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Abstract

Kinetic studies of vinyl acetate (VA) synthesis were carried out for Pd (1.0 wt%/8i@ Pd (1.0 wt%)—Au (0.5 wt%)/SiOcatalysts,
with highly dispersed metal particles (Pd and Pd—Au) characterized by X-ray diffraction and transmission electron microscopy—energy
dispersive spectroscopy (TEM-EDS). The kinetics of the related CO oxidation reaction were also explored. The kinetics of VA synthesis and
CO oxidation reactions proceed via a Langmuir—Hinshelwood mechanism. For Pd-only catalysts, dissociative adsorpti®beifeved
to be the rate-determining step. This step is suppressed by adsorbedHGCGid gives rise to a negative reaction order with respect to
CO/GH4 and a positive order with respect te QHowever, the reaction mechanism was significantly modified by the addition of Au to Pd,
as indicated by the change in the reaction order with respect to 4£Q/Gn particular, the order with respect toB4 becomes positive.
The modification of the mechanism for the Pd—Au catalyst correlates with the reduction in the concentration of Pd—Pd ensembles upon
alloying with Au. By TEM-EDS, Au surface enrichment was detected for the Pd—Au alloy, and the interaction between Au and Pd leads to
a formation of more active Pd ensembles, such as Baa PdAy. The surface properties of Pd versus Pd—Au catalysts were explored
by CO/GD4-TPD on thick films of Pd and Pd—Au. These studies indicate that the adsorption sites on Pd are significantly modified by Au;
concurrently, the bonding of CO andDy4 to Pd in the Pd—Au alloy also varied. As a result, the coverage of CO aHd Gn the Pd—Au
surface decreased markedly. The enhanced capacity of the Pd—Au surface for oxygen and/or the enhanced mobility of adsorbed oxygen undel
the reaction conditions are likely responsible for the unusually high reactivity of Pd—Au alloy catalysts for VA synthesis.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction It is well known that the performance of a Pd—Au alloy
catalyst for this reaction is superior to a Pd-only catalyst
The synthesis of vinyl acetate (VA) from ethyleneta), [2,5-9] Theoretical studiefl0,11] suggest that VA synthe-
acetic acid (AcOH), and oxygen ¢Dis an important indus-  Sis over Pd requires rather large ensembles and is a structure-
trial reaction[1-4]. The ideal reaction pathway is sensitive reaction. It is plausible that the electronic and geo-
metric properties of Pd particles can be tuned by formation
of a Au,Pd, alloy surface with highly optimized sites for VA
synthesi§12-19]
The modification of the electronic and geometric prop-
S _ erties of Pd upon alloying with Au has been extensively
Ef’g;fggg?éggs;é’;gﬂé n@mail.chem tamu.ef. W, Goodman), studied because of the enhanced properties of Pd—Au cat-
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gapore 627833. However, how the structure of the Pd—Au surface is altered

