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Abstract

Monometallic Au, Pd and bimetallic AuPd nanoparticles were prepared from Au(lll), Pd(ll) precursor ions in aqueous
media with reduction by a mixture of Na-citrate and tannin producing stable metal sols of narrow size distribution. The
nanopatrticles of 4-7 nm in diameter as indicated by transmission electron microscopy were adsorbed lorsifiOX-ray
absorption spectroscopy (XAS) at Ay Land Pd K-edges and X-ray diffraction (XRD) techniques evidenced the presence
of bimetallic particles in the supported AuPd/Ti€ample. The high amount of organic residues of the samples was removed
by calcination at 400C proved by temperature programmed oxidation (TPO). After reduction ithéITEM, XRD and the
CO chemisorption showed some enlargement in the metal particle sizes. The catalytic activity of the bimetallic AuPd/TiO
in the CO oxidation revealed a slight synergistic effect compared to the activity of monometallic analogous referred to the
estimated surface area of Au and Pd in the bimetallic sample.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction eters, which affect their activity/selectivity, the particle
size, the nature of oxide supports (ecgFe03 [7],

Itis of great interest to study of gold-based nanopar- TiOz [8], SiO; [9] or ZrO;, [10]) as well as the interac-
ticles due to their diverse range of physi¢h2] and tion between gold particles and the supporting oxide
catalytic propertie§3—6]. Among the different param-  [11] can be mentioned. Particularly high activity of the
gold nanoparticles in the CO oxidation is achieved by
depositing gold on transition metal oxide of variable

oxidation state. These oxides alone are generally also
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to one of the explanations this is due to the increased clusterg20,21] In the present paper we report in situ

number of oxygen vacancies responsible fora@ti-
vation in the oxides in vicinity of the gold/oxide in-
terface[12]. The size of the Au particles being below

5nm, plays a decisive role in the dramatic enhance-

ments in the activity{13]. The formation and stabi-
lization of such highly dispersed gold needs generally
special preparation techniques.

Palladium on different supports is a well-known ox-

idation catalyst, on which the chemisorbed CO reacts

with the subsurface oxygen. Combination of gold and
palladium is an interesting possibility to achieve a cat-
alyst with higher activity and to better understand the

XAS characterization of a Ti@supported bimetallic
AuPd system correlated with X-ray diffraction (XRD)
measurements, transmission electron microscopy
(TEM), CO chemisorption and with the catalytic
activity measured in the CO oxidation.

2. Experimental

2.1. Sample preparation

For sol preparation HAuGk 3H,O and PdCl were

nature of the outstanding activity of gold containing used as precursors, tannin and tri-Na-citrate-2-hydrate
catalysts. The exclusive effect of the co-operation of as reducing agent and stabilizer simultaneously, dis-
the two metals has been studied on inert silica sup- tilled water served as solvent. The aqueous solution of

port in CO oxidation because the promotional effect of
the gold/silica interface was regarded negligiflé].

On silica Pd presented much higher activity than Au
and alloying them the activity of Pd decreased signif-
icantly.

The co-operation of Au and Pd on an active 7iO
support interacting strongly with Au is an intriguing
study. For easier interpretation similar size of the
components in the bimetallic and the monometallic
references is required. This is why the method of ad-

the Au and Pd precursors was mixed with the solution
of tannin and sodium-citrate, whose pH was set to 7.5
by adding 1 wt.% sodium carbonate solution. The sol
formation was allowed to proceed at 85 under vig-

orous stirring. During the reduction process the color
of the solutions changed from yellow to deep brown
and red for Pd and Au, respectively, and suddenly to
deep brown for the bimetallic samples. The detailed
parameters of the preparation of sols (including sev-
eral parallel experiments) with the mean particle sizes

sorption from sols have been used for the preparation and the standard deviation of the sizes are presented

of the supported bi- and monometallic nanoparticles
that provides an efficient control of particle size and
size distribution15,16]

