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Abstract : Slica supported Pd-Au bimetallic catayss are highly sdective for the acetoxylation of ethylene to vinyl acetate (VA). In
this sudy we have used modd catalysts conssting of planer surfaces and supported nanoparticles to investigate the promotiond effects
of Auin PdAu bimetdlic cataysts. Low energy ion scattering gpectroscopy , low energy dectron diffraction, X-ray photodectron
ectrosopy , infrared reflection adorption gpectroscopy , and temperature-programmed desorption et a , were used to characterize the
modd sysems. The catalytic performance for acetoxylation of ethylene to VA was examined for these modd surfaces. In thispaper,
we summarize the current understanding of the promotiona effectsof Auin Pd-Au bimetdlic catdystsfor VA synthess. The key re-
sults are that Au atoms break contiguous Pd atom ensembles at the surface into ilated Pd monomers. The absence of contiguous Pd
stes dgnificantly reduces the formation of combustion by-products and suppresses the poion dfects of CO, thus enhancing the VA
formation sdectivity and activity.
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Bimetallic aloy systems are important in numer- mance , particularly with respect to activity and sslec
ous technological gpplications, including metalurgy , tivity[z’ 1A thorough understanding of the reaction
catalyss, electrochemistry , magnetic materials, and mechani sm over bimetalic surfaces at the atomic level
microelectronics fabrication!*?!. In heterogeneous can aid in understanding reaction mechanisms and in
catalyss, for example, the addition of a second meta the optimization of catalytic performance.
component can greatly enhance the catdytic perfor- The Pd-Au sysem isone of the most extensvely
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studied and utilized bimetallic heterogeneous cata
lyst[23:6-21  pdjsan active catalys for the acetoxy-
lation of ethylene to vinyl acetate (VA) , see equation
(1) [2324-36] " However Pd is d an active catalyst
for the combustion of ethylene and acetic acid and
thus exhibits a low sdectivity for VA synthess (E
quations (2) and (3)).
CH3COOH + CoHy + O CH3COOCHCH; + H,O
(1)
CH3COOH + 03 CO,(+CO) +H0 (2
CoHs + O, CO,(+CO) + H,O (3)
The addition of smal amounts of Au to a sup-
ported Pd catalysts can sgnificantly enhance its selec
tivity and activity for this reaction, as shown in Fig
112:3.28-311  gjica supported Pd-Au bimetallic catar
lysts promoted with potassum acetate have been used
as commercia cataysts for VA syntheds for more
than 40 years. However , the overal reaction mecha
nism and the promotional effect of Au are ill un-
clear. Inthisstudy, we have used model catayst sur-
faces combined with modern surface science tech-
nigues to investigate the promotiona efect of Auin
Pd-Au cataysts.

- Pd(1%)-Au(0.5%)/SiO,
A 102§ VA Selectivity o( o)-AU(0.5%) ‘
= ~96% w
G
.: Enhancement
e 10% ~90% 16 times!
o
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°
§1o-4:; <20% PA(5%)/ST0% g
g Pd(100) 1cm
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Fig1l Vinyl acetate ( VA) formation rates ( TOF) asa function
of reaction temperature on various Pd based catalysts
(Reaction conditions: acetic acid, ethylene, and O, partid pressures

are 8.33x 107, 1.07 x 10, and 2. 66 x 10° Pa, regectively ,
with He as baance gas.)

1 Experimental

The experiments were carried out in severa ul-
trahigh vacuum (UHV) chambers equipped with
X-ray photodectron sectrosoopy/low energy ion
scattering sectrosoopy (XPS L EIS) , high resolution
electron energy loss spectroscopy (HREELS) , in-