1
CoHs + CH3COOH-+ 502 — CoH300CCH; + H20. (1)
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upon alloying and how this modification affects the cat- 2.2. Characterization of the supported Pd and Pd—Au
alytic properties are unclear, especially with respect to the catalysts
adsorption of the reactants, such as ethylene, acetic acid,
and oxygen. Temperature-programmed desorption (TPD) is2.2.1. Transmission electron microscopy—energy dispersive
an effective method for addressing questions related to thespectroscopy (TEM-EDS)
surface composition of the Pd—Au alloy surface. Therefore  The samples were ultrasonically dispersed in an ethanol
ethylene (GD4) and CO TPD studies were carried out on solvent and then dried over a carbon grid. The metal particles
multilayer films of Pd and Pd—Au prepared on a single- were imaged with a JOEL 2010 microscope; at least 200—
crystal Mo(110) surface. 300 particles were measured to obtain the average particle
A rather complete picture of CO adsorption and oxida- size distributions. The surface composition of specific areas
tion on Pd surfaces has been developed in UR8A24]and and individual Pd—Au particles were analyzed by energy-
under realistic reaction conditiofi25,26] In particular, ac- dispersive X-ray analysis (EDS) with the use of the Au L
cording to studies on single crystals of Pd(100), Pd(110), (9.710 keV) and Pd L (2.839 keV) lines.
and Pd(111]27], CO oxidation on a Pd surface exhibits a
subtle structure sensitivity similar to that observed for VA 2.2.2. X-ray-diffraction (XRD)
synthesis. Therefore, parallel studies of the kinetics of CO  X-ray powdered diffraction data were obtained with a
oxidation, including the adsorption of CO on catalysts used Bruker D8 diffractometer and Cu-Kradiation. The samples
for VA synthesis, were undertaken to aid our understanding were scanned over a Bragg anglé)2ange of 36-50°.
of the VA reaction mechanism on Pd-based catalysts.
Previously we reported on the kinetics of VA synthéSis 2.3. CO/GD4-TPD on Pd and Pd-Au films
and ethylene combustid8] (primarily a side reaction in
VA synthesis) over Pd/Sifcatalysts with varying Pd parti- The experiments were carried out in a conventional UHV
cle sizes and proposed that the dissociative adsorption of O chamber coupled to an in situ elevated pressure IR cell.
on Pd-only catalysts is rate-limiting. However, a detailed ki- The UHV chamber (base pressure-of x 10-10 Torr) was
netics study of VA synthesis on silica-supported Pd-Au alloy equipped with an Auger electron spectrometer (AES) and a
catalysts has not been undertaken. Furthermore, a compariguadrupole mass spectrometer (QMS). The Mo(110) single
son of the kinetics of VA synthesis over Pd-only and Pd—Au crystal was mounted on a translatable probe that could be
alloy catalysts should be helpful in detailing the mechanism cooled to 80 K by liquid N and heated to 1500 K by re-
of VA synthesis. In particular, in this study the structural sistive heating or to 2000 K by electron beam heating. The
modification of the Pd surface upon alloying with Au and sample temperature was measured with a type C thermocou-
how alloying influences the mechanisms of VA synthesis and ple spot-welded to the edge of the crystal.
CO oxidation are addressed. Parallel TPD studies of COand The TPD experimental procedure was as follows. First,
C,D4 adsorption/desorption have also been carried out. Pd (10 ML) was deposited on a Mo(110) surface at room
temperature, and the cleanliness and coverage established by
AES. Next, the sample was cooled to 80 K and CO ¢gbg
adsorbed. We prepared Pd—Au films by first depositing Pd
then Au in a 1:1 PdAu atomic ratio. CO (99.995% purity;
) o Matheson) and &D4 (isotopic content 99%; Aldrich) were
2.1. Catalyst preparation and kinetics measurements stored in glass bulbs and used without further purification.
A detailed description of the TPD methodology is published
The Pd (1.0 wt%)/Si@and Pd (1.0 wt%)—Au (0.5 wt%)/  elsewherg29].
SiO, (atomic ratio of PdAu ~ 4:1) catalysts, designated as
Pd-only and Pd—Au, respectively, were prepared by the in-
cipient wetness method; their preparation has been describe®. Results
in detail elsewherf2,9]. A high-surface-area SgJAldrich;
no. 7631-86-9, 600 AYg, particle size 230—400 mesh, pore 3.1. Characterization of the high-surface-area Pd/SiO
volume of 1.1 mfg) was used as the support. The catalytic and Pd-Au/SiQ catalysts
activity was measured with a micro fixed-bed reactor con-
nected to an online GC. The methodologies for measuring  For comparison, XRD patterns (obtained before reaction)
the VA synthesis kinetics and calculation of the kinetic pa- of the Pd-only and Pd—Au catalysts, which we prepared by
rameters have been described in dg&8]. In addition, CO heating the catalyst precursor in a mixture ofl@, at 673 K
oxidation was carried out in the same system by variation of for 30 min followed by reduction in pure Hat 573 K for
the partial pressure of CO ang ®etween 3.0 and 10.0 kPa. 30 min, are shown ifrig. 1 The feature at2= 40.1° for the
The conversion of CO was maintained-atl0%; the reac- Pd-only catalyst irrig. 1A, corresponding to Pd(111) ina Pd
tion rates are expressed with respect to the @@duced. crystallite, shifts to 39.7for the Pd—Au catalyst ifrig. 1B,