In the study of heterogeneous catalysts X-ray
absorption spectroscopy (XAS) is now widely rec-
ognized to describe the local order around metal
elements[17-19] even for nanometer scale metallic

in Table 1

SAu2, SPd2 and SAuUPdS2 sols were adsorbed on
TiO, (P-25, Degussa) producing samples designated
by TSAu2, TSPd2 and TSAuPdS2, respectively. For
the sake of a more efficient adsorption of the metal
nanoparticles the pH of the solutions was decreased to
about pH= 2 by adding 1N HNQ@ prior to suspending

Table 1

Parameters of sol preparation

Sample [AGH] (mM) [PdZF] (mM) Reducing agent/stabilizer concentration (wt.%) drem (nm) og (nm)
Na-citrate Tannin

SAul 0.25 - 0.04 0.01 6.1 1.2

SAu2 7.3 2.6

SAu3 6.3 1.9

SPd1 - 0.20 - 0.03 4.8 2.4

SPd2 4.2 1.2

SAuPdS1 0.25 0.25 0.12 0.03 4.2 0.7

SAuUPdS2 4.3 0.9
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TiO7 in the sols. The suspensions were stirred vigor-
ously at room temperature for about 1 h, then FiO
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EXAFS spectra were isolated from the experimental
data using standard proceduf22]. Data analysis

was allowed to sediment, the liquid was decanted, the was performed with the use of the “EXAFS pour le

solid phase was dried for 2 days at 50260 and ho-

Mac” package[23]. Fourier transforms (FT) of the

mogenized (in the case of the bimetallic sample the k3 weighted EXAFS functions were obtained using
suspension had to be centrifuged for the separation ofa Kaiser type window ranging from 3.0 to 12.0R&
the liquid and the solid phase). The adsorption of the beyond the Au ly edge (from 2.5 to 6.0 A beyond
metal particles was not complete as it was indicated the Pd K-edge). In this work all FT are calculated

by the remaining pale color of the liquid phase.

2.2. Sample characterization

2.2.1. Transmission electron microscopy (TEM)

and presented without a phase correction. The inverse
Fourier transforms (filtered EXAFS) were then ob-
tained in the range between 1.71 and 2.68 A for Au
(between 1.59 and 2.85 A for Pd).

Gold and palladium metallic foils were employed as

The metal content of the samples was determined references for the Au—Au and Pd—Pd bofi2i4]. Re-

by X-ray fluorescence (XRF) method. The parti-

garding the Au—Pd and Pd-Au bonds Pt—Pd alloy has

cle size of the sols and the supported samples wasbeen used. A two-shell least-squares fitting procedure

determined by a Philips CM20 transmission elec-
tron microscope (TEM) operating at 200kV. The

(in k space) using the single scattering EXAFS for-
mulation was used to extract the co-ordination num-

sols or aqueous suspension of the supported sam-ber (N), distance R), and Debye—Waller factoNo).
ples were dropped on carbon-coated grid and after Numerical simulation corresponds to a typical resid-

evaporating the water electron micrographs of the
particles were taken. The particle size distribution
was obtained by measuring more than 100 individual
metal particles for sols, more than 50 for supported
samples.

2.2.2. X-ray diffraction (XRD)
By X-ray diffraction (XRD) the crystalline phases

ual equal to 102. For all simulations, the edge shift
AE was maintained at a value less than 4[2¥]. The
uncertainty in the co-ordination numbersN]) is usu-
ally less than 20%. Following standards and criteria in
XAS [26], the error bars on fitted parameters can be
estimated by using standard statistical proced2irg
The uncertainty forAN is lower than one, which is
more important than the mean standard deviation in

were studied in the “as prepared” and calcined/reduced x (k) using the statexafs cod28g].

(400°C/5% & in He/1 h followed by 200C/H,/1 h)

state of the supported samples. The crystallite size 2.2.4. CO chemisorption and CO oxidation

was determined on the basis of the Sherrer equation.

