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Abstract

Bimetallic surfaces were prepared by vapof deposi.tion of rhenium onto Pt(111)
and Pt(lO-O), and of platinum onto Re(0001) and polycrystalline rhenium foils. The
physical and chemical properties of the prepared surfaces were characterized using
Auger electron spectroscopy, low energy electron diffraction, X-ray photoelectron
spectroscopy (XPS), temperature programmed desorption, and hydrocarbon re-
arrangement (reforming) reactions. Rhenium was found to grow layer by- layer
on both Pt(111) and Pt(100); it formed a hexagonal close-packed (hcp) film on
Pt(111) and a face-centered cubic film on Pt(100). Platinum was found to grow
layer by I‘ayer‘ on Re(0001) with the formation of an hep film. Evidence for an

electronic interaction between the two metals was shown by XPS because the

4f,/, peaks shifted to higher binding energies for both metals when rhenium was



deposited on platinum.

The addition of rhenium metal to Pt(111) caused a 4-8 kJ/mole decrease of the
metal-hydrogen bond strength. Surfaces composed of between 0.2~0.35 monolayers
of rhenium on Pt(111) displayed maximum low pressure adsorption capacities for
hydrogen and carbon monoxide. Maximum rates of hydrogenolysis for reactions
near atmospheric pressure were observed from all hydrocarbons studied and were
obtained over bimetallic surfaces composed of rhenium and platinum in an atomic
ratio of 2:1. Compared to a monometallic Pt(111) surface, 0.3 monolayers of
rhenium on Pt(111) gave a surface that was as active as a clean Re(0001) surface
for ethane hydrogenolysis, yet the hydrogen partial pressure dependence observed
was closest to that obtained for Pt(111). An enhancement in the production
rate of aromatics from n-hexane and cyclohexane indicates that platinum atoms
with rhenium ligands are more active than monometallic platinum for this class
of reactions. The isomerization rate of n-hexane was smaller in the presence of
rhenium than on clean platinum due to a decrease in the desorption of ring opening
products from cyclic intermediates on the bimetallic surface. However, cyclization
activity was not strongly effected by the addition of rhenium to platinum. The
presence of rhenium on platinum resulted in A surface more resistant towards the

accumnulation of carbonaceous deposits under some conditions.

¥



To my parents,

Jim and Jo



-m!

“!m

o

Contents
Acknowledgments ' vii
List of Figures ix
List of Tables xiii
1 Introduction ' 1
1.1 Preface . .. . . . . e 1
1.2 Crude Oil Conversion . . . . . .. . v v v i ittt i 2
1.2.1 Production of gasoline . . . ... ... I D 2
1.2.2 Engineknocking . ... ... ... .. .. ... e e e 2
1.23 Whatisoctane? . . .. ... ... L 4
1.2.4 Improving octane in the 1980°s . . . . ... ... . ... .. 5
1.3 The Platinum-Rhenium Catalyst . . . ... ... ... .. ..... 6
1.3.1 Development of the reforming catalyst . . . . ... ... .. 8
1.3.2 Reforming . . . . . . . .. o oo o . 9
1.4 Well Characterized Pt~Re Surfaces . . . .. .. ... e e e 13

1.4.1 Single crystal surface alloys vs. supported bimetallic alloys 13
1.4.2 Objective and overview . . . . . . ... .. .... . 14

1.4.3 The properties of platinum and rhenium . . . . . . ... .. 15



CONTENTS

2 Experimental

2.1 Equipment . .. .. .. . ... .. e ..
2.1.1 Ultra-high vacuum apparatus . . . . ... .. .
2.1.2  Metal samples and sample mounting . . . . . . . .. e
2.1.3 Th¢ high pressurecell . . ... ... ... . ... ......
2.1.4 High pressure loop and manifold system . . . ... ... ..
2.1.5 Hydrocarbon separation and detection . . . .. .. ... ..
2.1.6 Metal depositionsource . . ... .. .. .. ... ... ..

2.2 Surface Analysis Methods . . . .. ... ... ... ..........
2.2.1 Auger electron spectroscopy . . . . . . ..o ...
2.2.2 Low energy electron diffraction . . . ... . e e
2.2.3 X-ray photoelectron spectroscopy . . . . .. .. ... .. S
2.2.4 | Temperature programmed desorption . . .. ... .. .. .

2.3 Materials . . . . ... e e

231 Catalyst samples . . .. ....... ... e e S
232 Reagents . . . .t vv it

24 Procedures . .. ... ... 0000 e e
2.4.1 Samplecleaning . ... ... ... ... ...
2.4.2 Rhenium and platinum deposition . . ... ... ... ...
2.4.3 Dosingof adsorbates . . . . ... .. oo oL oL
2.4.4 Hydrocarbon reactions at atmospheric pressure . . . . . . .

3 Hpydrogenation of Ethylene and Adéorption of Ethylene and Propy-

lene on Pt(111) and Pt(100)

3.1 Preface

.................................

i1

56



CONTENTS ' i

3.2

3.3

3.4
3.5
3.6

Hydrogenation of Chemisorbed Ethylene on Clean and Hydrogen

- Covered Platinum (111) Crystal Surfaces .. .. ... ... .. .. 58

3.2.1 Self-hydrogenation of Ethylene on Pt(111) . . . .. ... .. 58

3.2.2 Hydrogenation of ethylene over the hydrogen predosed Pt(111)

surface. . . . . .. e e e e e e e e e e e e e 61
Adsorption of Small Molecules on Ethylidyne Covered Pt(111) .. 67
3.3.1 Ethylene adsorption on ethylidyne saturated Pt(111) . . . . 67

3.3.2 Hydrogen adsorption in the presence of ethylidyne on Pt(111) 67
3.3.3 Adsorption of carbon monoxide on ethylidyne saturated Pt(111) 70
Propylene Decompositionon Pt(111) . . . . ... . ... ... ... 74
Hydrogenation of Ethylene on Pt(100) Near Atmospheric Pressures 74
Discussion . . . . .. ... T 79
3.6.1 Model for the UHV hydrogenation of chemisorbed ethylene

on clean and hydrogen predosed platinum . . ... ... .. 79
3.6.2  Availability of platinum surface sites in the presence of ethyli-

dyne....i ...... ................ 83
3.6.3 The role of hydrogen in propylidyne decomposition . . . . . 84
3.6.4 The behavior of hydrogen on ethylidyne saturated Pt(111) 85

3.6.5 The steady state catalytic hydrogenation of ethylene over

platinum .. ... ......... e e e e e e e e 87

4 The Preparation and Characterization of Bimetallic Platinum-—
Rhenium Surfaces ’ 92
4.1 Preface ... .. ... ... .. ... ... .. e e e e e e e 92
4.2 Growth Mechanisms of Metallic Thin Films of Platinum and Rhenium 93

4.2.1 Rhenium Uptake on Pt(111) and Pt(100) . ... ... ... 93



CONTENTS iv

4.2.2 Platinum ﬁptake on Re(OOOl) ..... [P 99.
4.3 Properties of Bimetallic Platinum~Rhenium Films . . . . ... .. 101
4.3.1 Stability of metallic thin films of platinum and rhenium . . 101
4.3.2 XPS studies of the Re~-Pt(111) system . . . . .. ... ... 105

4.4 The Structure of Metallic Thin Films of Platinum and Rhenium . 109

4.4.1 Structure of rhenium multilayers on Pt(111) . . . . . . . .. 109
4.4.2  Structure of rhenium multilayers on Pt(100) . . . . . .. .. 111
4.4.3 Platinum multilayers on Re(0001) . ... ... .. ... .. 114
4.5 Discussion . . . . . . L L e e e e e e e e e e e e 114
4.5.1 Stuctures and growth mechanisms . ... .......... 114
4.5.2 Alloy formation in bimetallic Pt—~Re surfaces . . ... ... 117
4.5.3 Oxidation and reduction of Bimetallic surfaces . ... ... 118 -
4.6 Summary .l ........ PP e e e e e e e e e e 119

5 The Adsorption and Desorption of Small Molecules on Bimetallic

Platinum~Rhenium Surfaces ' 123
5.1 Preface ... ..... e e e e e e e e e e e e e e e e 123
5.2 Hydr'ogen ................................ 125

5.2.1 Hydrogen TPD from the Re-Pt(111) System .. ... ... 125

5.2.2 Activation energy calculations for H, desorbing from bimetal-

licsurfaces . . ... .. .... e e e e e e e e e e e 129

53 CarbonMomoxide. . . . .. ... L s 132
5.3.1 CO TPD from 0 to 0.55 ML of rhenium on Pt(111) . ... 135
5.3.2 CO TPD from 0.8 to 3 ML of rhenium on Pt(111) . . . .. 138

5.4 Other Molecules on the Re-Pt( 111) Surface . .. .......... 143

5.4.1 Dinitrogen-Np . . .. ... . ... ... e 143



-,

CONTENTS v

5.5

542 Nitricoxide-NO . . . ... ... ... .. ... .. ..., 143
Discussion . . . . . . v v v it i e e e e e e e e e 146
5.5.1 The position of the hydrogen desorption maximum . .. ... 146
»5.5.2 The hydrogen desorption area . . . . . . e e e e 148
5.5.3 The activation energy of hydrogen desorption . . . ... .. 149
5.5.4 Energetics of CO desorption from Ré—Pt(lll) ........ 150

5.5.5 CO adsorption capacity on Re-Pt(111) surfaces. . . . . . . 152

6 Hydrocarbon Conversion on Bimetallic Platinum—Rhenium Sur-

faces 156
6.1 Preface . ...t [P 156
6.2 Ethane Hydrogenolysis. . . . . ................... . 157

6.2.1 Re-Pt(111): .Activity vs. Re coverage . ... .. e 157

- 6.3

6.4

6.2.2 Re(0001) and Pt-Re(0001): Activity vs. .Pt.coverage . ... 160

6.2.3 Pt-Re: The state of the surface following ethane hydrogenol-

ysisreactions . . . . . . ... Lo R 164
6.2.4 Hydrogen pressure dependence . . ... ........... 167
Re-Pt(111): Butane Conversion. . . . . . . . v v v v v v v v v v .. 169
6.3.1 Re-Pt(111): Butane hydrogenolysis . . ... ... ... .. 169
6.3.2 Re-Pt(111): Butane isomerization . .. ........... 172

6.3.3 Re-Pt(111): The state of the surface following butane reac-

15 e o U= 172
Re-Pt(111): n-hexane Conversion . .. ........... ... 175
6.4.1 Re-Pt(111): Hexane hydrogenolysis . ... ... ... ... 176

6.4.2 Re-Pt(111): Hexane reforming . . . .. ... ... .. ... 180



CONTENTS vi

6.5

6.6

6.7

6.8

6.9

6.4.3 Re-Pt(111): The state of the surface following hexane reac-

BIONS .« . o L e e e e e e e e e e 182
6.4.4 n-hexane reactionson Pt(111) .. ... .. ... ... ... 183
Pt-Re Foil: Cyclohexane Conversion . . . . .. . . ... ... ... 183
6.5.1 Cyclohexane hydrogenolysis . . . . ... ... ........ 183
6.5.2 Cyclohexane aromatization . .. ............... 184

6.5.3 Deactivation behavior of cyclohexane on a Pt-Re foil. . . . 184

Re-Pt(111): Methylcyclopentane Conversion . .. ......... 189
Surface Deactivation by Hydrocarbons . . . . « « o o o o o oot 197
6.7.1 Re-Pt(111): Self-deactivationof MCP . . ... .. ... .. 197
6.7.2 Pt(111): Deactivation by hydrocarbons . ... .. ... .. 198
Discussion: I. The Conversion of Hydrocarbons . . .~ .. ... .. 200
6.8.i Ethane and butane hydrogenolysis .., .. ... ... ... 200

6.8.2 Proposed surface site model for hydrocarbon hydrogenolysis 206
6.8.3 Electronic model for enhanced hydrocarbon hydrogenolysis 207

6.8.4 Hydrogeﬁ pressure dependence for C,Hg hydrogenolysis on

Re-Pt(111) . . . . . . . o e et i e 210
6.8.5 Hexane hydrogenolysis . . . . ... ... .. ... ...... 213
6.8.6 Methylcyclopentane hydrogenolysis . o 214
6.8.7 Reforming . .. ... .. .. oo 217
6.8.8 Summary . .......................... 218
Discussion: II. Deactivation of Metallic Surfaces. . . . . . .. .. .220
6.9.1 The contribution of rhenium . .. ... .. ... .. L. 220

6.9.2 The contribution of hydrocarbons . .. ... ... ... .. 222



vii

Acknowledgments

As my gfaduate career nears a close here at Berkeley, I find myself contemplating
the last four years and reflecting on the high points and the low points of life as
a graduate student. One important and sobering point is that the execution of
such a research project and the preparation of this thesis could not have been
accomplished without the help of many people. To them I owe a great deal. My
advisor, Professor Gabor Somorjai, gave me a lot of freedom to explore, yet was
always ready to offer help and keep my research on a steady course. I am deeply
grateful to my parents, Jim and Jo, who have offered me their unwavering support
for all my endeavors no matter how crazy, for all these years. I am also thankful
to the rest of my family for their love and suf)port.

A number of past and present Somorjai gfqup members deserve special fhanks,
particularly Francisco Zaera for his help and patience while I learned to do Surface
Science during my rookie year. I am especially grateful fo Frangoise Garin who
contributed significantly to this project 6vér thé last si); months. Eddie iTysoe,
Andy Gellman, and Mark Logan were always available for stimulating scientific
discussions but were also intent on demonstrating that serious fun and hard work
are not incompatible. Learning quantum mechanics would not have been fun at
all without the companionship of Rob Continetti, Jeff Owrutsky, Steve Wolk, and
the “Upstairs Center.” '

I also extend my appreciation to the highly skilled technical staff at MCSD,
in particular: Dan Colomb, Keith Franck, Weyland Wong, and Chip Flor in the
machine shop; Jim Severns and Hank Brendel in the electronics shop; and Sandy
Stewart in administration. Basketball was brought to building 62 at LBL with the

help of Don Krieger and Conway Petersen, and late afternoon hoop was enjoyable



viii

with the participation of Gil (Gilford) Vandentop, Kevin (Cal) Williams, and Dan
(Tuna) Strongin. I will certainly miss softball and all of my comrades from the

Dawgs, the Hurtin’ Puppies, the Summer Guys, the Express, and What It Is. It

was most enjoyable having championship seasons with the 1984 Dawgs and the '

1987 What It Is teams.

I am especially appreciative of Tuna, José (Magic) Carrazza, and Tom (Buck)
Rucker for their friendship over the past years. Bless the Celtics for making the
finals four times and winning two NBA titles during the last four years! Thanks to
Ellice Luh, Francois Garin, Greg Blackman, Kevin Williams, Gerard Vurens, and
Chi -Tzu Kao for proofreading the manuscript. Finally, my deepest appreciation
is reserved for the very talented Ellice Luh. Not only did her flying fingers type
most of this manuscript at breathtaking speed, but her friendship and support
~ have helped me keep things in perspective during these last hectic months.

Last but not least, this work was suppofted by the Office of Energy Research,
Office of Basic Energy Sciences, and the Material Science Division of the U.S.
Department of Energy under contract number DE—AC03-7GSF00098.

L~



List of Figures

1.1 Octane number vs. hydrocarbon length. . . ... ... ....... 7
1.2 Deactivation of reforming catalysts.. . . . . .. ... ... ..... 9
1.3 Pt-Rephasediagram. ... .. ... .. .. ............. 16
1.4 Crystallographic faces used in thisstudy. . .. ... ... ... .. 17
2.1 Schematic diagram of apparatus. . . . ... ... .......... 23
2.2 Phptograph of UHV chamber. . . B .7
2.3 Schematic of reaction loop with highi pressure cell. . L 28
2.4 Schematic for two column~two sampling valve configuration.. . . . 31
2.5 Metal deposition source. . . . . . e e e e e e e e e e e e e 32
2.6 Universal curve. . . . . . . . o v v i i i s e e e e e e e 34
2.7 Auger exci'tation and deexcitation. . .. ... ... ... ... ... 36
2.8 Electronic configuration of Auger spectrometer. . . . . .. ... .. 37
2.9 Energy distribution of secondary electrons. . ... ... ... ... 38
2.10 Thin film growth mechanisms.. . . . .. .. ... ... .. ..... 40
2.11 Schematic of LEED experiment. . .. ... ............. 43
2.12 Mass spectrum of Dg-Dg ethanes. . . . . . . ... ... .. ... .. 48
2.13 Laue photos of crystalsused. . . . . ... ... ... oL 50
3.1 TPD products of ethylene on Pt(111). . . . .. .. ... ... ... 59
3.2 Ethane yield vs. ethylene exposure for self-hydrogenation. . . . . . 60

ix



LIST OF FIGURES ’ x

3.3
3.4
3.9
3.6
3.7
3.8
3.9

3.10
3.11
3.12
3.13
3.14

4.1
4.2
4.3
4.4
4.5

4.6
47
48

4.9

5.1

Ethane TPD as a function of hydrogen exposure on Pt(111). ... 63
Deuterium distribution in ethane produced during TPD. . . .. .. 64
Ethane TPD area vs. Hyexposure. . . . .. ... .......... 65
Ethane TPD area vs. C;H exposure. . . ... ... ........ 66
H; TPD following ethylidyne + H; exposure on Pt(111). . . . . .. 68
H, yield following ethylidyne + H, exposure on Pt(111). . . . . . . 69

H; TPD from Pt(111) after ethylidyne deposition and H, coadsorp-

15 o o 71
Adsorption of CO on ethylidyne covered Pt(111). . . . .. ... .. 72
Propylene decomposition on Pt(111). . . . . . . . oo ot o .. .. 75
Activation energy for Co;Hy hydrogenation on Pt(100). . . ... .. 76
C,H, decomposition over Pt(100). . ... ... .. [ 78
Proposed.mechanism for ethylene hydrogenation over Pt(111). .. 86
Rhenium uptake on Pt(111). . .. .. ... ... .. P 94
Representative Auger spectra obtained of Re on Pt( 111.)‘ ..... 95

Ratio of the AES 158 eV peak to the 168 eV peak for Re-Pt(111). 98
Platinum uptake on Re(0001). . . . . . ... .. ... ... ... 100
Ratio of the AES 251 eV to the 168 eV peak vs. coverage for Pt-

Re(0001). © o o v e e et 102
Diffusion of rhenium oxides through platinum metallic overlayers. . 106
XPS of Re modified Pt(111). . . . . ... ... ... ... ... 107
Reciprocal and real space representations of fcc(111) and hep(0001)

surfaces. . . . . ... .. L. [ 110

Evidence for the formation of fcc Re on Pt(100) surface. . . . . . . 113

H; TPD spectra from Re modified Pt(111). . ... ... ... ... 126



LIST OF FIGURES xi

5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11

5.12
5.13

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11

Tmez vs. Ha exposure on Re-Pt(111). . .. ... ... ... .... 128

H, desorption area vs. exposure for TPD from Re-Pt(111) surfaces 130

Maximum H, desorption area vs. 8g. for Re-Pt(111) surfaces. . . . 131
Hy TPD from Pt(111). . . . . . v v v i i v o oo e >. ... 133
Activation energy plot for H; desorption from Pt(111). . . . . . .. 134
CO TPD from bimetallic Re-Pt(111) surfaces. . ... .. ... .. 137

Tnaz vs. CO exposure for TPD from bimetallic Re-Pt(111) surfaces.139
CO desorption area vs. exposure for bimetallic Re-Pt(111) surfaces. 140
CO TPD spectra from rhenium—-covered Pt(111). . .. .. ... .. 141
Maximum CO desorption area vs. rhenium coverage for Re-Pt(111)

surfaces. . . . .. ... .. A e e e e e 142
NO and N, TPD from Pt(111) and bimetallic Re-Pt(111) surfaces. 145

Energy vs. reaction coordinate for an adsorption/desorption process.151

C2Hs hydrogenolysis activity vs. 6ge on Pt(111). . ... ... ... 159
Activation energy plot for C;Hg hydrogenolysis on Re(0001). . . . 161
C.Hs hydrogenolysis activity vs. 8p; on Re(0001).. . . . ... ... 162
Irreversibly adsorbed carbon vs. 8p; on Re(0001). . ... .. ... .. 166 -

H, pressure dependence for C;Hg hydrogenolysis on Re-Pt(111). . 168
Hydrogenolysis of C4Hyo vs. 0. over Re-Pt(111) surfaces. . . . . . 170

Fission parameter vs. 0g, for C4H;o hydrogenolysis over Re-Pt(111).173

Rate of n—C4H;o isomerization vs. @g. over Re-Pt(111). . ... .. 174
Activity of the Re-Pt(111) surface for C¢H;4 conversion. . . . . . . 177
Selectivity of the Re~Pt(111) surface during C¢Hy4 conversion. . . 179

Fission parameter vs. rhenium coverage for C¢Hi4 hydrogenolysis

over Re-Pt(111). . . .. .. ... ... ... ... . 181



LIST OF FIGURES _ xid

6.12
- 6.13
6.14
6.15
6.16

6.17

6.18

6.19
6.20

Cyclohexané hydrogenolysis vs. 8p; for a Pt-Refoil. . . . ... .. 185
Cyclohexane aromatization vs. 8p; for a Pt-Refoil. . . . . .. ... 186
Product accumulation of benzene from cyclohexane for Pt-Re foils. 187
Conversiox} of cyclohexane to benzene vs. 6p; over Pt-Re foils. . . 190
Ratio of the restart/initial conversion vs. 8p; for cyclohexane over

Pt-Refoils. . . . . . . . . . . e e 191
Deactivation of Pt-Re foil surfaces vs. 8p; for the aromatization of

cyclohexane. . . . . . . . . e e e e e e e 192
Relative rates of hydrogenolysis and ring opening from MCP over

Re-Pt(111) v v v v e e e e e e e e e T 195
Deactivation of Pt(111) surfaces by Cg hydrocarbons. . . e 199
Model for the formation of three—fold Re;Pt sites vs. g, on Pt(111).208

-2



List of Tables

1.1
1.2
1.3

to
—

o
o

ot
> W

3.2
3.3

4.1

5.1
5.2
5.3
5.4

6.1

Distillate fractions from crudeoil.. . . . . . ... . ... .. ..., 3
Octane numbers of selected hydrocarbons. . . . . . ... ... ... 5
Selected properties of platinum and rhenium. . .. ......... 14
Columns for gas chromatography. . . . . .. ... ... ....... 29
Mass spectrum cracking intensities of ethanes. . . . . ... ... .. 47
Reagents. . . .. ... ... e e e e e e e e e e 51
Ion gauge correction factors. . . . . P e 53
Kinetic Parameters From TPD on Pt(111): §~ 30 K/sec. . . . . . 61

CO desorption from surfaces derived from ethylidyne saturated Pt(111). 73
Model for the Hydrogenation of Chemisorbed Ethylene on Pt(111) 80

XPS Binding Energies. . . . . . .. ... 0 i . 109
Hydrogen Desorption Parameters for Re-Pt(111). . . . . . ... .. 127
CO desorption parameters from bimetallic Re-Pt(111) surfaces. . . 136
CO TPD parameters from rhenium-covered Pt(111). . . . . . . .. 143
Desérption parameters of NO and N; TPD from Pt(111) and Re-

PE(I10) s e e e e 146

Summary of kinetic parameters for ethane hydrogeholysis over Si0;

supported metals. . . . . . ... o o e 158



LIST OF TABLES

6.2

6.3
6.4

6.5
6.6

6.7

Rate maxima vs. rhenium coverage for hydrogenolysis products

from n-hexane over Re-Pt(111) surfaces. ... ... ... .. ...

Carbonaceous deposits from n-hexane on Re-Pt(111). . . ... ..

Initial reaction rates for multiple hydrogenolysis and ring opening

of MCP over Re—Pt(lll). .......... e e e e e e

Ring opening selectivities for MCP over three Re-Pt(111) surfaces.

Hydrocarbon products from MCP and n-hexane over Re-Pt(111)
surfaces. . . . .. L e e e
Hydrogenolysis enhancement of platinum-rhenium surfaces for sev-

eral hydrocarbons. . . . . .. e e e e e e e e e e e e e e e e e

xiv

182

194
195

201

-



Chapter 1

Introduction

1.1 Preface

Heterogeneous catalysis is an area in chemistry of great economical importance.
One of the major uses of heterogeneous catalysis is to provide the means of con-
verting crude oil pumped ou-t of the earth into reﬁned g.nd useful products. Not
only does petroleum provide products for "tran-sporta.tion and electrical powef gen-
eration, e.g. fuels and 1ubr1cat1ng oils, but it also provides raw ma,tenals for the
petrochemical industry which manufactures products including waxes, polymers, ,
rubber, plastics, asphalt, and others. The work described in this thesis is a study
of hydrocarbon rearrangement reactions, or commonly known as catalytic reform-
ing, using unsupported platinum-rhenium catalysts. Reforming is just one of
many processes used in the petroleum industry; its utility is in the conversion to
higher octane of liquid hydrocarbon fuels and in the generation of important raw

materials such as aromatic molecules used in the petrochemical industry.



CHAPTER 1. INTRODUCTION 2

1.2 Crude Oil Conversion
‘1.2.1 Production of gasoline

Motor gasoline is produced from the hydrocarbon distillate obtained in the normal
boiling range of 30-205 °C, which includes hydrocarbons containing between 4 and
12 carbon atoms [1]. When crude oil is removed from the ground, it is an enor-
mously complex mixture of hydrocarbons consisting of small hydrocarbons such
as gases (CH,, C,Hg, C3Hg), up to very large hydrocarbon molecules containing
in excess of 50 carbon atoms. In addition to organic matter, crude oil contains
other elements such as sulfur, nitrogen, oxygen, and metals including magnesium,
nickel, and vanadium. The first step in refining the crude oil is distillation where
bydrocarbons are separated according to molecular weight, or more precisely, ac-
cording to boiling point. The fractions obtained are then sent to different parts of
the refinery appropriate tor processing that fraction. Table 1.1 shows the fractions
obtained during the distillation process. The gasoline fraction obté.ined is sent for
further processing,first to remove inorganic impurities through hydrotreating such
as sulphur, nitrogen, and oxygen. Finally, to minimize knocking in the modern
automobile engine, the gasoline fraction has its octane rating improved through

the process of catalytic reforming-the subject of most of this thesis.

1.2.2 Engine knocking

The engineering of an automobile and its fuel requirements are intimately related.
The theoretical fuel efficiency increases with increasing compression ratio. How-
ever, the tendency for engine knocking also increases with increasing compression

ratio.

The conversion of chemical energy stored in fuel to mechanical energy required



CHAPTER 1. INTRODUCTION 3

Table 1.1: Distillate fractions from crude oil.

Fraction Boiling Range °C
Gases C;-C3 <25
Gasoline 30-190
Kerosine 150-230
Diesel Fuel 230-340
Lubricating Oils 340-400
Asphalt remaining residues

for moving an automobile is achieved by burning the fuel in air to obtain hot
expanding gases, which do work against the pistoﬁ. To accomplish this,. a mixture
of fuel and air is vaporized and introduced into the engine cylinder. Following
compression of the mixture by the piston, a spark plug discharges igniting the -
fuel/air mixture.” The fuel should burn in a well controlled manner, and not
explode. The less controlled the fuel burns, the greater the tendency towards
knocking will be. \
Knocking can be described as follows. As the flame front initiated by the dis-
charging spark plug propagates through the cylinder, burned or exhaust gases are
found on one side, and the remaining unburned fuel-air mixture are on the other
side of the flame front. The pressure and temperature increases on the unburned
fuel side of the front as the expanding burning gases compress the remaining

unburned gases, sometimes to the point of spontaneous combustion. When spon-

taneous combustion occurs, you get knocking which decreases the fuel efficiency
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and may damage the engine. The higlier the octane ré.ting of a fuél, the smaller
the tendency for spontaneous combustion; hence the susceptibility tb knocking is
lessened. The modern automobile is engineered with a high compression ratio for
greater fuel efficiency, and thus puts greater demands on the octane rating of the

fuel.

1.2.3 What is octane?

The octane number can be thought of as a measure of the tendency of a fuel
to resist knocking in an internal combustion engine, as discussed in the previous
section. The scale of octane numbers is defined as follows: n-heptane is assigned
an octane number of zero, and isooctane (2,2,4-trimethylpentane) is assigned an
.octane number of 100. A mixture of these two components has an octane number
equal t.o the percentage of isooctane in the mixture. The octane rating of a fuel
is measured using a “knockmeter,” which is a specially designed combustion en-
gine where the number of vibrations or “knocks” caused by the fuel are couﬁted
electronically. The octane number assigned to the fuel is the same as the octane
number of an n-heptane/isooctane standard that gives the same “knockmeter”
reading.

The knocking characteristics of a fuel also depend on driving conditions, re-
sulting in a need for several knock-rating methods. The research octane number
(RON) relates to mild driving conditions such as cruising and low speed driving;
whereas the motor method octane number relates to driving under more severe
conditions such as during acceleration (high load) or at high speeds. Many of
the nations gasoline stations display octane ratings obtained by the (R + M)/2
method, which is the average of the research and motor octane numbers. Octane

numbers for many pure liquid compounds found in gasoline have been measured.
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Table 1.2: Octane numbers of selected hydrocarbons.

Octane Number
Hydrocarbon Research { Motor
‘n-pentane 62 62
2-methylbutane 92 90
cyclopentane - 85
n-hexane 25 26
2-methylpentane 73 73
cyclohexane _ 83 77
methylcyclopentane 91 80
benzene : >100 >100
n-heptane 0 0
2,2,4-trimethylpentane 100 100
ethanol - 99

A condensed listvof the octane nﬁmbers for some of the compounds used as reac-
fants or products produced during catalytic éxpe’ri'rﬁénts repofted in this thesis is
compiled in Table 1.2, |

The easiest way to boost the octane rating of a fuel is through the addition
- of additives. The most widely used additives for enhancement of the oct@e rat-
ing of a fuel prior to the introduction of the catalytic converter were based on
lead compounds (e.g. tetraethyl lead, Pb(C,Hs)s). Others include the family
Pb(CH3)-(C2Hs)4- for 0 < z < 4. Today, it is possible to find “gasohol” at some

service stations, where ethanol is used as an additive to enhance octane of the fuel.

1.2.4 Improving octane in the 1980’s

The high temperatures produced during the combustion of fuels in automobile
engines leads to the formation of NO, compounds which is one cause of photo-
chemical smog. Smog has become a major problem in many metropolitan areas,

particularly in the Los Angeles area. Carbon monoxide and unburned hydro-
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carbons also contribute to the air pollution problem:. A partial solution to the
pollution problem’ was the introduction of the catalytic converter in 1978. The
catalytic converter is a platinum-based catalyst that oxidizes CO and unburned
hydrocarbons to COZ’ and converts NO, species to harmless N; and O,. Un-
fortunately, lead poisons the catalytic converter aﬁd is being phased out of use.
Eventually as the older automobiles are removed from the nations roads, all lead
additives will be phased out of gasoline sold in the United States. By 1990, less
than 0.1 grams of lead per gallon on average will be added to gasoline. Lead con-
centration in gasoline was as high as 4 grams per gallon prior to the introduction
of the catalytic converter. Other problems associated with lead gasoline additives
are that lead is toxic and that lead emissions are found to contribute to the forma-
tion of particulate matter in the atmosphere. For these reasons, lead additives are
being phased out of use in gasoline. However, the phasing out of lead additives in
gasoline places greater demands on the reforming process to boost the octane of
gasoline (1,2].

An increased emphasis on the production of aromatics is now required of re-
forming catalysts since these compounds have the highest octane rating for a series
of hydrocarbon molecules with a given number of carbon atoms (see Figure 1.1).
A number of bimetallic reforming catalysts have been studied or are in use today
(Pt-Au, Pt-Ir, Pt-Sn, Pt-Re), bﬁt none display selectivities tow_ards aromatics

production as high as the platinum-rhenium catalyst.