frared reflection adsorption spectrosoopy (IRAS) or
XPY reactor. Each chamber was a9 equipped with
badc surface science techniquesof low energy eectron
diffraction (L EED) , atomic emisson spectrometry
(AES) , and temperature-programmed desorption
(TPD) . The base operating pressures was 2. 66 x
10" ® Pa. The XPS and L EIS spectra were collected
using a concentric hemipherical andyzer (PHI, SCA
10-360) usng Ne® ions at 0.75 keV and an ion
beam scattering angle of  45° with regpect to the
surface norma. A Mattson Cygnus 100 FT-IR spec
trometer was used for the IRAS measurements. The
IR spectra were acquired usng 4 cm™ ! reolution and
512 scansin the sngle reflection mode at an incident
angle of 84° with repect to the surface norma. The
Mo (110) single crystal was mounted by a Ta wireon
a tranderable probe cgpable of liquid nitrogen cooling
to 80 K and redstive heating to 1 500 K or by e-beam
heating to 2400 K. The sample temperature was
monitored with a W-5 % Re/ W-26 % Re (type C)
thermocouple which was got-welded to the back of
the Mo(112) single crystal. The TPD apparatus uti-
lizes a lineof-sght quadruple mass spectrosoopy
(QM 9 with a differentially pumped aperture and a
linear heating ramp of 5 K/s. These experimental
systems have been desribed in detal dse
wherel3:34:31

The Mo(112) sngle crystal was cleaned by oxi-
dation (1200 K, 6.67 x 10" ° Pa O;) and vacuum
anneding (2200 K) cycles until no carbon and oxy-
gen was detected by AES and a sharp (1 x1) L EED
pattern was observed. Pd and Au were evgoorated
from dosers made of high-purity Pd and Au wires
(99. 99 %) wrapped around Ta filaments. Impurities
were removed by thoroughly degass ng before dosing.
All the meta depostions were performed with the
sample at room temperature. The dosng rates were
cdibrated by L EIS, XPS, or AES breaking point.
One monolayer (ML) is defined as one Pd (or Au)
atom per substrate surface atom. Carbon monoxide
and oxygen (99. 99 %, Matheson Gas Products) were
further purified by fractiona condensation, then
trangerred to glass bulbs attached to the chamber gas
manifold. High purity deuterated ethylene (99 %,
Aldrich) was used without further purification. The
dlicon doser condsted of a highrpurity dlicon diver
wrapped with a W-wire and resstively heated. The
details of the SO, film preparation have been de-
<cribed previoudy!®” 8!

The VA syntheds experiments were carried out
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in a combined elevated-pressure reactor-rUHV XPS
chamber®**°! After preparation and characterization
inthe UHV chamber , the Pd/ Au(100) sample was
tranderred invacuo into the reaction chamber
through a double-stage, differentialy pumped Teflon
diding sed. Qacid acetic acid (CH;COOH) wasfur-
ther purified by triple digtillation; research-grade
ethylene (C;H;) and ultra-high purity O, were used
as received. A CH;COOH CoHs O2(2 4 1) mixture
with a total pressure of 1.87 x 10° Pa was used for
the kinetic studies. The VA product was analyzed by
gas chromatography ( GC) usng a flame ionization
detector (FID) .

2 Resultsand discussion

2.1 Catalytic performance for VA synthesis on
model surfaces

VA synthesswas carried out at 453 K on model
surfaces of both Pd/ Au(100) and Pd/Au(111) , re-
wectively!®!. Pd atoms were evaporated onto clean
Au(100) or Au(111) surfacesfrom afilament source
followed by an annea at 550 Kfor 10 min. The sam-
ples were then invacuo tranderred into the reaction
cell. 8.33 x10% Paof acetic acid wasfirst introduced
into the reaction cell , then 1. 33 x 10° Paof an ethy-
leneand O, mixture (4 1) was added. The sample
was heated to 453 K and held at this temperature for
3 h. The reaction products were analyzed usng GC.
The rate of VA formation is expressed as a turnover
frequency (TOF) , or the number of VA molecules
produced per surface active Ste per sscond. Because
the VA formation rate on Au(100) or Au(111) is
negligible compared to the rate on Pd/ Au or Pd sur-
face, the cataytic active dte is assumed to be surface
Pd atoms. Therefore, the VA formation rate is conr
puted based on the initiad Pd coverage by assuming
that al Pd atoms deposted remain on the surface dur-
ing reaction. Plotsof the VA formation rate (TOF)
for Pd/ Au surfaces as a function of the deposted Pd
coverage are shown in Fig 2. The rate on the Au
(100) surface increases sgnificantly with a decrease
in the Pd coverage, until a maximum is reached at a
Pd coverage of 0. 07 monolayers. The corregpond-
ing VA formation rates for Pd on Au (111) rise
steadily as the Pd coverage is decreased while, at all
Pd coverages, the rateson Au(111) are sgnificantly
lower compared to the rate for the corresponding Pd
coverage on Au(100) , which reveds a structure-sen-
stive reaction!®!. The higher VA formation rates ob-
served at relatively low Pd coverages demonstrate that