The molar composition of the bimetallic phases was

CO chemisorption was applied to measure the ac-
cessible Pd surface. The chemisorption was carried

estimated from the lattice parameter shift calculated out in a pulse flow system equipped with QMS and

from the angular position of the metal reflections using
the Vegard's law.

2.2.3. X-ray absorption spectroscopy (XAS)

XAS experiments were performed on the “as
prepared” TSAuPdS2 sample using DCI storage ring
operated with electron energy of 1.85 GeV and a cur-

TCD. The 5% CO/He pulses were introduced at room
temperature after heating the sample in 5%{® at
400°C for 1 h (the CQ and CO evolution during the
heating up period of calcination were recorded by
QMS) followed by reduction in hydrogen at 200
for 1 h.

The catalytic activity of the calcined/reduced sam-

rent between 260 and 360 mA. Data were collected ples was tested in CO oxidation in a plug flow

using a double crystal Si(111) monochromator for
the Au Ly edge (11,919eV) and Ge(4 00) for the Pd
K-edge (24,350eV) and a double mirror in borosil-
icate for the rejection of harmonics. At Pd K-edge
the transmission mode while at the Auj,Ledge

reactor operating at atmospheric pressure under dif-
ferential regime, the product was analyzed by gas
chromatograph equipped with TCD detector. The
composition of the reaction mixture was 5.6 mbar
CO and 91.8 mbar ©in He, the temperature was

the fluorescence mode were used. The normalised60°C.
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Fig. 1. TEM pictures of Au sol and the TiOsupported sample: (a) SAu2 sol; (b) “as prepared” TSAu2; and (c) calcined/reduced TSAu2.

3. Results size distribution is satisfying. The extent of adsorption
of the original sols on Ti@Q was not sufficient, there-

In the preparation of Au—Pd bimetallic as well as fore we changed the surface charge of the support by
gold and palladium nanoparticles with narrow size decreasingthe pH from the original pH5—6 to pH=
distribution the parameters were changed to find the 2, in which case the liquid phase quickly leached and
optimal conditions. IrTable 1the particle size of the  the solid darkened indicating the increased metal sol
different metal sols produced in selected way by two to adsorption. The size of the metal particles during the
three parallel preparations and measured by TEM are adsorption process remained the sam€&idn 1typical
presented. As can be seen the size in the three types ofTEM pictures of Au sol and the Ti©supported sam-
sols is quite similar to each other and varies between ple: (a) SAu2 sol; (b) “as prepared” TSAu2; and (c)
4.2 and 7.3 nm. On the other hand, the reproducibility calcined/reduced TSAu2 are presented. For TSAu2 the
of sol preparation concerning the particle size and the mean particle diameter in the as prepared sta@46

Table 2
Metal loading, crystalline phases, particle size and the estimated concentration of surface metal atoms in the supported samples
Sample As prepared state Calcined/reduced state
Au (Wt.%) Pd (Wt.%) XRD phases XRD phase3 drem (NM)  MsurfaceTEM Pdsurfaceco®
(size in nm)  (size in nm) (wmol go.d) (pmol go.3)
TSAu2 1.95 - Au (8) Au (8) 12.9: 5.9 9.0/Au -
TSPd2 - 1.10 Pd<4) Pd (8) 8.8+ 3.6 13.2/Pd 18.8
TSAUPdS2 1.08 0.55 Au75Pd25 (5)  Au75Pd25 (8) 9.6.0 6.2/Pd, 6.5/Au  17.0
Au/SIO° 0.73 - - Au (32) 95.1 28.7 0.46/Au -
Pd/SIQ° - 1.53 - PdO (10) 98% 9.2 3.6 17.5/Pd 16.7
Pd (40) 2%
50Au50Pd/SiQ°  0.63 0.65 - PdO (9) 19% 62 2.1 11.1/Pd 10.1
Au52Pd48 (4) 81% 5.8/Au

aXRD was measured on the calcined form of the S&pported samples.

b Concentration of surface Pd atoms calculated from CO chemisorption; no CO chemisorption was detected on the monometallic Au
samples.