1.3 The Platinum—Rhenium Catalyst

It was shown in -the previous section how the development of high compression
combustion engines led to the need of higher octane fuels and how environmental

concerns requiring the removal of lead from gasoline have put greater demands on
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the reforming catalyst. The introduction of the platinurh—rhenium catalyst in 1968
has been of great economic importance to the petroleum industry. in this section
the reforming process will be discussed in greater detail as well as some of the
unanswered questions remaining regarding why the bimetallic platinum-rhenium

catalyst is superior to the monometallic platinum catalyst.

1.3.1 Development of the reforming catalyst

Between the time the internal combustion engine was developed and prior to World
War II, the octane of a fuel did not need to be increased much beyond what
the gasoline fractiqn of the petroleum distillate already had. When needed, the
octane was improved by the cracking of paraffins to higher octane olefins. During
. World War II a neéd for -high octane a\;iation fuel led to the development of
the Hydroforming process by Standard Oil, which used an alumina supported.
molybdena catalyst. In 1949, Universal Oil Products announced the development
of the noble metal based catalyst. Their process was called Platforming and it
employed platinum supported on alumina [3]. Later in 1968, Chevron introduced
the Rheniforming catalyst, which is composed roughly of an equimolar loading
of platinum and rhenium supported on alumina [4]. This catalyst remains in use
today as its peri\ormance has been substantially improved and continues to be
improved.

Figure 1.2 demonstrates that the Pt-Re/Al,03 catalyst displays an increased
activity maintenance compared to the monometallic Pt/Al;O3 catalyst. The
change in temperature vs. time on stream required to maintain a constant octane
number of the effluent is a measure of the deactivation of the catalyst. Figure 1.2
shows that the rate of deactivation of the bimetallic Pt—-Re catalyst is much lower

than that of the monometallic platinum catalyst. Another advantage offered by
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Figure 1.2: The deactivation of Pt/Al,0; and Pt-Re/Al; O3 reforming catalysts
taken from reference [4].  The average catalyst temperature is the temperature
required to maintain 100 octane of the effluent.

the Pt-Re catalyst is an enhanced selectivity towards aromatics production. Not
only is the reforming brocess a major producer of aromatics for use by the chemi-
cal industry, it is estimated that the aromatics content of unleaded gasoline ranges

from 15% to near 50% for premium fuel [2].

1.3.2 Reforming

The improvement in octane of hydrocarbon molecules as obtained through cat-
alytic reforming is done by rearranging the hydrocarbon backbone without the
loss of carbon number or carbon atoms. Although smaller paraffins have higher
octane ratings than larger paraffins as shown in Figure 1.1, they are too volatile
to be useful in ‘a_combustion engine. The desired process then is to “reform” a

paraffin. Consider the reforming of n-hexane. The octane of the parent molecule
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is less than the reformed products that can be obtained through isorherization,
cyclization (or dehydrocyclization), and aromatization. The major reforming re-

actions of n-hexane are summarized below.

Reactions of n-hezane

AN —* < Cq Hydrogenolysis

ANV /\* + /Y\ Isomerization
YA VAV4 ' é + O Cyclization

/\/\/ > @ Aromatization

The products increase in octane number from top (isomerization) to bottom
(aromatization) as can be seen in Table 1.2. Cracking reactions also occur during

reforming and are shown below.

CeHi4 + H, — CH,+ CsHy,
CeHis+H; — CyHe + CiHyo

CGH14+H2 - 2CSH8

However, these reactions are undesirable during reforming; therefore efforts must
be made to minimize them.

Catalytic reforming has been studied extensively, and many review articles
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exist discussing reforming over platinum-based and other type catalysts [5,6,7,8].
In addition, much work has beeg done on well characterized metal surfaces such as
- metal foils and single crystals [9,10,11], and has been reviewed recently by Davis
and Somorjai [12].

Reforming on bimetallic catalysts has aiso been studied over many systems
including Pt-Rh [13], Pt-Ni [14], Ir-Co [15], Pt-Co [16], Ir-Au [17,18], Pt-Sn [19],
Ru—-Cu [20], Pt—Au [21,22,23], and Pt-Cu [24], to name a few. The Pt-Re catalyst
is the most important catalyst economically and has probably received the most
attention in the literature.

There have been many ideas presented on the mode of operation of the platinuxﬁ—
rhenium catalyst, some of them conflicting. One way that the addition of a re-
fractory metal, such as rhenium, might help is by reducing the sintering rate of
the metal prarticles. Results obtained by Eskinazi suggest vtvha.t' this may be so [25].
However, two of the hotly debated issues in the literature today are, what is the
degree of alloying between the two metal c;)mponents of the catalyst, and what
is the oxidation state of rhenium in the active catalyst. In the'folldWing discus-
sion these and other issues regarding the behavior of the bimetallic catalyst are
reviewed.

Do the two metallic com'pont;nts need to be in intimate contact for the cata-
lyst to show enhanced activity maintenance, or is it sufficient for the two metals
to be in close proximity (e.g. a physical mixture composed of Pt/Al;O3 mixed
with Re/Al,0;3) but not in intimate contact? In a frequently cited paper, Berto-
lacinni and Pellet reported that a physical mixture can show good activity main-
tenance, ’;vhile no mixing of the metals had occurred [26]. However, using reduc-
tion techniques, such as temperature programmed reduction, several investigators

have demonstrated that platinum catalyzes the reduction of rhenium [27,28,29].
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‘Mieville even found that reductive interactions can occur in physical mixtures if
the catalyst was not t‘horoughly dried, perhaps through vapor transport to plat-
inum reduction centers of volatile Re;O7. In Chapter 6 it will be éhown that
small amounts of the second metal on the substrate, even below the detection
limit of Auger spectroscopy, changes the cracking activity of the catalyst dramat-
ically. Since there is some water present under reforming conditions (20-50 ppm),
the possibility exists that some vapor transport can occur. Perhaps undetected
rhenium transport was responsible for the high activ.ity maintenance observed by
Bertolacinni and Pellet for physical mixtures of platinum and rhenium. Using
spectroscopic techniques, some investigators have concluded that no significant
interaction exists between platinum and rhenium [30,31,32] while others have con-
cluded that indeed significant interaction does occur {33,34,35].

Another point of debate part of this question is the oxidation state of rhenium.
Considering alumina-supported platinum and rhenium,Johnson and Leréy found
that only Re!* exists after reduction [36]. However, several investigators have
reported that rhenium exists in the metallic form on alumina .supported rhenium
[37,38,39,40]. Johnson later reported that rhenium exists in both Re** and Re®
oxidation states when larger metallic loadings are used. When in contact with the
alumina support, rhenium is apparently stabilized in the 4+ oxidation state; while
in three dimensiona_l Re or Pt-Re particles, rhenium i$ reduced to metal. This
view is supported by a recent paper published by Nacheff et al. [35].

There is a growing body of evidence that the behavior of the bimetallic to-
wards hydrogen is modified compared to monometallic platinum. Barbier et al.
and Margitfalvi et al. have reported that the presence of rhenium enables the cat-

~ alyst to bind more hydrogen than the monometallic platinum counterpart [41,42].

However, Carter et al. supplied evidence that the converse is true: the bimetallic

&}
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catalyst can bind less hydrogen than the platinum alone catalyst [43]. Fouling
studies seem to show that alloying is important [44,45,46]. Pacheco and Petersen
found that the hydrogen pressure dependence of catalyst fouling from methyley-
clohexane was diﬁ'grent for the monometallic platinum and the bimetallic Pt-Re
catalysts [47,48]. However, Burch and Mitchell support Bertolacinni and Pellet
in their belief that rhenium alone can remove coking precursors without alloy-
ing [19,26).

Finally, there are many studies reported focusing on the chemistry of the
bimetallic surface. It seems fairly certain that when intimate contact does oc-
cur, the catalytic behavior cannot be explained as a linear combination of the two

metallic components and that synergistic effects do occur [49,50,51,52,53].

_1.4' Well Characterized Pt—Re Surfaces

1.4.1 Single cfystal surface alloys vs. supported bimetallic
alloys ’ '
The primary advantage of using a well characterized single crystal ér a foil bimetal-
lic surface is the ability to utilize surface science techniques that can be used to
characterize the composition and crystallographic orientation of a surface. This
is advantageous because on practical catalysts, the structure of a supported small
metal particle is not well understood. Adding a second metal to the catalyst
further complicates matters because the metallic composition of the surface can-
not be accurately determined on the supported catalyst. Using surface science
techniques, surfaces of known composition can be prepared and their properties
studied. With low pressure-high pressure techniques, the state of a surface follow-
ing an atmospheric reaction can also be examined. In this way the quantity and

nature of the carbon deposit on a catalyst can be localized on the metal surface.
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Carbon deposited on a supported catalyst cannot be localized quite as easily.
The disadvantage of using unsupported catalysts is that the system is some-

what removed from reality. Hoﬁvever, much evidence gathered over the years

~ suggests that single crystal catalysts can be compared to suppbrted catalysts,

especially to catalysts of low dispersion [12].

1.4.2 Objective and overview

The object of these studies is to determine why the bimetallic Pt—Re catalyst is

a better catalyst than the monometallic Pt catalyst. Are there electronic or geo- -

metric factors operating, and how can they be distinguished? Does the character
of a particular reaction change as a function of surface composition, and what is
the. site responsible for the change? Does the perturbation of one metal on the
other result in the formation of new crystallographic structures? How does the
chemisorption behavior change as a function of surface composition for different
molecules?

Chapter 2 outlines the experimental approach, the apparatus, and the tech-
niques used. Chapter 3 discusses the role of carbonaceous overlayers on plat-
inum surfaces for some important hydrogenation reactions. Chapter 4 describes
the preparation and characterization of bimetallic surfaces for both rhenium de-
posited on platinum, and for platinum deposited on rhenium. Characterization
is performed using Auger electron spectroscopy, low energy electron diffraction,
and photoelectron spectroscopy. The adsorption and desorption behavior of sev-
eral small molecules on the bimetallic surfaces is described in Chapter 5. Finally,
Chapter 6 discusses the reforming chemistry of several hydrocarbons near atmo-

spheric pressure.

»
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1.4.3 The properties of platinum and rhenium

Some selected properties of platinum and rhenium are shown in Table 1.3. Al-
- though the difference in the nearest neighbor distances between Pt and Re is less
than 1%, their melting points are quite different, and they crystallize in different
structures. The Pt—Re phase diagram is shown in Figure 1.3. The bimetallic alloy
forms a face-centered cubic (fcc) solid solution in the platinum-rich region, and a
hexagonal close-packed (hcp) solid solution in the rhenium-rich region, with a two
phase region existing between 40-60% rhenium. A schematic representation of the

crystallographic faces studied in this thesis are shown in Figure 1.4.

Table 1.3: Selected properties of platinum and rhenium.

Property ' Pt |. Re
Atomic Number = 78 75
Atomic Weight 195 186
Melting Point °C = . 1772 | 3180
Crystal Structure fce hep
Nearest Neighbor 2.77 | 2.74
Distance A

Metallic density of basal

plane, Pt(111) & Re(0001) | 1.503 | 1.514
(x1071® atoms/cm?)
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Figure 1.3: Phase diagram of the binary platinum-rhenium alloy. From Mof-
fatt [54].
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fcc(111)
hcp(0001)

fcc(100)

Figure 1.4: The crystallographic surfaces used in this study. The Re(0001) surface
has an identical configuration to the Pt(111) surface for two atomic layers.
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Chapter 2

Experimental

2.1 Equipment
2.1.1 Ultra-high vacuum apparatus

Surface science and catalytic studiesv reported in this thesis were performed in two
different ultra-high vacuum systems. One of the systems combined an internal
isolatioﬁ cell (high pressure or HP cell) fhat pfovided an envirdnmerit to perform
hydrocarbon or other reactions at atmospheric pressures, while the second chamber
was equipped to perform X-ray and‘ultraviolet photoelectron spectroscopies (XPS
and UPS). |

The first chamber (UHV/High pressure or UHV/HP) consisted of a cylindri-
cally shaped stainless steel bell jar with a volume of about 50 liters and has been
described in detail elsewhere [1,2]. The system is pumped with a liquid nitro-
gen trapped six inch diffusion pump (Varian VHS-6), and following bakeout could

attain a pressure of better than 1x10~° Torr. The system was baked internally us-

) ing a 12 inch long tungsten halogen lamp (GE quartzline Q1500T3/CL). Internal

bakeout offers the advantage of effectively heating the internal isolation cell.
The chamber was equipped with a number of ports that housed the various

techniques which will be described later in this Chapter (Figures 2.1 and 2.2).
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Precision calibrated leak valves provide a means of introducing gases to clean

the metallic surfaces studied or to dose the surfaces with desired adsorbate gases

(Figure 2.1).

The second chamber (UHV only) lacked an internal isolation cell and utilized

external heating for bakeout. Except for the lack of a high pressure cell and the

inclusion of XPS and UPS techniques, the general configuration and pumping on

this chamber is almost identical to the UHV /HP system shown in Figure 2.1. The

chambers were also equipped with the following:

An ion gun for argon ion sputtering (Phi 4-161) was used for crystal cleaning.

A quadrupole mass spectrometer (UTI-100C) was used for residual gas anal-

ysis and temperature programmed desorption studies.
A nude ion gauge (Varian 971-5008) monitored the chamber pressure.

An electron gun (LBL built) provided a source of thermal electrons used in

Auger excitation. .

Four grid electron optics was employed as a retarding field analyzer (RFA:
Varian 981-0127) used for Auger electron spectroscopy and low energy elec-

tron diffraction.

An off-axis electron gun was located in the middle of the RFA (Varian 981-
2125) and was used for low energy electron diffraction experiments. The
collector of the RFA was covered with a phosphor which glowed when excited

by incident electrons.

Three precision calibrated leak valves (Varian 951-5106) provided measured

dosing of metallic surfaces with various gases.
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Figure 2.1: Schematic diagram of ultra-high vacuum/high pressure apparatus used

for combined surface science and catalytic studies.
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The UHV only chamber was equipped with the following additional equipment:

e A cylindrical mirror analyzer (CMA: Phi 15-25G) was employed as a detector
for AES, XPS, and UPS. The CMA was also equipped with an internal

electron gun and that was used for AES.

¢ An X-ray source (Phi 04-151) provided a high intensity source of X-rays

from a Mg K, target.

¢ An ultraviolet light source (GCA/McPherson model 630) provides UV light

from a helium plasma source.

2.1.2 Metal samples and sample mounting

Single crystal and foil catalysts were mounted on a rotaTable manipulator in the
UHV/HP chamber. The mounting is shown'schematically in Figure 2.1 and has
been discussed in detail previously [2,3]. Single crystal catalysfs (Pt and Re) were
'spot welded to platinum wires (0.020 in) which were spot welded to gold support
rods (0.062 in ). Both gold rods passed through a éopper block é.t the bottom of
the manipulator and were mechanically clamped to copper heating rods mounted
on ceramicv feedthroughs. One of the gold rods was electrically isolated from the
copper block using a ceramic sleeve. The other gold rod was placedv in thermal
contact with the copper block. The copper block was welded onto stainless steel
tubes (1/8 inch) that were connected to feedthroughs and could be cooled by
passing air or liquid nitrogen through. Samples mounted on this manipulator
could be heated to over 2000 K without significant heating of the rest of the
manipulator and chamber. The cooling pro{rided at the copper block enabled
the sampie to return to room temperature within 5 minutes of high temperature

treatments. The sample could also be cooled to 150 K when precooling the coolant
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gases through a coiled copper tube immersed in liquid nitrogen. When mounting
rhenium foils on this manipulator, the gold rods were replaced by tantalum rods
(0.062 in) and the foil spot welded directly to the Ta rods.

The UHV only chamber was equipped with a manipulator (Varian 981-2523)
which has X, Y, Z, tilt and rotational motion. Experiments done on this chamber
were performed using Pt(111) crystals only. Mounting and heating was provided
by spot welding the crystal between two parallel platinum wires (0.020 in) that
were connected to tantalum heating leads on the manipulator.

In all cases resistive heating was used. Thermocouple wire pairs (0.005 in.)
were spot welded to the edge of the crystal or to one face of the rhenium foil.
Chromel vs. alumel thermocouple was preferred due to the temperature calibration
that exists between liquid nitrogen temperatures and 1700° C, and to the compar-
ativély large millivolt intervals with the temperature scale (e.g. 25 I{/millivolt).
Chromel/alumel was used whenever platinum was employed. Rhenium can be
heated to much higher temperatures, but practical limitations (due to the large
currents necessary) prevented heating rhenium crystals al;ove 1600 K. In this case
Pt vs. Pt—(10%)Rh thermocouple pairs were used. No problem existed in heat-
ing rhenium foils to above 2000 K, and for this case tungsten-5% rhenium vs.

tungsten-26% rhenium thermocouple pairs were used.

2.1.3 The high pressure cell

The goal of this research was to study the catalytic behavior of bimetallic platinum-
rhenium catalysts towards hydrocarbons. When hydrocarbon reactions were per-
formed near atmospheric pressures, the internal isolation cell or high pressure
cell (HP cell) was erﬁployed. Its position in the UHV chamber can be seen in

Figure 2.1.
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The high pressure cell is basically a stainless steel tube approximately éne
inch I.D. and one foot long. The inner wall of the HP cell is gold plated to help
minimize the strong adsorption of gases. It is mounted on a hydraulically operated
piston with a welded bellows allowing movement of the HP cell while providing
a seal between the UHV environment and the atmosphere. A knife edge was
machined onto the top of the HP cell, and this knife edge provides a seal between
the pressurized reaction loop and the UHV environment when it is closed against

a copper gasket situated at the bottom of the upper part of the HP cell.

2.1.4 High pressure loop and manifold system

Into the upper and lower parts of the HP cell, external to the UHV chamber, are
located the input and output of the HP cell into the reaction loop (Figure 2.3).
The HP cell is isolated from the loop by the ﬁse‘ of Nu-Pro valves. The reaction
loop 'is composed of 1/4 inch stainless steel tuBing, and along the loop are located:
a bellows pump (Metal Bellows Corp., MB-21) that provides gas circulation in the
pressure range of 100 Torr to 1.5 atmospheres, two pressure gauges (Wallace &
Tiernan models 61A-1A-0500 and FA 145-JJ15319), an eight port valve with two
0.5 cm?® sample loops located inside a gas chromatograph, and a port giving access
to the gas manifold. A bypass is provided across the GC sample valve for ease of
gas mixing. The gas volume of the HP cell plus the reaction loop is ~200 cm?.

The reaction loop is pumped separately from the main chamber at two loca-
tions: by a mechanical pump connécted to the reaction loop near the Wallace &
Tiernan pressure gauges, and through the gas manifold. The loop can be pumped
to 50 millitorr through these two pumping locations.

The gas fna.nifold is pumped by a 2-inch liquid nitrogen trapped diffusion pump
(Varian VHS-2). Rough pumping is provided by a rotary mechanical pump that
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Figure 2.3: Schematic representation of the reaction loop with high pressure (re-

action) cell.
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Table 2.1: Gas chromatographic supports used and the separations obtained.

Support Separation
Poropa.k N CH4, CzH4, CzHe

1 0.19% Picric acid | C1-C6 hydrocarbons

on Chromosorb | excluding benzene

5% TCEP on | Benzene from other
Chromosorb G hydrocarbons

also serves as a b_acicing pump for the diffusion pump. Alternately, the manifold
can be pumped by a liquid nitrogen cooled sorption pumps. Ten 1/4 inch conduits,
each valved with Nu Pro valves, are connected to the manifold so that gases (H,,
O2, N2, Ar, CO, and hydrocarbons) can be introduced to the reaction loop, or
to the three leak valves. The manifold was isolated from the reaction loop by a
Nﬁ—Pro valve, and a needle va.lve provides.confrol éf the input rate of gases into

the reaction loop.

2.1.5 Hydrocarbon separation and detection

Product accumulation during atmospheric reactions was monitored using a gas
chromatograph (Hewlett-Packard 5830A). This GC is microprocessor controlled
(Hewlett-Packard 18850A) and can accommodate two columns simultaneously.
Temperature ramps as well as isothermal operation is also possible with this unit.

The separations required were achieved with three basic supports: Poropak N,
~ 0.19% Picric acid on Chromosorb, and 5% TCEP on 60/80 Chromosorb G. The
function of these columns is shown in Table 2.1.

The reaction mixture was sampled automatically by -the gas chromatograph.

With the bypass valve in the closed position (Figure 2.3), the reaction mixture
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.passes through the primary gas sampling valve. Larger hydrocarbons such as
n-hexane give a complex reaction mixture including benzene. Two columns were
necessary to separate these mixtures in a reasonable period of time; for this purpose
a 0.19% picric acid on Chromosorb and a 5% TCEP on Chromosorb G were used.
Two columns can be used during a single run to get complete separation of the
reaction mixture using the sampliné valve configuration shown in Figure 2.4.
The separated hydrocarbons are detected with a ﬂéme ionization detector. In-
tegration of the peaks is done automatically by the integrator/microprocessor in-
terfaced with the gas chromatograph and reported at the end of the chromatogram.
Calibration of the GC was made with a gas mixture of 100 ppm methane in nitro-
gen. Other hydrocarbon products were calibrated against methane using published

data for the flame ionization detector [4].

2.1.6 Metal deposition source

Many of the experiments reported in this thesis are concerned with the properties
and catalytic behavior of bimetallic surfaces. Bimetallic surfaces were prepared
by depositing one metal onto a monometallic single crystal .or foil substrate. The
metal deposition source consists of two 1/4 inch copper feedthroughs mounted on
a six inch flange on one chamber port and is shown in Figure 2.5. The metal
filaments are attached to the ends of the feedthroughs inside the vacuum system
at 1.5 inches from the substrate surface. Both rhenium and platinum metals were
deposited from the same source. A tantalum shield was fixed to the source to

minimize the evaporation of metal onto other parts of the chamber.
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Figure 2.4: Schematic for the two sampling valve configuration used during online
gas chromatographic analysis shows how two columns can be employed in parallel.
Notice how a 1/4 turn of either valve activates a new flow pattern.
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Figure 2.5: Schematic representation of the metal deposition source used for both
platinum and rhenium deposition.



CHAPTER 2. EXPERIMENTAL 33

2.2 Surface Analysis Methods

2.2.1 Auger electron spectroscopy

Auger electron spectroscopy (AES) was used routinely to monitor the state of the
substrate surface. The cleanliness of the surface achieved during cleaning pro-
cedures was éne important use of AES. The accumulation of carbon and other
impurities following chemisorption, temperature programmed desorption, and at-
mospheric pressure hydrocarbon studies was also determined using AES. When
performing experiments on bimetallic surfaces, Auger electron spectroscopy was
the primary tool used for the determination of the metallic composition of the
surface.

The low penetration depth that slow electrons have in solids makes AES surface
sensitive and such a useful technique in ;urface science studies. The so-called -
universal curve r_ela.ting tHe mean free pa.th of electrons to their kinetic energy is
shown in Figure 2.6.

The surface sensitivity is fufther enhanced by using an incident electron beam
at a grazing angle relative to the surface. Auger electron spectra were obtained
by operating the electron gun at an energy of 1-2 KeV and at a 90° angle with -
respect to the RFA axis. The crystal was tilted 20° off normal with respect to the
RFA axis. The minimum in the curve is obtained near the region of interest for
Auger electrons (50 — 300 eV). This surface sensitivity coupled to the characteristic
Auger spectrum or “fingerprint” generated by each element makes this téchnique

an extremely useful one.

The Auger process can be déscribed as follows: primary ionization involves
a core level electron that is removed from an atom (these studies were always

concerned with solid surfaces) by bombardment with 1-2 KeV electrons. Two
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competing relaxation processes follow, X-ray fluorescence and Auger emission.
Both processes involve the transition of an electron in a higher energy orbital to
the core level orbital vacated during primary ionization. This electron loses energy
in the process, and in the case of X-ray fluorescence, the ehergy is emitted as an
X-ray photon. In the Auger process, a third electron in an autoionization process
carries the energy away in the form of kinetic energy. The measured kinetic energy

of the emitted Auger electron is

E]\E -El Ez-E — € ¢,p . (21)

Auger

where E; is the binding energy of the core level electron, E; is the binding energy
of the electron which fills the core level from a higher energy level, Ej is the binding
energy of the ejected Auger electron moving in a fleld of increased charge, and ¢,,
is. the work function of the spectrometer. A schematic represént'a.tipn of the Auger
and X-ray deexcitation processes are shown in Figure 2.7.

The kinetic energy of the Auger electrons were determined using a four-grid
retarding field analyzer (RFA) F£>r the Auger mode, the first and fourth grids
were grounded, and the retardlng field was a.pphed to the second and third grlds
Electrons with kinetic energies exceeding that of the retardmg potential (V,) were
accelerated to a collector with a +900 volt applied potential. The diagram in
Figure 2.8 shows how the Auger signal is measured. In a typical Auger experiment,
a negative potential was scanned from 20 to 550 volts on the second and third
grids of the RFA, and electrons with enough energy to reach the collector were
measured. The measured current is a function of the retarding potential (V,), and
all electrons with a kinétic energy exceeding that of V., are collected. Th_e cu'r.reri‘tA
is given by

I(V,) /E ~  N(E)E | (2.2)

=eVy
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Figure 2.7: Electron energy level representation of the excitation and deexcitation
of an atom during X-ray fluoresence and Auger emission.
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Figure 2.8: Schematic of the electron collection and analysis system used for Auger -

electron spectroscopy and low energy electron diffraction.
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Figure 2.9: Energy distribution of s_econda.ry eléctrons ejected from a solid surface.
Both N(E) and dN(E)/dE vs. E are shown for beryllium (from [5]).
where ]\( (F) is the number of electrons with the kinetic energy E. The secondary
electron distribution versus electron energy is shown in Figure 2.9. However,
there exists a background of secondary electrons ejected by other processes‘which‘
complicates the discrimination and measurement of Auger electrons. For this
reason, electronic differentiation techniques are applied to discriminate the Auger
electrons from the secondary electron background.

A small modulation voltage is added to the retarding potential V, of the form
Vmsin wt. The magnitude of V,, used was 1-10 volts peak to peak and the

modulation frequency used was between 2-3 KHz. Now the current collected can
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be represented by a Taylor series

I(V; + Vmsinwt) = I(V) + I'(V ) Vin sinwt + %I”(V,)V,,f sinfwt+...  (2.3)
Now |
sin?wt = %[1 — cos2wi] (2.4)
and
d]ZfEE ) o I"(V;) (2.5)

The signal measured with a lock-in amplifier tuned to 2w is proportional to
dN(E)/dE (the Auger signal) and is recorded as a function of V;. In this way
the Auger spectrum is recorded, and the dN(E)/dE signal is compared to the
N(E) distribution in Figure 2.9. Ertl and Kuppers give a rﬁore detailed treatment
‘of the Auger process and should be consulted for further information [5]

Auger electron spectroscopy can also be utilized to distinguish thin ﬁlm growth
mechanisms. Commonly observed thin film growth mechanisms are: 1) Frank-van
der Merwe or a layer by layer growth mechanism; 2) Stranski-Krastanov or three
dimensional crystallites growing on one or more completed monolayers; énd 3)
Volmer-Weber or three dimensional crystallites growth [6]. Carefully controlling |
the adsorbate dosing so that a constant flux is obtained while monitoring the
uptake using AES will result in curves for the three different mechanisms as shown
in Figure 2.10.

The growth mechanism which is probably the most important mechanism for
metal on metal growth is the layer by layer mechanism.‘ A very simple model was
proposed by Gallon (7] to describe this mechanism. The important assumption is
that a monolayer fills in completely before the next layer begins to grow. For a

given number of complete monolayers n of an adsorbate on a different substrate,
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Figure 2.10: Thin film growth mechanisms obtained from solid surfaces are shown
by the characteristic variation of the Auger signal vs. the time of deposition.
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the attenuation of the substrate signal is gifren by
IM = " (2.6)

where I{™ is the signal from the substrate covered with n complete layers of ad-

sorbate. a is defined by
-
=T

where I? is the intensity of the clean substrate peak uncovered and I{!) is the

‘@ (2.7)

intensity of the same peak covered with one monolayer of adsorbate. The adsorbate

signal increases according to

(1)
I = o) [1 -(1- L )"] (2.8)

F
where I{") is the intensity of the Auger signal for n complete layers of adsorbate and
I{) is the intensity of bulk adsorbate. Foran incomplete layer n—1 < 6, < n where
- 8 is coverage in monolayers, the Auger sigx_1ais for th_er substrate and the adsorbate
is assumed to be a linear combination of the above expressions (Equations 2.6
and 2.8) for n —landn monolayers. A general expression can be derived for the

‘substrate signal using Equation 2.6 obtaining
L =Ila"Yn—(n-1a)—-a"" (1 -a)b,) (2.9)

for the intensity of the substrate Auger peak I, covered with 6, monolayers of
adsorbate where n —1 < 8, < n. When a system follows the Frank-van der Merwe
growth mechanism, clear breaks are usually observed for both the substrate and
the adsorbate Auger uptake curves, as will be seen later for the platinum on

rhenium and the rhenium on platinum systems.

2.2.2 Low energy electron diffraction

Low energy electron diffraction (LEED) yields information on the surface struc-

ture if two dimensional order exists. LEED is the two dimensional analog of X-ray
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diffraction and is surface sensitive because electrons intéract strongly w-ith mat-
ter. An inspection of the universal curve shown in Figure 2.6 reveals that LEED
electrons (50-200 eV) sample only the top few monolayers of a surface.
The wavelength associated with a beam of electrons was first postulated by
deBroglie
150

A=% o (2.10)

where ) is given in A and E in eV. When a monoenergetic beam of electrons
impinges on an ordered surface, diffraction occurs and results in constructive and
destructive interference in preferred directions. The diffraction angle ¢ can be

calculated from the Bragg condition for an electron beam striking the surface by

) nA n [150
sing = A dh,k‘/ T ' (2.11)

where n is the order of diffraction, and dj x is the distance between parallel rows

of scatterers in the [h,k] direction. Please consult the following references for more
information on LEED (5,8].
| Using this technique, information can be obtained about the size and symme-
try of a unit cell including the ordering of adsorbates. In principle, information
regarding bond anglés- and distances in the z direction for the uppermost layers
including adsorbates can also be obtained if one painstakingly collects intensity
vs. electron energy data (e.g. I(V) curve). No I(V) curves are reported in this
thesis, and only information about the unit cell is included. |
A schematic representation of the LEED experiment is shown in Figure 2.11.
The retarding field analyzer is used for LEED as well as for AES. In the low energy
electron diffraction mode, grids 2 and 3 are negatively charged and are used as a
suppressor to repel inelastic electrons since the imaging of only elastically scattered

electrons is desired for LEED. The elastically scattered electrons that overcome
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Figure 2.11: A schematic representation of the low energy electron diffraction
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the suppressor voltage are accelerated by a 4-6 kilovolt potential at the phosphor
covered collector or screen as shown in Figure 2.8. A LEED pattern is recorded

by taking a photograph in a darkened room.

2.2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) gives information on the chemical state
of a material. When a high intensity source of X-rays is focused on a sample,
electrons are emitted from the sample that are characteristic of the material and
its chemical state. For example, a simplistic view is that when a material is
oxidized, electronic charge is shifted away from an atom towards the oxidizing or
more electronegative species. The result is that the shielding experienced by the
remaining electrons around the nucleus from the nuclear charge is decreased, so thé
electrostatvic potential experienced by these electrons is increased and an increased
binding energy is measured for the electrons emitted. For further information on
this technique, consult references [5,9].

ExPerinients were performed in the UHV only chamber using a double pass
cylindrical mirror analyzer [5,10]. X-rays were generated using a Mg Ka source
(1253.6 €V). Since electrons with high kinetic eﬁergies (~1000 eV) are less surface
sensitive than the 100 eV electrons used for AES (Figure 2.6), it was desirable to
enhance the substrate surface X-ray photoelectron signal by tilting the Pt(111)
crystal 50° off normal with respect to the CMA axis. The binding energy of
the photoelectron is related to the measured kinetic energy through the following

relation:

1253.6eV = Ekinetic + Ebinding +e- ¢sp (212)

where the third term is a correction taking into account the work function of the

spectrometer. Since the magnitude of the spectrometer work function is unknown,
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the binding energies were referenced either to the platinum 4f7/; line with a binding
energy of 70.9 eV or the gold 4f7/; line at 83.8 eV [11].