2. Experimental
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Fig. 1. XRD patterns for an unreacted Pd-only (A) and Pd—Au (B) catalysts
pretreated as follows: in £(10%)/N, at 673 K for 30 min with a flow rate

of 20 ml/min, followed by a reduction in blat 573 K for 30 min with the
same flow rate.
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Fig. 2. TEM image of Pd—Au clusters for the unreacted Pd—Au catalyst
(top, same afig. 1), atomic ratio of PdAu in region A=2/1, at particle

B =22/1 and C=1.9/1; the Pd-Au cluster distribution is shown at the
bottom.
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Fig. 3. TEM image of Pd-Au clusters for the reacted Pd-Au catalyst
(top, for VA synthesis in a mixture of £, = 7.5 kPa, @ = 1.0 kPa,
AcOH = 2.0 kPa, remainder ) at 413 K for 100 h), atomic ratio of Péu

in region A= 1.5/1, at particle B= 1.1/1 and C= 1.3/1; the Pd—Au clus-

ter distribution is shown at the bottom.

which is indicative of the formation of a Pd—-Au(111) alloy
phase.

The TEM results ofigs. 2 and 3how that the sizes of
the Pd—Au particles are distributed broadly over the range
of 1.0-13.0 nm, and most of the particle diameters lie be-
tween 2.0 and 5.0 nm. The corresponding average diameter
is 3.2 nm for the Pd—Au before reactidrig. 2) and 4.2 nm
after reaction ig. 3). Surface composition determined by
EDS indicates that the average/Rd atom ratio in region A
in Fig. 2 (top) is 2.0, lower than the initially deposited ratio
of 4.0; ratios of 2.2 and 1.9 were observed for particles B
and C, respectively. However, the ratio of /Adi decreased
to 1.5 after reaction, as shown in region Akify. 3 (top),
whereas the ratios for particles B and C in region A are 1.1
and 1.3, respectively. For the Pd-only catalyst, the average
diameter of Pd particles in the reduced catalyst is ca. 2.5 nm,
which increased to 3.5 nm after reaction. The TEM images
and Pd patrticle distributions for the Pd-only catalyst have
been reported elsewhdid.
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Fig. 4. pc,H,-dependent reaction rate for VA synthesis (A) and selectivity (C) at feed gagf, = 5.0-140 kPa,po, = 1.0 kPa,pacon = 2.0 kPa, the
remainder N; po, = dependent reaction rate for VA synthesis (B) and selectivity (D) at feed gas,pf, = 7.5 kPa,po, = 1.0-84 kPa,pacoH = 2.0 kPa,
remainder N. Reaction conditions: 0.1-1.0 g of the Pd—Au catalyst, 30—6@nim of flow rate, temperatures of 433), 413 @), and 393 K @).

3.2. Kinetics of VA synthesis Fig. 4C): orders of 0.20, 0.20, and 0.21 were measured ac-
cordingly at 393, 413, and 433 K, respectively. However, in

The formation of VA as a function of partial pressure of contrast to the results &fig. 4B, a dramatic decrease in se-
oxygen (po,) and ethylene gc,+,) at 393, 413, and 433 K lectivity was observed with an increaseyig, (seeFig. 4D).
is displayed irFig. 4. As shown inFig. 4A, with an increase At 393 K, the selectivity decreased from 94.0 to 89.0% with
in pc,h, the reaction rate increases from 5.0 to 14.0 kPa, an increase ipo, from 1.0 to 8.4 kPa.
for po, kept constant at 1.0 kPa, yielding reaction orders ~ Reaction rates are shownfilg. 5as a function of temper-
of 0.38, 0.35, and 0.35 at 393, 413, and 433 K, respectively. ature. Forpc,n, fixed at 7.5 kPa ango, varying from 1.0
At the same time, the rate of VA production increased by to 8.4 kPa, the VA rates varied significantly with tempera-
a factor of 2 with an increase in the temperature from 393 ture. Temperature effects can be roughly classified into two
to 413 K, whereas only a 25% increase was found with regions: I, 393-413 K, and II, 413-433 K. The rates in Re-
an increase from 413 to 433 K. Meanwhile, the variation gion | increase faster with temperature compared with the
in selectivity shows the same trend with varyipg,n,, ~ corresponding rates in Region Il, suggesting that ethylene
as shown inFig. 4B. At 393 K, the selectivity increased combustion is favored at temperatures greater than 413 K.
from 93.0 to 96.0% wherpc,H, was increased from 5.0 Apparent activation energie%§) of 40.0 £+ 4.0 kJ/mol for
to 14.0 kPa. However, the selectivity was significantly re- Region | (very close to thé&y's of 39.0 kymol measured
duced with an increase in the temperature. For example, atfor Pd-only catalysts) and 164 4.0 kJ/mol for Region I
pcyH, = 5.0 kPa, the selectivity dropped from 93.0 to 88.0% follow from the Arrhenius data.
with an increase in the temperature from 393 to 433 K. En-  The kinetics of VA synthesis for the Pd-only catalyst has
hancement of ethylene combustion with an increase in thealso been measured under identical conditions (for more de-
temperature is presumed to be responsible for the loss of setails, see Ref[9]). A comparison of the kinetic parameters
lectivity; this issue is discussed later in the text. for the two catalysts is displayed able 1 Table 1shows