¢The data are taken frofi4].
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2.8nm) agrees well with that characteristic of the ' ‘ ' ' '
precursor sol (se&able 1. Several properties of the
supported samples are presentedidble 2 As a com-
parison the corresponding data of Si€upported Au,
Pd and AuPd (reported ifi4]) are inserted, as well.
Organic residues contaminate the supported sam-
ples to a large extent. In order to remove them the
samples were pretreated before catalytic tests by cal-
cination at 400C for 1 h in Q/He mixture, which
treatment causes the oxidation of &9]. The cal-
cined samples were reduced in ldt 200°C. These
treatments resulted in sintering the metal particles, -
the particle diameters doubled and the size distribu-
tion widened in all three samples. TEM micrographs 0
(e.g. Fig. 1(c)) show predominantly spherical parti- RA)
cles, whose mean patrticle diameters are close to the
crystallite sizes determined by XRD. The latter shows Fig. 3. Comparisqn of thg FT modules between the absorption
about AysPdps molar composition for the bimetallic iﬁf‘g&‘gg E’g);maert]z”fuﬁ‘é /‘(T"I;')Zi ﬁ‘d "Eme‘;g;éa(ﬁ)_':tpd alloy at Pt
crystallites both in the as prepared and in the cal-
cined/reduced form, but crystalline monometallic or
oxide phases were not detected. However, on the ba-
sis of the metal loading measured by XRF the molar
ratio is Au/Pd= 1. According to this twice as much
Pd as is present in the bimetallic crystallites, must be
invisible for XRD.
In Fig. 2the XANES part of the absorption spec-
trum of the “as prepared” TSAuPdS2 is presented

Fourier Transform

which resembles closely to that recorded on Au metal-
lic foil. However, the FT moduleKig. 3) beyond the

Au L edge confirm that in the first co-ordination
sphere of Au atoms both Au and Pd atoms are present.
More precisely, numerical simulations of the EXAFS
oscillations Table 3 points out the presence of some
heteroatomic Au—Pd bonds inside the catalyst. Re-
garding the Pd K-edge the same approach has been
performed. If we consider the FT modulEig. 4),

R e I B S B S IS it seems that the first co-ordination sphere of palla-
C 7 dium atoms contains several kinds of atoms. More

\/\/'\(L
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Fig. 2. Comparison of the XANES spectra of the metallic Au foil  Fig. 4. Comparison of the FT modules between the absorption
at Au Ly edge (a); PtPd alloy at P edge (b); and AuPd/Ti© spectrum of metallic Pd foil (a); PtPd alloy (b); and AuPd/ZiO
at Au Ly edge (c). (c) at Pd K-edge.
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Table 3

Structural parameters associated to the EXAFS analysis of thg stifported bimetallic sample performed at the Ay bdge and at the
Pd K-edge

TSAuPdS2

Nauau Ravau (A71) Acopunu (A1) Naupd Raupd (A1) Aopupg (A1)
9.5 2.84 0.04 1.9 2.82 0.02

Npdpd Reapd (A1) Aopapa (A7) Npdau Redau (A1) Aopgau (A1)
1.1 2.83 0.00 1.2 2.76 0.02

Npdo Redo (A71) Aopdo (A1)

1.4 2.06 0.03

precisely, palladium, gold as well as oxygen atoms of the lack of the exact extinction coefficients. The

are present in the local environment of palladium.

Numerical simulations are presentedTiable 3

relative amount of linear and bridged CO is typi-
cally increases when concentration of Pd decreases

From the particle diameter one can estimate the in bimetallic particled29-32] For the calculation of

metal dispersion based on the following relatiobs=
1.12/d for Pd; D = 1.17/d for Au, whered is the
particle diameter (in nm) anb is dispersion. In the
case of TSAUPdSZ x D = 1.145 factor was applied

number of surface Pd atoms we used COA#dl.5 for
the titania supported monometallic and CO/Bd1
for the bimetallic sample. As can be seenTmble 2
smaller amount of surface Pd is estimated from TEM

as a weighted average value of the monometallic sys- data, that may be explained by the presence of small
tems.Table 2contains the concentration of the surface particles not visible by TEM, and by the possible dif-

metal atoms determined from the dispersion data.