XPS experiments were performed on Pt(111) crystals that were dosed with
rhenium. Oxidative and reductive treatments were also applied to these surfaces
followed by analyses using XPS. When rhenium covered the platinum crystal, a
gold foil that was mounted on the back side of the manipulator was used as a
reference. The spectrometer and data acquisition was controlled by a Commodore

Pet computer, and the software used has been described in detail elsewhere [12].

2.2.4 Temperature programmed desorption

Temperature programmed desorption (TPD) yields information on chemisorption
and bonding energetics of adsorbates. It is also useful in studying surface reactions.
Once a surface is prepared and dosed with the desired adsorbate, a linear heating
ramp is applied between 10-50 K/sec, and the desorption of diﬁ'érent chemical
species are monitored using the mass spectrometer. The data is recorded by
tracing the partial press;ure vs. substrate temperature, or in some cases vs. time.
Under the conditioné of high pumping speeds and a linear heating ramp, the
change in partial pressure of a chemical speciés is proportional to the desorption
rate [13]. Redhead showed that for a first order desorption, the activation energy

of desorption can be calculated using

Ea Vlea.:z:
= — ] — 3.64. 2.13
BT In ( 3 ) 3.6 ( )

Here E, is the activation energy of desorption, Ty, is the temperature where the
maximum rate of desorption occurs, v; is the first order preexponential factor,
and @ is the heating rate. For a Redhead analysis, a preexponential factor of 101

sec~! is often assumed.—Iﬁ%fdef‘tﬁ—obta:in—ther“preexpong:ntial factor using this
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method, a series of TPD experiments must be performed varying the heating rate
preferably over 2 orders of magnitude. Soler and Garcia have shown that one can
expect an activation energy calculation that varies only by about 15% when 1, is
varied over 7 orders of magnitude [14].

The calculation of E; of desorption for a second order process is complicated
by the dependence of T,... on coverage, which means that the coverage must
also be determined. The coverage of hydrogen was estimated by assuming that
at saturation, one hydrogen atom per platinum atom was adsorbed on the clean
Pt(111) surface. With high pumping speeds and a linear heating rate, the area
under a desorption peak is proportional to the surface coverage before desorption.
To estimate the initial hydrogen coverage n,, the desorption area was compared
to the area obtained at saturation on clean Pt(111). This area was assumied to
correspond to n,.: = 1.5x10" hydrogen atoms/cm2?. Now the activation ‘energy

of desorption is calculated using the relation from reference [13].

E,  no
RIi. = B exp(—E,/RTmaz) (2.14)
Rearrangement yields
E E vy
2 )y = kd -2 - £
In(n6T00) = 7 +1n ( R) In ( ﬂ) (2.15)

Plotting In(n,T2,,) versus 1/Tp,; for a series of TPD experiments yields a line
with a slope of E,/R [15].

Alternative methods for calculating activation energies of desorption were taken .
from Chan et.al. [16]. For a first order desorption, the activation energy of des-
orption is given by

Y7, +5.832)1/2

2.16
Yo (2.16)

Ea = RTma:z: -1+
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Table 2.2: Mass spectrum cracking intensities of ethanes, C;Hg¢-,D,. Signal in-
tensity is relative to the parent peak.

Tama] do] &1 &1 &l di] 4] de

26| 23} 14| 10] 3| 3| 2| 3
27 133.3| 24| 23| 13| 12 81 0.2
281 100 48| 37| 16| 22| 23| 21
29(202{100| 78| 20| 22| 18| 0.7
301262 221100}100| 68| 27} 27
31| 0.6 31| 24| 21|100|100]| 1

32 - -] 38] 15| 51| 891|100

33 - - -1 29| 17| 27 2

34 - - - - 44 71 15

35 - - - - -1 471 0.8

36 - - - - - -1 19

where

, AT .
Vi = maz 9. !
1/2 ———Tm“ (2.17)

and AT,.,; is the full width at half maximum of the desorption peak.

Ethylene deuteration experiments were performed using TPD, and the deuter-
ated ethanes formed, Do-Dg, were estimated by deponvoluting TPD data. Crack-
ing patterns for hydrocarbons are complex as shown in Figure 2.12. When a
mixture of deuterated ethanes was obtained, the following recursive formula was

used to estimate the relative contribution of each deuterated ethane [10].

1 s .
D, = | ——(Mso4n — 2 D; - a3p4n) (2.18)
A304n i=ntl :

where ajy,, is the signal intensity of D, at 30+n amu (from Table 2.2) and Mao4n
is the signal of the mixture spectrum at 30+n amu. D, is proportional to the

amount of desorbing ethane, C;Hg_,Dy.
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Figure 2.12: The mass spectrum of Dg-Dg ethanes (C;Hg_nD,) demonstrates the
complexity of hydrocarbon cracking patterns (from reference [17)).
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2.3 Materials
2.3.1 Catalyst samples

The catalyst samples used in this study were platinum single crystals having a
(111) or (100) orientation, rhenium single crystals with a (0001) orientation, and
polycrystalline rhenium foils.

The platinum and rhenium single crystals were cut by spark erosion and pol-
ished using diamond paste and 0.25 pm alumina slurry on both sides at LBL so
that the crystal face exposed was cut to within 1° of the desired orientation. All
crystals used have an area of approximately 1 cm? and a thickness < 0.5 mm. Laue
X-ray back diffraction was utilized to ensure that the proper orientations were ob-

tained, and the photos obtained from these crystals are shown in Figure 2.13.

The platinum crystals were cut from a rod obtained from the Materials Re-
search Corporation and was claimed to be 99.996% pure by the manufacturer.
The rhenium crystal was cut from a single crystal boule that existed in the group
before 1983. The source is unknown, but the the purity is probably near 99.99%.
Rhenium foil used was 0.025 mm thick and was obtained from Alfa Products at
99.99% purity.

Rhenium wire was obtained from Gallard-Schlesinger. It was 99.99% pure and
had a diameter of 0.5 mm. Platinum wire was 0.020 inches in diameter and was

obtained through Lawrence Livermore stock. Its purity was also 99.99%.

2.3.2 Reagents

Hydrocarbons obtained were the purest available, and were purchased when possi-

ble from Matheson or Phillips. Gases such as CO, H,, Oy, and D, were purchased



Figure 2.13: Laue X-ray back diffraction photos obt
b) Re(0001), ¢) and Pt(100).

50

ained for a) Pt(111),
XBB 878-6968
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Table 2.3: Reagents and gases used: their sources and purities.

Reagent - Source Purity
oxygen Matheson-LBL | >99.9
hydrogen Matheson-LBL | >99.9
deuterium Matheson-LBL | >99.5 D,

>99.95 D, + HD + H;
carbon monoxide Matheson-LBL | >99.5

ethylene Matheson >99.99
ethane Matheson >99.99
n-butane Matheson >99.99
n-hexane Phillips >99.9
methylcyclopentane Phillips >99.9
cyclohexane ~ Phillips >99.9

from Matheson-LBL. Table 2.3 lists the reagents used and their sources.

2.4 Procedufes

2.4.1 Sample cleaning

Platinum and rhenium single crystals were cleaned by cycles of heating in oxygen
(~3x10~7 Torr) and argon ion sputtering (1x10~* Torr Ar) at 1000 K with a |
1 KeV argon ion beam energy, and annealing at 1300 K for platinum and 1600 K
for rhenium until no impurities (mainly S, Ca, C, O) could be detected by AES
or XPS. Rhenium foils were easily cleaned by heating to 1900-2200 K. Rhenium
was removed from platinum, and platinum removed from Ijhenium by prolonged
argon ion sputtering (about 2 hours) at room temperature and 2 KeV primary
beam energy after carbon had beer; removed in 3x10~7 Torr oxygen at 900 K.
Following crystal cleaning, it was verified that sharp LEED patterns were ob-
tained corresponding to a (1x1) for Pt(111) and Re(0001), and a (5x20) for the
Pt(100) [18].
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2.4.2 Rhenium and platinum deposition

Rhenium metal was deposited from a 0.5 mm diameter filament resistively heated
to 1800-2100 K. Platinum metal was deposited by heating to 1400-1700 K a 0.5
mm. diameter filament that was coiled about ten turns (the coil diameter was
‘about 2 mm.). The condition of the filaments was monitored by checking the cur-
rent required to just reach the visual threshold in a darkened room, about 785 K.
As the filament deteriorated over a period weeks, the amount of current needed to
reach this visual threshold decreased, hence the current needed to deposit metal
at a given rate also decreased.

Deposition rates obtained were in the range of 2-8 minutes per monolayer
(min/ML). The base pressure increased about fourfold, or to 4x10~° Torr, after
about one minute of operation of 'i:ile rhenium source at 5 min/ML. A fresh rhenium
filament required about 24 amps to operate at this deposition rate. The increase
in press_ure observed was due to CO and CO; generated from the heating leads and
tantalum shield of the source as it heated up. The rhenium source wé,s allowed
to cool after each minute of operation for about 30 seconds, and the platinum
crystal was usually flashed to 700 K to remove any adsorbed CO or CO;. When
the deposition source was operated with platinum, only about 9 amps of current
was required to operate at 5 min/ML, and no significant increase in temperature
of the deposition source or in base pressure was observed. The platinum source

has been operated for periods of over 30 minutes without requiring cool down.

2.4.3 Dosing of adsorbates

Adsorbates were introduced into the chamber using the precision calibrated leak
valves described previously. Gases introduced into the chamber were in the range

of 10~° Torr to as high as 10™* Torr. Pressures reported are not adjusted for ion
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Table 2.4: Ion gauge correction factors for selected gases.

Gas Correction Cy
ethane 2.63
ethylene | - 2.30
hydrogen 0.428

gauge sensitivity unless otherwise specified. When quantitative data was reduced
from TPD experiments reported in Chapter 3, it was necessary to adjust exposures
for ion gauge sensitivity. The ion gauge was calibrated for nitrogen, and correction
factors were taken from reference [19] and are included in Table 2.4. The true

pressure of the gas is calculated according to
== . : (2.19)

where P is the true partial pressure, P¢ is the observed ion gauge pressure, and

Cy is the correction factor from Table 2.4.

2.4.4 Hydrocarbon reactions at atmospheric pressure

The reactions employed in this study utilized a hydrocarbon pressure of between
5 and 50 Torr. The hydrogen pressures employed were between 10 Torr and »
1000 Torr, and the hydrogen to hydrocarbon ratios of interest were from 2 to
200. Typical conditions were 20 Torr of hydrocarbon and 200 Torr of hydrogen.
Temperatures of interest were between 20-400° C.

Gases were introduced sequentially (usually hydrocarbon followed by hydro-
gen) to the reaction loop after the catalyst surface returned to room temperature
following cleaning procedures and the HP cell closed. Room temperature was
usually é.ttained before the characterization by AES and LEED was complete (5

minutes or less).
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Reactions were performed from one to two hours typically, but occasionally
were performed overnight to check longterm stability of catalyst surfaces. Fol-
lowing a high pressure reaction, the catalyst was cooled to room temperature in
the reaction mixture, and the high pressure cell was evacuated and pumped us-
ing either a sorption pump or a liquid nitrogen trapped diffusion pufnp for up
to two hours before exposing the sample to UHV. Following the opening of the
high pressure cell, the background pressure was found to increase to 5x10~8 Torr
when heavier hydrocarbons such as n-hexane were used. Lighter hydrocarbons
such as ethane or butane caused an increase only up to 5x10™° Torr following
high pressure reactions.

Characterization of the post reaction surface was obtained, and usually started
- with an Auger measurement. An H; TPD gave an estimation of the amount of
hydrogen bound to the surface carbonaceous deposit [20], and then the surface was
titrated with carbon monoxide. The purpose of the CO titration was to quantify
the number of bare metal sites remaining after high pressure reactions [21].

Restart reactions were employed to test the deactivation characteristics of the
surfaces. For these restart experiments, the original reaction mixture was re-
moved after the crystal cooled to room temperature, a fresh reaction mixture was
introduced, and the surface brought to the desired reaction temperature after a

background gas chromatograph was obtained.
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Chapter 3

Hydrogenation of Ethylene and
Adsorption of Ethylene and
Propylene on Pt(111) and
Pt(100)

3.1 Preface

The adsorption of ethylene on Pt(111) has been extensively studied from 77 K to
above 500 K (1,2,3,4,5,6]. Using temperature programmed desorption (TPD) and
~ high resolution electron energy loss spectroscopy (HREELS), different adsorbed
species have been identified in different temperature regions [1,2,3]. Below 290 K
ethylene chemisorbs molecularly to Pt(111) and lies parallel to the surface with a
carbon-carbon bond length of 1.49 A [4,5]. Around room temperature a hydrogen
atom is lost to the surface with a subsequent C-H bond shift so that the remaining
hydrogen atoms are all bonded to one of the carbon atoms. The resulting ethyli-
dyne species (CCHj), as identified through LEED I-V structural analysis for the
(2x2) overlayer [6], stands perpendicular to the surface in a three fold hollow, the
a carbon atom being bonded to three platinum atoms with a carbon-carbon bond

length of 1.50 A. Above 450 K further decomposition occurs with additional loss
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of hydrogen, forming first hydrocarbon fragments of the stoichiometry C.H where
x is between 1 and 2, followed by total dehydrogenation and the formation of a
graphitic overlayer at higher temperatures.

The adsorbed state of ethylene on platinum (and other metals) at room tem-
perature is particularly important because of the role it plays during the catalytic
hydrogenation of ethylene. It has been proposed recently [7] that the steady state
catalytic hydrogenation of ethylene over Pt(111) at atmospheric pressures and at
300 K occurs not on the bare metal surface, but on top of a tenaciously adsorbed
ethylidyne layer. This model is supported by the following fesults: i) the hydro-
genation rate of ethylidyne is much slower than that of ethylene near room temper-
ature [8]; ii) a Pt(111) surface saturated with ethylidyne yields the same reactivity
and kinetic parameters for this reaction as does a clean surface; iii) ethylidyne is
also present a.t. the completion of a high pressure (~ a.fmospheric) reaction when
the crystal is returned to ultra-vacuum (UHV). However, the state of the surface
during the high pressure hydrogenation is not known.

Since it is difficult to probe the surface at pressures larger than 10~ Torr using
_most surface science techniques, these studies were undertaken to gather informa-
‘tion relating to the hydrogenation of adsorbed ethylene over Pt(111) using tem-

perature programmed desorption (TPD) under UHV. Coadsorption of ethylidyne
and hydrogen under different hydrogen pressures, and coadsorption of ethylene
and CO were also examined. It was anticipated that further support of the model
previously proposed where the steady state catalytic hydrogenation of ethylene
occurs on top of an ethylidyne/ethylidene overlayer and not over the bare metal
| surface might be found [7,8,9,1(-)]v. Iv_sAthe apparent role played by ethylidyne in the
catalytic hydrogenation of ethylene over Pt(111) also assumed during hydrogena-

tion over Pt(100)? Catalytic hydrogenation studies of ethylene were extended to
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include the Pt(100) surface to help answer this question. Finally, the decompo-
sition of propylidyne in the presence of hydrogen was examined in an effort to

explore the role of hydrogen in hydrocarbon decomposition on metallic surfaces.

3.2 Hydrogenation of Chemisorbed Ethylene on
Clean and Hydrogen Covered Platinum (111)
Crystal Surfaces

3.2.1 Self-hydrogenation of Ethylene on Pt(111)

Ethylene adsorbs molecularly on platinum at 150 K [1,2,3], and during TPD the
desorption of Hy, C;Hy, and C,He were observed (Figure 3.1). The mole ratio of
desorbing C,Hg, Hy, and C;H, was 1:20:50 when the surface was saturated with
ethylene. The formation of methane and C4 products was not detected.

Ethane was produced from ethylene on Pt(111) in a self-hydrogenation process.
To prove that-background hydrogen was not participating in the hydrogenation,
TPD experiments were carried out using an ethy-lene saturated surface while-keep-
ing a background pressure of 10~° Torr deuterium. The intensity and temperature
of the desorption maximum of the 30 amu. peak was the same whether or not D,
was present, and no deuterated ethanes (31 and 2’»2 amu.) were observed.

The temperature of the desorption maximum (Tez) of ethane for the self-
hydrogenation process was found to be 302 K and independent of the initial ethy-
lene coverage indicating first order kinetics. Following an induction period below
0.4 Langmuirs (L, 1 L = 107® Torr-sec) of ethylene, the ethane yield increased
almost linearly with respect to ethylene exposure until at 1.2 L where saturation

of the surface occurred (Figure 3.2).

Desorption activation energies were calculated from TPD using the method
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Figure 3.1: TPD products of ethylene on Pt(111), heating rate: 8 =30 K/sec.
Left panel from experiment: T.4, = 150 K, exposure = 6 L (saturation). Right
panel from model (see text): Tini: = 150 K, ¢,u, = 0.3 ML. a) H;, 2 amu. TPD.

b) C;He, 30 amu. TPD. c) C,H,, 27 amu. TPD.
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Figure 3.2: Ethane production yield for self-hydrogenation as a function of ethylene
exposure over Pt(111). The experimental points fall on the curve generated by
the computer model (see text for details).



CHAPTER 3: ETHYLENE HYDROGENATION 61

Table 3.1: Kinetic Parameters From TPD on Pt(111): 8 ~ 30 K/sec.

Process Tz (K) | Es (Kcal/mole)
C,H, molecular
desorption 291 9£2

C,Hg formation ' _
with desorption 302 18+4

H, evolution from

C,Hg formation _
when H preadsorbed 252 6+1

of Chan et al. [11]. The desorption of Hz, C;H,, and C;Hg were all found to be
| first' order in ethylene coverage, and the values obtained in‘units of Kcal/mblé
were: 1713 for the first H, evolution peak, 9+2 for ethylene molecular desorption,
and 18%4 for ethane formation (Table 3. 1). The values obtained for hydrogen
and ethylene desorptlon are in agreement with those obtained by Salmeron and

Somorjai [2].

3.2.2 Hydrogenation of ethylene over the hydrogen pre-
dosed Pt(111) surface

The presence of ethylene on the platinum surface inhibited the coadsorption of
hydrogen. However, when the surface was predosed with hydrogen or deuterium,
~ ethylene coadsorption did take place and ethane Jforma.tion was enhanced. TPD
taken after predosing the surface with 25 L (near saturation) of hydrogen fol-
lowed by 0.4 L of ethylene gave an ethane peak centered at 252 K and much
broader than in the self-hydrogenation case (Table 3.1 and Figure 3.3). The mole
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ratio of desorbing ethylene to ethane decreased with increasing coverage of pread-
sorbed hydrogen from 50 for self-hydrogenation to near unity with 25 L of predosed
hydrogen. This was qualitatively in agreement with results recently reported by
Berlowitz et al. [1 2]‘. When the surface was predosed with deuterium all deuterated
ethanes, including d¢ ethane, were detected indicating that considerable exchange
occurred on the ethane precursors. The distribution of deuterated ethanes was
determined by fitting the experimental data using Equation 2.18 from Chapter 2.
A rigorous calculation of the ethane product distribution was complicated by the
simultaneous exchange occurring on ethylene. The TPD data recorded in the
30-36 amu. range were deconvoluted (Figure 3.4), but precise values for ethanes
below d; were not possible to obtain and only upper limits are reported.

The coverage dependence for ethane production on hydrogen and ethylene was
examined. Predosing the surface with varying exposures of hydrogen followed
by an ethylene exposure of 0.4 L gave an increase in ethane production and a
decrease in Ta, With increasing hydrogen exposure (Figures 3.3, 3.5). Exposing
the surface to 30 L of hydrogen followed by varying exposures of ethylene also gave
an increase in ethane production and a decreasing T,,,; with increasing ethylene
exposure (Figure 3.6). Interestingly, the temperature of the desorption maximum
reached a minimum of ~ 250 K near a 1 L exposure of ethylene and remained
near 250 K while the C,Hg desorption area continued to increase even at ethylene

exposures of 20 L.
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Figure 3.3: Ethane TPD as a function of hydrogen exposure for H, + C;H, on
Pt(111). Heating rate: 8 = 30 K/sec. Variable hydrogen dose was followed by -
0.4 L of ethylene. Left panel, experimental C;Hg TPD: T,4, = 150 K. Right panel,
- computer generated TPD: T;,;; = 150 K
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Figure 3.4: Deuterium distribution in ethane produced during temperature pro-
grammed desorption when a Pt(111) ‘surface was dosed with 30 L deuterium fol-
lowed by 6 L C,H,. The distribution was determined by deconvoluting the data;
"however only upper limits were estimated for do — d, ethanes due to simultaneous

exchange and desorption of ethylene.
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Figure 3.5: Ethane TPD area as a function of hydrogen exposure for H, + C,H,4
on Pt(111). Variable hydrogen dose was followed by 0.4 L C;H,. T.4s = 150 K.
The solid line was generated by the model. Inset: Position of the temperature
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Figure 3.6: Ethane TPD area as a function of ethylene exposure. 30 L hydrogen
exposure followed by variable ethylene dosing. T,q, = 150 K. The solid line was
generated by the model. Inset: Position of the temperature maximum. O Exper-
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3.3 Adsorptibn of Small Molecules on Ethyli-
dyne Covered Pt(111)

3.3.1 Ethylene adsorption on ethylidyne saturated Pt(111)

Ethylene chemisorption on Pt(111) at room temperature forms surface ethyli-
dyne [6]. Once the surface is saturated with ethylidyne, no further ethylene will
adsorb either under UHV or high pressure conditions. TPD experiments follow-
ing exposures of ethylidyne saturated platinum to 1-10® L of ethylene from 150 to

320 K resulted in no production of ethane or molecular desorption of ethylene.

3.3.2 Hydrogen adsorption in the presence of ethylidyne
on Pt(111)

The ability of the Pt(111) surfaceto adsofb hydrogen in the presence of ethylidyne
was also examinéd. The H; TPD of an ethylidyne saturated éurfacé is shown in
Figure 3.7a. The same spectrum was obtained when hydrogen coadsorption was at-
tempted at 150 K under UHV, suggesting that no hydrogen adsorption takes place
under these conditions. However, hydrogen could be coadsorbed at 5x10~7 Torr
when a sub-saturation coverage of ethylidyne was present on the platinum surface
(Figures 3.7b and 3.7¢). An H; TPD from clean platinum is shown for reference
(Figure 3.7d). Saturation of the surface with respect to ethylidyne occurred at
ethylene exposures near 1.6 L (Figure 3.8).

Hydrogen could be adsorbed on an ethyiidyne saturated surface when higher
hydrogen pressures were used. For example, when an ethylidyne saturated surface
was exposed to one atmosphere of hydrogen for one minute ( ~ 10'° L), the H; TPD
displayed an additional low temperature peak near 270 K (Figure 3.9d). This peak
was most likely due to hydroggn desorbing directly from the platinum surface.

Experiments performed with deuterium indicated that no deuterium exchange _
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Figure 3.7: H, TPD following ethylidyne + H, exposure on Pt(111). Ethylidyne
was deposited by dosing the surface with 10™8 Torr C;H, at 320 K. H, was in-

68

troduced at 5x10~7 Torr after crystal cooled to 150 K. a) Ethylidyne saturated

surface followed by 30 L H; exposure. b) Ethylidyne from 1.0 L C,H, followed by
30 L H,. ¢) Ethylidyne from 0.5 L C,H, followed by 30 L H;. d) 30 L hydrogen

adsorbed on a clean platinum surface.
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Figure 3.8: Hydrogen yield from the prepared surfaces of Figure 3.7. Ethylidyne +
H; on Pt(111). o The H; TPD area as evolved from uncovered Pt (low temperature
peak) was normalized to the TPD area of H; desorbing from clean Pt (Figure 3.7d).
" @ The H, TPD area evolved from ethylidyne decomposition (high temperature
peak) normalized to the TPD area of H, produced from an ethylidyne saturated
surface (Figure 3.7a).
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occurred on the methyl group, and only the low temperature peak was seen in
the deuterium TPD (Figure 3.9¢). Ethylidyne hydrogenation is very slow at these
temperatures (8], and was not observed during these experiments.

It was also found that hydrogen could be coa.dsorbedlon an ethylidyne saturated
surface at pressures as low as 107° Torr. The hydrogen adsorption state observed
depended on the temperature of coadsorption (Figures 3.9b and 3.9¢). When
hydrogen was dosed at 150 I, H, desorption peaks were observed at 219 and 298 K
corresponding to desorption from uncovered platinum metal (Figure 3.9b). When
hydrogen was dosed at 320 K followed by immediate cooling of the crystal to
150 K, an H; desorption peak was observed at 385 K (Figure 3.9¢c). The hydrogen
adsorption state corresponding to the 385 K desorption peak was found to decay
rapidly at 320 K, and significant decay was observed even at 150 K after 10
minutes. The proportion of hydrogen desorbing in the 385 K desorption peak
was estimated to be around 25%. Pressu;‘es significantly lower than 10~% Torr
(te. 10~® Torr) were ineffective in producing the above hydrogen adsorptior states

on ethylidyne saturated platinum.

3.3.3 Adsorption of carbon monoxide on ethylidyne satu-
rated Pt(111)

Unlike hydrogen adsorption on ethylidyne saturated Pt(111), CO could be coad-
sorbed with ethylidyne on Pt(111) when adsorption was performed at room tem-
perature. Figure 3.10 shows CO TPD spectra after exposure to saturation doses
of CO on clean Pt(111), ethylidyne saturated Pt(111), and the saturated surface
following thermal decomposition of ethylidyne. Quantitative results from these
expgriments are shown in Table 3.2. |

An inspection of Table 3.2 reveals that the position of T e, of CO desorption
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Figure 3.9: H, or D; TPD from Pt(111) for: a) 6 L C;H, dosed at 320 K (satu-
rated ethylidyne) and followed by: b) 1200 L H,, 10~° Torr at 150 K. c) 1200 L
H,, 10~% Torr at 320 K, then cooled immediately to 150 K. d) ~ 10° L H,, 1
atmosphere at 250 K. e) ~ 10'° L D;, 1 atmosphere at 250 K, 4 amu. TPD.
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Figure 3.10: Adsorption and TPD of CO on: a) Clean Pt(111). b) Ethylidyne
saturated Pt(111). c¢) Surface from b after ethylidyne decomposition.
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Table 3.2: CO desorption from surfaces derived from ethylidyne saturated Pt(111).
All TPD areas are compared to the CO desorption areas from the clean Pt(111)
surface.

Relative CO
Surface Desorption Area | Tper (K)
Clean 1 420
C.H3; 0.35 400
Decomposed
C,H; 0.7 410

shifted when carbonaceous residues derived from ethylidyne were on the surface
compared to CO desorption from a CO only covered surface. T, shifted to about
20 degrees lower in temperature in the presence of ethjlidyne, and 10 degrees lower
in the presence pf its decomposition p:od@ct?s. The éthylidyn_e saturated surface
adsorbed about 65% less CO than could be adsorbed by a clean Pt(111) surface.
After the TPD shown in Figure 3.10b was performed, the resulting carbon coverage
following ethylidyne decomposition was lthe same as the surface carbon coverage
of undecomposed ethylidyne. Pt(111) is ineffective at dissociating CO, so no accu-
mulation of carbon from CO decomposition was observed, nor was carbon derived
from ethylidyne observed to leave the surfacé. However, the bare platinum area
apparently increased to about 70% of the clean platinum area after TPD as shown
in Figure 3.10 and Table 3.2, and this indica.fes a rearrangement of carbonaceous
deposits following ethylidyne decomposition in such a way as to accommodate the

adsorption of twice as much CO compared to the undecomposed ethylidyne cov-

ered surface.
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3.4 Propylene Decomposition on Pt(lll)

The decomposition of propylene on Pt(111) is shown in Figure 3.11a. It can be
séen that total dehydrogenation has occurred under UHV by 470 K (Figure 3.11 a
& e). However, when the surface was flashed to 470, 480, and 490 K in th;e presence
of 1x10™* Torr of H; (Figure 3.11b, ¢, & d) and allowed to cool back to 150 K,
subsequent TPD spectra obtained reveal that decomposition was inhibited by the
presence of hydrogen. One of the decomposition products could be ethylidyne
as shown by the shoulder near 510 K in Figure 3.11b, ¢, & d. The ethylene
decomposition spectrum is shown in Figure 3.11f for comparison; the second peak

is due to the decomposition of ethylidyne.

3.5 Hydrogenation of Ethylene on Pt(100) Near
Atmospheric Pressures

The hydrogenation of ethyléne was performed on the Pt(100) surface and com-
parisons were made with the hydrogenation over the Pt(111) surface as previously
reported by Zaera and Somorjai [7]. The conditioné under which ethylene hydro-
genation reactions were executed were 10 Torr C;Hy, 20 Torr H,, 80 Torr N3, and
the temperature range was between 300-375 K. The initial rates obtained vs. re-
ciprocal temperature are shown in Figure 3.12. The rates obtained on the Pt(100)
surface were about 60% higher than the rates obtained on the Pt(111) surface.
The activation energy obtained was 11+1 Kcal/mole and identical to the activa-
‘tion energy obtained by Zaera and Somorjai on the Pt(111) within experimental
error (7). |

The role of ethylidyne has préviously'been implicated as an indirect interme-
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Figure 3.11: H, TPD from propylene and propylidyne decomposition on Pt(111):
a) Propylene decomposition spectrum. After propylene was adsorbed at 300 K
to form propylidyne, decomposition spectra were obtained after first flashing the
surface in the presence of 1x10~* Torr H, to: b) 470 K. c) 480 K. d) 490 K.
e) 470 K without H,. f) Ethylene decomposition spectrum.
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Figure 3.12: Activation energy plot for CoH4 hydrogenation on Pt(lOO) Condi-
tions: Pc,n, = 10 Torr, Py, = 20 Torr, Py, = 80 Torr.
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diate in the catalytic hydrogenation of ethylene over Pt(111) [7]. Since ethylidyne
has also been shown to form on Pt(100) [13], experiments were performed to de-
termine whether or not ethylidyne plays a similar role on Pt(100). Ethylene gives
a similar TPD spectrum from clean Pt(100) compared to clean Pt(111), as shown
in Figure 3.13. The main difference observed between the two surfaces is that
the Pt(100) has a higher proportion of its hydrogen desorbing into the lower tem-
perature (325 K) peak. After a high pressure ethylene hydrogenation reaction on
Pt(111) was performed, the hydrogen TPD taken was very similar to a hydrogen
TPD taken after adsorption of ethylene on clean Pt(111) at room temperature
and under UHV where ethylidyne is formed [7]. Furthermore, 8¢ on Pt(111) af-
ter a high pressure hydrogenation reaction was near 0.5 ML, which is consistent
with the existence of ethylidyne following a high pressure reaction. Saturated
ethylidyne on Pt(111) also gives a carbon coverage of 8¢ -~ 0.5 ML, so during
éatalytic hydrogenation of ethylene very little additional carbon accumulates on
the Pt(111) surface beyond. the initial formation of ethylidyne. The Pt(100) sur-
face behaves diﬁ'erently,' however. The TPD peak obtained after a high pressure
reaction is much broader than the peak obtained from ethylidyne decomposition
after ethylene adsorption on clean Pt(100) under UHV. The peak is centered near
480 K which is consistent with the presence of ethylidyne, but the peak broad-
ness clearly indicates the presence of other fragments (Figure 3.13). The amount
of carbon left on the Pt(100) surface after a high pressure reaction was about 3
times higher, ¢ ~ 1.5 ML, and consequeqtly more hydrogéh was found to desorb

from the carbidic overlayer after returning the surface to UHV following reaction.
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Figure 3.13: H, TPD from the decomposition of C,H4 on clean Pt(100) and after
a high pressure C;H,; hydrogenation over Pt(100).
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3.6 Discussion

3.6.1 Model for the UHV hydrogenation of chemisorbed
ethylene on clean and hydrogen predosed platinum

Ethylene decomposition on Pt(111) surfaces have been previously studied [1,2].
The peaks at 320 and 530 K in the H, TPD of ethylene are known to corre-
spond to the conversion of adsorbed C,H4 to ethylidyne and to the decomposition
of ethylidyne respectively. Ethane is among the thermal desorption products of
ethylene, a product of self-hydrogenation. Self-hydrogenation of ethylene has beén
observed previously on Pt, Rh, Ir, Ni, Pd, and W [14,15,16,17,18,19]. During the
decomposition of adsorbed ethylene to ethylidyne on platinum, hydrogen atoms are
spilled onto the surface. These hydrogen atoms are then able to hydrogenate other
adsorbed ethylene molecules to ethane which then desOrb; ‘The rate determining
step (RDS) for this process is the breaking éf a C-H bond, which is responsible
for the first order dependence on ethylene coi'erage for ethane formation at 302 K,
and H, desorption at 320 K. Additionally, activation energies calculated for both
processes were eq}livalent within experimental error (1814 Kcal/mole for C;Hg for-
mation and 1743 Kcal/mole for H; evolution). When hydrogen is coadsorbed with
ethylene (as was the case for the predosing experimenfs), the hydrogenation pro-
ceeds directly without involving any C-H bond breaking. This is why the ethane
peak became broader and shifted from 300 K for very low hydrogen exposures to
250 K for larger exposures. Based on these observations, the following mechanism

for the self-lﬁydrogenation is proposed:
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Table 3.3: Model for the Hydrogenation of Chemisorbed Ethylene on Pt(111) |

Step Rate Expression E, (kcal/mole) v ref.
1) Oc,u,vexp(—E/RT) 17 | 4x10%3 a
(2) 0% vexp(—E/RT) : 9 0.075 b
(8) | Keg = k3/k_3 = vexp(E/RT) 2 0.03 c
(4) Oc,u,0nvexp(—E/RT) 6 1.47x1073 | ¢
(5) 8c,u,vexp(—E/RT) 9 9.2x10° | a

a) This work and ref. [2].
b) Ref. [20].
c) This work and parameters adjusted to fit the self-hydrogenation process.