| . isolated monomer
monomer pair

monomer pair
0.499nm

10° TOF (s

-
e

-
00 01 02 03 04 05 06 07 08 09 10 11
Pd amount (ML)

Fig2 VA formation ratesasa function of Pd coverage on
Au(100) and Au(111)[®
(The error bars are based on background rate data. The two inserts
show Pd monomers and monomer pars on the Au(100) and Au
(111) surfaces. Reaction conditions: the VA synthess was carried
out at 453 K, with acetic acid, ethylene, and O, pressuresof 5. 33 x

102, 1.07 x 10°, and 2. 66 x 102 Pa, regectively. The totd reac-
tion time was 3 h.)

Pd dtes, iolated by Au atoms, i. e, Pd monomers
(shown in the schematic insert of Fig 2) , are more
active for VA synthess than the surface ensembles
contai ning contiguous Pd atoms. It isobviousthat the
relative amount of ilated Pd atomsis higher at lower
Pd coverages, while that of contiguous Pd dtes is
higher at higher Pd coverages. In a recent report of
electrocataytic evolution of Hyon a Au-Pd/ Ru(0001)
model surface, Pd monomers were found to be 20
times more active than contiguous Pd!™!.

2.2 Surface Pd monomers

The formation of surface Pd monomers for Pd/
Au(100) and Pd/ Au(111) was probed by adsorption
of CO using IRAS®!. As shown in Fig 3(a) , CO
prefersto bond at the two-fold bridging and three-fold
hollow dteson Pd(100) and Pd(111) surfaces, re-
pectively " *21 Note that at saturation coverage of
COon Pd(111) , a condensed phase forms with CO
adorbed at three-fold and atop Stes. Intense CO vi-
brational features between 1 900 to 2 000 cm” * corre-
goonding to CO adsrption on two-fold bridging and/
or three-fold hollow dtes were observed for multilayer
Pdon Au(100) and Au(111) deposted at or below
room temperature (Fig 3 (b)). These data indicate
formation of Pd overlayerson Au(111) or Au(100) ,
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in agreement with previous studiest®*!. After an-
nealing Pd/ Au(100) or Pd/Au(111) at 600 K, the
CO featuresin the IRAS data corresponding to bridg-
ing and/ or threefold hollow stes disappear and the
intendgty of the features correponding to atop stes
between 2 080 to 2 125 cm” ! increase sgnificantly.
We emphadzed that CO was adorbed to saturation
coverage at 100 K. These data demonstrate that sur-

=100 K
@) T =100

co

P=133X10"°Pa

Intensity (arb. units)

Pd(100)

Pd(111)

2100 2000 1900 1800

Wavenumber (cm™)

2200

face aloying occurs upon annealing , and that contigu
ous Pd ensembles are eiminated leaving exclusvely
iolated Pd stes or monomers, i.e. AusPd on Au
(100) and AugPd on Au(111) (see the schematic in
Fig 2) . The formation of surface Pd monomers has
been observed by scanning tunnding microsoopy
(STM) on Au(111) [ and Pd/ Au(100) aloy!*!.

