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The Role of Au in
Catalysis by Pd-Au

OUTLINE

Introduction to issues and methodology

Surface vs. bulk composition

IRAS & TPD: CO as a local probe of surface sites

Isolated Pd as a reactive site



Au-Pd Catalysis: Vinyl Acetate (VA) Monomer

Pd/Au/K/silica
C,H, + CHyCOOH + 1/2 O, —————— CH;COOC,H; + H,0
5-10 atm
>100 m?/g
o OO 0.1 cm?

B Planar Oxide Support

Key Targets of Study:

e Mechanism of Au promotion

* Active site description



Vinyl Acetate (VA) Synthesis over Various Pd Catalysts

C,H, + CH,COOH + 1/2 O,=» CH,COOC,H, + H,0 -
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Origin of Combustion Products
C,H, + CH,COOH + 1/2 0, —— CH,COOC,H, + H,0

=> FEthylene + O, - CO, +H,0O
= ACOH (2.0kPa)+0,(1.0 —lO.OkPa)>%CO2 (CO)+H,0
= VA +02>%> CO, +H,0

e No measurable rate of AcOH combustion at 413 K;

« Only 5.0% increase in combustion rates upon addition of
3.5 kPa VA to mixture of C,H,, AcOH, and O,,.

< Conclusion: CO, produced primarily from ethylene

Y.-F. Han, D. Kumar, C. Sivadinarayana and D. W. Goodman, J. Catal, 224, 60 (2004)



TPD: Ethylene from Oxygen-covered Pd(100)
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Figure 7. Temperature-programmed reaction spectra of ethylene
adsorbed on Pd{ 1(0)-p(2 = 2)-0 at saturation ethylene exposure. The
product vields are listed in Table 2.
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Pd-Au Bimetallic Surfaces

:>-

Key Issues: - Surface versus bulk composition?
- Distribution of surface atoms?




Temperature Programmed Desorption (TPD):
Au and Pd from Mo(110)
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Pd-Au Alloys: Surface versus Bulk Composition

AT

Mo(110)

C.-W. Yi, K. Luo, T. Wei, and D. W. Goodman,
J. Phys. Chem., 109, 18535 (2005).



Pd-Au Alloys: Surface versus Bulk Composition

lon Scattering Spectroscopy
(I1SS)

O MK,

Mo(110)

C.-W. Yi, K. Luo, T. Wei, and D. W. Goodman,
J. Phys. Chem., 109, 18535 (2005).



Pd-Au Alloys: Surface versus Bulk Composition

ISS Intensity (a. u.)
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ISS Intensity (a. u.)

Ion Scattering Spectroscopy (ISS):

5 ML Pd/5 ML Au/Mo(110)
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ISS Intensity (a. u.)

Ion Scattering Spectroscopy (ISS):

5 ML Pd/5 ML Au/Mo(110)
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Surface Concentration of Au (Atomic %

Pd-Au: Surface vs. Bulk Phase Diagram

C.-W. Yi, K. Luo, T. Wei, and D. W. Goodman, J. Phys. Chem., 109, 18535 (2005)
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Surface vs. Bulk Phase Diagrams of Pd-Au, Pd-Cu, & Ni-Cu
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Differentiation of Site Geometries?




IRAS: CO on Pd(111) and Pd(100)
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IRAS: CO/SML Pd/SML Au/Mo(110)

600 K anneal: “Pd-rich surface” s 800 K anneal:
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STM: Au,Pd(100) Alloy Surface

Aschoff, et al., Surf. Sci. 415 (1998) L1051

O Pd monomers

Pd dimers

O Pd multimers

Relative Amount

0
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Surface Pd coverage =12%




IRAS: CO on [(SML Pd + SMLAu)/Mo(110) + 800 K anneal]
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TPD: CO/(SML Pd + 5 ML Au/Mo(110) + 800 K Anneal)

C.-W. YL, K. Luo, T. Wei, D. W. Goodman, JPCB, 2005, 109, 18535
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TPD: C,H,from Pd vs. Pd-Au

12LcD,;T,.,=85K © 10ML Pd
= 5.0 ML Au/5.0 ML Pd

270 K
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mmmP Significant destabilization of ethylene on Pd-Au

compared with pure Pd



TPD

Ethylene decomposition on Pd-Au
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Hydrogen from adsorbed ethylene vs. density of multiple Pd sites in Pd-Au

Pd, Pd-Au/Mo(110)
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Isolated Pd as active site for VA synthesis??

M. S. Chen, D. Kumar, C.-W. Yi and D. W. Goodman, Science, 310, 291(2005).

Isolated Pd monomers Pd monolayer (ML) on Au(100)
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Question: Does the VA activity of Pd change as a function
of Pd coverage on a per atom basis?



Ratio of the number of Pd monomers to

the number of total surface Pd atoms

Pd monomers on Au(111)
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VA formation TOF (s') x 10°

VA synthesis on Pd/Au(100) at 453 K

M. S. Chen, D. Kumar, C.-W. Yi and D. W. Goodman, Science, 310, 291(2005).
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STM: Au,Pd(100) Alloy Surface

Aschoff, et al., Surf. Sci. 415 (1998) L1051
OO0 SO0 OO0
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Coupling of vinyl & acetate species on Pd-Au alloy
surface to form vinyl acetate
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HREELS: Acetic Acid & Ethylene on Pd Monomer
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Model of VA synthesis reactive sites on Pd/Au

M. S. Chen, D. Kumar, C.-W. Yi and D. W. Goodman, Science, 310, 291(2005).

HL _H 4 g HY _H
\ 7/ 0]
i 0y

C
O/ \O/o\oﬂ
|

A H

BC=Git

'd i
H 3347

Optimized distance
between two active sites



VA synthesis on Pd/Au(111) vs. Pd/Au(100) at 453 K

M. S. Chen, D. Kumar, C.-W. Yi and D. W. Goodman, Science, 310, 291(2005).
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DRIFTS/IRAS of CO/Pd-Au

M. S. Chen, D. Kumar, C.-W. Yi and D. W. Goodman , Science, 310, 291(2005)

Pd-Au/SiO, vinyl acetate catalyst
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Optimum Pd-X Configuration

e.g. Pd(100)-¢(2x2)-Sn



Absorbance (%)

Pd-Sn Alloy Surfaces
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CO2 formation TOF

CO oxidation on Pd/Au(111)
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Pd-Au Catalysis:

Planar
Surfaces

Supported
Catalysts




Model Oxide-Supported Pd-Au Catalysts

Luo, Weli, Yi, Axnanda, Goodman, JPC, 2005,109,23517
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IRAS: CO/Pd & Au/S10,/Mo(110)

Luo, Wel, Yi, Axnanda, Goodman, JPC, 2005,109,23517
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IRAS: CO/(Pd+Au)/SiO,/Mo(110)

Luo, Wel, Yi, Axnanda, Goodman, JPC, 2005,109,23517
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29 (a.u.)

m/e

TPD & IRAS: CO on SiO,-supported
Pd, Au, and Pd/Au Particles

Luo, Wel, Yi, Axnanda, Goodman, JPC, 2005,109,23517
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Pd-Au Alloy Surfaces: Planar vs. Supported Particle
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Conclusions

(O Au-Pd surfaces are significantly enriched in Au over a
wide range of compositions.

(O Isolated Pd sites can be identified by IRAS and TPD using
CO as a probe.

(O Isolated Pd sites are proposed to be the active site for
vinyl acetate synthesis by Au-Pd alloy catalysts.
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