(1) CoHy (aas) — C2Haz (ads) + Hiads) (RDS)
(2) 2Has) — Hz (g)

(3) CZH4 (ads) + H(ada) = CZHS (ads)

(4) CoHs (ads) + Haas) — C2Hs (y)

(5) ' CoHy (aasy — CaHy (g)

A computer simulation of the preceeding model was developed using the kinetic
parameters determihed from this work and eisewhere (Table 3.3). The-kinetic
parameters for step (1) were extracted from the first hydrogen desorption peak
that was due to the decomposition of ethylene to ethylidyne. This is so because
once hydrogen is formed on the surface due to the breaking of C~H bonds, the
temperature is high enough so that the recombination and desorption of H; is
fast. The parameters used were: E, = 17 Kcal/mole and v = 4x10!3 sec™!. The

~activation energy was taken from this work and the preexponential factor was
taken from the paper by Salmerén and Somorjai [2].

The desorption parameters of stéi) (2) (H2 desorption from Pt(lll).) were taken

from the work of Christmann et al. [20]. The parameters used were E, = 9 Kcal/mole

and v = 0.075 for the second order process. Molecular desorption of ethylene was



- CHAPTER 3: ETHYLENE HYDROGENATION 81

observed and the kinetic pa.ré,meters used for step (5) &ere taken from Salmerén
and Somorjai [2]. They were: E, = 9 Kcal/mole and v = 9.2x10°.

The kinetic parameters for steps (3) and (4) were not as easily accessible. If the
hydrogenation were to take place in a concerted way, the overall rate expression

for the two hydrogenation steps combined would be:
rate = 6%0c,u,vexp(—E,/RT)

This expression is third order overall, second order in hydrogen and first order
in ethylene. However, it is likely that the hydrogenation occurs in two successive
steps, one of which is rate determining, and each of which is first order in hydrogen
and second order overall. The coverages of hydrogen and ethylene for step (3) and
~ the coverages of hydrogen and the surface ethyl radical for step (4) change with
time (and temperature) in an undetermined way. For this reason it may not be
possible to use the well estaBlished methods of determining kinetic parameters
from the TPD for the hydrogen predosed system (Figure 3.3). This leaves four
undetermined parameters to be fixed in order to get good agreement with the
experimental data.

A considerable amount of C;D¢ desorbed during TPD when D, and C,H, were
coadsorbed on the Pt(111) surface (Figure 3.4). This can be explained if a fast
equilibrium is attained between a;dsorbed ethylene and the surface ethyl radical,
and if the second hydfogenation step is rate limitir_lg for the formation of ethane.
The method of Chan et al. [11] for a second order desorption was used as a first
approximation, and an activation energy of 61 Kcal/mole was calculated for the
thermal desorption processes shown in Figure 3.3. This activation energy was
assigned to step (4), the second and rate limiting hydrogenation step.

The first hydrogenation step and its reverse were assumed to be faster than
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the second hydrogenation step. This leads to deuterium exchange:

K,
C2Hy4 (ads) + Daas) = C,H;D (ads) + H(ads)

.Furthermore, adsorbed C;H, and C;Hs are proposed to be in dynamic equilibrium,

then:
Ke? = Oc,u,/9c,u,0u = ka/k_3 = (va/v-3)exp[(E-3 — E3)/RT)
The following three parameters were selected for use in the mode1>:
(va/v_s) = 0.03; (E-3 — E3) = 2 Kcal/mole; vy = 1.47 x 10~3

The surface hydrogenation model is summarized in Table 3.3, and computer gen-
erated results accompany the experimental results in Figures 3.1, 3.2, 3.3, 3.5,
and 3.6. They were in excellent agreement with experiment for both the self-
hydrogenation and hydrogen coverage dependence for the hydrogen preadsorbed
system. |

Additional calculations were perfofmed in order to justify thé selection of the
kinetic parameters for the hydrogenation steps. Keeping all other parameters the
same, the activation energy for step (4), the final hydrogenation ste\p, was adjusted
with its corresponding preexponential factor so that the ethane yield during self-
hydrogenation of ethylene remained uncha.hged. The position of Ty, and the
full width at half maximum (FWHM) forr ethane desorption were computed as a
function of the activation energy (E4) for ethylene hydrogenation when a large
coverage of preadsorbed hydrogen was present. Experimentally, Tmar was 250 K-
”and‘the FWHM was 65 K under these conditions (30 L H; predose). The model
gave the best agreement with experiment (Tme; and FWHM) when E4 was 6
kcal/mole. As E, was increased, Tmqz- increased and the FWHM decréased. At
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E; = 9 Kcal/mole, Tma,,. was 265 K and the FWHM was too narrow at 45 K. On
the other hand, as E; was decreased, T, decreased rapidly and was 200 K at
E; = 3 Kcal/mole.

3.6.2 Availability of platinum surface sites in the presence

of ethylidyne '
Attempts have been made to determine the amount of open surface available
when the Pt(111) surface is saturated with ethylidyne [21]. It was found that the
ethylidyne saturated Pt(111) surface a.dsorbedAO.25 ML of hydrogen only when
hydrogen dosing was performed at atmospheric pressures. Hydrogen is known
to adsorb on clean Pt(111) at room temperature [22], so the ethylidyne either
occupiés all the hydrogen adsorption sites, or increases the activation energy of
hydrogen édsorption either by altering the electronic state of the surface or by
brea.kiﬁg up large platinum ensembles that dissociate hydrogen most easily. The
latter explanation is perhaps the most satisfactory, and the H, desorption peak in
Figure 3.9d shows that the position of Ty,,, was not significantly different than for
H; desorbing off clean Pt(111) (Figure 3.7d). The adsorption of CO on ethylidyne
saturated Pt(111) also supports this explanation since .CO does not dissociate on
platinum and therefore requires a smaller ensemble for adsorption.

An ethylidyne saturated surface was found to adsorb CO quite readily as shown
in Figure 3.10, despite the fact that CO is a larger molecule than H;. The results
obtained indicate that the saturation coverage of CO (6o is defined by 6,,: = 1 on
a clean Pt(111) surface) on ethylidyne saturated Pt(111) is around fco ~ 0.35 ML
(Table 3.2). It is known from LEED experiments that ethylidyne forms a (2x2)
oveflayer on Pt(111), due either to 3 superimposed (2x1) domains resulting in an

ethylidyne coverage of 0.5 ML [21], or to a single (2x2) domain resulting in an
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ethylidyne coverage of 0.25 ML. The results obtained indicate that the presence
of ethylidyne on the Pt(111) surface block CO adsorption sites, perhaps due to
steric hindrance. If it is assumed that a single platinum atom can bind either
to a CO molecule -‘orA to an ethylidyne species, then fco should be 0.25 ML for
Occu, = 0.25 ML since each ethylidyne species bonds to three platinum atoms,
or 0 for 8ccu, = 0.5 ML. The results obtained here indicate that fccn, is closest
to 0.25 ML. The shift in T .z obsérved for CO to 20 degrees lower temperature
when the Pt(111) surface was saturated with ethylidyne compared to clean Pt(111)
indicates that a repulsion exists between CO and ethylidyne.

The increase in CO desorption area observéd after ethylidyne was thermally
decomposed indicates that the carbonaceous residues left on the surface have reor-
ganized to occupy less surface area through polymerization or condensation; and

possibly by forming 3 dimensional deposits.

3.6.3 The role of hydrogen in propylidyne decomposition

The decomposition of propylene has been studied pre\;iously (2,23], and the H,
TPD spectrum is shown in Figure 3.11. The ﬁrst H, .desorption peak is obtained
near 400 K and is due to the formation of propylidyne, analogous éo the formatAion
of ethylidyne from ethylehe [2]. The decomposition of the propylidyne species is
completed by 470 K, as shown in Figure 3.11a, and particularly by Figure 3.11e.
The decomposition of the propylidyne species is inhibited by surface hydrogen.
In fact most of the propylidyne remained undecomposed when heated to 470 K
\\}ith 1x10~* Torr hydrogen (Figure 3.11b), and the shoulder near 510 K suggests
that some of the decomposing species formed'ethylidym‘e. Propylidyne is known to
form ethylidyne upon decomposition on Rh(111) in UHV, and perhaps the ability

of rhodium to bind hydrogen tightly is the reason this oceurs [23]; It therefore
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follows that vif hydrogen is forced to occupy platinum sites at the decompositién
_temperature of propylidyne by using higher H, pressures, then this metal may
decompose propylidyne through a similar reaction pathWay as rhodium. Substan-
tial propylidyne was observed to remain undecomposed even after flashing up to
490 K in the presence of hydrogen. During catalytic conversion of hydrocarbons
as discussed in Chapter 6, high pressures of hydrogen are needed to keep the
catalytic surfaces free from deactivation due to the buildup of coke, even for dehy-
drogenation reactions. The results obtained from propylidyne decomposition are
clear proof that the presence of surface hydrogen passivates the surface against

decomposition of surface carbonaceous residues.

3.6.4 The behavior of hydrogen on ethylidyne saturated
Pt(111)
Zaera and Somorjai [7] have recently> reported that a éaturatioh layer of ethylidyne
‘was formed immediately énd irreversibly on the Pt(111) surface during the high
- pressure ( ~ 200 Torr) steady state catalytic hydrogenation of ethylene. Ethyli-
dyne is stable under atmospheric pressures of hydrogen and at room temperature
since the hydrogenation, and exchange of deuterium for hydrogen on the methyl
group, are much slower (~10~3 times slower) than the catalytic hydrogenation of
ethylene [8,9,10]. Ethylidyne was always found on the Pt(111) crystal upon return
to UHV conditions following a hydrogenation reaction. Also, restart reactions on
ethylidyne covered platinum gave the same rates of reaction as for clean surfaces.
All of the above suggest direct participation of the cafbonaceous overlayer during
the steady state hydrogenation of ethylene at atmospheric pressure and near room
temperature. It was proposed that after dihydrogen dissociates on the platinum

surface, the hydrogen atoms are transferred indirectly from the platinum surface to
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Figure 3.14: Proposed mechanism for the steady state catalytic hydrogenation of -
ethylene on Pt(111). The second panel shows schematically the proposed ethyli-
dene intermediates derived from ethylidyne and surface deuterium.

weakly bound ethylene molecules through the a carbon of the ethylidyne species,
via the formation of ethylidene (CHCHj3) intermediates (Figure 3.14).

In support of this scheme it has been demonstrated that hydrogen could be ad-
sorbed on an ethylidyne saturated platinum surface when the pressure was greater
than 10~° Torr at temperatures betwéen 150-320 K. The amount of hydrogen that
could be adsorbed on this surface with a one atmosphere exposure (~ 10'° L) was
about 25% the amount that could be adsorbed on a clean Pt(111) surface with a
30 L exposure.

At pressures argund 10~ Torr detectable quantities of hydrogen could also be
adsorbed on the ethylidyne saturated surface between 150-320 K, but equivalent
exposures at 10~® Torr gave no detectable hydrogen adsorption. Larger cover-
ages were obtained with higher hydrogen pressures according to the adsorption
isotherm until saturation was reached. An absolute measurement of the hydrogen -
isotherm could not be obtained because once the hydrogen dosing is discontinued

in preparation for a TPD experiment, hydrogen immediately begins to desorb from
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the surface.

Two different hydrogen states were seen in t}ie TPD dependiné on the ad-
sorption temperature. The H; desorption peaks around 290 K (Figure 3.9b) were
probably due to hydrogen desorbing from the platinum surface while the 385 K
(Figure 3.9¢c) desorption peak was possibly related to a hydrocarbon decomposi-
tion. The presence of the 385 K peak suggests the existence of ethylidene (CHCH3;)
on Pt(111) when higher hydrogen pressures were applied to an ethylidyne satu-
rated surface. The peak was found on the low temperature side of the ethylidyne
. decomposition peak, consistent with calculations of Kang and Anderson [24] that
predict ethylidene is less stable than ethylidyne at low hydrogen pressures. A
high steady state concentration of ethylidene would be favored by high hydrogen
- pressures. However, under- UHV the ethylidene = ethylidyne equilibrium would
" be completely shifted towards the more deixydrogenated moiety. Therefore, the
ethylidene decomposition pi‘oduct i; probably ethylidyne, and within experimental
error, the area and shape of the hydrqgen desorption peak from ethylidene above
420 K was no different than the area and shai)e of a typiéal ethylidyne ciesorption

spectrum (Figure 3.9).

3.6.5 The steady state catalytic hydrogenation of ethylene
over platinum

These results have implications for the catalytic hydrogenation of ethylene. First,

if ethylene was hydrogenated directly on the platinum surface, an activation energy

of 6 Kcal/mole would probably be observed instead of 8-15 Kcal/mole as reported

elsewhere [25,26,27,28,29,30]. Exti‘apolating the surface hydrogenation model pro-

posed here (Table 3.3, steps (2) - (5)) to steady state conditions and moderate

pressures gave a rate expression very different than that determined by Zaera and
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Somorjai [7] for ethylene and hydrogen on Pt(111). Also, the ethane deuterium
distribution obtained from D, + C;H, experiments under UHV (Figure 3.4) was
much different from that obtained for high pressure deuteration [7].

There have been observations made in the literature that support the proposed
direct participation of carbonaceo;xs deposits during the catalytic hydrogenation of
ethylene on metallic surfaces. Laidler and Townsend [31] reported two activation
energies for ethylene hydrogenation over Ni films (7.8 and 10 Kcal/mole) depending
on whether hydrogen or ethylene was introduced into the reactor first. When
hydrogen was introduced first, the fast initial rate with the lower activation energy
gave way to the slower rate obtained when ethylene was introduced first, indicating
that as surface hydrogen was depleted, surface metal atoms became available for
the adsorption of hydrocarbon that forms stronger bonds to the surface than does
hydrogen.

The possibility exists that on the Pt(111) surface, the catalytic hydrogena-
tion still proceeds directly on the metal surface, but a larger activation energy
is observed because ethylidyne hinders the approach of ethylene to the surface.
Although this explanation cannot be discarded, it seems unlikely since neither
ethylene nor ethane were found to desorb when attempts were made to adsorb
ethylene on an ethylidyne saturated surface, even at atmospheric pressure. An-
other plausible explanation is that the effect of ethylidyne on the dissociation of H;
could also be responsible for a larger activation energy of ethylene hydrogenation.
’i‘he results of Section 3.6.4 show that the presence of ethylidyne leads to a greater
activation energy of H, adsorption or dissociation. The magnitude of this increase
was undetermined, but the importance of tﬂis effect may be significant.

Wieckowski et al. reported an activation energy of 5.9 Kcal/mole for the hydro-

genation of ethylene over Pt(111) in solution where H* was reduced at the surface
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giving surface hydrogen. They propose that ethylene is hydrogenated directly on
the clean platinum surface, similar to the process of surface hydrogenation re-
ported under UHV in Section 3.2.2 [32]. Since ethylidyne was not accumulated on
the surface during these experiments, it is not proven whether or not ethylidyne
affects the hydrogen or the ethylene species.

In an attempt to deterxﬁine whether ethylidyne also participates in the cat-
alytic hydrogenation of ethylene on other platinum surfaces, experiments were
performed on the Pt(100) surface. Although the rates and activation energies
were similar on the Pt(111) and the Pt(100) surfaces, differences were observed
in the hydrogen TPD spectra obtained after reaction. The Rh(100) surfaces has
been shown to form ethylidyne from ethylene under UHV and during the cat-
alytic hydrogenation of ethylene [23]. Since the clean Rh(100) surface exhibits
no reconstruction, ethylidyne can form on a surface with fourfold symmetry. The
Pt(100) surface reconstructs to a hexagonal (5% 20) structure, and remains in this
structure after exposing the surface to ethylene and transformation to ethylidyne
under UHV [13], and was also observed to do so in this laboratory. However, the
reconstiuction is removed by hydrogen at low temperatures [33], but it could not
be verified if the reconstruction was removed during ethylene hydrogenation reac-
tions at atmospheric pressures. No LEED pattern was observed follo;ving reaction,
probably due to the large amount of carbon that accumulated on the surface dur-
ing reaction. Compared to the Pt(111) surfé,ce, the Pt(100) surface accumulated 3
times more carbon and 2-3 times more hydrogen. Ethylidyne may certainly have
been involved with the reaction, but it must be concluded from these results that
dt‘hex_"carbonaceous species were present on the Pt(100) surface and may have also

participated in the hydrogenation of ethylene.
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Chapter 4

The Preparation and
Characterization of Bimetallic
Platinum—Rhenium Surfaces

4.1 Preface

Since the introduction of rheniﬁm to the reforming catalyst in 1968 [1], many
studies have beeh published aimed at understanding this complex system including
those reported in [2-26]. Most of these studies deal with the practical catalyst as a
whole; consequently the information obtaineci cannot separafe totally the metal-
metal interaction from the influence of other variables, such as the support (e. g;
v-alumina) and other additives (e.g. sulfur, chlorine, potassium).

Th; method used in these studies was to strip the system to the most basic
components, yet still have a reforming catalyst. The rest of this thesis deals Witil
only the metallic components of the platinum-rhenium catalyst; the purpose being
to isolate the metallic components and correlate changes in chemistry and physical
properties of the surface with respect to the metallic composition of the surface.
To a lesser extent these studies have been concerned with changes made in sur-

face crystallographic orientation. Studies have been performed previously in this

laboratory to determine the effect of surface structure on monometallic platinum
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éatalysts [27,28,29]. Equipped with this background informatioh, another variable
~ was added to the system: rhenium. ’

In this chapter is reported the preparation of bimetallic surfaces of rhenium on
Pt(111) and Pt(100) by vapor deposition of rhenium metal onto platinﬁm single
crystal surfaces, and of platinum metal onto Re(0001) single crystal surfaces and
rhenium foils. The composition and properties of the prepared bimetallic surfaces
were characterized using Auger electron spectroscopy (AES), low energy electron

diffraction (LEED), and X-ray photoelectron spectroscopy (XPS).

4.2 Growth Mechanisms of Metalhc Thin Films
of Platinum and Rhemum

4.2.1 Rhenium Uptake on Pt(111) and Pt(100)

Rhenium uptake on Pt(111) was assessed by AES using an RFA operated in the
derivative mode. A. plot of the platinum 158 eV peak intensity (the platinum
150'a-,n'd 158 eV peaks were uﬁresblved on this analyzer) versus time of rheniﬁm' _
deposition is shown in Figure 4.1. Breaks in the rhenium uptake curve near four
and eight minutes correspond to the filling of the first and secénd monolayers
respectively. After the filling of the third monolayer, the 158 eV platinum peak was
no longer resolved above the secondary electron background due to the thickness
of the rhenium film. Representative spectra of some bimetallic surfaces derived
from Pt(111) are shown in Figure 4.2. |

The growth mechanism of rhenium on Pt(111) was found to be monolayer by
monolayer at least through three monolayers. This was shown in Figure 4.1 by the
presence of breaks in the Auger uptake curves of the platinum 158 eV peak at 4

and 8 minutes which is characteristic of a Frank-van der Merwe, or layer by layer
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Figure 4.1: Rhenium uptake on Pt(111). Breaks near four and eight minutes
correspond to the filling of the first and second monolayers of Re. The solid lines -
were generated by the Gallon model for layer by layer growth as discussed in
Chapter 2. A similar plot was obtained for rhenium uptake on Pt(100).
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Figure 4.2: Representative Auger spectra obtained of Re on Pt(111). Shown are
spectra for clean Pt, and Or. = 1, 2, and 3 monolayers on Pt(111) respectively.
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-growth mechanism. Adsorbate versué suBstra.te plots gave the same informatién
as the plot in Figure 4.1 and are not included here.

According to Equation 2.9 derived from the Gallon model [30], the intensity of
the platinum 158 eV peak (Ip;) should fit the Equation

for the first rhenium monolayer. The attenuation coefficient o was defined in
Equation 2.7 as

a=L/L
where I! is the intensity of the substrate peak covered by one monolayer of adsor-
bate and I? is the intensity of the clean substrate peak. For the platinum 158 eV
peak attenuated by one monolayer of rhenium metal, the attenuation coefficient

a was found to be 0.41. The analysis from Equation 2.9 further leads to
Ip: = Ip,[a(2 — a) — a(l — a)bR.] - (4.1)

and

Ip, = I, [a?(3 — 2a) — o*(1 — a)dr] (4.2)

for the filling of the second and third monolayers respectively. The above model
was plotted in figure 4.1 and gives good agreement with experimental results.
Further confirmation of layer by layer growth was that a well ordered (1x1) surface
structure was always present during rhenium deposition on the Pt(111) crystal as
shown by LEED. |

The inelastic mean free path (imfp) can be estimated from these data [30,31,32].
Assuming that the atomic backscattering coefficient is the same for platinum and

rhenium (they are separated by osmium and iridium in the periodic table) then

a = exp(—d/0.75\cos¢) (4.3)
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where A is the imfp, the factor 0.75 comes from the accéptance angle of the retard-
ing fleld analyzer [32], d is the layer spacing, and ¢ is the photoelectron takeoff
angle. Using d = 2.23 A for rhenium, the imfp was calculated to be 3.5 &, which
is reasonable for a 158 eV electron ‘as can be seen from Figure 2.5.

It is important to be able to determine the coverage of an adsorbate by a single
Auger spectrum. Platinum metal has a pair of Auger transitions near 158 eV, the
150 eV peak being unresolved on the analyzer used. Both platinum and rhenium
metals have Auger transitions near 168 eV. As rhenium was deposited on platinum,

"the platinum 158 eV peak was attenua.ted,. but the Pt + Re 168 eV peak intensity
remained fairly constant up to 1.5 ML of rhenium. At larger rhenium coverages
the 168 eV peak intensity increased. If the ratio of the intensities of the 158 and
168 eV peaks are plotted versus the rhenium coverage, linear behavior is observed
through 2 monolayers of rhenium (Figure 4.3). The least squares line calcﬁlated

from Figure 4.3 for the rhenium coverage through 2 monolayers is
9}23(:1:0.1 ML) = (127 - I158/I163)/056 - . (44)

where 153 and Ij¢s are the intensities of the 158 eV and 168 eV Auger peaks. The
coverage of rhenium was assigned after deposition using the above equation and
the family of fingerprints like those shown in Figure 4.2. This method was also used
by Sachtler to assign the composition of bimetallic gold-platinum surfaces [31].
Rhenium uptake was also measured on Pt(100). The uptake curves obtained
were practically identical to those obtained-from Pt(111), and are not included
here (see Figure 4.1). The results obtained on Pt(100) indicate that a Frank-van

der Merwe mechanism was also operating on this surface.
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Figure 4.3: Ratio of the Auger 158 eV peak to the 168 eV peak obtained during
Re uptake on Pt(111) and Pt(100).
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4.2.2 Platinum uptake on Re(0001)

Platinum uptake was measured on Re(0001) using the same chamber and config-
uration as for the rhenium uptake on platinum crysta.lé. The £'henium filament
uséd on the metal deposition source was replaced with a 2 mm platinum coil com-
posed of 0.020 inch platinum wire, as described in Chapter 2. Since the platinum
deposition source operated at a much lower temperature than the rhenium source,
no increase in base pressure was observed and .the bimetallic surfaces generated
also remained cleaner. Platinum is more inert than rhenium and this aléo helped
in keeping the surface clean of background gases. For these reasons it was not
necessary to flash the bimetallic Pt~-Re(0001) or Pt—-Re foil surfaces unless the
preparation of alloyed surfaces were desired.

Uptake curves were obtained for platinum deposited on Re(OO@l) using Auger
electfon spectroscopy, and the plot obtained is: shown in Figu-re 4.4. The éttenu-
ation of the rhenium 217 eV peak was measured for this system. In addition, the
growth of the platinum 251 eV peak was well behaved at low platinum coverages.
This is in contrast to the rhenium on platinum system where no adsorbate rhexﬁum
peak could be measured quantitatively at coverages less than 0.5 monolayers.

The behavior of the adsorbate Pt 251 eV and the substrate Re 217 eV peaks
were also modeled according to Gallon [30] considering a layer by layer growth
mechanism. Equations 2.8 and 2.9 were used to generate the solid lines in Fig-
ure 4.4. The model gives good agreement with the experimental data and is
evidence that platinum growth on Re(0001) is layer by layer. This is in agree-
ment with Alnot. et al. who reported layer by layer growth of platinum on rhenium
ribbon [33,34].

The attenuation coefficient of 217 eV electrons passing through one monolayer
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Figure 4.4: Platinum uptake on Re(0001) monitoring the adsorbate Pt 251 eV
(o) and the substrate Re 217 eV peak (o). The solid lines were generated by the
Gallon model for layer by layer growth.
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of plaf;inum is @ = 0.42, and is very close to the value obtained for the attenu-
ation coefficient of 160 eV electrons through rhenium. The value corresponds to
an inelastic méan free path of 3.7 A for 217 eV electrons through platinum as cal-
culated using Equation 4.3, and is within the range obtained for 217 eV electrons
propagating through other elements as can be seen in Figure 2.5.

With the proceeding analysis complete, a set of Auger spectra were compiled
that correspond to a given cdverage of platinum on Re(0001). The ratio of many
different peak combinations were calculated, and it was found that the ratio of
the intensity of the Pt 251 eV divided by the intensity of the Pt 4+ Re 168 eV
peak versus coverage was well behaved up to at least 2 monolayers of platinum
(Figure 4.5). Auger spectra obtained for platiﬁum growing on rhenium foils also
_gave peak ratios that behaved similarly. The covéra;ge of platinum on rhenium
was estimated by calculating the ratio of intensities of the 251 eV and 168 eV
peai{s and reading the coverage from Figure 4.5. The Auger spectrum was also
compared to the family of fingerprints obtained for the uptake .curve of platinum

on Re(0001) as was done for rhenium depositidn on platimim éfystals.

4.3 Properties of Bimetallic Platinum—Rhenium
Films |

4.3.1 Stability of metallic thin films of platinum and rhe-
nium

The rhenium overlayer was found to be stable on platinum up to 1000 K. Above

these temperatures rhenium diffused into the platinum substrate. Flashing the

surface to 1100-1300 K was hot enough to obtain mixing of the platinum and rhe-

nium metals in the interfacial region, and prolonged heating at these temperatures
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Figure 4.5: Ratio of the AES 251 eV to the 168 eV peak vs. coverage for platinum
dosed Re(0001).
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resulted in the eventual disapbpeaxa.nce of rhenium into the platinum bulk. Rhe-
nium could also be removed from the platinum surface at 300° C in the presence
of 300 Torr of oxygen, probably in the form of volatile Re;O-.

‘Rhenium that was in contact With platinum metal resisted oxidation under
vacuum conditions (10~7 Torr oxygen). However, when depositing more than one
monolayer of rhenium on platinum, contamination by small amounts of oxygen
from the background gases, particularly from air and water, was difficult to avoid.

There are two simple ways to remove oxygen from a rhenium surface in UHV.
Heating to high temperatures (~ 2000 K) is one way, and the other is to chemisorb
stoichiometric amounts of ethylene followed by flashing to 1000 K. Both methods
cause bulk diffusion of the two metals, so a relatively thick rhenium film (~ 10 ML)
must be deposited to insure that no platinum diffuses to the surface following
annealing. For this reason it was difficult to control the surf#ce oxygen cow}erage
when attempting experiments at intermediate rhenium coverages such as 1 to
several monolayers on platinum under vacuum conditions. Experiments performed
at elevated hydrogen pressures posed no diffculties because all rhenium films were
found to reduce under atmospheric hydrogen pressurés at 300° C.

Platinum overlayers on rhenium were also found to be stable up to 1000 K.
Above these temperatures platinum was lost from the surface by either diffusion or
by thermal desorption. Thermal desorption was never checked, but it does occur
to some extent accofding to Alnot et al. [34]. Platinum could mostly be removed
from rhenium by heating to high temperatures, although this is an undesirable
method for removing a second metal from the surface since substantial accumu-
lation may eventually develop in thé near surface region. However, in the case of
platinum on rhenium, it was difficult to remove the last monolayer of platinum

with heating. One monolayer of platinum on rhenium remained on the surface
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for long Aperiods. of time,'even at temperatures high above the diﬁ'usion threshold
of the two metals. Alnot et al. also reported that some platinum could not be
removed by heating, but they reported that 0.5 monolayers stubbornly remained
on the rhenium surface [34].

The stability of a surface rhenium oxide was also tested in the presence of
platinum. To remove oxygen from a rhenium surface, it was necessary to heat it
in vacuum up to at least 2000 K. Experiments were performed in which oxygen
was deliberately left on the rhenium surface. After dosing the rhenium surface
with around 0.5 ML of platinum, the surface could be flashed free of oxygen at
400° C in vacuum. This indicates that platinum can catalyze the reduction of
rhenium under UHV conditions. The catalyzed reduction of rhenium by platinum
has been previously reportved by investigators using temperature programmed re-
dﬁction (TPR) of bimetallic supported platintim—rheniumVcatalysts [11,17], and
the catalyzed decomposition of rheniﬁm oxides at lower temperatures was at least
partially responsible for the enhanced reduction in the presence of platinum.

The adsorbate induced surface segregation of rhenium oxides was investigated.
Experiments were performed where oxygen was chemisorbed on clean Re(0001)
followed by the deposition of 7 monolayers of platinum. The Re(0001) surface
was dosed with oxygen until a (2x2) was observed using LEED indicating that
the coverage of oxygen was 8o ~ 0.25 ML. After the deposition of platinum, the
oxygen and rhenium were no longer detectable using AES. After a brief annealing
of the surface to 800° C where the diffusion of platinum into rhenium is known
to occur, both the rhenium and oxygen Auger signals reappeared with a decrease
in the platinum Auger signal (Figure 4.6). Another brief annealing to 800 ° C
resulted in an increased platinum Auger signal coupled to a decrease in the rhe-

nium Auger signal, and disappearance of the oxygen signal. Further annealing to
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800 ° C caused the platinum Auger signal to decrease as expected due to bulk
diffﬁsion of the metals. The interpretation of this effect is that rhenium oxide
first segregated to the surface resulting in an increase in the rhenium and oxygen
Auger signals. Th¢ increase in the platinum Auger signal observed following the
first annealing resulted because the surface platinum catalyzed the reduction of the
surface-segreg;),ted rhenium oxide in vacuum. The presence of oxygen apparently
led to surface segregation of the rhenium oxide because the surface free energy
of the oxide was less than the surface free energy of both mefallic platinum and
rhenium. When the oxygen desorbed, the remaining metallic rhenium diffused
from the surface to the near surface region leaving platinum layers on the surface

resulting in a net decrease in surface free energy.
4.3.2 XPS studies of the Re-Pt(111) system

X—ra& photoeiectron spectra were obta.iﬁed of the Re-Pt(-lll) system. A reference
spectrum of the clean Pt(111) 4f levels was obtained (Figure 4.7a), and all the
platinum and rhenium 4f/, lines subsequently measured were referenced to a Pt
4f7/ binding energy at 70.9 eV [35].