ference between the surface and the bulk composition

For calculation of the number of exposed Pd atoms in the bimetallic sample.

from CO chemisorption the Pd/CO stochiometry

Table 4illustrates the results of the CO oxidation

should be known. It varies between 1 and 2 depend- tests for the TiQ supported and the analogous $iO
ing on the relative concentration of the linear and supported systems. Silica supported samples produce

bridged form that is reflected in the relative intensity

activity of same order of magnitude as titania sup-

of the corresponding IR absorbance bands. However, ported ones at about 8C higher temperature, in
the exact ratio can hardly be determined becausethe case of monometallic Au at about I&D higher

Table 4

Catalytic activity in CO oxidation reaction (for titania supported samples 5.6 mba#©@D8 mbar @ in He, for silica supported ones

4.5mbar COt+ 5.0mbar @ in He reaction mixture was applied)

Sample Temperaturé C) Initial reaction rate TOFxrp? (Min~1) TOFrem? (min~1) TOFco? (min~1)
(wmolmin-1gz})

TSAu2 60 12.1 0.84 1.35 -

TSPd2 60 13.7 0.95 1.04 0.73

TSAuPdS2 60 229 — - -

Au/SiO¢ 220 0.16 - 0.36 -

Pd/SIG° 140 9.3 0.59 0.53 0.56

50AUS0Pd/SiQ° 140 3.6 0.24 0.3% 0.3¢'

aReaction rate referred to one surface metal atpmdgl CO,/min/wmol Mg), the amount of Agwas calculated byD x Auiotal, Where
D = 1.17/d, the amount of Pgwas calculated byD x Pdota, Where D = 1.12/d (D: dispersion;d: particle diameter (in nm) measured

by XRD or TEM).

b Reaction rate referred to one surface Pd atpmm@l COx/min/umol Pd;), the amount of Pgdwas calculated byD x Pdgta, Where
D was estimated from CO chemisorption assuming different CO/Pd stochiometry.

¢The data are taken frofi4].

dTOF related to one surface Pd atom, since surface Au has no activity 4€140
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temperature. The specific initial reaction rates of reported in[42]. The specific activity of the bimetal-
TSAuPd2 (referred to 1g of catalyst) is about twice lic sample is almost twice as high as that measured
as high as that of the titania supported monometal- for monometallic catalyst. If we assume that Pd and
lic samples. The TOF values of the Pd/pi@nd Au atoms keep their identity and catalytic activity
Au/TiO2 systems referred to one surface metal atom in the bimetallic system, the specific activity of the
(determined on the basis of mean particle size), are PdAu/TiO, sample can be estimated by the sum of
similar. For Au/SiQ 80°C higher reaction tempera- TOFay x Nays+ TOFpg x Npgs WhereNays andNpgs
ture is required to reach similar activity as Pd/@iO  are the number of surface Au and Pd atoms in 1g
The activity of the silica supported bimetallic catalyst of the bimetallic sample, respectively. The values are
is ca. half of that of monometallic palladium sample. 13.6, 15.2 and 22.Amol min—! gc_alt, when the disper-
sion calculated from crystallite size (XRD), particle
size (TEM) and CO chemisorption (except us
4. Discussion applied to determine the number of surface atoms, re-
spectively. These values are somewhat lower than the
According to the literature data activity of gold can experimentally measured 22:9nol min~1 ggalt activ-

be increased by addition of noble metfd8-37] Re- ity of TSAUPdS2, thus, only slight synergism exists
garding the Pd—Au bimetallic system, several studies in the CO oxidation. Despite the uncertainty, the three
have already been publish¢ti4,29,38—-40] For ex- methods complement each other quite well. Since the