We measured the influence gip, on the rate of VA that the difference between the two catalysts is principally
production similarly by maintainingc,H, at 7.5 kPa (see  the reaction order with respect told4, that is, negative
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Table 1

Kinetic parameters for the synthesis of VA over Pd—Au and Pd catalysts, power law function*q,’;sjitﬂ;t:kp%2H4 pgz

Catalyst T Constant ratek) a B na

(K) x1072s71 x103s71

Pd-Au 393 245 038+0.04 020+ 0.02 348
Pd-Au 413 403 035+ 0.01 020+ 0.03 647
Pd-Au 433 470 035+ 0.03 021+0.03 754

Pd-1 413 @3 —0.34+0.02 018+ 0.01 021

@ Rates obtained witlpc,H, = 5.0 kPa, po, = 1.0 kPa, pacoH = 2.0 kPa, the remainder N Turnover frequency (TOF) was calculated based on:
TOF,VA = rvampd/D, mpg = Pd atom weightD = dispersion of Pd. The dispersion of Pd was estimated from the Pd particle size measured by TEM;
ca. 40% dispersion of Pd was estimated for the Pd—Au/$#&alyst, corresponding to ca. 3.2 nm Pd—Au particles.
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Fig. 5. Arrhenius plots for VA synthesis on the Pd-Au catalysts. Re-
gion |: 393-413 K, II: 413-433 K. Same reaction conditions aGim 3;
varying po, at1.0 @), 2.2 (A), 4.2 (¥), 6.3 (®), and 8.4 @), while keep-

ing pc,H, = 7.5 kPa,pacon = 2.0 kPa, remainder )

for the Pd-only catalyst and positive for the Pd—Au catalyst,
whereas the rate of VA production is significantly improved
by alloying Pd with Au. It is worth noting that the reaction

order with respect to acetic acid is approximately zero for
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Fig. 6. VA synthesis in the presence of CO at 413 K in the feed gas of
PCyH, = 7.5KPa, po, = 1.0 kPa, pacon = 2.0 kPa, remainder N pco:
O (M),0.1(¥),0.5(A),and 1.0 ®).

idation reaction. Analogous results were observed for the
Pd-only catalyst (results not shown for the sake of brevity).

3.4. Kinetics of CO oxidation

CO oxidation kinetics was investigated over the same cat-

both catalysts; therefore the effects of acetic acid were notalysts as used for VA synthesis. The kinetic parameters and

explored further.
3.3. VA synthesis in the presence of CO

The influence of CO on VA formation was investigated
with the use of a mixture of §H, (7.5 kPa), @ (1.0 kPa),
CO (0-1.0 kPa), and AcOH (2.0 kPa) at 413 K over the
Pd-Au catalyst.Fig. 6 shows that the addition of CO

their comparison with data from the literature, including the
kinetics over supported Pd and single-crystal Pd catalysts,
are listed inTable 2 It can be seen that a negative reaction
order for CO §co) and a positive order for £(«o,) were
observed for both catalysts, in agreement with previous stud-
ies; however, the absolute value of the CO orde¢¢|) for

the Pd—Au catalyst is lower than that for the Pd-only cata-
lyst.