The photoelectron spectrum obtained after 10 monolayers of rhenium were
deposited is shown in Figure 4.7b. Taking a value for the inelastic mean free path
of 1200 eV electrons to be 18 A from Figure 2.5, the thickness of the rhenium
film was estimated by comparing the platinum XPS intensities before and after
rhenium deposition. After solving Equation 4.3 withd =1 ML to get a for 1200 eV
. electrons,-Equation 4.3 can be solved for d to estimate the film thickness. The
crystal was flashed periodically to 700 K during the deposition of rhenium to keep
the accumulation of carbon low. X-ray photoelectron spectra obtained following

deposition and flashing to 700 K gave binding energies of 71.4 and 40.4 eV for
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Re foil. b) After 10 ML Pt. c) After flashing to 800° C. d) After a second flashing
to.800° C. e) After flashing to 850° C. :
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the Pt and Re 4f7/; levels respectively. This represents a shift to higher binding
energy of 0.5 eV for the platinum 4f;;; peak. The fra.lue of the binding energy
for the rhenium 4f7/, peak obtained was 0.3 eV higher than the value of 40.1 eV
previously reported for clean rhenium [35]. The Pt 4f;/; peak was also observed
to widen at half maximum from 1.4 eV for clean platinum to 1.9 eV for rhenium
covered platinum.

Following rhenium deposition and the above XPS measurement, the bimetallic
surface was flashed to 1150 K and the results are shown in (Figure 4.7c). This
caused a change in the relative intensities of the platinum and rhenium 4f lines
obtained by XPS which indicates that diffusion of rhenium into the platinum bulk
and/or platinum diffusion on top of the rhenium surface layers had occurred. The
thickness of the rhenium layer was estimated to be about 7 monolayers following
flashing to 1150 K using Equation 4.3. The binding energies obtained were 71.8
and 40.8 eV fér the platinum and rhenium 4f7/, levels respectively. This represents |
a total shift toward higher binding energies of 0.9 eV for platinum, and 0.4 eV for
rhenium compa.red_ to the clean metals. A -

The annealed bimetallic surface was exposed to oxygen at room temperature
for 1 hour (Figure 4.7d), and at 800 K for 10 minutes (Figure 4.7¢). A shoulder
was observed to grow on the rhenium 4f7;; peak centered about 1 eV hi\gher in
binding energy than the parent peak following the oxygen treatment at 800 K. This
shoulder was attenuated almost completely a.fter. treating in hydrogen at 800 K
- (Figure 4.7f). A summary of the XPS results is shown in Table 4.1.
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Table 4.1: XPS Binding Energies in eV (£0.3 eV).

Treatment Pt 4f7/, | Re 4f7/2
Clean Pt° 70.9 —

7 ML Re 714 40.4
Anneal to 1150 K 71.8 40.8
Oxidize 800 K 71.8 42°
Reduce 800 K 71.7 40.7

a. Reference [35]
b. High binding energy shoulder.

4.4 The Structure of Metallic Thin Films of Plat-
inum and Rhenium

4.4.1 Structure of rhenium multilayers on Pt(111)

The LEED pattern generated following the deposition of any amount. of rhenium
on Pt(111) was always due to a (1x1) surface structure (Figﬁre 4.8). This wa.é
the case even when 5-10 monolayers of rhenium were deposited and the platinum
.subsAtrateA could not be detected using AES. However, symmetry differences were
observed Qhen scanning the electron beam energy in the range of 50-200 eV.
LEED spots 6f equivalent symmetry change intensity together when the electron
beam energy is changed. Six-fold symmetry is shown by all six spots changing
intensity together, while three—fold symmetry is shown by the two different sets
of symmetry related spots changing intensity together as shown in Figure 4.8.

If the observed differences are caused by the formation of a different crystal
structure, it is possible to distinguish betweén a hexagonal close-packed hep(0001)
and a face-centered cubic fcc(111) surface. The escape depth of 50-200 eV elec-
trons is on the order of two atomic layers, so LEED experiments should show

three-fold symmetry for both the ideal fcc(111) and hep(0001) surfaces. However,
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Figure 4.8: Reciprocal and real space representations of fcc(111) and hep(0001)
surfaces. For Pt(111), two equivalent sets of spots with 3-fold symmetry are
indicated as solid or open spots. For Re(0001), all six spots are equivalent. Below
the LEED patterns are shown schematic representations of real space surfaces with

a single monatomic step for fcc(111) and hep(0001) surfaces.
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no surface is perfect and defects in the forrﬁ of steps are present on the surface. If
a step with the height of a single atom is considered on an fcc(111) surface, it can
be seen that the surface unit cell is unchanged in moving across the step due to the
abcabe packing of the fcc system. The LEED pattern obtained from either domain
is indistinguishable, and three-fold symmetry is observed (Figure 4.8). However,
the surface unit cell for the hep(0001) surface is rotated 60° upon moving across
the monatomic step due to the ababab packing of the hep system. Since these two
domains exist on the imperfect hep(0001) surface, the LEED pattern is a super-
position of the patterns produced by both domains, and six fold symmetry results
by averaging unequal spot intensities (Figure 4.8) [36].

For the rhenium on Pt(111) system, rhenium was found to grow with an hcp
structure exposing the (0001) face. This was shown by LEED because six-fold
symmetry was observed when multilayers (>5 ML) of rhenium were present on
the surface while three-fold symmetry was observed for clean Pt(111) {36]. These
results are in agreement with those found by Zaera and Somorjai [27,37]. In-
termediate structures were not analyzed, and rit is not known whether rhenium
fills the fce or hep hollow of the surface during deposition of the first and second

monolayers.

4.4.2 Structure of rhenium multilayers on Pt(100)

Clean Pt(lOO) reconstructs to yield a (5x20) surface structure. This structure has
been interpreted as an hexagonal close-packed surface layer resting on a second
layer with the characteristic (1x1) square lattice (Figure 4.9a) [38,39,40]. The
reconstruction can be removed by carefully leaking CO into the chamber while
watching the LEED pattern change, and in this manner conversion from a (5x20)

to a (1x1) surface structure was observed (Figure 4.9b). The (5x20) restructured
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surface could be regenerated by flashing the crystal to 800 K which removed the
adsorbed CO. The deposition of rhenium onto the Pt(100) surface also removed the
(5x%20) surface structure. The observed conversion to the (1x1) structure began
near 0.15 ML of rhenium and was completed near 0.3 ML. The (5x20) structure
was not.regenerated by flashing to 900 K indicating that rhenium and not CO was
responsible for the structural transformation. This phenomenon has been reported
previously where copper was observed to remove the (5x20) reconstruction of
Pt(100) [41].

As more rhenium was deposited on this surface, a (1x1) surface structure was
continually observed, but the diffuse background intensity increased. At coverages
between 0.3 and ten monolayers of rhenium, a (1x1) structure was always dis-
cernible over the diffuse background, even though no platinum could be detected
using AES. Flashing the surface briefly to 1300 K caused some rhenium to diffuse
into the platinum substrate. Even though AES showed no trace of the underly-
ing platinum substrate, the LEED pattern was observed to sharpen considerably
with no extra spots appearing (Figure 4.9c). The interatomic distances for pure
platinum and rhenium differ by only 1% (2.77 and 2.74 A respectively), and it
was not possible to determine whether the interatomic distance obtained for the
rhenium overlayer on Pt(100) was platinum- or rhenium-like. Indeed, an analysis
of the spot to spot distance generated by the rhenium covered Pt(100) and the
clean Pt(100) (1x1) (Figure 4.9b) showed the interatomic distance to be indis-
tinguishable within experimental error. Since the hexagonal close-packed system
does not have a surface analogous to the fcc(100) surface, it is concluded that
rhenium grows face-centeréd cubic on Pt(100).

An additional feature observed in the rhenium covered surface was the faint

lines connecting the spots (Figure 4.9¢), and is evidence that strain was present
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Clean Pt(100) S 70 eV

Pt(100) with

 01ML CO 175 eV
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Figure 4.9: Evidence for the formation of face-centered cubic Re on Pt(100) sur-
face. (a) Top panel. (b) Middle panel. (c) Bottom panel. . XBB 866-4516
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in the rhenium overlayer.

4.4.3 Platinum multilayers on Re(0001)

The LEED pattern generated by a Re(0001) surface is due to a (1x1) surface
structure and displays 6 fold symmetry since rhenium is an hcp metal as discussed
in Section 4.4.1. Platinum grows layer by layer on the Re(0001) surface, but the
well ordered LEED pattern generated by the clean rhenium surface disappears as
platinum deposition proceeds. At 15 layers of platinum the diffuse background on
the LEED screen appeared bright, with little evidence of order observed.
Annealing the surface briefly to 100° C caused no change in the disorder ob-
served. Annealing the surface briefly to 200° C did cause spots to appear although
still somewhat diffuse. The symmetry that was observed appeared to be six—fold
(Figure 4.8). A brief annealing to 300° C sharpened the LEED spots conside7r-
ably, and the six-fold symmetry was confirmed. This surprising result indicates

that platinum grows hexagonal close-packed on Re(0001) exposing the (0001) face.

4.5 Discussion
4.5.1 Stuctures and growth mechanisms

Rhenium grows ordered on platinum with an interatomic distance indistinguish-
able from both the pure platinum and the pure rhenium interatomic distances
since they are so similar (within 1%). On Pt(111) a well ordered LEED pattern
corresponding to a (1x1) surface structure was always observed. The six fold sym-
metry observed when 10 ML of rhenium was deposited indicates an hep rhenium
structure grows on Pt (111). For rhenium growing on Pt(100) the situation is

somewhat different. Since the hcp system has no surface with a square unit cell,
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rhenium is forced to grow fcc on Pt(100), and remains fcc through at least 10 ML.
Strain did exist in the rhenium overlayer on Pt(lOO) and was evident by the lines
connecting the substrate spots shown in Figure 4.9c. This strain was probably
caused by the lattice mismatch between platinum and rhenium, and because the
rhenium film was forced to grow in an unfavorable crystal structure. Similar be-
havior was observed for cobalt growing on Cu(100) by Salmerén et al. as they
presented evidence for the formation of fcc cobalt [42].

The growth of platinum films on Re(0001) in an hexagonal close-packed film is
not as easy to explain. The hexagonal close-packed and face—centered cubic systems
do have a common face; the exposed atomic layer of the hcp(0001) surface has the
same structure as the exposed atomic layer of the fcc(111) surface. Rhenium
growing hcp on Pt(111) is not surprising since the rhenium film can grow in its
natural crystal structure using the Pt(111) surface asa template. The fcc growth of
rhenium on Pt(100) can also be explained as a template effect. Since rhenium can
grow fcc on Pt(100) indicates that the free energy associated with the fcc crystal
structu.re is not too much laréer than the free energy of t;he hep crystal structure
for rhenium. An inspection of the phase diagram for the rhenium-platinum system
(Figure 1.3) cannot explain this, however. The phase diagram shows that on the
platinum rich side an fcc solid solution exists and an hep solid solution exists on
the rhenium rich side. From 40-60 % rhenium, both of the above phases exist.
However, AES showed that the upper three layers were devoid of platinum while
LEED showed the existence of fcc rhenium layers. Apparently a template effect is
strong enough to support fcc rhenium for many monolayers.

With platinum deposition on Re(0001) a different picture emerges. Platinum
grows disordered on this surface as shown by the loss of the LEED pattern during

platinufn deposition, even though AES showed that it grows layer by layer. If
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the temperature was not high enough to support surface diffusion, then at room
temperature a layer by layer growth mechanism might not be expected, as was ob-
served experimentally. Annealing the surface to 300° C was high enough to attain
the ordered hcp surface structure, but not high enough to cause bulk diffusion,
which required temperatures in excess of 700° C. Therefore the growth of hcp plat-
inum ;)n Re(0001) is indicative of long range order because the difference between
the fcc structure and the hcp structure as viewed through their basal planes is
not manifest until the third layer is examined. The rhenium metal substrate was
apparently able to perfurb the platinum overlayer and cause it to form an hcp
structure through at least 10-15 monolayers.

Comments are also in order regarding the growth mechanism observed for
rhenium on platinum. Sachtler et al. observed that gold grows layer by layer on
platinum substrates, but that platinum forms three dimensional crystallites on
gold substrates [31]. This is reaséna.ble because the surface ﬂee energy of gold is
lower than that of platinum as calculated by the method of Tyson and Miller (1.48
and 2.46 J /m? for Au and Pt respectively) [43]. Usiﬁg the above surface free enerAgy
argument, platinum should grow layer by layer on rhenium, but rhenium should
form three dimensional crystallites on platinum (3.61 J /m? was calculated for the
surface free energy of rhenium from reference [43]\). Since rhenium also grows
layer by layer on platinum, there must be forces operating of sufficient strength to
overcome the differences ini the surface free energies of the two components. An
explanation invoking a lattice mismatch is not a good one because the difference
in nearest neighbor distance of platinum and rhenium is small at 1% (2.77 A and
- 2.74 A for Pt and Re respectively). A more plausible explanation invokes the

formation of relatively strong Pt—-Re bonds and a surface alloy.
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4.5.2 Alloy formation in bimetallic Pt—Re surfaces

The formation of a surface alloy is also supported by XPS results. Following
deposition of a 10 ML film of rhenium on Pt(111), the binding energy for the
platinum 4f7/; line was found to increase relative to clean platinum. The magnitude
of this shift in the presence of epitaxial rhenium was 0.5 eV for the platinum
4f7/, peak and is similar to the shift reported in the literature for supported and
unsupported alloyed systems [10,18,33,34].

It is somewhat surprising that a 0.5 eV shift was observed for the platinum
‘substrate in the presence of epitazial rhenium overlayers. Although the XPS sig-
nal generated by the platinum layer in contact with a rhenium layer m:ght be
expected to experience such a shift, the bulk unperturbed platinum underneath
this layer should dominate the XPS signal resulting in no observed shift. Frequent
checks against a gold foil attached to the backv sidé of the manipulator revealed
that the energy calibration of the spectrometer was not drifting. A possible cause
of the platinum shift was in the preparation of the epitaxial surface. The rhenium-
platinum surface was flashed at intervals to 700 K for the epitaxial system before
making the XPS measurement, but this temperature is too low to cause a signif-
icant bulk diffusion of rhenium into platinum. However, it is probable that this
temperature was high enough to cause surface diffusion, so the mixing of plat-
inum and fhenium in the interfacial region may have caused an enhancement with
respect to the bulk platinum signal of the interfacial platinum signal under the 20-
30 A rhenium overlayer. The broadening of the Pt 4f;/; peak may also have been
caused by this alloying effect, and the broadness of the signal observed may have
- been caused by the contribution from a mixture of many PtRe, species, including

a contribution from the underlying bulk platinum substrate.
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After annealing the bimetallic surface to higher temperatures (1150 K), a fur-
ther increase in binding energy of the 4f levels of both platinum and rhenium was
observed. The binding energy.increase for platinum and rhenium was 0.9 and
0.5 eV respectively compared to the clean metals. Similar results were obtained
by Alnot et al. who evaporated platinum on rhenium ribbon [34]. They reported a
Pt 4f;/; binding energy of 71.6 eV at low coverages (<0.5 ML) which decreased to
71.1 eV at three monolayers of platinum. They also report that annealing a thick
platinum depésit (~ 70 ML) on rhenium ribbon to 1400 K gave binding energy
shifts to higher binding energies of 1 and 0.6 eV for the platin'um and rhenium
4f7/, peaks respectively (relative to the clean metals), with an increase in the full
width at half maximum (fwhm) for the platinum peak of 0.3 eV. The increase in
width of the Pt 4f;/, peak observed in this study was 0.5 eV when 10 layers of
rhenium were deposited on Pt/(lll). The shift to higher binding energy of the
4f7/, peaks for both platinum and rhenium was also observed for SiO, supported

Pt-Re catalysts by Biloen et al. [18].

4.5.3 Oxidation and reduction of bimetallic surfaces

The oxidation and reduction of rhenium in an alloyed platinum-rhenium surface
under vacuum conditions was also examined using XPS. The bimetallic alloyed
surface could be partially oxidized only at elevated temperatures (> 800 K). It is
possible vthat longer exposure to 3x10~7 Torr of oxygen would oxidize the under-
lying bulk rhenium more completely.- However, results obtained by Zaera indicate
that higher pressures of oxygen are needed to cause a complete shift in the peak
position of the Re 4f7/, peak. Comparison to Zaera’s results suggest that after
high temperature oxidation of the alloyed surface, the shoulder observed at higher

binding energies was due to an oxidized rhenium species. The peak position of this
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shoulder was located between the peak positions deterrﬁined for ReO (Re?t) and
ReO; (Re*t) as compared to the chemical shifts observed towards higher bind-
ing energies relative to rhenium metal of ~ 1 and 2 eV respectively for ReO and
ReO, [27].

Platinum has been observed previously to catalyze the reduction of rhenium,
and the catalyzed reduction of rhenium by platinum reported from TPR studies
has been attributed to migration over the support by either hydrated rhenium
oxides to platinum reduction centers, or of activated hydrogen [11,17]. Hydrogen
is activated with dissociation on platinum metal, and the hydrogen atoms produced
can then spillover onto the support with migration to the rhenium oxide particles
which are then reduced [44]. Although the migration of hydrogen under high
pressure conditionsmay be important, it was shown that platinum catalyzes the
desbrption of oxygen from rhenium in vacuum. This 'Iheans that platinum catalyzes

the decomposition of rhenium oxides to metal and O,
Pt ' r
ReO, — Re + 502

and under industrial conditions would probably result in the sticking together and

alloying of the Pt and Re species to form the nucleus of a bimetallic particle.

4.6 Summary

A moderately strong interaction between platinum and rhenium metals has been
. shown to exist, and is supported by the results presented in this chapter. Rhenium
grows ordered and layer by layer on Pt(ill) and Pt(100), and even forms an fcc
structure on Pt(100). Platinum grows layer by layer on the Re(0001) surface

forming a hexagonal close-packed structure. A surface alloy was observed to form
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between the two metals at 700 K and is shown by the broadening of the Pt 4f7/2-
peak in the presence of rhenium, and by the chemical shifts observed for the Re and
Pt 4f;;, peaks following vapor deposition of rhenium onto Pt(lll).. The presence
of platinum on a rhenium surface facilitates the decomposition of rhenium oxides
and subsequent desorption of oxygen under UHV at temperatures much lower than

would be possible from clean rhenium.
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Chapter 5

The Adsorption and Desorption
of Small Molecules on Bimetallic
Platinum—Rhenium Surfaces

5.1 Preface

The preparation and characterization of bimetallic platinum-rhenium surfaces
were described in the previous Chapter. The systemé studied include both plat-
inum films deposited on a rhenium substrate and rhenium films deposit'éd on a
platinum substrate. In this Chapter the adsorption and desorption of some small
molecules (Hz, CO, NO, and N;) from these bimetallic surfaces will be discussed.

" The behavior of .chemisorption systems on the bimetallic Pt—-Re surface are
important for a number of reasons. Titration techniques using small molecules
(maﬁnly H;, Oz, and CO) are routinely used for the ‘determination of metallic
surface areas and dispersions on supporéed metallic catalysts. Materials used as
supports, such as alumina and silica [1} do not reversibly adsorb these gases, so
titration with them is a technique thought to reliably measure the metallic surface
areas. The existence of spillover onto the support might add a small degree of
uncertainty to the fheasurements [1,2], but for monometallic catalysts, hydrogen

and CO titration reliably and reproducibly gives information on metallic surface



CHAPTER 5: SMALL MOLECULES ON PT-RE S URFACES 124

areas.

When a second metal is introduced, titration techniques become more com-
plicated and less reproducible [3]. One problem is that platinum and rhenium
have different hydrogen chemisorption capacities, about 1 H atom per Pt surface
atom, and 0.4 H atoms per Re surface atom as determined by chemisorption tech-
niques [4,5]. When these two metals are codeposited on a support, measurements
of the metallic surface area using hydrogen and CO chemisorption sometimes indi-
cate false results such as a metallic dispersion in excess of 100% [6]. The reason for
this is that the chemisorption of hydrogen and CO on bimetallic Pt—-Re surfaces
is not a linear function of the metallic surface composition. Evidence suggesting
the existence of an electronic effect between platinum and rhenium is presented
in this Chapter. A result of this electronic interaction is an enhanced adsorption
capacity for CO and hydrogen on bimetallic surfaces.

Understanding the behavior of the bimetallic surface toward hydrogen is impor-
tant for another reason. Several investigators have implicated hydrogen as a key in
the enhanced activity maintenance demonstrated by platinum—rhenium catalysts
compared to monometallic platinum catalysts. For example, Barbier et al. found
that hydrogen adsorption is enhanced on a Pt/Al,O3 catalyst when rhenium had
been codeposited [6], and Margitfalvi et al. reported that the presence of rhenium
increases the hydrogen available for hydrodepolymerization reactions, which are
important for removing deactivating carbonaceous deposits [7]. Pacheco and Pe-
.tersen report that the presence of both rhenium and sulfur changes the hydrogen
pressure dependence for fouling reactions on the bimetallic Pt-Re catalyst [8,9].

The behavior of the bimetallic surface towards other small molecules can also
give useful information. The main object of the chemisorption experiments was

to find a suitable titrant that would give an independent determination of the
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surface composition of bimetallic surfaces—a measurement that would compliment
Auger measurements as described in Section 4.2. Carbon monoxide (CO) played
this role for determination of the surface composition in gold/platinum and cop-
per/platinum surfaces [10,11,12]. Nitric oxide (NO) and dinitrogen (N;) were also
examined. Unfortunately, none of these molecules could be used as titrants, but
their behavior on bimetallic Pt-Re surfaces is interesting and is the subject of this

Chapter.

5.2 Hydrogen
5.2.1 Hydrogen TPD from the Re-Pt(111) System

Hydrogen adsorption with temperature programmed desorption was studied on
the Re-Pt(111) system. Representative spectra for a low hydrogen exposure, 0.02
Langmuirs (L) are shown in Figure 5.1. A high temperature shoulder was observed
on the clean Pt(111) spectrﬁm near 480 K after a 0.02 L hydrogen dose, probably
due to hydrogen desorbing from defect sites on the platinum surface (Figure 5.1a).
At 0.19 ML of rheﬁium, the high temberature shoulder disappeared,,a,nd was
also absent at higher rhenium coverages. The hydrogen desorption area did not
change with the disappearance of this shoulder, rather the area was found to
incorporate into the main peak at rhenium coverages less than one monolayer. The
disappearance of the high temperature shoulder suggests that the first adsorbing
rhenium atoms populate platinum defect sites that are responsible for the 480 K
desorption feature on clean Pt(111). Rhenium was deposited at room temf)erature
so sufficient energy was probably available for the surface diffusion of rhenium
atoms.

To compare the behavior of the different bimetallic surfaces towards hydrogen
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Figure 5.1: Hydrogen temperature programmed desorption spectra from Re mod-

ified Pt(111). The H; exposure was 0.02 L at an adsorption temperature of 150 K;

the heating rate was 30 K/sec. In monolayers, g, = (a) 0 (b) 0.19 (c) 0.37 (d)

0.66 (e) 0.77 (f) 1.3.
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Table 5.1: Hydrogen Desorption Parameters for Rhenium Modified Pt(111).

GRC T1:az: * | Ha Area’ gesl 5882
0 410 1.0 19.0 | 43
0.19 | 398 1.2 175 | 4.4
0.37 | 392 1.1 16.5 | 4.8
0.66 | 370 0.9 11.5 | 5.0
0.77 | 370 0.7 7.0 1.6
1.3 336 0.5 7.5 —
oo? | 461 — — | —

a. Extrapolated to 0 exposure of Hz, + 5 K.
b. Maximum relative H, desorption area,
compared to clean Pt(111).
c. Activation energy of desorption
in Kcal/mole £ 2 Kcal/mole.
d. Re(0001)
adsorption and desorption, the position of Tpa. extrapolated to zero coverage of
hydrogen was determined (T2 ,z)- The extrapolation was meaningful because the
position of T,,,, decreased linearly with increasing hydrogen exposure at low ex-
posures (Figure 5.2). T;,,, from Hy TPD obtained from a clean Re(0001) surface
was found to be higher than from clean Pt(111) (460 and 410 K respectively).
For bimetallic surfaces, the position of T _ versus g, was found to be decreas-
ing through at least 1.3 ML of rhenium (Table 5.1). This is in agreement with
previous TPD results reported for Re(0001) [13,14], and for thick rhenium overlay-
ers deposited on Pt(111) [15,16]. The results show that submonolayer coverages
of rhenium on Pt(111) desorb H, at lower temperatures than either Re(0001) or
Pt(111). Complex LEED patterns were not observed since a monolayer of rhe-
nium on Pt(111) produced a (1x1) overlayer as discussed in the previous Chapter.

Evidence for a high temperature “rhenium-like” hydrogen desorption feature first

appeared at coverages greater than one rhenium monolayer as shown in Figure 5.1.
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Figure 5.2: Temperature of the desorption maximum (Te;) from Hy TPD of Re
modified Pt(111) as a function of H; exposure and Re coverage. H, was adsorbed
at 150 K; the heating rate was 30 K/sec.
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A bimetallic surface with a. rhenium coverage of 8gr. ~ 1.3 ML produced a shoulder
on the high temperature side of the main peak.

Interpretation of results obtained at coverages higher than 6p. = 1 ML were
complicated by the difficulty in keeping the bimetallic epitazial surfaces free of
voxygen. Oxygen can be removed from rhenium films on a platinum substrate
through chemisorption of ethylene followed by flashing, but the flashing tempera-
ture needed for this procedure is high enough to cause significant diffusion of the
two metals into each other.

With a linear crystal heating rate and high pumping speed, the desorption
peak area is proportional to the hydrogen coverage for TPD [17]. At low hydrogen
exposures, the hydrogen peak areas were equivalent for all rhenium coverages
studied, but at higher hydrogen exposures the hydrogen uptake curves diverged
for different rhenium coverages (Figure 5.3). ‘With saturation hydrogen exposures,
the surface containing 0.19 ML of rhenium bound the most hydrogen, 20% more
than the clean platinum surface, and the surface with 0.37 ML of rhenium bound
10% more hirdrogen than the clean plé,t'inum surface. The surface cbgtaining |
1.3 ML of rhenium bound about half as much hydrogen as clean Pt(111). These

results are summarized in Table 5.1 and Figure 5.4.

5.2.2 Activation energy calculations for H; desorbing from
bimetallic surfaces

Assuming a second order desorption, the activation energy of desorption (E3,,) can

" be calculated for the desorption of hydrogen from bimetallic platinum——rheniufn

surfaces using the expérimental data and the method of Redhead [17,18]. Using

Equation 2.15, a plot of In(n,T%,.) versus 1/Tme: should give a straight line

with a slope of E3,,/R, where Ej,, is the activation energy of desorption, R is
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Figure 5.3: H, desorption area vs. hydrogen exposure for TPD from Re-Pt(111)
surfaces. Tog, = 150 K. The heating rate was 30 K/sec.
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the gas constant, T,,,; is the temperature of the desorption maadmurn, and n,
is the number of hydrogen atoms on the surface before desorption. The value of
n. was estimated by comparing the area of the desorption peak obtained to the
area obtained for a saturated clean Pt(111) surface. The clean Pt(111) surface
was assumed to adsorb one H atom per Pt atom at saturation, or 1.5 x 10!* H
atoms/cm?. TPD traces for hydrogen from clean Pt(111) are shown in Figure 5.5
and the corresponding activation enérgy plot obtained is shown in Figure 5.6.
Plots similar to the one shown in Figure 5.5 were obtained for hydrogen desorp-
tion from the other bimetallic surfaces used. The main difference between the plots
was that the temperature maxima shifted to lower temperatures with increasing.
rhenium coverage for a given hydrogen dose. Activation energy plots were also
similar for the bimetallic surfaces (Figure 5.6); the difference here was that the
slopes of the curves at low hydrogendbses were different as tabula.ted in Table 5.1.
Two regions on the activation energy plots exist (Figure 5.6). With a hydrogen
dose of less than 0.06 L (region 1), E3,, was 1942 Kcal/mole for clean Pt(111).
With a higher hydrogen dose, i.e. 0.06 to 0.3 L (region 2), Ef,, was 4.3 Kcal/mole
for clean Pt(111). For low hydrogen exposures (region 1), it can be seen that
the activation energy of desorptio.n decreases with increa.éing rhenium coverage for
all the surfaces tested. The activation energies are unchanged in region 2 within

experimental error for bimetallic surfaces with 6z, < 0.66 ML.

5.3 Carbon Monoxide

The study of carbon monoxide is of keen interest because it had been used suc-
cessfully as a titrant for other bimetallic surfaces in this laboratory. Yeates and -
Sachtler used CO to titrate platinum sites on platinum-copper and platinum-gold

bimetallic surfaces [10;11,12]. CO was an excellent titrant for these bimetallics be-
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Figure 5.5: Hydrogen temperature programmed desorption (TPD) spectra from
clean Pt(111). The temperature of adsorption was 150 I{ with a heating rate of
30 K/sec. The plots shown are for hydrogen doses of 0.1, 0.3, 0.5, 0.7, 0.9, 1.2,
1.6, 2.0, 2.8, 4.0, 6.0, 10, and 60 Langmuirs.
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cause it does not adsorb on gold or copper. Carbon monoxide does adsorb on rhe-
nium as well as on platinum, but it was anticipated that the adsorption/desorption
behavior would be sufficiently different on the two metals so that separate quan-

titation of platinum and rhenium sites would be possible.

5.3.1 CO TPD from 0 to 0.55 ML of rhenium on Pt(111)

Temperature programmed desorption studies of carbon monoxide from the Pt(111)
and the Re(0001) surfaces are well represented in the literature. The desorption
of CO from Pt(111) results in a single peak and is known to occur by first order
kinetics with respect to CO coverage [19,20,21,22,23]. The activation energy of
desorption (E3,,) is reported to be 26-30 Kcal/mole. The position of T, shifts to
a lower temperature with coverage for CO because Ej,, is coverage dependent and
decreases with increasing 1610 covefage; this' is perhaps due to lateral interactions
on the Pt(111) surface.
The desorption of CO from the Re(0001) surface is somewhat different. A single
~ peak is obtained at low CO coverages with the addition of a second lower tem-
perature peak at highér coverages resulting in 2 a peaks in the temperature range
350-500 K [24]. The 2 o peaks were not clearly resolved for these experiments
from Re(0001) or thick rhenium overlayers on Pt(111) because of the position of
the mass spectrometer in relation to the surface; instead a broad peak was ob-
served. The position of T;,m, for CO on Re(0001) doeé not shift with coverage,
only the ratio of intensities of the two different « deébrption states changes. This
indicates first order desorption kinetics for CO on Re(0001) with E$,; independent
of coverage [13,14,25,24]. Some CO dissociation also occurs on Re(0001) and this
results in a high temperature (800 K) 8 peak. Housley et al. reported Eg,, for the
| a peaks of 24 and 27 Kcal/mole, and 50 Kcal/mole for the 3 peak [24].
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Table 5.2: CO desorption parameters from bimetallic Re-Pt(111) surfaces.

Ee T 0.5
Ore | Tmazx 5 K | Areal | (Kcal/mole)?
0.0 467 1.0 | 27.1
10.3 470 1.4 27.2
0.55 457 1.2 26.5

t Relative to CO desorption from clean Pt(111).