(b) 21|°4 C%)Io.oos
-—
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)
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Fig3 IRAS spectra for CO adsorption on: (a) Pd(111) , Pd(100) and Pd nanoparticles with saturate coverage; (b) on Pd/ Au( 100) and
Pd/ Au(111) surfacesat 100 K showing the presence (300 K anneal) and absence (600 K anneal) of contiguous Pd sites®
(The Pd/ Au(100) and Pd/ Au(111) surfaces were prepared by depositing 4 ML of Pd at 100 K, then anneding to 300
and 600 K, regectively , for 10 min. The anneding temperatures are indicated on each spectrum. )

Alloying of Pd overlayerson a Au surface has a-
© been observed for Pd/ Au(111) ater anneding at
500 K by LEIS, in which a dgnificant decrease of
surface Pd is evidenced®). We have used model
planer surface alloys, Pd-Au/ Mo (110) , to examine
the alloying between Pd and Au and the specific sur-
face ensembles that form, se Fig 41!, Fg 4 (a)
shows L EIS spectraof 5 ML Pd/5 ML Au/ Mo (110)
as afunction of anneding temperature. Following de-
position of 5 ML Au onto Mo (110) at 300 K, only
one L ElSfeature at a relative energy of 0. 97 wasob-
served, while no substrate Mo feature at 0.89 is go-
parent. These results indicate that Au completely
covers the Mo substrate at 5 ML Au. After depos-
tion of 5 ML Pd on Au Mo (110) surface, the Pd
L EISfeature at 0. 92 gppears whereas the Au feature
is dgnificantly reduced but <ill detectable. The ap-

pearance of Au atoms at the surface can be attributed
to interdiffuson between Pd/ Au even at room tem-
peraturel**!. Upon annealing to 600 K, the Pd peak
intensty gradualy decreases with a correponding in-
creae in the Au peak intensty. With further annea-
ing up to 1000 K, the Auand Pd L EIS peak intens-
ties change very little. Finaly, the Auand Pd L EIS
features disgppear at around 1200 and 1300 K, re
ectively , due to desorption of Au and Pd. Thisis
congstent with the appearance of Mo featuresat 0. 89
ater an anneal at 1300 K. Fig 4(b) summaries the
surface concentrations of Pd and Au as a function of
annealing temperature. For a 5 ML Pd/5 ML Au
surface, the surface concentration of Au gradudly in-
creaesfrom 4 % to 80 % with an increase in the an-
neal temperature to 700 K, and then remains constant
to 1000 K. Above 1000 K, the Au surface concen
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Fig4 (a) LEISspectradf 5 ML Pd/5 ML Auw Mo(110) asa function of annealing temperature. L EIS spectra were collected at 300 K
after the smple wasannealed to the specified temperaturel®! . (b) Surface concentration of Auand Pd of 5 ML Pd/ 5 ML Au Mo
(110) and 5 ML Au/5 ML Pd/ Mo(110) asa function of annealing temperature. The sample wasannealed at each temperaturefor

20 min[*

tration abruptly decreases because of Au desorption
ater which Pd dominatesthe surface. For 5 ML Au/
5 ML Pd/ Mo (110) , the Pd surface concentration
gradualy increasesfrom 0 to 20 % up to 700 K, then
remains stable to 1 000 K. It isobviousthat indepen-
dent of the order of depostion, 5 ML Pd and 5 ML
Au mixtures form a stable surface dloy between 700
and 1000 K, with a surface condsting of 20 % Pd
and 80% Au. These results reflect the related low-
er surface free energy of Auvs Pd, e.g. Au (1.626
Jm?) 4 ys pd (2. 043 3/ m?) 18] and d = the aloy-
ing tendency between Pd and Au. The segregation of
Au at the surface was a9 observed in the Au/ Pd
(111) system!*®! and corfirmed by theoretical calcular
tion[®0 %,

Smilar with Pd/ Au(100) and Pd/ Au(111) , CO
was used as a probe molecule combined with IRAS to
determine the surface ensembles of Pd+Aw Mo (110)
as shownin Fig5. Fig5(a) shows IRAS ectraasa
function of CO exposure at 90 Konto a5 ML Pd/ 5
ML Au surface annealed at 600 K for 20 min. Two
stretching features at 2 087 and 1940 cm™ !, corre-
soonding to CO at atop and bridged stesof Pd atoms,
were observed for low CO exposure ( < 0.10
L) [35:52531 “With further CO exposure ( =0.20L) a
new feature gppears at 2 105 cm™ ! and is assigned to