strongly poisons the active sites and suppresses VA forma-

tion. Interestingly, the reaction time (ca. 60 min) for full
inhibition of reactivity upon the introduction of CO is equal
to the restoration time required after elimination of CO,

3.5. CO-TPD and €D4-TPD on thick Pd and Pd—Au films

To avoid CO disproportionation in the TPD measure-

independent of the CO partial pressure. Furthermore, it is ments, a phenomenon previously reported for CO desorption

worth noting that the C®concentration decreased simul-
taneously with the decline in the rate of VA formation. In

over supported Pd particles or technical Pd/support cata-
lysts [31,32], TPD of CO and @D4 was carried out over

addition, the onset of CO oxidation over the same catalyst Pd (> 10 layers) and Pd-Au alloy (atom ratio of 1:1 of
was detected at 483 K (2.0% conversion with a feed gas of Pd/Au) films in UHV. It was noted that VA synthesis had

3.0% CO and 3.0% §). Therefore, it can be excluded that

Oags essential for VA synthesis, is consumed by the CO ox-

already been carried out on a well-defined Pd(100) surface,
and the results were found to closely match those observed
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Table 2
Kinetic parameters for CO oxidation over Pd—Au and Pd catalysts, power law functiongljty: kp%opgz
Catalyst Conditions o B Reference
Pd(100) 500 KPCO/Pogf 0.07-0.7 kPa —-1.24+0.1 12+01 [22]
Pd(111) 500 KPCO/P023 0.07-0.7 kPa - 97+0.1 [23]
5% Pd/SIQ < 383K, Pco/Poy: 0.1-10.0 kPa —-0.84+0.2 08+0.2 [30]
Pd-Au 483 K,pco/ po,: 3.0-10.0 kPa —0.35+0.02 057+ 0.03 This study
Pd-1 553 KJ’CO/POZ: 3.0-2.0 kPa -1.0+0.1 081+0.1 This study
A (Pd film)
\
—_ A (Pd film)

3 2 -

g S (Pd-Au film)

g B (Pd-Au film) &

s Z
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Fig. 7. CO-TPD spectra for thick Pd film (A) and Pd-Au alloy film (B),  Fi9- 8. G2D4-TPD spectra for thick Pd (A) and Pd-Au films (B), ramp
ramp rate= 5 k/s. rate=5k/s.

o . . profile was also observed for the Pd—Au alloy film; how-
under realistic reaction conditions over supported Pd cata-ayer. the two features shift to 200 and 350 K, respectively,
lysts [33]. Therefore, we assume that the structure of the 5,4 the quantity of §D4 desorbed is- 30% less compared
active sites on a Pd film should be similar to that of sup- ith the Pd films (se€ig. 8B). Similar experiments for a
pqrted, high-arga (;atalysts. For CO-TPD from multilayer Pd Pd/ALO3/NiAI(110) model catalysf37] show a prominent
(Fig. 7A), two distinct features appear at 150 and 430 K, featyre below 230 K in the £D4-TPD spectra for small Pd
with multiple features apparent between these two. Theseparticles. In contrast, a single desorption peak near 300 K

By analogy, we assume that the feature at 150 K corre-

sponds to desorption of CO from a-top/hollow sites, and

that at 430 K, to bridging sites. The appearance of a feature4. Discussion

at 430 K is in excellent agreement with previous results for

CO desorption from thick Pd film#@gq > 20, at 499 K[34]), 4.1. Reaction rate and selectivity for VA synthesis

bulk Pd(111)/Mo(111) (at 480 K35]), and Pd#-Al,O3 (at

475 K[36]). In a comparison of peak areas, the Pd film sur-  The kinetic data for VA synthesis over Pd-based catalysts
face exhibits a high density of bridging sites, consistent with are consistent with the reaction proceeding via a Langmuir—
IR data for adsorbed CO. In contrast, the CO-desorption fea- Hinshelwood mechanism. For VA synthesis over the Pd—Au
ture for the Pd film upon alloying with Au is substantially catalyst, as depicted figs. 4A and 4Ba pc,n,-dependent
modified. A TPD from the Pd—Au film shows a prominent rate increase was observed at temperatures of 393, 413, and
desorption feature at 300 K with a shoulder at 350 K (see 433 K, consistent with a coverage ofld4-derived species
Fig. 7B); itis worth noting that the capacity of the alloy sur- less than saturation on the Pd—Au surface. This contrasts
face for CO is only one-third that of the Pd film as deduced with the behavior observed for the Pd-only catalyst, where