ample, Liu et al[38] have characterized the system TOF values of the monometallic samples are nearly
by TEM, XRD and XPS to elucidate the formation of identical, the presence of some segregation would not
bimetallic colloids. XPS data indicated that the con- affect significantly the above calculations. Thus we
stituent elements were in metallic state and that pal- can establish that the activity of the bimetallic sys-
ladium atoms were concentrated on the surface of thetem is close to or somewhat higher (maximum two
alloy. times) than the sum of the activity of corresponding
Regarding our AuPd/Ti@catalyst, the XAS under-  monometallic Au and Pd sufaces on BiGupport.
lines the presence of Au—Pd bonds, pointing out the This result differs from that experienced on Si€up-
existence of an alloy inside the catalyst. The complete ported AuPd bimetallic systems, at which alloying de-
set of results seems to indicate that several phases mayreased the catalytic performance of the higher activity
exist. We cannot exclude the presence of monometallic Pd/SiQ (seeTable 4. In the silica supported system
clusters and the presence of PdO like clusters, either.it could be tentatively attributed to (i) chemical effect,
EXAFS being insensitive of poly-dispersion leads to since in the bimetallic particles the formation of sur-
the fact that we have no possibility to give either an face Pd-oxide layer is inhibited; (ii) geometric effect,
average size for the metallic clusters or the distribution the decreasing population of Pd ensembles, which
of the atoms inside the bimetallic particles. Neverthe- might provide side by side activation of CO and;O
less, the presence of Pd—O bonds seems to indicateand (iii) electronic effecf14]. The former two effects
palladium atoms being at the surface of the cluster. can be resulted in the hindrance o$ @ctivation on
As a complementary technique, XRD clearly supports Pd, which may manifest itself in decreasing activity. In
the presence of bimetallic phases with a particle size the TiO, supported system the activated oxygen sup-
as low as a few nanometers. posedly can be produced on the support as well, so the
The studied TiQ supported monometallic Au and  alloying do not cause the degradation of the activity.
Pd nanoparticles show similar TOF in the CO oxida-
tion. In the literature TOF= 0.6 min~! at 0°C [13],
TOF = 5.0-0.08 mir! at 40°C [41] were reported 5. Conclusions
for Au/TiO2 containing similar size Au particles as
TSAu2. On the calcined and low temperature (473K)  Monometallic Au, Pd and bimetallic AuPd nanopar-
reduced TSAu2 sample the residual chloride content ticles were prepared by sol technique and deposited on
might diminish the catalytic activity41]. The activ- TiO2 support. The stable metal sol of narrow size dis-
ity of Pd/TiO, is in the same order of magnitude as tribution was characterized by TEM. After removing
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the stabilizer from the supported samples by TPO the [15] J.-D. Grunwaldt, C. Kiener, C. Wégerbauer, A. Baiker, J.

original particle size (4—7 nm) increased to 9-13nm
in diameter.

Presence of bimetallic particles was confirmed by
in situ EXAFS at Au L and Pd K-edges as well as
XRD experiment.

In the CO oxidation reaction the catalytic activ-
ity of the bimetallic AuPd/TiQ seems to be equal to
or somewhat higher than the sum of the activity of

Catal. 181 (1999) 223.
[16] A. Horvéath, A. Beck, Zs. Koppany, A. Sarkany, L. Guczi, J.
Mol. Catal. A 182-183 (2002) 295.
T. Shido, R. Prins, Curr. Opin. Solid State Mater. Sci. 3
(1998) 330.
[18] A.Y. Stakheev, L.M. Kustov, Appl. Catal. A 188 (1999) 3.
[19] K.J. Chao, A.C. Wei, J. Elec. Spec. Rel. Phen. 119 (2001)
175.
[20] D. Bazin, D. Sayers, J. Rher, J. Phys. Chem. B 101 (1997)
11040.

[17]

monometallic analogous weighted according to the es- [21] b. Bazin, L. Guczi, Recent Res. Dev. Phys. Chem. 3 (1999)

timated surface of Au and Pd in the bimetallic system.
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