COon atop Stesof Au. Fig5(b) shows IRAS ectra
acquired at 90 K for CO adsorbed on a 5 ML Pd/ 5
ML Au surface anneded at 800 K for 20 min. Only a
feature at 2087 cm™ ' gppears within the low cover-
age CO regime (<0.10 L) , and a second feature at
2112 cm” ' emerges at higher CO exposure. Thefor-
mer one is asigned to atop CO on Pd and the latter
one to atop CO on Au. Over the entire exposure
range, no feature related to CO on bridging or tri-hol-
low dtesof Pdisevident. These results confirm the
formation of surface iolated Pd monomers ater an-
nealing at 800 K.

2.3 Theorigin of the promotional effects of Au

The above L EIS and CO-IRAS results demon-
srate the formation of exclusvely monomeric Pd stes
at low surface Pd coverage both on Pd/ Au dngle crys
tal and on Pd-Au bimeta thin films on Mo (110) .
Thisconfirms that the higher VA formation rate ob-
served at lower Pd coveragesfor Pd/ Au isindeed due
to the increased fraction of surface Pd monomers.
Then why is the catdytic performance for a surface
with Pd monomers superior to one with contiguous Pd
atoms? In the following, CO-TPD and C,Hs; TPD
were used to probe properties of these two surfaces,
snce CO isone of the reaction intermediates or by-
products and C,H, isone of the reactants.
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Fig5 IRASOf COon5 ML Pd/5 ML Au Mo(110) annealed for 20 min at different temperature asa function of CO exposure!®
(a) 600 K, (b) 800 K

The thermal behavior of CO on the Pd-Au alloy
surface was compared with that on a Pd surface usng
TPD as shown in Fig 6!**!. CO-TPD from a 5 ML
Pd/5 ML Au Mo (110) annealed at 800 K shows a
main feature at 300 K (see Fig 6(a)) . Features at

450 K for low CO coverages and between 300- 450
K for saturated CO coverage were observed for multi-
layer Pd on Mo (110) surface (see Fig 6(b)) , conss
tent with previous observations on Pd (111) %521,
Such dgnificant differences between Pd-Au aloy sur-

faces and Pd surfacesis condstent with the formation
of iolated Pd monomerson the aloy surface, as con-
firmed by L EIS and CO-IRAS®!. The much lower
deorption temperature of 300 K for CO on Pd
monomer stes compared to 450 K for CO on con-
tiguous Pd is dgnificant consdering that the VA syn-
theds reaction temperature lies generaly between
393- 453 K. As mentioned above, CO is a reaction
by-product. The higher desrption temperature on
contiguous Pd stes may result in poisoning of surface

(a)

QMS intensity (a.u.)

100 200 300 400 500
Temperature (K)

200 300 400 500 600 700

Temperature (K)

Fig6 TPD of COon5 ML Pd/5 ML AW Mo(110) (a) and 10 ML Pd/ Mo(110) (b) annealed at 800 K
for 20 min with various CO exposure (0.01- 0.5 L) [
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active dtes by CO, leading to lower catalytic activity
of these dtes compared to ilated Pd dtes.

In acetoxylation of ethylene to VA , oxidation of
ethylene to CO, isone of the primary undesrable sde
reactions, lowering the sectivity toward VA. TPD
studies of deuterated ethylene (C,D4) adsrption and
dehydrogenation have provided key piecesof informa
tion regarding the cataytic converson of ethylene.
Fig 7 (a) compares C,D4s TPD from Pd and Pd-Au
nanoparticles®!. For Pd nanoparticles on slica, a
desrption peak between 180 and 330 K with a peak
desorption temperature of 250 K isobserved. Such a
broad feature can be asigned to bothTt-bonded and
dio-bonded C,D4 with the former desorbing at the

—Pd
(a) —— Pd:Au =1:1

AMU=30 (a. u.)