from the TPD peak areas. the coverage of gH4 was estimated to be at saturation based
TPD data were also collected for the Pd film after ad- on the negative order of the rate with respectptgn, at
sorption of deuterium-substituted ethyleneDg. Fig. 8A similar reaction conditiong]. On the other hand, a positive

shows that ethylene desorbs from the Pd film between 120reaction order with respect e, for both catalysts suggests
and 350 K, with a distinct desorption maximum at ca. 225 K that Q, adsorption is blocked by adsorbedH, consistent
and a small secondary feature at 400 K. A similar desorption with O» being the rate-limiting reagent on the Pd-only cat-
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alyst (this point has been discussed in detail previously in  Roudgar et al[43], who used a Pd—Au film, argued that
Ref. [9]). Moreover, the reaction orders at all three temper- geometric effects are more important than electronic effects
atures approximate those for the Pd—Au catalyst, consistentin the modification of Pd—Au reactivity. For a Pd(111)/Au
with a single reaction mechanism being operative in VA syn- model Baddeley et aJ44] also suggested that the formation

thesis, independent of the reaction conditions. of PdsAu and Pg surface ensembles, rather than an elec-
As illustrated inFigs. 4C and 4D the selectivity for tronic perturbation of Pd by Au, plays an essential role in the
VA formation increases with an increase p,H, and de- improvement of reactivity. Alternatively, Gleich et 5]

creases with an increase jp,. Two competitive reactions  found that PdAy ensembles were formed on a Au/Pd(111)
are operative for VA synthesis over supported Pd-only cat- surface, in the presence of isolated Pd atoms in a Au matrix.
alysts[5,6,28} ethylene combustion and VA synthesis. For As a result, the adsorption sites were remarkably reduced
a 5 wt% Pd/SiQ catalyst, a mechanistic study of ethylene on a Pd—Au alloy surface in comparison with a Pd-only sur-
combustion in either a VA reactant mixture or an acetic acid- face. Several CO-desorption experiments have shown that
free gas mixture shows limited dissociative adsorption of CO coverage decreases with an increase in the amount of
oxygen, deduced from the negative order of the reaction with Au in a Pd—Au alloy[44—47] Accordingly, we attribute the
respect toc,H, [28]. For a Pd—Au catalyst, the rise in selec- pronounced drop in the amount of CO angDz adsorbed
tivity with an increase irpc,n, may be due to an increase in  on a Pd—Au alloy compared with a Pd-only surface to reduc-
the GH4 coverage, which favors VA synthesis over ethylene tion of Pd adsorption sites. CO-TPBi{. 7) showed that
combustion. Thatis, the coverage oft; onthe Pd—Au cat-  the adsorption sites with strong (feature at 430 K) and weak
alyst is far from saturation. The decrease in selectivity that (feature at 150 K) binding energies on Pd vanished upon
occur with the rise inpo, illustrates that an excess of ad- alloying with Au and were replaced with adsorption sites
sorbed oxygen () accelerates ethylene combustion more of moderate binding energy on the Pd—Au surface. Corre-
so than VA formation. Therefore, to achieve a high selectiv- spondingly, the reduction in the density of Pd—Pd ensembles
ity for VA formation, a highpc,H,/ po, ratio is essential. on the Pd—Au surface is also responsible for the decrease in
VA formation and combustion are greatly influenced by CyD4 adsorption amount and binding energy (downshift of
the reaction temperature. As showrfig. 5, two Arrhenius the desorption peak), as depictedHig. 8 Interestingly, the
regions are apparent within the temperature range of 393—addition of Au to Pd also decreased the binding energy of
433 K. Over a wide range oo, with a fixed pc,H,, the oxygen binding to the surface and reduced the oxygen cov-
temperature-dependent rate increases more significantly beerage[15,46]
tween 393 and 413 K (Region I) than between 413 and 433 K
(Region II), indicating that ethylene combustion was signifi- 4.3. Kinetics and mechanism
cantly enhanced at elevated temperatures, deplejgsaad
suppresses the formation of VA. A possible consequence As mentioned above, the addition of Au to Pd alters the
may be the reduction of the B4 coverage as the temper- Pd ensembles and modifies the binding energy of related
ature is increased. On the other hand, a larger fraction of adsorption sites. It was shown that only those sites with mod-
CyHy is likely dissociated to a hydrocarbonaceous residue erate bonding energy remain and are crucial to the catalytic
with an increase in the temperature; this species, in turn, isreaction. It is reasonable that the modification of the surface
more easily converted by oxygen to @@onsequently, the  Pd atom configuration in the Pd—Au catalyst is a key to the
selectivity is dramatically reduced with an increase in tem- change of kinetics for VA synthesis and CO oxidation, as