TPD experiments were performed on bimetallic surfaces of Re-Pt(111) with
coverages of fr. ~ 0, 0.3, and 0.55 ML. Spectra obtained for several different
CO doses, i.e. 0.01, 0.1, and 0.6 L, on these bimetallic surfaces are shown in
Figure 5.7. At 0.01 L of CO, the desorption from clean Pt(111) is fairly broad
and centered near 520 K. There are actually two umesolved peaks, as can be seen
by cémparing the desorption from the other two surfaces. The high temperature
feature is proba.bljr due to desorption from defeét sites on the sﬁrface and from the
edge of the crystal [21]. The attenuation of the high temperature shoulder with an
increase in the intensity of the main peak when rhenium was evaporated bnto the
surface is indicative of preferential adsorption, or migration following desorption,
of rhenium onto defect sites on the platinum surface. This was also observed for
hydrogen TPD from Pt-Re surfaces.

With a 0.1 L dose of CO as shown in Figure 5.7b, the presence of the main
desorption peak is apparent for the three coverages of rhenium studied. Additional
desorption features were never introduced by the deposition of rhenium on Pt(111)
as was also the case for hydrogen TPD. Activation energies were ca;lc‘ulated from
these spectra using Equation 2.13, and the values calculated were 27.1,.27.2, and
26.5 Kcai/mole for 6r. = 0, 0.3, and 0.55 ML. The results are summarized in

"Table 5.2, and show that the position of T ez for CO is not very different for these
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Figure 5.7: CO TPD from bimetallic Re-Pt(111) surfaces. The adsorption tem-
perature was 300 K; the heating rate was 30 K/sec. CO exposure in Langmuirs
was: a) 0.01. b) 0.1. ¢) 0.6.
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three surfaces. TPD spectra for a higher dose of 0.6 LV CO is shown in Figure 5.7c.
The similarity in desorption behavior displayed by the three bimetallic surfaces is
also apparent here.

The position of the desorption maximum versus the CO dose is shown in Fig-
ure 5.8. At low €O coverages, the position of Ty, for clean platinum is high
around 520 K, but this reflects desorption from platinum defect sites. Otherwise,
the position of T,,,; was observed within a band 10 K wide.

The desorption area versus CO dose is shown in Figure 5.9. As in the case with
hydrogen on bimetallic surfaces, surfaces exposing both platinum and rhenium
atoms adsorbed more CO than did clean Pt(111) or thick rhenium films. At CO
saturation the 8g, = 0.3 ML surface bound 40% more CO than clean Pt(111).
The 0r. = 0.55 ML surface bound 20% more CO than did clean Pt(lli).

5.3.2 CO TPD from 0.8 to 3 ML of rhenium on Pt(111)

Experiments were also performed on platinum surfaces with higher rhenium cov-
erages at saturation exposures of CO (36 L). The results of these experiments
are shown in Figure 5.10 and in Table 5.3. It can be seen that rhenium-covered
Pt(111) does not bind as much CO as does clean platinum. With rhenium cov-
erages of 0.8 ML, 3 ML, and 3 ML oxidized, the surfaces bound less CO: 25%,
50%, and 75% less respectively. The relative saturation CO desorption area vs.
rhenium coverage is shown for all the surfaces studied in Figure 5.11. Only the
3 ML epitaxial rhenium surface displayed evidence for dissociative chemisorption,
as shown by the peak near 730 K in Figure 5.10c.

The i)osition of T,..c for these surfaces reflects the surface composition in that
the surface displays both platinum-like and rhenium-like behavior. This means

that clean Pt(111) gives a single desorption peak around 440 K while the two



CHAPTER 5: SMALL MOLECULES ON PT-RE SURFACES 139

520

500

480 {

9
460 -

Tmax (K)

440 -

420 -

=

400 T LA i R {
a2 -1 0 1
10 10 10 10
CO Exposure (Langmuirs)
Figure 5.8: Position of the desorption maximum (Tmaz) vs. CO exposure for three

bimetallic Re-Pt(111) surfaces. The adsorption temperature was 300 K, and the
heating rate was 30 I{/sec.
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Figure 5.10: CO TPD spectra obtained from bimetallic Re-Pt(111) surfaces at
higher rhenium coverages. Adsorption temperature was 300 K; the heating rate
was 30 K/sec. The CO exposure was 36 L on the following surfaces: a) Clean
Pt(111). b) 0.8 ML Re. c) 3 ML epitaxial Re. d) 3 ML Re annealed to 1150 K.
e) 3 ML Re oxidized at 800 K with 100 L O,.
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Table 5.3: CO TPD parameters from rhenium—covered Pt(111). The results shown
here are from Figure 5.10.

Label from . Relative
Figure 5.10 | 6re (ML) | Tper (K) | desorption area
@) 0 175 1
(b) 0.8 390-430 0.75
(¢) 3 epitaxial | 385-410 0.5
(d) 3 alloyed 405 0.5
(e) 3 oxidized 400 0.25

desorption peaks as observed by Ducros et al. [13,14,24,25] gave a single broad
peak between 385 and 410 K. These results are summarized in Table 5.3.

5.4 Other Molecules on the Re—-Pt(111) Surface
5.4.1.. Dinitrogen—N, |

Dinitrogen adsorption has been previously examined on platinum catalysté [26],
and was found to adsorb on Pt(111) and rhenium-covered (g, > 3 ML) Pt(111)
surfaces at low témperétures. The desorption temperatures found during TPD
were around 160 K, and are characteristic of physisérption on these surfaces. No
differences were observed between platinum and rhenium-covered platinum, even
when exposed to 103 langmuirs of nitrogen. This adsorbate showed no promise as

a potential titrant, so no other rhenium coverages were examined.

5.4.2 Nitric oxide—-NO

The desorption of NO and its decomposition products from Pt(111) after room
temperature and low temperature adsorption have been previously reported [27-
29]. Gland et al. reported substantial decomposition of NO to form N; and O, (28],

but decomposition on the (111) surface was later shown not to occur by Gorte
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et al. [29]. The decomposition reaction is very sensitive to surface structure; it oc-
curs readily on Pt(100) and Pt(110), and defects on the surface of Gland’s crystal
was probably the reason he observed NO decomposition on Pt(111). The Pt(111)
surface in this study was found to desorb substantial quantities of N indicating
the presence of defect sites. According to Gorte et al., very high annealing temper-
atures (1600 K) are required to eliminate NO decomposition on Pt(111) [29], and
our samples were annealed only to 1400 K following argon ion sputtering. There
was probably also a contribution from the edges of the crystal which expose many
other crystallographic faces. |

The adsorption of NO is reported to be dissociative on Re(0001) at room
temperature [13,14,30]. The only molecule that was observed to desorb from this
surface was N, that resulted from NO decomposition. Oxygeri remained on the
surface. " |

The results of the NO TPD experiments are shown in Figure 5.12 and Table 5.4.
The desorption of NO and N, from clean Pt(111) is shown in Figure 5.12a. The N,
desorption pea-l_{ obtained from clean Pt(lli) was near 470 K and was in agreement;
with results obtained by Gland et ol. [28].

The results of NO TPD experiments from 1.5 ML rhenium on Pt(111) are
shown in Figure 5.12b and in Table 5.4. When 1.5 monolayers of rhenium were
added to the surface, the NO desorption peak was a.ttenuatéd only by one half,
indicating that a single layer of rhenium on Pt(111) can associatively adsorb NO.
Tmez of the N2 peak decreased to 435 K in the presence of 1.5 ML of rhenium.

Although the chemistry of NO on the bimetallic surface appears to be quite
interesting, it was obvious NO was not a suitable titrant since it doesn’t decompose
completely on a monolayer of rhenium on Pt(111). Apparently 2 monolayers are

required before complete decomposition is observed. For this reason these studies .
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Figure-5.12: NO and N, TPD after room temperature adsorption on Pt(111), and

on 1.5 ML Re on Pt(111). The heating rate was 30 K/sec and the NO exposure
was 1.5 L. a) Desorption from Pt(111). b) Desorption from 1.5 ML Re on Pt(111).



CHAPTER 5: SMALL MOLECULES ON PT-RE S URFACES 146

Table 5.4: Desorption parameters of NO and N, TPD followmg NO adsorption on
Pt(111) and on 1.5 ML Re on Pt(111). The results are from Figure 5. 12.

NO N,
Ore | Tmazr (K) | Relative area | Trqz (IK) | Relative area
0 . 380 1.0 470 1.0
1.5 385 0.5 435 0.7

were not continued.

5.5 Discussion

5.5.1 The position of the hydrogen desorption maximum

The addition of rhenium to a Pt(111) surface was found to effect the adsorption
and desorption of hydrogen. Tmas extrapolated to zero hydrogen coverage was
found to decrease with increasing rhém'um at least for rhenium coverages less than
or equal to 1.3 ML. T,,,; for the H; desorption peak from a Re(0001) surface or
from multilayers of rhenium on Pt(111) was about 50 K higher than it was from
clean Pt(111). This shows that T'maee shifts in the d1rect10n oppos1te of what would
be expected if the bimetallic surface behaved as a simple combination of the two
metals making up the surface. The shifting to lower temperatures of the hydrogen
Tomez When the first mono\layer of rhenium was added to the surface is probably
the result of a chemical interaction that changes the electronic structure of the
sﬁrface.

Multiple desorption peaks were never observed as might be expected due to
the introduction of defects by depositing-rhenium metal onto the platinum sur-
face. Kinks and defects in the surface of clean platinum single crystals are known
to be sites of higher temperature hydrogen desorption states [31, page 288]. An

explanation for the absence of a high temperature shoulder for submonolayer rhe-
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nium coverages is- as follows. Stepped and kinked plafinufn surfaces are known
to desorb hydrogen at higher temperatures than the flat terraces {31,32]. This
was also shown by the disappearance of the high temperature shoulder with the
introduction of rhenium on the platinum surface. On the other hand, structural
defects were not found to yield high temperature shoulders on stepped and kinked
rhenium surfaces with terraces in the (0001) orientation [13]. Rhenium defects
were not found to add hydrogen desorption features to clean rhenium surfaces
as mentioned above, and apparently not to a Pt(111) surface either. Additional
hydrogen desorption peaks were also not observed for gold-platinum films nor for
copper on Ru(0001) [33,34]. |
A few interesting new studies have been reported regarding the behavior of
metallic monolayers on other metals. Apparently the band striucture of a single
monolayer of a metallic adsorbate does not resgriible the bulk metal band structure
in many systems. Pan et al. showed that lvﬁlonolayer of platinum on niobium did
not chemisorb CO even though both metals alone do so readily [35].
~ Surface contamination could possibly alter the behavior of the surface and must
be considered. Every effort was made to minimize surface contamination; however,
traces of carbon and oxygen were sometimes found on the surface after operating
the rhenium source. Impurities might change the position of T4, in two ways:
1) surface impurities may cause different desorption kinetics through an electronic
effect; 2) if hydrogen is unable to occupy some parts of the surface due to the
~ presence of the impurities, then the density of hydrogen would be higher than it
should be for a given hydrogen dose. Hydrogen follows second order desorption
kinetics and a higher hydrogen density would result in a lower Tpq. for a given
hydrogen dose. This possibility can be excluded since T;, .. was determined by

extrapolation to zero hydrogen coverage, in which case all surfaces should converge



CHAPTER 5: SMALL MOLECULES ON PT-RE SURFACES 148

to the same temperature at zero hydrogeﬂ coveragé. It also seems unlikely thét
trace carbon and oxygen impurities would cause such a large temperature shift
when the surface impurity level is dominated by the presence of relatively large
amounts of rhenium. In addition, carbon and oxygen impurities are likely to block
| sites [16,36] rather than result in an increased hydrogen adsorption capacity as was

observed.

5.5.2 The hydrogen desorption area

The hydrogen desorption area was a function of the metallic composition of the
surface as can be seen in Figures 5.3 and 5.4. At a high coverage of rhenium
(0re = 1.3 ML) the surface was found to adsorb about half as much hydrogen as
the clean Pt(111) surface at hydrogen saturation (Figure 5.4). This is in agreement
with results obtajned for supported catalysts by Carter et al. [4] and Kubrika [5].
The hydrogen dosing was done at 150 K, so any effects related to changes in the
adsorption activation energy rwith surface composition mpst be considered. These
effects were probably not important under these conditions since saturating the
surface at 400 K followed by cooling to 150 K with continued hydrogen dosing
were found to give similar results.

At low coverages of rhenium it was found that some bimetallic surfaces held
more hydrogen than a clean Pt(111) surface at hydrogen saturation (Figure 5.4).
The maximum hydrogen area obtained was from a bimetallic surface with g, =
0.19 ML, and this surface held 20% more hydrogen at saturation than did clean
Pt(111) (Figure 5.4). One possible explanation for this is an increase in surface
roughness. If the prepared bimetallic surface was not flashed to high enough tem-
peratures to smooth out the surface, then the a.ddition of rhenium to the surface

should increase the surface area somewhat. This possibility was not fully explored
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bécause during TPD experiments, surfaces were never heated to temperatures high
enough to cause bulk diffusion of the metals. Experiments were also not performed
on alloyed Pt-Re surfaces. Another explanation is that an electronic interaction
between platinum and rhenium results in a metallic surface that can hold m.ore
hydrogen. The maximum in hydrogen adsorption area was also observed at hy-
drogen doses less than saturation, and this indicates that the sticking probability
of hydrogen (or probability of H; dissociation) is highest on bimetallic surfaces
(Figﬁre 5.4). Although one must extrapolate results obtained in UHV to high
pressures with great care, it is possible that the enhanced hydrogenolysis activity
displayed by the bimetallic surface described in Chapter 6 was due to an enhanced
hydrogen binding of the surface. This phenomenon has also been described for

"supported platinum-rhenium catalysts by Barbier [6] and Margitfalvi [7].

5.5.3 The activation energy of hydrogen desorption

. The activation energy of hydrogen desorption was found to decrease from the
clean Pt(111) value when rhenium was added to the surface. This phenomenon
was also described by Shimizu et al. for hydfogeﬁ adsorption on Cu/Ru(0001)
surfaces [34]. Similar to the Re/Pt(111) case described here, tl;ey found Tynas to
shift with copper coverage, with no additional peaks or shoulders appearing due
to copper or mixed copper-ruthenium sites. At 50% of a copper monolayer, they
‘found a 50% decrease in hydrogen area. A decrease in Ej,, was reported for copper
covefages above 6¢, = 0.1 monolayers.

A change in E3_, such as observed for the platinum-rhenium system can have
-profound implications for hydrocarbon cafalysis. If the activation energy of ad-
sorption is assumed constant, then a decrease in Ej,, means a decrease in the heat

of adsorption(AH,s,), and consequently a decrease in the metal hydrogen bond
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strength. Figure 5.13 illustrates this point. As stated,
AHgy, = 2Dy — Dy_g (5.1)

where

E:ilea = AHad-’ + E:ds (52)

Although this only translates to a difference in Djs_ g between monometallic plat-
inum and a 6. ~ 0.37 ML on Pt(111) of 1 to 2 Kcal/mole (a supported industrial
Pt/Re catalyst probably exposes about 50% of each metal on the surface), coupling
this effect to an increased hydrogen availability may lead to a substantial effect
on the enhancement of activity maintenance displayed by the bimetallic catalyst.
This change in behavior towards hydrogen for the bimetallic surface compared to
the monometallic platinum surface may partially explain the ‘diﬁ'erence in fouling

kinetics with respect to hydrogen pressure observed by Pacheco and Petersen for

the supported Pt/ A1203 and the PtRe/Al; O3 catalysts [8].

5.5.4 Energetics of CO desorption from Re-Pt(111)

Assuming that CO follows first order desorption kinetics and that the T,,,, shift
to ‘lower temperatures with increasing CO coverage i? a result of a decreasing Ej,,
with CO coverage, it can be seen that on all surfaces tested whefe fre < 1, Eg,,
is coverage dependent (Figure 5.8). ‘This indicates platinum-like behavior even
at fgp. = 0.55 ML. Since rhenium does not show a shift of T4 with coverage,
the éhift in Tmaz vs. CO coverage should eventually decrease and disappear as
more rhenium is evaporated onto the surface. Evidence was observed that this
was occurring since at a one Langmuir dose of CO the slopes of the curves are
apparently less steep at the higher rhenium coverages shown in Figure 5.8.

The position of Tyez is not sufﬁcienﬂy different on the two metals, and this
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Figure 5.13: Energy vs. reaction coordinate for an adsorption/desorption process.
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translates to a heat of adsorption which is nearly the same on clean Pt(111) and
the two low rhenium coverage surfaces. This means that the platinum and rhenium
sites exposed on the surface cannot be distinguished quantitatively using CO TPD.
As will be seen in Chapter 6, the interesting chemistry is within the first rhenium
. monolayer on platinum; but unfortunately CO is not a reasonable titrant for these

surfaces.

5.5.5 CO adsorption capacity on Re-Pt(111) surfaces

The room temperature adsorption capacity for CO on clean Pt(111) is about doﬁ-
ble that of a clean Re(0001) surface. The saturation coverage on Pt(111) was re-
ported to be 7.5x10'* molecules/cm? by Ertl et al. [21], and 4x10'* molecules/cm?
- on Re(0001) [13,24]. A comparison of the CO adsorption on clean Pt(111) com-
pared to CO adsorption on 3 ML of rhenium on Pt(111) show tha‘.t.th'ese results
are in agréement with the previously reported results (Table 5.3).

At low rhenium coverages a 40% increase in CO capacity was observed (Ta-
ble 5.2 and Figure 5.11). This increased capacity for adsorbate binding was also
observed for hydrogen at low rhenium coverages (Figure 5.4). Two possible ex-
planations can be invoked to explain the 40% increase in CO chemisorption of
the 6. = 0.3 ML surface: an electronic interaction at the surface or the pres-
ence of surface roughness. At low rhenium coverages the surface is expected to
be somewhat rough compared to a well annealed surface. The problem with this
explanation is that the increase in roughness is accomplished with rhenium metal.
A Re(0001) surface binds about half as much CO as does Pt(111), and work done
by Housley et al’ showed that the stepped Re[14(0001)x(1011)] surface has the
same ‘capacity for the molecular CO state as did the Re(0001) surface [24]. Since

CO was also not observed to dissociate on a roughened g, = 0.3 ML surface, it
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must be concluded that low coordinated rheﬁium cannot do the job. An electronic
effect is the most likely explanation. In support of this, it was found that at room
temperature a 0.7 ML coverage of CO was obtained in the presence of rhenium.
The compression structure observed on Pt(111) (6co ~ 0.7) is formed only when
the platinum surface is cooled to liquid nitrogen temperatures [21]. Both factors
could contribute, but if an increase in surface roughness was a factor, it was be-
cause rhenium is capable of adsorbing more CO through an electronic effect since
it was in contact with an underlying platinum substrate.

Except for the increase in CO binding at low rhenium coverages, the binding
- capacity of CO decreased as expected on rhenium covered Pt(111) (Table 5.3 and
Figures 5.10 and 5.11). At higher rhenium coverages (6r. > 0.8 ML), the behavior
towards CO can be explained through the separate contributions of rhenium and
platinum. Only a surface composed of 3 ML of epitazial rhenium was observed to
dissociate CO (Figure 5.10c). When the surface was annealed to 700° C, it waé
no longer observed to dissociate CO. This is in agreement with results obtained
By Housley et al. [24] where CO was not found to dissociate on a flat Re(0001)
- surface.

Oxidizing the 3 ML rhenium surface apparently had no effect other than site
blocking as the CO desorption area from the oxidized surface was one half the
desorption area obtained from 3 ML of rhenium on Pt(111). T,z was the same

on these two surfaces (Table 5.3 and Figure 5.10).
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Chapter 6

Hydrocarbon Conversion on
Bimetallic Platinum—Rhenium
Surfaces

6.1 Preface

In this chapter the role of surface composition towards the catalytic activity of
platinum and platinum-rhenium bimetallic surfaces will be discussed. ‘The prepa-
ration of bimetallic surfaces was described in Chapter 4, q,nd here it will be shown
how the activity and selectivity of hydrocarbon reactions is under the control of
the surface metallic composition. It was found under some circumstances that the
nature of the carbonaceous overlayers differed depending on surface composition,
and the likelihood that the behavior towards hydrogen of a bimetallic surface as
described in Chapter 5 is in some way responsible, will be discussed.

The molecules that were studied and that are reported in this Chapter are:
ethane (C,Hg), butane (C4Hio), normal hexane (C¢His), cyclohexane (c-CgHia),

and methylcyclopentane (MCP).
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6.2 Ethane Hydrogenolysis

The hydrogenolysis of ethane has been studied over many metals [1,2,3], and was
used in this study because of the wide differences in activity displayed by platinum

and rhenium towards ethane hydrogenolysis. The reaction is
CzHe + H2 — 2CH4 (61)

Sinfelt reports that rhenium is 5-6 orders of magnitude more active that platinum
towards this reaction when both metals are supported on silica (SiO,). Table 6.1
shows the kinetic parameters for some metals previously studied and summarized

by Sinfelt [2]. The rate law for Table 6.1 is
r = kPLy, BT _ - (62)

where r and k are the rate and rate constant, respectively. The rate constant k
is tabulated at a set of standard pressures of 0.030 and 0.20 atmospheres of C;Hg

‘and Hj, respectively, and is given by
ro = r,exp(—E/RT) (6.3)

where 1), represents the preexponential factor and E the apparent activation en-

ergy.
6.2.1 Re-Pt(111): Activity vs. Re coverage

The activity of the ethane hydrogenolysis reaction was examined as a function of

the rhe:nium surface composition, and the results are shown in Figure 6.1. The

reaction conditions were: Py, = 100 Torr; Pc,y, = 10 Torr; and T = 300° C.
The initial rate of reaction on clean Pt(111) was 5x10~2 CH4 molecules/Pt

atom-sec. Reactions involving C-C bond breaking are usually structure sensitive,
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Table 6.1: Summary of kinetic parameters for ethane hydrogenolysis over SiO,
supported metals.

Reaction Orders
Temp. Temp. '

Metal | range °C | n® | m® °| °C¢ E¢ re

Fe | 239-376 | 0.6 | +0.5| 270 - -
Co 219-259 (1.0 -0.8 | 219 30 | 3.0x10%
Ni 177-219 [ 1.0 | -2.4 | 177 | 40.6 | 4.9x10%
Cu 288-330 | 1.0| -0.4 | 330 |21.4|4.5x10%
Ru 177-210 | 0.8 | -1.3 | 188 32 | 1.3x10%
Rh 190-224 | 0.8 -2.2 | 214 42 | 5.8x10%
Pd 343-377 (0.9 -2.5 | 354 58 | 3.7x10%
Re 229-265 [ 0.5 | +0.3 | 250 31 | 1.8x10%
Os 125-161 (0.6 | -1.2 | 152 35 | 7.0x10%°
Ir | 177-210 | 0.7 | -1.6 | 210 36 | 5.2x10%
Pt 344-385 [ 09| -2.5 | 357 54 | 5.9x10%

® RS T8

. Order with respect to ethane.

Order with respect to hydrogen.

Temperature at which the reaction orders were determined.
. Apparent activation energy, kcal/mole.

Pre-exponential factor, molecules/sec/cm?,

in the equation r, = rl exp(—E/RT).
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Figure 6.1: Ethane hydrogenolysis activity vs. rhenium coverage on Pt(111).
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and the rate of reaction was increased over an order of magnitude to 7x10~2 by
roughening the surface with argon ion sputtering at room temperature and no
annealing. With a large rhenium coverage, Og. > 2 ML, the rate of rhetha.ne
formation was 0.5 CH4 molecules/site-sec.

With the addition of a small amount of rhenium to Pt(111), the activity was
dramatically increased compared to clean Pt(111). Even with a rhenium coverage
of between 0.1 to 0.2 monolayers, the initial rate was two orders of magnitude
higher than that of clean Pt(111), and gave an activity' equivalent to multilayers
of rhenium on Pt(111). At even slightly higher rhenium coverages, between 0.6
. and 1 monolayer of rhenium, it was observed that a maximum rate of formation

‘ of methane was obtained.

6.2.2 Re(0001) and Pt;Re(ODOI); Activity vs. Pt coverage

The activity of a Re(0001) surface and bimetallic surfaces derived from Re(0001) |
were examined. The temperature dependence for ethane hydrogenolysis on clean
Re(0001) was measured between 300 and 350°C, and the results are shown in
Figure 6.2. An activation energy of 18 & 1 Kcal/mole was obtained between these
temperatures with hydrogen and ethane partial pressures of 100 and 10 Torr,
respectively.

The initial rates obtained over platinum dosed Re(0001) surfaces are shown
in Figure 6.3. In this case the less active platinum metal was deposited on the
more active rhenium. The conditions used were the same as those described for
Figure 6.1: 300° C, 10 Torr Czﬁs, and 100 Torr H,.

The rate of methane formation was 0.55 CH4 molecules/site-sec and very close
to the initial rates observed for multilayers of rhenium on Pt(111) (6r. > 2 ML).

Again the activity could be increased by roughening the surface with argon ion
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Figure 6.2: Activation energy plot for C,Hg hydrogenolysis on Re(0001). The
reaction conditions were: Pc,i1, = 10 Torr, PH2 100 Torr, and the temperature
ranged from 300 to 350° C.
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Figure 6.3: Ethane hydrogenolysis activity vs. platinum coverage on Re(0001).
The reaction conditions were: Pg,u, = 10 Torr, Py, = 100 Torr, and T = 300° C.



CHAPTER 6: HYDROCARBON CATALYSIS ON PT-RE SURFACES 163

sputtering at room temperature and no annealing. On the roughened Re(0001)
surface the activity was higher by a factor of 3.5 over the annealed Re(0001)
surface.

With the addition of platinum to the surface, an enhancement was obtained in
the hydrogenolysis i‘ate, reaching a maximum rate of methane formation about 3
times greater than that obtained on clean Re(0001) between 0.3 to 0.5 ML plat-
inum. Even at a platinum coverage of 8p; ~ 1 ML, the surface had an activity
equivalent to the clean Re(0001) surface. The activity of the surface was not ob-
served to be less than that of clean Re(0001) until a second monolayer of platinum
was introduced. When the platinum coverage exceeded 1.5 ML, a background
rate of near 0.07 molecules/site-sec was observed, which was equivalent to the rate -
observed on a roughened Pt(111) éurface. _

For the Pt~Re(0001) system, experiments were also performed on alloyed sur-
faces, i.e. bimetallic surfaces heated above the bulk diffusion threshold which was
700°C. To generate this surface, an epitaxial surface was flashed briefly to 850°C.
The Coverages reported were determined by using AES; the spectra obtained for
alloyed surfaces always resembled spectra obtained for epitaxial surfaces although
the number of substrate atoms that diffused to the surface was unknown. The plat-
inum coverage measured after alloying was also less than the coverage observed of
the generating epitaxial surface as was expected.

Rates obtained on alloyed surfaces were in general higher than on the corre-
sponding epitaxial surfaces. In fact, an alloyed surface composed of 0.9 ML of
platinum gave a rate almost five tiﬁes higher than clean Re(0001), and was also
higher than the rate obtained on a roughened clean Re(0001) surface. An alloyed

surface with a surface composition of 8p; ~ 2 ML was as active as clean Re(0001).
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- 6.2.3 Pt—-Re: The state of the surface following ethane
hydrogenolysis reactions

Post reaction surface characterization following ethane hydrogenolysis reactions
included: Auger analysis; H, TPD to estimate the quantity of hydrogen bound
to the surface and carbonaceous deposits; exbosﬁre to saturation levels of carbon
mono.xide (~ 36 L) followed by CO TPD to estimate the number of bare metal

sites remaining exposed; and followed by a second Auger analysis.

The state of the surface following C,Hs hydrogenolysis reactions on

Re-Pt(111)

The amount of carbon remaining on the surface after reaction was determined by
AES for the Re-Pt(111) system, and was found to be independent of the rhenium
coverage. The value obtained was 6o ~ 1.5 + 0.3 ML.

Hydrogen TPD performed released hydrogen from the carbonaceous deposits
on the surface, and the amount observed to desorb was also fairly independent of
the surface rhenium ¢ove1lageL The TPD area obtainea for post reaction character-
ization was compared to the TPD area obtained when hydrogen was adsorbed at
150 K on a clean Pt(111) surface at saturation, and assuming that Ou = 1 under
these circumstances. A value of 8y ~ 0.9 & 0.2 following ethane hydrogenolysis
reactions was obtained for all the surfaces tested. This amount of hydrogen is
about 10 times more hydrogen than a clean Pt(111) surface can adsorb at room
temperature, and this demonstrates that most of the hydrogen is bound to car-
bonaceous surface deposits. The above results indicate that the H/C ratio of the
carbonaceous deposits obtained under these conditions was H/C ~ 0.6.

For the Re-Pt(111) system, it was found that the‘desorption area of CO was

smaller following 36 L of exposure after ethane hydrogenolysis reactions were per-
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formed at higher fhenium coverages. On Pt(111) following reaction, there re-
mained 30-40% bare platinum sites compared to clean Pt(111). About half the
CO desorption area was obtained on three monolayers of rhenium compared to
platinum, but since clean Re(0001) adsorbs about half as much CO as does clean
Pt(111) (see Chapter 5 and reference [4]), the conclusion reached is that there is
no difference in remaining bare metal surface area folloWing ethane hydrogenolysis

of Re-Pt(111) with respect to the metallic composition of the surface.

The state of the surface following C,Hg¢ hydrogenolysis reactions on

Pt—Re(0001)

The same sequence of post reaction characterization techniques was performed for
the Pt-Re(0001) system, and similar results were obtained regarding carbon depo-
sition and hydrogen desorption following C;Hg hydrogenolysis reactions. However,
it had been observed that when several monolayers of rhenium were deposited onto
Pt(111), it was easier to remove carbon from the surface following ethane hydro-
genoiysis reactions. For this reason, the following compariéons were madé when
studying the Pt-Re(0001) system towards ethane hydrogenolysis. The amount of
carbon left on the surface following reaction (6c; ), and the carbon still remaining
following TPD of hydrogen and CO (f¢;), were determined using AES as it was
for the Re~Pt(111) system. Some carbon was observed to leave the surface during
TPD since fc; < fc1. The ratio fc; /6c1 then gives the fraction of irreversibly
adsorI;ed carbon which was found to be highest on thick platinum overlayers. The
results obtained are shown in Figure 6.4.

When the rhenium surface was covered with iess than one monolayer of plat-
inum, better than 80% of the carbon.desorbed during TPD. With platinum films

1-4 monolayers thick, only between 10-40% of the carbon was found to desorb.
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Figure 6.4: Irreversibly adsorbed carbon vs. platinum coverage on Re(0001). The
reaction conditions were the same as in Figure 6.3.
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These results were similar whether or not the surface was alloyed.

An attempt was made to determine the identity of the desorbing species. Nei-
ther C2Hg nor CH, were observed to desorb, which probably means that carbon
desorbed as oxygenated species such as CO or CO,. This is plausible since oxygen
was found associa.téd with the surface following reactions, and probably came from
the adsorption of H;O on the surface during pump down of the high pressure cell
before its opening. The oxygen also disappeared from the surface following the

TPD characterization steps.

6.2.4 Hydrogen pressure dependence

The hydrogen pressure dependence for the ethane hy-drogenolysis reaction was
previously reported by Sinfelt to be very different over the two metals (see Table 6.1
and reference [2]). This indicates that a different reaction mechanism operates
over the two surfaées, and experiments were performed to observe how the .feaction
mechanism might be influenced by the metallic composition of a bimetallic surface.