150 180 210 240 270 300 330
Temperature (K)

]
r 0.0
8/\/\
-+
]

0.1,k

AMU
<

lower temperature and the latter , at the higher tenmr
peraturel>** 1. |n contrast, C,D; TPD on Pd-Au
(1 1 atomic ratio) nanoparticles shows a much nar-
rower desorption feature between 180 and 260 K with
a peak desorption temperature of 215 K. The sharper
desorption feature and the lower peak desorption tem-
perature are condstent with the formation of ilated
Pd monomers, to which ethylene can T-bond!?!.
These results demonstrate that the addition of Au to
Pd clusters inhibits the formation of adacent Pd
atoms and thus the formation of the strongly bound
dio-C,D, ecies, the pecies that converts to ethyli-
dyne. The results are in agreement with the CO-I-
RAS and CO- TPD data discussed above.

CZDdrCDxads + D2

Amount (ML)
Au, Pd|

(b)

1.0

o

250 300 350 400 450 500 550
Temperature (K)

Fig7 (a) TPD of C,D4with2.0L Cy,D4exposureat 85 Kon 1 ML Pd/ SO,and 1 ML Au/ 1 ML Pd/SOE‘M]; (b) D, signals calected
from C,D, TPD with 2.0 L C,D4exposureat 85 K on Pd/ SiO,and Au Pd/ SO, surfaces !

Pd has been reported to catalyze ethylene decom
position on Pd(111) , Pd(100) and aumina support-
ed Pd dluster surfaced® %! Ethylene decomposition
is believed to be promoted by a strong interaction be-
tween ethylene and two adjacent Pd atoms. Ethyli-
dyne ( = CCH3) and vinyl (- CH- CH,) pecies are
proposed to be the reaction intermediateson Pd(111)
and Pd (100) facets, regectively , with the reaction
dte requiring three-fold hollow and bridging Pd Stes.
Thus, Dz TPD during ethylene desorption is useful to
monitor the ethylene decompostion. Fig 7(b) shows
D, formation during C,D4- TPD on slica supported Pd
and Pd-Au nanoparticles. For C;D4 dehydrogenation
on Pd nanoparticles, two D, features appear with des
orption peak maxima at 310 and 470 K. With the ad-
ditionof 0.1,0.2and 0.4 ML of Auto 1.0 ML Pd/
S0, and a subsequent annea at 800 K, the produc-
tion of D, from C,D, TPD gradually decreases. With

the addition of 0.6 ML Au, the D, production be-
comes negligible. Such results clearly demonstrate
that contiguous Pd dtes are required for ethylene de-
compostion. The lack of suitable surface adsrption
dtes, i.e. , threefold hollow and bridging Pd dtes,
in Pd-Au aloy surfaces acoountsfor the suppresson of
D, production. It isobviousthat the formation of -
lated Pd surface monomers a0 inhibits ethylene de-
compostion and thus enhances the sdectivity and ac-
tivity for VA synthess.

3 Conclusions

From mode cataytic sysems of Pd/ Au (100)
and Pd (111) , we have found that islated Pd
monomer surface dtes are more active for acetoxyla
tion of ethylene to VA compared to contiguous Pd
surface dtes. The main role of Au is to ilate Pd
monomer dstes. The origin of the promotiona efects
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of Au can thus be attributed to the following two
points First, the bonding strength of CO on Pd
monomer stesis much weaker than that on contigu-
ous Pd dtes, thus reducing the poioning effect of
CO. Second, contiguous Pd stes, though active for
VA syntheds, are a9 active for ethylene decompos-
tion and combustion to CO, and H,O. By forming
surface iolated Pd monomers, the path of ethylene
decomposition is blocked due to absence of Pd bridg-
ing and/ or tri-hollow Stes. Asaconsequence, higher
slectivities and activities for VA formation can be
achieved on Au promoted Pd catalysts.
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