perature, as shown irigs. 4B and 4D shown inTables 1 and 2
Interestingly, the similarity of the, values for the two Before we analyze the kinetics, it is worth reviewing the
catalysts (Region | for Pd—Au) suggests that VA synthesis effects of CO on VA synthesigzig. 6 shows that VA syn-
mainly occurs at Pd sites. thesis on the Pd—Au catalyst is poisoned reversibly by the
adsorption of CO on the Pd—Au catalyst over a wide range
4.2. Structure modification from Pd to Pd—Au of CO concentrations. This suggests that the two reactions

share the same active sites and that adsorbed CO on the
The modification of Pd catalysts with Au has been exten- Pd—Au surface blocks the adsorption and/or migration of ei-
sively investigated10-19] Au has been found to preferen- ther GH4 or O,. For the Pd-only catalyst, the negative reac-

tially segregate to the surface in Pd—Au all$¥8,41] how- tion order with respect to £44/CO and the positive reaction
ever, a more recent study showed that Pd—Au clusters consisbrder with respect to @indicate that both reactions pro-
of a Au-rich core covered with a monolayer of B@]. EDS ceed via a Langmuir-Hinshelwood mechanism within the

analysis showed Au enrichment on a reduced Pd—Au sur-low reaction rate region, where dissociative adsorption.of O
face. Further Au enrichment was detected for the reactedis the rate-determining step. This behavior has been shown
catalyst, because of the alloying of Pd and Au as indicated for CO oxidation from Pd single crystal in the UHV system
by XRD in a similar potassium-doped cataly4®]. Au is [22,23]to high-surface-area supported Pd catal{@®$. For
thought to modify Pd by either an electronic or a geometric the Pd—Au catalyst, however, the reaction order with respect
effect. to CoH4 changes to a positive value for VA synthesis; the or-
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der for CO in CO oxidation is still negative, yet much less
so; the orders for @ however, for both reactions are posi-

Y.-F. Han et al. / Journal of Catalysis 232 (2005) 467-475

rate-determining step and the inhibition of oxygen adsorp-
tion by GH4 and/or CO. For the Pd—Au catalyst, the reac-

tive. Hence, we infer that the dissociative adsorption fO tion order with respect to £H, is positive. The adsorption
unlikely to be the rate-determining step in VA synthesis on data suggest that the change in the reaction mechanism for
the Pd—Au surface because of a less than saturating coveragthe Pd—Au catalyst relates to the decrease in thid4CO

of CoH4 on the Pd—Au surface. This lack of saturation may coverage and to the increase in surface capacity for oxygen.
enhance oxygen adsorption or mobility in spite of a signifi- This increase in oxygen coverage is responsible for the in-
cant reduction in the amount of;@dsorbed that occurs as crease in reactivity in the Pd—Au catalyst.

we go from Pd to Pd—-A{d5]. For the Pd—Au catalyst, CO

oxidation exhibits quite different kinetics compared with VA

synthesis, perhaps because of a variation in the binding en-Acknowledgments

ergy of CO and GHg4.
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purported to occur exclusively on Pd in a Pd-rich alloy sur-
face, since Au/Si@shows no reactivity47]. In a study of
electrochemical oxidation of CO, Gossner et [dB] sug-

throughout the course of this work.

gested that the high rate on Pd—Au alloy may be ascribed References

to the migration of Q4 from Pd to Au, which presumably
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Au-O-+ Pd-CO— Au + Pd-+ CO. (6)

A key remaining question is whether the migration of
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