The reaction conditions used for these experiments were: T = 350° C; Pc,u, =
5 Torr; and Py, = 500 — 1000 Torr. The initial rates and the hydrogen partial
pressure dependence of this reaction on three different surfaces are shown in Fig-
ure 6.5. The rate law for this reaction was described previously and was shown in
" Equation 6.2. For clean Pt(111), the value for the.hydrogen pressure dependence
(m) obtained was —2.0+0.2. When the surface was covered with 2 ML of rhenium,
m was found to be —0.7 £ 0.1. |

The bimetallic surface that was tested had a rhenium coverage of 0.2 ML. This
surface was chosen because it exposed 80% platinum yet it was as active as 2 ML
of rhenium on Pt(111) (Figure 6.1). The hydrogen pressure dependence obtained

from this surface was similar to that obtained from Pt(111), m = —1.8+£0.2.
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Figure 6.5: Hydrogen pressure dependence for ethane hydrogenolysis on
Re-Pt(111). The reaction conditions were: Pc,u, = 5 Torr,
Py, = 500 - 1000 Torr, T = 350° C.
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6.3 Re-Pt(111): Butane Conversion

The conversion of normal butane (C4Hj0) was studied over bimetallic Re-Pt(111)
surfaces. In addition to hydrogenolysis reactions, butane can undergo bond shift

to form isobutane. The reactions of n—-butane are:

CiHiw+H; — CsHg+ CH,
CiHio+H; — 2CyHg

n—C4 Hm - i—C4H10

The conversion of butane over platinum catalysts is discussed by Sinfelt [2], and
over platinum, rhenium, and platinum-rhenium catalysts by Betizeau et al. [5].
The data of Betizeau et al. is particularly interesting since they examined the
behavior of platinum-rhenium catalysts over the entire compos:ition range of plat-
inum and rhenium, similar to experiments used in this study. Butane conversion

was also studied by Wong et al. for a series of Rh—Pt/silica bimetallic catalysts [6].

6.3.1 Re-Pt(111): Butane hydrogenolysis

The reaction conditions used in the butane studies were: Pc,u, = 10 Torr,
Py, = 100 Torr, and T = 300° C. The initial rates of formation of hydrogenolysis
products generated from n-butane accounted for 75% of the initial activity of the
clean Pt(111) surface. Hydrogenolysis rates accounted for over 90% of the initial
activity with 2 monolayers of rhenium on the surface. Where the initial rate of
methane formation was maximum at a coverage of r.~ 0.7 ML, hydrogenolysis
accounted for 99% of the total activity. The hydrogenolysis results are shown in

Figure 6.6.
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Figure 6.6: Hydrogenolysis of butane vs. rhenium coverage over Re-Pt(111) sur-
faces. The reaction conditions were: Pc,y,, = 10 Torr, Py, = 100 Torr,

T = 300° C.
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The initial rate of formation of methane from clean Pt(111) was similar when
both ethane and butane were used as reactants. However, the méthane formation
rate was 2 to 3 times higher from ethane than from butane for any coverage of
rhenium.

Rate maxima for all the hydrbgenolysis products were observed within the first
monolayer of rhenium from butane. Similar to ethane, the rate of maximum initial
activity was at g, ~ 0.7 ML. The first data points obtained at a rhenium coverage
6re ~ 0.15 ML gave maximum initial rates for ethane and propane formation. The
ratio of the maximum rates divided by the clean Pt(111) initial rates shown in
Figure 6.6 for methane, ethane, and propane were 125, 50, and 20 respectively.

The fission parameter (My) has been introduced to classify hydrogenolysis
selectivities of hydrocarbons, and is defined below [7]:

'.n—l
My =[C]™ ;(n -1)[C]] - (64)
where [C;] is the total concentration of all the hydrocarbon isomers containing :
carbon atoms, [Cy] is the concentration of CH,, and n is the number of carbon
atoms in the reactant hydrocarbon, which is 4 for butane. Selective hydrogenolysis
of the terminal C-C bond results in a fission parameter of My = 1, whereas purely
statistical cra;:king results in a fission parameter of M; = 10. When multiple

hydrogenolysis is important, the fission parameter is My <« 1. For the butane

system, Equation 6.4 becomes:
My = [C1]7}(2[Ca] + [Ca))

In Figure 6.7, M, is plotted vs. rhenium coverage. M; was found to be
2 for clean Pt(111), and this shows that clean Pt(111) tends towards terminal

C-C bond breaking of n-butane. As rhenium is added to the surface, multiple
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hydrogenolysis increases dramétically as indicated by the decrease in Mj. The
surface with a rhenium coverage of 6. ~ 0.2 ML displays a value of M; = 1, and
the surface which displayed a maximum raté of CH,4 formation showed a minimum
My of ~ 0.2. With rhenium coverages in excess of 0.7 monolayers, the value of

My increased some, and was near 0.6 for a rhenium coverage of r, ~ 2 ML.

6.3.2 Re—Pt(111): Butane isomerization .

The isomerization rate of n-butane to isobutane was (2.940.1) x 10~2 molecules/site-
sec for Pt(111) and was found to increase only slightly with the addition of rhe-
nium to the surface. At 2 ML of rhenium, the rate of formation of isobutane was
4.5x%10™2 molecules/site-sec, only about a 50% rate increase over the rate obtained
on clean Pt(111). These results are showﬁ in Figure 6.8, and within experimental

error, the rates obtained over all the surfaces are not sub-stantially different.

6.3.3 Re—-Pt(111): The state of the surface following bu-
tane reactions

Characterization of the surface following butane reactions was performed as de-
scribed in Section 6.2.3. As was observed for ethane reactions, the results were also
independent of rhenium coverage for butane conversion. The post reaction carbon
coverage was determined using AES to be 8¢ ~ 1.8 £ 0.4 ML. The hydrogen
area obtained was 50% higher than was obtained from ethane, and the hydrogen
content of the surface and the adsorbed carbonaceous layers was estimated to be
6y ~ 1.4 +£ 0.4 ML. This gives a hydrogen to carbon ratio of H/C ~ 0.8 for the
carbonaceous overlayers derived from butane. The fraction of bare surface left
following reaction as determined using CO titration was 40% and independent of

rhenium coverage.
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Figure 6.7: Fission parameter vs. rhenium coverage for butane hydrogenolysis
over Re-Pt(111) surfaces. The reaction conditions are the same as for Figure 6.6.



CHAPTER 6: HYDROCARBON CATALYSIS ON PT-RE SURFACES 174

50.0

45.0

40.0

35.0 -

Rate Isomerization (Molec/site-sec) *104

w

o

(@)
|

25.0 ey S
0.0 0.5 1.0 15 20 25

Rhenium Coverage (ML)

1 T T T ‘ L) L T T l ¥

Figure 6.8: Rate of n-butane isomerization vs. rhenium coverage over Re-Pt(111)
surfaces. The reaction conditions are the same as for Figure 6.6.
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6.4 Re-Pt(111): n-hexane Conversion

The conversion of normal hexane has been studied extensi(rely_ on both supported
and unsupported catalysts [8,9,10,11,12]. There are two other classes of reactions
which this molecule can sustain in addition to cracking and bond shift: cyclization
and aromatization. In fact, it is the smallest molecule that can undergo the full
spectrum of reforming reactions. The formation of five and six membered rings
is facile over platinum based catalysts, and cyclohexane_ (c-Ce¢H;2) and methyl-
cyclopentane (MCP) can be formed from n-hexane (CsH14). Once cyclohexane
is formed, dehydrogenation may follow resulting in the fqrmation of cyclohexene
and benzene. The isomerization of n—C4H_m to iso—C4H;o was via a bond shift
fhechanism, but an additional isomerization path is a.Vé.ilable to molecules that
can undergo cyclization. Once methylcyclopentane is formed, immediate scission
of the ring may follow resulting in the formation of 2- and &methylpgnta.nes. The

reactions of n-CgH,4 are shown below,
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Reactions of n-hezane

AN —™ <Cs Hydrogenolysis

NN /\* + /Y\ Isomerization
NN : é + O Cyclization

/\/\/ > - @ Aromatization

For the series of hydrocarbons containing six carbon atoms, the octane rating

of the molecules increase in the order
n — hexane < 2 — and 3 — methylpentane < cyclohexane and MCP < benzene

It is the purpose of catalytic reforming to generate molecules of higher octane.

6.4.1 Re-Pt(111): Hexane hydrogenolysis

The conversion of hexane was performed under the following conditions: 20 Torr
CsHi4, 200 Torr H,, and T = 300° C. The hydrogenolysis activity of n-hexane
over the bimetallic Re-Pt(111) surface was examined as a function of rhenium
coverage, and the results are shown in Figure 6.9 along with activity data for the
other reforming reactions. The activity is defined as the initial rate of formation of

the products. The hydrogenolysis activity was found to increase with the addition
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Figure 6.9: Activity of the Re-Pt(111) surface for n-hexane conversion. Shown
here are the activities for hydrogenolysis, isomerization, cyclization, and aroma-
tization. The reaction conditions were: PCeH“ = 20 Torr, Py, = 200 Torr,

T = 300° C. Rates in counts/min.
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Table 6.2: Rate maxima vs. rhenium coverage for hydrogenolysis products from
n-hexane over Re-Pt(111) surfaces.

Molecule | 6%,(max) | Rate® Rbi111)
CH, 1.1 | 300 | 6.4
C,He 0.8 62 1.3
CsHs 0.8 37 2.1
CaHio 0.6 26 0.9
CsHy 0.4 25 0.8

a. Rhenium coverage (ML) where rate is maximum + 0.2 ML.

b. Maximum rate observed: HC molecules/site-secx10°.

¢. Clean Pt(111) rate: HC molecules/site-secx 103,
of rhenium, and a maximum rate was observed near one moholayer of epitaxially
deposited rhenium. Alloyed rhenium overlayers displayed a less dramatic increase
in hydrogenolysis with increasing rhenium coverage and this was probably due to
an atomically smoother surface. Rate maxima were observed for all hydrogenolysis
products and the rhenium coverage at which the rate maximum was obtained was
smallest when the hydrocarbon was largest, i.e. for pentane. Table 6.2 shows the
maximum rate of each hydrogenolysis product and the rhenium coverage where
' the maximum was observed. The rates obtained on clean Pt(111) is also shown.

The selectivity of a species is defined as the amount of the species produced

divided by the total products produced. The selectivity data of products produced
from n-hexane is shown in Figufe 6.10. Clean Pt(111) produces ~ 50% cracked
products, but with just 10% of a monolayer of rhenium.added to the surface, the

selectivity towards hydrogenolysis approaches 90-95%. The fission parameter was



179

CHAPTER 6: HYDROCARBON CATALYSIS ON PT-RE SURFACES

oc

TN @briano) ay

Sl

ATV
IVIXVilda
AOTIV
IVIXVLId3

ol 90 00
i i il it 00 O
-G0°0
-01'0
|
—-G1°0
O \
° NOILVYZITOAD
o) - 020
D \
g NOUVZILVWOUY / .

TN ebeiano) 8y

07 gl o'l G0 00
—g— S ——v—oy—w<gu} 00
/IO PY \
/ |
IOL
, ) 20
AOTWV O NoiLvzZINAWOS! L y0
AVIXV1id3 ([ ]
A0TIV O .
ixvilas m - SISKIONIDOHAAH _ \-
o oo
I
S
H
. [}
\ A
[
\ /. k8o
0 LI
\\ ,
»
- G\I ] m\\" n¥ ol

AllAnO8|8g

Figure 6.10: Selectivity of the Re-Pt(111) surface during n-hexane conversion.

The reaction conditions are the same as for Figure 6.9.



CHAPTER 6: HYDROCARBON CATALYSIS ON PT-RE SURFACES 180

also calculated for n—hexane from Equation 6.4 with n = 6. The results are shown

in Figure 6.11.

6.4.2 Re-Pt(111): Hexane reforming

The activity of thé rhenium-Pt(111) system for isomerization, cyclization, and
aromatization is shown in Figure 6.9. The isomerization activity drops with in-
creasing rhenium coverage and the behavior was quite similar whether or not the
surface was alloyed. The cycliz‘ation activity also drops with increasing rhenium
coverage; however, at lo§v rheniﬁm coverages (0gr.< 0.4 ML) the activity obtained
was close to the clean platinum activity. In contrast to isomerization, an alloyed
Re-Pt(111) ;vas as active for cyclization as clean Pt(111) up to rhenium cover-
ages of g~ 1 ML. Interesting behavior was observed for f:he aromatization of
n-hexane. An enhancement in the rate of benzene formation was observed at
rhenium coverageé near 0.25 ML, where a five fold increase in benzene formation
was observed on surfaces with a rhenium coverage of §r. = 0.2 ML compared to
clean Pt(111). Surfaces with a rhenium coverage of 6p.> 1.5 ML did not make
much benzene, and a smaller activity was observed that was ‘2-4 t.imes less than
the clean Pt(111) activity. .
An inspection of Figure 6.10 shows that the selectivity of the Re-Pt(111) sur-

face is dominated by hydrogenolysis, especially for epitaxial rhenium. Alloyed
surfaces showed a definite increase in hydrogenolysis selectivity with increasing
rhenium coverage, although the increase was not so steep with respect to increas-
ing rhenium coverage as they were for epitaxial surfaces. Perhaps this was due

to the difference in the degree of roughness between the alioyed and the epitaxial

surfaces.
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Figure 6.11: Fission parameter vs. rhenium coverage for n— hexane hydrogenolysis
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Table 6.3: Carbonaceous deposits from n-hexane on Re-Pt(111).

Carbon nionolayers
Coverage + 0.5 ML
0 <6r <0.7 2
6re > 0.7 | 1
Alloys 6g. > 0.3 1

6.4.3 Re-Pt(111): The state of the surface following hex-
ane reactions

Post reaction surface characterization was performed as described in Section 6.2.3
following n-hexane reéctions. Differences were observed from n-hexane in the
amount of carbon left on the surface following a two hour reaction with respect
to the rhenium coverage in contrast to the results obtained for C;Hg and C4H;,
conversion. When the exposed surface had aArhenium coverage greater than two
thirds of a monolayer, thé amount of carbon left on the surface was abouf half
as much as was left on surfaces exposing more platinum. However, one third of
a rhenium monolayer seemed to be enough to keep the surface carbon coverage
‘below 2 monolayers when the surface was alloyed. These results are summarized
in Table 6.3.

The hydrogen desorption areas that were obtained from these surfaces were
measured, as well as the remaining bare metal sites determined by CO titration.
The results were not dualitatively different than those obta.ixied from n-butane re-
garding the hydrogen content of the surface carbonaceous deposit and the fraction

of uncovered metal sites.
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6.4.4 n-hexane reactions on Pt(111)

A set of n-hexane reactions were performed over Pt(111) at 5 Torr CgHi4 and
760 Torr H; at 350°C. The rates obtained in n—hexane molecules /Pt atom-sec were
for hydrogenolysis, isomerization, cyclization, and aromatization: 0.026, 0.033,
0.028, and 7.8x10~3 respectively. These results will be further discussed in Sec-

tion 6.7 in conjunction with surface deactivation by carbonaceous deposits.

6.5 Pt—Re Foil: Cyclohexane Conversion

Discussed in the previous sections was the Hydrogenolysis of CoHg, C4H;p, and
CeHi4, as well as is_omerizg.tion reactions of C4H10 a.nd CeH14. Platinum is known
to be an extremely effective dehydrogenation catalyst, and some investigators have
suggested that the role of rhenium is to moderate fhe‘ deep dehydrogenation ch-a.r-
acteristic of platinum [13,14,15]. In order to investigate the dehydrogenation ac-
tivity of -well characterized Pt-Re catalysts, the conversion of cyclohexane was -

examined.

6.5.1 Cyclohexane hydrogenolysis

The reaction conditions used for cyclohexane were: 20 Torr c-hexane, 200 Torr
of Hy, and T = 300° C. The hydrogenolysis activity of a rhenium foil was higher
~ when platinum was added to the surface. The hydrogenolysis activity of this
system towards cyclohexane is shown in Figure 6.12 where the rates of formation
of CH4, C;Hg, and C3Hg are shown vs. platinum coverage. A maximum rate
of formation of CH, was observed near 0.2 monolayers of platinum. The rates

of formation of C;Hg and C3;Hg were also observed to maximize, although these
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maxima were broader with respect to platinum coverage. The hydrogenolysis
activity was also nearly an order of magnitude less from cyclohexane than the

hydrogenolysis activity observed from n-hexane.

6.5.2 Cyclohexane aromatization

The formation of benzene (C¢Hg) from cyclohexane was the most aBundant pro-
duct obtained from all the surfaces tested. The initial rate of formation of benzene
was one to two orders of magnitude higher than the initial rate of formation of
methane over a clean rhenium foil, and on a rhenium foil covered with a monolayer
of platinum, the rate of formation of benzene compared to methane was four to
five orders of magnitude higher. A plot of the initial aromatization rates versus
platinum coverage is shown in Figure 6.13. The rate of formation of benzene was

maximum around one monolayer of platinum.

6.5.3 Deactivation behavior of cyclohexane on a Pt—Re foil

The formation of aromatics is quite important for the generation of high octane
.fuels from a naphtha feedstock. The industrial Pt-Re catélyst after sulfidation is
reported to behave very much like a monometallic platinum catalyst except for
the deactivation behavior [13,16]. For this reason, the deactivation behavior was
examined for cyclohexane on Pt-Re foils. Following an initial reaction of around
2 hours, the high pressure cell was evacuated and subsequently repressurized with
a fresh reaction mixture. The product accumulation was then monitored under
identical reaction conditions. This process was sometimes repeated an additional
time. Pro—duct accumulation curves for restart studies over surfaces with two
different platinum coverages are shown in Figure 6.14.

The activities for the initial run for both these surfaces were similar. It had
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Figure 6.12: Cyclohexane hydrogenolysis vs. platinum coverage for a Pt-Re foil.
The reaction conditions were: P._cen,, = 20 Torr, Py, = 200 Torr, and
T = 300° C. Rates in counts/min.
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been previously observed that clean rhenium foil continually deactivates with time
~ for the cyclohexane reaction. What is meant by continuous deactivation is as fol-
lows: Three consecutive cyclohexane-runs are performed. The initial aromatization
rate of the second run (first restart run) was less than the initial rate of the first
run (performed over a clean surface) over all surfaces tested; this was the initial
deactivation observed over all surfaces. If the initial rate of the third run (second
restart run) is significantly less than the initial rate of the first restart run, then
continuous deactivation was observed over that surface. Continuous deactivation
was observed over the surface with a platinum coverage of 8p; ~ 0.65 ML illus-
trated in Figure 6.14. It appears that when rhenium was exposed on the surface,
continuous surface deactivation was observed. When five monolayers of platinum
were present completAely covering the rhenium substrate, initial deactivation was
still observed but continuous deactivation was not. In fact, the second restart
reaction gave a product accumulation curve that almost traced over the product
accumulation curve of the first restart reaction. This indicates that following an
initial accumulation of deactivating species on the surface, the surface Became
passivated towards further deactivation when only platinum was exposed on the
surface. On one occasion a thick platinum film on the rhenium foil was exposed
to the reaction mixture for the first restart reaction overnight (14 hours) under
reaction conditions. Equilibrium had been obtained by morning of the reaction
mixture. Following evacuation and repressurization with a fresh reaction mixture,
the second restart reaction performed gave an accumulation curve that retraced
the initial part of the first restart accumulation curve, indicating that following
the rapid initial deactivation, deactivation was very slow.

The conversion of cyclohexane to benzene on the surfaces whose rates are

displayed in Figure 6.13 are shown in Figure 6.15 for the initial reaction of cy-
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| clohexa,ne,vand for the second restart reaction, both measured at 60 minutes of
reaction time. The initial conversion plot shows a maximum (Figure 6.15) which
reflects the maximum in initial rates observed in Figure 6.13. Restart conversions
show a similar trend in this plot (Figure 6.15), and an increase in conversion with
increasing platinum coverage was observed until a plateau was reached above one
monolayer of platinum. The deactivation is shown by the ratio obtained between
the two curves of Figure 6.15 and this ratio is plotted in Figure 6.16. Here it can
be seen that about 55% of the rhenium surface is deactivated when no platinum
is present, and that the amount of deactivation decreased to around 25% when
6 ML of i)latinum had been deposited on the surface.

The deactivation of the surface is further illustrated in Figure 6.17. This Figure
shows that the second restart rate was always less than the first restart rate. when
rhenium was exposed on tHe surface indicating a continuous deactivation of the
surface; when no surface rhenium was exposed these two rates were very close
indicating a very slow continuous deactivation over platinum for the aromatization

of cyclohexane.

6.6 Re-Pt(111): Methylcyclopentane Conversion

The conversion of methylcyclopentane (MCP) was performed under the follow-
ing conditions: 5 Torr MCP, 760 Torr of Hz, and at 350°C. Higher hydrogen
pressures were necessary because the co-elution of some olefin (probably methyl-
cyclopentene) was observed with the methylpentanes. The high hydrogen pres-
sures employed shifted the equilibrium towards the saturated parent compound,
and therefore minimized the distortion of the observed 3- to 2-methylpentane ra-

tio. The chdnging 3- to 2-methylpentane ratio with time previously reported for
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both n-hexane and MCP conversion was probably due to the co-elution of this
olefin [10,12]. The reactions of MCP are shown below. |

Reactions of Methylcyclopentane

— < Csg ~ Multiple hydrogenolysis

A AN\ Tingeremi

— _ O : Ring Enlargement
@ ‘ - Aromatization

Hydrogenolysis of MCP refers to multiple cracking and desorption of hydfoéarbons

>0 o

smaller than six carbon atoms, while ring opening refers to the rupture of a single
C-C bond and desorption of n-hexane, 2—, or 3-methylpentane (42—, 3-MP).

Under the reaction conditions used, the hydrogenolysis and ring opening re-
actions were important, but not the ring enlargement or aromatization reactions.
The ring enlargement mechanism is reported to be mainly an acid catalyzed func-
tion [14,17,18], and is perhaps the reason that formation of Cs rings occurs only
to a limited extent on unsupported metal catalysts from Cs rings.

MCP reactions were performed over thfee metallic surfaces: clean Pt(111),
0.15 ML of rhenium on Pt(111), and 0.4 ML of rhenium on Pt(111). The hy-

drogenolysis and ring opening rates are shown in Table 6.4, and the selectivity
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Table 6.4: Initial reaction rates for multiple hydrogenolysis and ring opening
of MCP over Re-Pt(111). The reaction conditions were: Pycp = & Torr,
Py, = 760 Torr, T = 350° C. The rates are given in MCP molecules/site-secx 10

6re (ML) | £ < Cg | n-Hex + 2MP + 3MP

0 61 1915
0.15 384 ' 1425
0.4 938 925

results are shown in Table 6.5. With the addition of rhenium to Pt(111), the
hydrogenolysis rates were always observed to increase relative to clean Pt(111).
"In fact, an increase in the rate of production of all hydrogenolysis products was
observed to increase when rhenium was z?,(.ided to the surface. This includes the
rate of production of pentane, isopentane, and cyclopentane. However, the rate
of formation of ring opening products, n~hexane, 2-MP, and 3-MP, was alwéys
found to decrease when rhenium was added to the surface. Technically, ring open-
ing is a hydrogenolysis reaction, but apparently the ring opening products do not
desorb readily from rhenium, rather multiple hydrogenolysis reactions prevail on
these surfaces. It was found that the rate of ring-opening was almost proportional
to the area of surface platinum exposed. The relative rates of hydrogenolysis and
ring opening are summarized in _the first panel of Figure 6.18, and the distribution

of products formed during these experiments are tabulated in Table 6.6.
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Table 6.5: Ring opening selectivities for MCP over three Re-Pt(111) surfaces.
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Table 6.6: The production of hydrocarbons from MCP and n-hexane after 2 hours
reaction time on Pt(111), 0.15 ML Re-Pt(111), and 0.40 ML Re-Pt(111). The
conditions were 5 Torr hydrocarbon, 760 Torr Hy, and T = 350° C.

Or.: MCP n-hexane
HC 0 0.15 0.4 6r. =0
C1 1584 23110 98770 4102
C2 1764 ' 2623

C3 3976 9008 14880 1420
1C4 3007 10150 17220 1257
C4 1199 5588 8760 6292
Cp 809 2270 2611 728
:C5 1486 26140 27530 502
C5 1248 11060 7474 9656

CH 433 266 - 2632
Cé6 19050 13850 4022 -
MCP 32375

3MP | 97040 45450 21690 21220
2MP | 214600 120600 60440 37780

The entries are in counts, and can be converted to turnovers (molecules/Metal
atom) by multiplying with 2.5x10~2 per carbon number in the product molecule.
Cn indicates linear hydrocarbon with n carbon atoms, :Cn indicates iso-Cn,
CP = cyclopentane, CH = cyclohexane.
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6.7 Surface Deactivation by Hydrocarbons

The major advantage of utilizing the platinum-rhenium catalyst over a monometal-
lic platinum catalyst is the enhanced activity maintenance exhibited by the bimetal-
lic catalyst. This section is divided into two parts: >the self-deactivation of MCP
over Pt(111) and bimetallic Re-Pt(111) surfaces, and the differences in deactiva-
tion activity displayed by several hydrocarbons over Pt(111). The object of this
study was to work up some protocol by which to measure the deactivation of the

reforming catalyst as a function of the metallic composition of the surface.

6.7.1 Re-Pt(111): Self-deactivation of MCP

The discussion of the MCP conversion experiments are also divided into two parts;
the first part, already having been discussed in Section 6.6, was concerned with
the initial activities of Pt(111) and bimetallic Re-Pt(111) surfaces. Now the de-
activation of these surfaces using réstart reactions as described in Section 6.5.3 for
cyclohexane experiments are discussed.

Restart reactions were performed using MCP following the initial reactions of
Section 6.6. The results obtained are shown in the restart (right) panel of Fig-
ure 6.18. Here the bars have a slightly different meaning than the bars in the first
panel. The ratio of the restart rates to the initial rates are shown by each bar.
The right panel in Figure 6.18 shows that the ratio of the restart/initial rates of:
hydrogenolysis are smaller with a larger surface rhenium coverage. The bimetal-
lic surfaces always displayed a higher activity towards hydrogenolysis than did
clean Pt(111); however, the bimetallic surface deactivated towards hydrogenolysis
activity more quickly than the monometallic Prt(111) surface.

The behavior of the surfaces towards ring opening was different. It has already
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been observed that ring opening behaves more like an isomerization reactioﬁ since
the desorption rate of ring opening products is smaller when ﬁlafinum is covered
with rhenium compared to monometallic pla.tinum. Restart reactions showed that
the deactivation of the surface toward ring opening was relatively insensitive to the
surface rhenium coverage, where restart activities observed were always 40-50% of

the initial activity on the same surface.

6.7.2 Pt(111): Deactivation by hydrocarbons

Three molecules were examined in these experiments, and the ability of each
molecule to deactivate the Pt(111) surface towards the conversion of each of the
reactants examined. The molecules used were MCP, n-hexane, and cyclohexane.
The results of these experiments are shown in Figure 6.19, where each bar rep-
resents an initial restart rate obtained after a reaction was performed using the
“poison”. The festart rate is compared to an initial fate obtained on a clean
“unpoisoned” Pt(111) surface of the same reactant molecule.
Methylcyclopentane reactions were performed on a Pt(111) surface following
deactivation by an MCP or a cyclohexane reaction. It can be seen that MCP
was more effective in deactivating the surface towards MCP reactions than was
c-hexane. Normal hexane reactions were deactivated by MCP and n-hexane. In
this case, n—hexane aeactivated hydrogenolysis and isomerization reactions more
effectively, but MCP still deactivated the surface more effectively towards arom-
atization. Finally, cyclohexane reactions were deactivated by MCP and c-hexane
reactions. MCP deactivated the surface most effectively for the dehydrogenation

of c-hexane.
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Figure 6.19: Deactivation of Pt(111) surfaces by MCP, n-hexane, and cyclohexane.
Each bar in this figure represents a ratio of restart/initial rates when a surface was
first deactivated by a particular hydrocarbon that is represented by the shading
of the bar. The initial rate was obtained over an initially clean Pt(111) surface.
The reaction conditions were: Pyc = 5 Torr, Py, = 760 Torr, and T = 350° C.’
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6.8 Discussion: I. The Conversion of Hydrocar-
bons |

The bimetallic platinum-rhenium catalyst has been used heavily in petroleum re-
fineries since its introduction in 1968 by Chevron [19]. Even though it has been
studied extensively for almost 20 years, the role played by rhenium in making
the bimetallic a better catalyst than the monometallic platinum catalyst is not
well understood. Although it is fairly well accepted that the metals are alloyed
in the working reforming catalyst [13,20], there are still those who favor an in-
dependent mode of operation of each metal; i.e. that the catalyst can operate
as well with separate independently supported unalloyed platinum and rhenium
particles [21,22]. In this Chapter has been described the behavior of hydrocarbon
systems where the composition of the metallic Pt-Re surfaces are known with a
good deal of certainty. For this reason correlations between fhe beha.viof of the
catalyst and surface composition can be made. In the following discussion the im-
portance of the metallic interaction between platinum and rhenium as it pertains

to the conversion of hydrocarbons is analyzed.

6.8.1 Ethane and butane hydrogenolysis

Hydrogenolysis was found to be an important reaction pathway on all the sﬁrfaces
examined and for all the hydrocarbons tested with the exception of cyclohexane.
Cyclohexane did not crack at an appreciable rate over a platinum covered rhenium
foil, and when platinum was absent from the rhenium surface, aromatization still
dominated since the production rate of benzene was an order of magnitude higher
than the production rate of methane. In all cases examined, it was found that

| hydrogenolysis was highest on a mixed platinum-rhenium ensemble. The magni-
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Table 6.7: Hydrogenolysis enhancement of platinum-rhenium surfaces for several
hydrocarbons. ’

System/Molecule Baas(mazx)® ﬁg&b %‘:7—;’8)3
Re~Pt(111)/Ethane 0.7 108 102
Re-Pt(111)/n-butane 0.6 150 50
Re-Pt(111)/n-hexane 1 35 20
Pt-Re(0001)/Ethane 0.4 3-5 <1
Pt-Re foil/Cyclohexane 03 2 <1

a. Adsorbate coverage where hydrogenolysis rate was maximum.

b. Rates ratio between most active surface and uncovered substrate.

c. Rates ratio between covered substrate (> 2 ML) to clean substrate.
tude of the increase in hydrogenolysis over the most active surface compared to-
the least active surface (platinum) was highest for the smallest molecule tested,
C2H6.> Thé larger the molecule, the less pronounced was the increase in cracking;
but the increase was always substantial. A summary of the hydrogenolysis reac-
tions is shown in Table 6.7, and bell shaped curves of hydrogenolysis activity vs.
adsorbate coverage are indicated for each system since the value in the second to
last column of Table 6.7 was always less than 1 and larger than the value in the
-last column.

The earliest experiments performed to explore catalytic activity vs. surface

metallic composition was done using ethane. The reason this system was chosen
was because of the la.fge difference in activity towards hydrogenolysis displayed

between platinum and rhenium as reported by Sinfelt and coworkers [2,3,23]. The
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experiments shown in Figure 6.1 demonstrate a large difference in activity also
exists over single crystal catalysts. These experiments showed a difference in
activity between the clean metal surfaces of only 2 orders of magnitude in contrast
to Sinfelt’s paper which reports a 5-6 orders of magnitude difference between
platinum and rhenium.. The reason for this discrepancy is poésibly due to the
differences in dispersion'between the supported catalysts investigated by Sinfelt
and the single crystal catalysts used here.

The C,He hydrogenolysis activity of platinum was low under the conditions
used. However, when rhenium was added to the surface the hydrogenolysis activity
increased, and near one third of a monolayer of rhenium, the activity was close
to the activity of a Re(0001) surface (Figure 6.1). A surface with a rhenium
coverage between 0.3 < fg. < 1 monolayers displayed an activity greater thaﬁ a
Re(0001) surface, and a maximum rate of CH,4 formation was obtained near 2/3
of a monolayer. One obvious explanation for the higher rates observed on a mixed
Pt-Re ensemble is an alloying effect, which will be discussed. However, another
possibility is that the reaction is structure sensitive, and less coordinated rhenium
atoms exposed on the surface may be more active to account for the higher activity.
This explanation is plausible because C;Hg hydrogenolysis is structure sensitive
over platinum because a roughened surface was about 10 times more active than
a well annealed Pt(111) surface as shown in Figure 6.1.

