deactivate. Deactivation has Finally, the ability of the laser vaporization to produce gold
been related to sintering or accumulation of carbonate-like particle with similar sizes on different supports provides a
species on the cataly¥t.38 Also the decrease of activity was rigorous way to study the effects of the supports on the
assigned to the reduction of oxidized gold species which have reactivity. We will soon report on the synergistic effects between
been claimed to be the most active sites for CO oxidatith. titanium oxide and gold observed on supported-Aiiclusters
In our case, stability tests have thus been performed on bothproduced by this laser method.

the fresh and used Au/TiOcatalysts (see Figure 8). No
deactivation was observed on either systems during 70 h. This
result has to be related to the TEM and XPS results. From TEM
experiments, one does not notice any significant sintering even
after a heat treatment up to 42G. The comparison of XPS  (42) (\é\;atlglg'l_%t't; gggggis\lvézléian, H.; Liu, Q.; Jiang, D.; Wu, React. Kinet.
results on fresh and used sample did not show any modification (43) margitfalvi, J. L.; Fasi, A Hegedus, M.; Lonyi, F.; Gobolos, S.:

; i i i Bogdanchikova, NCatal. Today2002 72, 157.
of the gold oxidation state during the reaction. One has to note (44) Minico. S.: Scire, S.. Crisafulli G.: Visco, A. M.: Galvagno Gatal, Lett

JA036352Y

(41) Schubert, M. M.; Plzak, V.; Garche, J.; Behm, RCatal. Lett.2001, 76,
143.

1997, 47, 273.
(38) Lopez, N.; Norskov, J. K. Am. Chem. So@002 124, 11 262. (45) Jansson, J.; Skoglundh, M.; Fridell, E.; Théhiea, P.Topics in Catal.
(39) Bollinger, M. A.; Vannice, M. AAppl. Catal, B 1996 8, 417. 2001, 16, 385.
(40) Knell, A.; Barnickel, P.; Baiker, A.; Wokaun, Al. Catal.1992 137, 306. (46) Jansson, J. Catal 200Q 194, 55.

J. AM. CHEM. SOC. = VOL. 126, NO. 4, 2004 1205