A Re(0001) surface roughened in a similar way also displayed a higher C;He
hydrogenolysis activity by a factor of four over the well annealed surface (Fig-
ure 6.3). To prove that a synergistic effect due to alloying was responsible for the
hydrogenolysis enhancement of a mixed ensemble, experiments were performed on
the rhenium basal plane (the Re(0001) surface) and bimetallic platinum-rhenium

surfaces derived from this surface. When the less active platinum metal is added
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to a rhenium surface, the activity should drop unléss an alloying or electronic ef-
fect is operative. The results from these experiments are shown in Figure 6.3 and -
provide clear proof that an electronic perturbation is experienced between the two
metals when they are in intimate contact. For the Pt-Re(0001) system a max-
imum rate of methane formation was observed close to one third of a platinum
monolayer. A surface with between two thirds and one monolayer of platinum
had an activity quite close to the clean Re(0001) activity. This interesting re-
sult demonstrates that a single monolayer of platinum can make a good cracking
catalyst when perturbed by an underlying rhenium substrate. When bimetallic
surfaces were annealed to 1150 K to form an alloy, an even larger enhancement
was observed in C;Hg hydrogenolysis. For this situation it can be argued that
more rhenium atoms are exposed on the surface than determined by AES because
several ﬁletallic lay;ers are sampled by this technique. When platinum diffuses
underneath the surface layer, rhenium atoms left exposed on the surface sitting
on top of platinum atoms are very active for C;Hg hydrogenolysis. In fact, the
two surfaces that gave the highest C.He hydrogenolysis activityv were the 2/3 of a
rhenium monolayer deposited on Pt(111) and the one monolayer of platinum on
Re(0001) annealed surface. Finally, it was shown that 2 monolayers of rhenium on
Pt(111) behaved like a bulk rhenium surface since the rate of CH4 formation on
clean Re(0001) and on 2 ML of rhenium on Pt(111) were quite close. This indicates
that the perturbation of a rhenium adsorbate by platinum is mostly attenuated at
the second rhenium monolayer.

As studies progressed on the platinum-rhenium system, it became apparent
that catalytic hydrogenolysis was more sensitive to the presence of trace amount.s
of platinum on rhenium or of rhenium on platinum than Auger electron spec-

troscopy. Auger measurements are accurate to within 0.1 ML of metal adsorbate,
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and trace amounts of adsorbate could sometimes be undetected using AES yet
cause an unexpeptedly high hydrogenolysis rate. Sometimes after initiating a con-
trolled catalytic reaction on an assumed clean substrate (platinum or rhenium), it
became apparent that the surfaces had not been cleaned thoroughly enough, and
the reaction would have to be aborted for further cleaning of the substrate. Argon
ion sputtering was usually performed for at least two hours at room temperature
to insure that all of the adsorbate metal was removed.

Butane experiments were subsequently performed to see how the hydrogeno-
lysis and bond shift isomerization were under the control of the surface metallic
composition for a larger molecule. The isomerization of n-butane to isobutane
hardly depended at all on the composition of the surface. Changes observed over
the composition range of 0 < fr. < 2 ML on a Pt(111) substrate showed an in-
crease in isomerization rate of less than 2 times that of the most active surface
(rhenium) to the least active surface (platinum). Although the activity of both of
these metals is not significantly different for bond shift isomerization reactions, the
fact that rhenium is more active can be explained if the craci{ing and bond shift
surface intermediates are closely related as éuggested by Anderson and Avery [24],
and found by Gault and Garin from experiments using Cs hydrocarbons [25].

The initial hydrogenolysis activity of butane versus rhenium coverage on a
Pt(111) substrate is shown in Figure 6.6, and it was found that the rates of all
the hydrogenolysis products increased when rhenium was added to the surface.
At less than 0.2 ML of rhenium, the rate of production of ethane and propane
was maximum, and here the rate of production of propane was almost the same
as the rate of methane production. It is typical of hydrocarbons on platinum to
experience a single cracking event per sojourn on the surface [7] since multiple

hydrogenolysis is not a property of platinum as it is for rhenium. At very low
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rhenium coverages on this surface (fge < 0.2 ML), platinum-like cracking selec-
tivity was observed even though hydrogenolysis proceeded at a higher rate. As the
rhenium coverage was increased, multiple hydrogenolysis was higher as the surface
assumed more rhenium like behavior. Similar results were reported by Betizeau
et al. for cyclopentane hydrogenolysis where little multiple crackihg was observed
for an alumina supported -Pt—Re catalyst with less than 25% rhenium [5].

In further support of platinum-like hydrogenolysis selectivity at low rhenium
coverages on Pt(111), it was found that the fission parameter decreased in a con-
tinuous manner with increasing rhenium coverage up to 0.7 ML. At a rhenium
coverage of g, ~ 0.2 ML, the fission parameter was still above 1 which is ex-
pected for platinum catalysts, but the downward trend with increasing rhenium
coverage may indicate a smooth transition to rhenium-like behavior. The hydro-
genolysis activity of a clean Pt(111) surface and a bimetallic surface with a low
rhenium coverage are not equivalent; the activity of the surface with a rhenium
coverage of 6p. ~ 0.15 ML was at least an order of magnitude lﬁgher than the clean
Pt(111) surface. Since the fission parameter did not behave like a step function -
when the hydrogenolysis activity increased by an order of magnitude, it must be
concluded that the platinum moiety exerted substantial influence over the cracking
selectivity of the catalyst even though the rhenium moiety apparently dominated
the cracking activity. Otherwise, if the hydrogenolysis activity of the platinum
atoms on the bimetallic surface were not increased considerably in the presence
of rhenium, then the specific activity of the rhenium atoms will have had to in-
crease by two orders of magnitude compared to clean Pt(111). An increase this
large was observed for C;Hg hydrogenolysis, but the activity for butane conversion

was about an order of magnitude less than towards ethane conversion for similar

surfaces.
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The single crystal bimetallic catalysts used here showed similar treﬁds in hy-
drocarbon conversion as over alumina supported catalyéts, indicating that they
can be used effectively to model supported bimetallic catalysts. Betizeau et al.
performed butane hydrogenolysis experiments over alumina supported platinum—
- rhenium catalysts of varying rhenium composition [5], and also found a maximum
activity over mixed bimetallic ensembles. They obtained a maximum rate at 80%

rhenium, which is in qualitative agreement with the results obtained here.

6.8.2 Proposed surface site model for hydrocarbon hydro-
genolysis
Maximum rates of hydrogenolysis were observed near two thirds of a monolayer of
- rhenium for both ethane and butane. These results then suggest that a surface site
such as Re;Pt is best for hydrogenolysis. It has been suggested that rhenium can
form multiple metal-carbon bonds better than platinum, and that these multiply
adsorbed species are precursors to hydrogenolysis [16]. According to Shum et al.,
the chance of obtaining a multiply adsorbed carbonaceous species increases in the -
order

Pt ensemble < mixed ensemble < Re ensemble

The Pt ensemble forms multiple chemisorption bonds too weakly to result in
substantial cracking, and Re ensembles forms multiple chemisorption bonds so
strong that product desorption becomes rate limiting. The mixed ensemble forms
chemisorption bonds strong enough so that cracking occurs, but not so strong that
the cracked products have difficulty desorbing [16]. If this is the case, it remains
to be determined how a maximum of these sites can be formed. At what cover-
age of rhenium on Pt(111) would a maximum number of three fold sites with a

~ stoichiometry of Re,Pt be found?
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The answer to this question may depend on the way rhenium overlayers grow
on Pt(111). The following situations have been considered: rhenium adsorbs in a

random fashion on Pt(111), and rhenium adsorbs and nucleates in islands around

platinum defect sites. Figure 6.20 shows the results of calculations performed when

. rhenium adsorbs randomly, nucleates around 1% defect sites, or nucleates around

0.1% defect sites. Random growth can also be considered as nucleation around
100% defect sites. The calculations were performed by computer considering a
large Pt(111) surface. After substituting rilenium atoms for platinum atoms ac- .
cording to the growth mechanism under consideration, each three fold site in the
lattice was examined and the number of each Pt;Re3_¢ site was counted. As can
be seén in Figure 6.20, all of these mechanisms give a maximum surface density of
Re,Pt sites at a rhenium coverage of g, = 2/3 ML. The validity of this model is
consistent with the maximum in hydrogenolysis activity observed near a rhenium
coverage on Pt(111) of 6g. ~ 2/3 ML from both ethane and butane. Why the
bimetallic site is better for hydrogenolysis is perhaps also related to the behavior

of the bimetallic surfaces towards hydrogen as discussed in Chapter 5.

6.8.3 Electronic model for enhanced hydrocarbon hydro-
genolysis
An electronic effect may also be responsible for the enhancement observed in
hydrogenolysis on mixed Pt-Re ensembles. The part of the periodic Table en-
compassing platinum and rhenium includes Re, Os, Ir, and Pt. According to the
simple rigid band model for metal alloys, a Pt-Re alloy composed of 1/3 rhenium
has an electronic structure identical to iridium, and an alloy with 2/3 rhenium
has an electronic structure identical to osmium. Betizeau et al. berformed butane

hydrogenolysis experiments over these four metals to check this idea, and they
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Figure 6.20: Model for the formation of three—fold Re,Pt sites vs. rhenium cover-
age on Pt(111). The three situations considered were: a random rhenium growth

mode, and islands growing around 1% and 0.1% defect sites. The rate of methane
formation from butane vs. rhenium coverage is shown for comparison.
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obtained reactivities for these alumina supported metals that incre‘a.sed.in the fol-
lowing order [5] : Pt < Re < Ir < Os. Now suppoée that the band structure of
the surface can be treated independently of the bulk metal. Then the surfaces
composed of rhenium on Pt(111) with coverages of fp. = 0, 1/3, 2/3, and 1 ML
should behave like surfaces of pure Pt, Ir, Os, and Re respectively. Ethane and
butane hydrogenolysis activities obtained on the following surfaces increase in the
order: (6re = 0) < (0re = 2.5) < (6ge = 1/3) < (8gre = 2/3). The results shown
in Figure 6.6 agree qualitatively with the results of Betizeau et al., and the rigid
- band model seems to explain the order of activities of the bimetallic surfaces for
ethane and butane hydrogenolysis.

Other investigators have attempted to correlate d orbital occupancy with the
cracking of hydrocarbons. Kubricka examined the hydrogenolysis of several hy-
drocarbons over Ru, Re, Pt, Pd, and Tc [26]. He suggestéd that hydrogenolysis
correlated with the number of unpéired d electrons which is reported to be 1 for
rhenium and 0.6 for p}atinum. This explanation cannot take into account maxi-
' mum rates observed on bimetallic surfaces, even with electron transfer occu;‘ring
from rhenium to platinum as suggested by Bolivar and Biloen [13,27], unless the
promotion of electrons into s and p bands occurs upon alloying.

Sinfelt noticed that hydrogenolysis of ethane correlated well with the percent
d-character of the metallic bond as described by Pauling in his resonating valence
bond theory of metals [2,28]. Ethane hydrogenolysis shows the same trend in
reactivity on the 5d metals, i.e. Pt € Re < Ir <« Os, as the percent d character of
the metallic bonds. The C;Hg hydrogenolysis activities reported for rhenium and
iridium were very close at 205° C. If the mixing of rhenium and 'plaﬁinum result
in surfaces that behave like the metals found between them as described by the

rigid band model, then the hydrogenolysis results suggest that the Re-Pt(111)
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bimetallic surface with a rhenium coverage of fg. = 2/3 ML has a percentage of
d-character in the surface metallic bonds similar to osmium. It would be useful
to see if ultra-violet photoelectron studies of these surfaces would provide support

for this idea.

- 6.8.4 Hydrogen pressure dependence for C;Hg hydrogeno-
lysis on Re-Pt(111)

To explain the hydrogen pressure dependence results shown in Figure 6.5, a sum-

mary of the kinetic mechanism proposed by Sinfelt for C;Hg hydrogenolysis is

presented [2].

K
(1) C2Hs (g) f C2Hs (ads) + H (acs)
(2)  CoHs (aas) + H (ads) :*-2 CoHy (aas) +aHz (5
(3‘) CZH’.‘ (ads) + Hz (g) 3 CH, (ads) + CH, (aas) (RDS)
(4) CHy (aas) + H2 (99 — CHa ()

The symbol a is equal to (6 — z)/2. The first two steps‘ are rapid so that an
effective equilibrium ié maintained for the surface coverage of CoHs and C,H,. Let
fu and 6, represent the fraction of the surface covered by H and C,H_, respectively.
Combining the first two equilibrium steps and using simple Langmuir kinetics, an

expression can be written for the coverage of CoH,, and 6, is given by

KPg/Pg

O = —————"— .
* = 1+ KPs/ P (6.5)
where Pg and Py are the partial pressures of C,Hg and H; respectively, and K is
the combined equilibrium constant for steps 1 and 2. Over a moderate range of

pressures, the approximation can be made

(2]

Now, the overall rate is given by the rate determining step or

r= k30,,-PH2 (67) |
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Substituting for 8, from Equation 6.6 gives an expression for the rate law
r = kPpP{™ (6.8)

Knowing the ethane pressure dependence, the value of a can be chosen and the
hydrpgen pressure dependence calculated. The value of a can, of course, be chosen
to get agreement with experiment. With these kinetics, values of @ were found to
be 1 and 3 for rhenium and platinum respectively, which corresponds to a value
of r in CoH, of 4 and 0 for the two metals.

Sinfelt discussed 11 metals in his article, and the only two to show positive
hydrogen pressure dependencies were Fe and Re (see Table 6.1). A problem exists
in the analysis for Fe because no deuterium exchange seems to occur on ethane.
If equilibrium exists between C;Hg and surface C,H, species, deuterated ethanes
would have to be formed [29]. Although deuterium éxchangé on C,Hg has not been
reported for rhenium, it is possible that rhenium also does not exchange deuterium
during ethane hydrogenolysis. If it is true that iron and rhenium do not exchange
deuterium, then one way to explain the positive hydrogen pressure dependence
is that equilibrium is not attained for fc,u, (steps (1) and (2)) because the C-C
bond is broken as soon as the surface intermediate is produced (step (3)). If the
rehydrogenation of the C; fragments is rate limiting (step (4)), then the lack of
deuterium exchange on C,Hg and the positive order in hydrogen pressure observed
for hydrogenolysis is explained.

A modification of Sinfelt’s mechanism was published more recently [3]. The

difference is that step (3) becomes
CaHy(aas) = C1 fragments (6.9)

so that the hydrogen pressure no longer appears in the RDS with this modification.
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Then Equation 6.8 becomes ,
r = kPgPg™* (6.10)

The above described mechanism can be used to explain the results shown in
Figure 6.5. Clean Pt(111) showed a strongly nega.tiw.(e hydrogen pressure depen-
dence of -2, while 2 monolayers of rhenium displayed a less negative hydrogen
pressure dependence of ~0.7 for ethane hydrogenolysis. The results obtained differ
from Sinfelt’s due to the different conditions employed. In these experiments tem-
peratures of 350°C were used in comparison to Sinfelt’s 200°C. Sinfelt’s pressure
regime was also different: Pc,n, = 23 Torr and Py, ~ 150 Torr compared to
Pc,u, = 5 Torr and Py, ~ 760 Torr used in these experiments.

Rhenium and platinum surfaces clearly showed different hydrogen pressure de-
pendencieé, but what about a bimetallic Pt-Re surface? The addition of 0.3 mono-
layers of rhenium to Pt(111) increased the activity over an order of magnitude to
near the activity displayed by clean rhenium but the hydrogen pressure depen-
- dence on this surface was a surprising -1.8. If the rigid band model adequately
describes the formation of this surface alloy, then the hydrogen pressure depen-
dence should behave similar to iridium for a surface with this rhenium coverage.
Sinfelt reports for Re, Ir, and Pt hydrogen pressure dependencies of +0.3, -1.6,
and -2.5, respectively. Qualitatively, it can be seen that the values obtained for
Pt(111) surfaces with rhenium coverages of 2, 0.3, and 0 ML had hydrogen pres-
sure dependencies that decrease in the same order, z;.e. -0.7, -1.8, -2, and the
rigid band model seems to account for the observed results. On the other hand,
the hydrogen pressure dependence was equivalent over clean Pt(111) and a sur-
face with a rhenium coverage of §r, ~ 0.3 ML within experimental error. The
activity of the latter surface was nearly two orders of magnitude greater than the

activity of the clean Pt(111) surface. Apparently rhenium dominated the activity
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of this surface while the hydrogen pressure dependence was under the control of
platinum. Based on the comparison of the hydrogen pressure dependencies of the
three surfaces shown in Figure 6.5, it appears that the reaction mechanism occur-
ring on the bimetallic surface more closely resembles the mechanism occur'ring on
the clean Pt(111) surface.

Another explanation for the laige hydrogenolysis activity but a high negative
hydrogen pressure dependence obtained on the surface with a rhenium coverage
of fr. ~ 0.3 ML is as follows. In Chapter 5 it was shown that a bimetallic Pt-Re
surface with a rhenium coverage of 8, ~ 0.3 ML could adsorb more hydrogen with
a slightly smaller hydrogen-metal bond strength than clean Pt(111). If it is true
that the breaking of the C~C bond is facile on rhenium but the rehydrogenation
of C, fragments is rate determining, then perhaps the i)resence of platinum on
the surface enhances the hydrogenation of the C; fragments to the extent that
rehydrogenation is no longer rate limiting. This is certainly possible if the surface

has a larger hydrogeﬁ reservoir and it can exchange hydrogen more easily. So the

decrease in activity expected by diluting the active rhenium with the relatively

inactive platinum is offset by the greater surface hydrogen made available by the

presence of the less active platinum.

6.8.5 Hexane hydrogenolysis

What can be said about the hydrogenolysis of n-hexane has already been summed
up in the discussion of butane, so there is no reason to discuss n-hexane in great
detail. One additional fact that has yet to be considered is the difference in hy-
drogenolysis behavior between epitaxial and alloyed Re-Pt(111) surfaces. The
selectivity towards hydrogenolysis products appears not to change much with in-

creasing rhenium coverages when the surface is alloyed, even though the activity at
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1 ML of rhenium is an order of magnitude higher than clean Pt(111) (Figure 6.11).
This effect may be due to a lack of surface roughness, but a well annealed rhenium
foil had a fission parameter of My = 1, similar to the epitaxial 6g. = 1.7 ML
surface. Although a foil is the wrong surface to compare and a Re(0001) sur-
face would be more appropriate, n-hexane experiments were not performed on
Re(0001) surfaces. However, it would not be unexpected to see platinum moder-
ate the hydrogenolysis selectivity of Re(0001). Here again is an example of the
hydrogenolysis activity being dominated by rhenium while the selectivity appears

to be under the control of platinum.

6.8.6 Methylcyclopentane hydrogenolysis

The hydrogenolysis of MCP is treated here separately because the ring-opening
of this five membered cyclic hydrocarbon behaves differently than the hydroge-
nolysis reactions already discussed. This molecule has received a lot of attention
in the past over many metals: platinum [18,30,31,32,33,34,35,36], iridium [37],
nickel [38], and rhodium [39]. Over low dispersed platinum this molecule opens
via a selective ring opening mechanism with the formation preddminantly of 2-
and 3-methylpentane. Highly dispersed platinum displays a non-selective mecha-
nism where the ring has a equal chance of opening between any of the C-C bonds
forming n-hexane, 2-methylpentane, and 3—methylpentane in a ratio of 2:2:1. Za-
era et al. reported that MCP ring opening on single crystal surfaces was similar
to low dispersed catalysts and occurred via a selective mechanism [18].
 Experiments performed on clean Pi:(lll) showed an activity in agreement with
results of Zaera et ol. [18]. In addition, the ratio of ring opening products formed
on all surfaces tested, including bimetallic Re-Pt(111) surfaces, was consistent

with a selective ring opening mechanism. It was found that the rate of desorption
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of the C¢ products decreased from MCP (Figure 6.18) with increasing rhenium
coverage on the Pt(111) surface. Isomerization activity also decreased from n-—
hexane conversion over the same surfaces (Figure 6.9). The formation of a Cs
cyclic surface intermediate is thought to be the precursors for isomerization from
n-hexane on platinum based catalysts under these conditions. The decrease in
isomerization is probably due to a decrease in the desorption of ring opening
products because the formation of MCP from n-hexane did not decrease very
much with the addition of moderate amounts of rhenium to the Pt(111) surface.

The ring opening of MCP is a hydrogenolysis reaction, so the decrease in ring
opening activity from MCP with the addition of 0.15 ML of rhenium to Pt(111)
is an intriguing result. - At low rhenium coverages it had been previously found
that a singlé cracking event was always enhanced relativé to clean Pt(111). For
example, a surface with a rhenium coverage of 0g, = 0.15 ML displayed an increase.
in formation of pentane from n-hexane and of propane from butane. Why then
does the formation of 2- and 3-MP from methylcyclopentane decrease?

It has been observed that the formation of ring opening p:roducts is the favored
reaction on platinum. Since platinum is a better dehydrogenation catalyst and
also forms ring opening products at a higher rate than rhenium, then perhaps
the initiation of dehydrogenation results in an increase of strain experienced by
the Cs cyclic species that causes it to rupture. The remaining surface species is
more easily hydrogenated than the cracking precursors of paraffins. The pressure
dependence of cracking reactions is more highly negative on platinum than it is
for the ring Jopening of MCP, and it already has been discussed how rhenium can
form multiple carbon-metal bonds better than platinum. The result is that the
cracking of a “r” intermediate occurs more readily on platinum than on rhenium,

and leaves a lightly dehydrogenated surface species following ring opening that is
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as likely to be hydrogenated and desorb as methylpentane species than they are
to undergo further dehydrogenation and cracking. Obviously the easy cracking of
the ring occurs on the Re surface as well because hydrogenolysis products were
observed to increase when rhenium was added to the surface. The difference with
rhenium compared to platinum is that formation of multiple carbon-metal bonds
is more facile on a rhenium surface, and surface intermediates on rhenium rapidly
form multiple metal-carbon bonds. These species quickly undergo demethylation
so that the ring opening products are not observed to readily desorb. This scheme
is supported by Table 6.6 where it can be seen that an order of magnitude increase
in the formation of methane, pentane, and isopentane was observed between clean
Pt(lll) and a bimetallic surface with a rhenium covérage of 8g. ~ 0.15 ML. Thisis
comi)ared to only a three-fold increase for all the other cracking products between
these same two surfaces. If adsorption on rhenium is initiated through a single
C atom, this would explain the similar increase for both CH4 and Cs products
simultaneously. In addition, an observed increase in the isopentane/pentane ratio
from 1.2 for clean Pt(111) to 2.4 for a surface with a rhenium covera,gé of Oge ~
0.15 ML indicates that this reaction prefers initiation at the carbon atom furthest
from the 3° carbon atom, perhaps due to steric reasons. The following illustration

shows how this mechanism might operate.



CHAPTER 6: HYDROCARBON CATALYSIS ON PT-RE SURFACES 217

+ 2M —» é
M

on Pt

4§ -~ :
| W/ /Y\
M ' M | M

On Re

Ho W
é h /Y + (‘; —» CH,
| ||| : |

‘The evidence obtained from MCP conversion on platinum and bimetallic Re-Pt

surfaces shows that ring opening behaves like an isomerization reaction and not a

“ ”

hydrogenolysis reaction since a “7” cracking intermediate may be assocxated with

a ring opening precursor.

6.8.7 Reforming

. In the previous section was discussed how the ring opening of MCP behaves more

like an isomerization reaction than a hydrogenolysis reaction. The inability of

rhenium to desorb ring opening products explains the decrease in isomerization
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of n-hexane when rhenium is added to the surface even though the cyclization
activity did not decrease at low coverages of rhenium (see Figure 6.9).

‘Perhaps the most exciting result obtained from n-hexane was the increase in
benzene formation obtained at rhenium coverages near fge ~ 0.25 ML. At these
low rhenium coverages, it was also observed that cyclizatioh activity was main-
tained with respect t.o clean platinum. This suggests that the desorption of the
product benzene may be a limiting factor in n-hexane aromatization. To check this
idea, the dehydrogenation activity of cyclohexane was examined since cyclohexane
may be an intermediate in the n-hexane aromatization. The results are shown in
Figure 6.13, and suggest that product deactivation is a valid possibility since a
maximum rate of benzene production was observed. The maximum was observed
at a platinum coverage of 8p; ~ 1 ML, so one conclusion that may be drawn is that
platinum atoms with rhenium ligands are the best sites for producing and desorb-
ing benzene since one full monolayer of platinum would experieﬁce a perturbation
caused by the rhenium substrate lying directly under it. An improved selectivity
of Pt-Re catalysts towards aromatization is a well known phenomenon [40,41,42],
and ‘our results indicate that a ligand effect is an important reason why this is
true. In Chapter 5 it was shown that the bond strength between the metal surface
and hydrogen was less for a bimetallic surface, and it would be interesting to see
if a moderation of bonding towards some hydrocarbon species such as benzene
would also be observed on bimetallic surfaces compared to monometallic platinum

surfaces.

6.8.8 Summary

Before the discussion turns to the deactivation of surfaces by hydrocarbons, it

might be helpful to present a summary of what has been learned concerning the
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conversion of hydrocarbons over well characterized Pt—-Re bimetallic surfaces.

A bimetallic platinum-rhenium surface is mox;e active towards hydrogenolysis
than either clean rhenium or clean platinum surfaces are, except in the case of
MCP ring opening which behaves like an isomerization reaction. The cracking
of hydrocarbons is an undesired effect, but can be controlled through the use of
sulfur pretreatments as discussed extensively in the literature [13,14,40,41,42,43].
A study of the sulfided Re-Pt(111) system is now underway in this laboratory.

The isomerization of hydrocarbons is inhibited by the addition of rhenium to
a platinum surface, and in the case of n-hexane this is due to the inability of
rhenium to desorb ring opening products. Hydrogenolysis activities were high-
est on a bimetallic surface, but if cracking and isomerization intermediates for
*'a bond shift isomerization are related as has been suggested, .then perhaps the
addition of sulfur can change the selectivity away from hydrogenolysis towards
isomerization [24,44,45,46].

The most important effect that has been observed is the enhancement in aroma-
tization behavior from n—hexane over a 0.25 ML rhenium on Pt(111) surface, and
is due to the increased desorption rate of the product benzene. Betizeau et al.
found an enhancement in deuterium exchange on benzene for mixed ensembles [5],
and one of the reasons for the exchange enhancement is the more facile desorption
of benzene from the bimetallic surface as was also concluded fér the cyclohexane
aromatization studies. It will be interesting to see how the addition of sulfur to
the system will changé aromatization behavior. Is the system dominated by a
geometric effect as suggested by Shum and Carter [16,40] or is an electronic effect
important with the addition of sulfur needed to moderate the cracking activity, as

our results suggest?
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6.9 Discussion: II. Deactivation of Metallic Sur-
faces

6.9.1 The contribution of rhenium

Once the excess hydrogenolysis activity is eliminated in a bimetallic Pt-Re cata-
lyst, usually through presulfiding, the resulting bimetallic catalyst has an activity
and selectivity very similar to a monometallic platinum catalyst. However, the
difference between the monometallic and the bimetallic catalysts is that the deac-
tivation of the catalyst after presulfiding is much slower on the bimetallic catalyst
than on the monometallic catalyst. Many models have been proposed for the
enhanced activity maintenance displayed by the Pt—Re catalyst. Past proposals
- found in the literature include: 1) the addition of rhenium increases the amount
 of hydrogen available on both the metal and the support [47,48]; 2) the action
of rhenium actively destroys coke precursors [13,14] and can do so even when the
metals are not intimately mixed [15,22]; 3) the action of rhenium is to keep cer-
tain sites free of deac.tivating deposits and can help remove deposits when they
form [41,42,49]. Probably the most popular model is due to Sachtler, i.e. that Re-
S species break up big multiplets of platinum, and by doing so the rearrangement
of surface carbon deposits. to irreversibly adsorbed deactivating surface deposits
is hindered [13,40,50]. Pacheco and Petersen suggest that the activation energy
of fouling reactions is smallest on large ensembles, and by breaking up these large
ensembles it becomes energetically more expensive for deactivating deposits to
form thereby slowing the deactivation of the surface dramatically [20,43].
Using surface science techniques it should be possible to answer some of these
questions. In Chapter 5 evidence was presented that showed a Pt(111) surface with

a rhenium coverage of 8g. ~ 0.2 ML held more hydrogen than a clean Pt(111) sur-
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face; and with a slightly lower bonding energy. Under the high vacuuﬁ conditions
employed, this hydrogen would be the so-called strongly bound hydrogen in terms
of Nacheff et al. [51], and could be related to moderating the surface against ex-
cessive dehydrogenation a,nd the buildup of coking deposits. In addition, higher
amounts of surface hydrogen would be expected to prevent the decomposition
of surface hydrocarbon species, and to help rehydrogenate and remove potential
coking intermediates. In Chapter 3 it was shown that high surface coverages of
hydrogen inhibited the decomposition of propylidyne oﬁ Pt(111).

The question concerning the role of sulfur in this process is an important ohé,
and it has just begun to be addressed in our laboratory. Some preliminary work
has been performed in the absence of sulfur to try to determine the most effective
species for deactivating surface sites, and the effect of rhenium on preventing the
deactivation. Figure 6.18 shows that the more rhenium present on the surface
duriﬁg MCP reactions, the smaller was the percentage of the restart rate towards
hydrogenolysis. It was still observed that a surface with mixed Pt-Re ensembles -
always had a higher cracking activity than a platinuni surface, but the ratio of the
restart/initial reaction rates was smallest on these surfaces. This suggests that
hydrogenolysis reactions are related to fouling reactions, at least for the fouling of
hydrogenolysis sites.

The fouling activity of hydrogenolysis sites was related to the metallic sur-
face composition; however, the ring opening restart/initial aétivity did not change
much with respect to the surface rhenium coverage. This implies that multiple
hydrogenolysis and ring opening reactions are catalyzed preferentially on rhenium
and Pt-Re sites for hydrogenolysis, and on platinum sites for ring opening. Since
ring opening reactions proceeded at a rate proportional to the exposed platinum

atoms indicates also that a small ensemble of platinum atoms is required for this
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reaction. This rules out the possibility that the role of rhenium is to destroy deacti-
vating naphthenes, particularly MCP as suggested by Bertolacinni and Pellet [22].
If MCP is good at deactivating platinum surfaces, and results obtained show that
it fouls Pt(111) better than n-hexane and cyclohexane, then it is more likely that
species left on the surface following ring opening are responsible for deactivating
the surface. In fact, it is desirable for making the highest. octane reformate to
leave these naphthenes intact so that they can undergo ring enlargement on acid

sites followed by aromatization on metallic sites.

6.9.2 The contribution of hydrocarbons

To examine the fouling of a metallic surface by hydrocarbons, the cyclohexane sys-
tem was first examined. Rhenium metal has a cyclohexane aromatization activity
almost 20 times less than platinum, and Figure 6.14 shows product accumula-
tion curves for cyclohexane aromatization on surfaces exposing both platinum and
rhenium atoms, and on a surface exposing only platinum atoms. Both surfaces
had similar initial activity, and this indicates that exposed platinum atoms have
a higher specific activity when they have rhenium ligands compared to platinum
atoms having no rhenium ligands. There was a large difference toward deactiva-
tion, however. Both surfaces showed initial deactivation because the first restart
reaction yielded less benzene and smaller initial rates in both cases. However; the
second restart reaction showed that no further deactivation had occurred on the
thick platinum film while the Pt-Re surface showed a continuous deactivation.
The bimetallic surface was more active than the platinﬁm surface towards hydro-
genolysis, so the implication is that the cracking is related to the deactivation of
aromatization activity for this system. Pethaps cracking intermediates.formed on

the bimetallic surface spill out onto active aromatization sites deactivating them
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with time. Figure 6.19 shows that nearly 50% of the intial activity of cyclohexane
aromatization was recovered during a restart reaction. Perhaps the carbonaceous
deposit formed from cyclohexane leaves a lot of open space and good access for
cyclohexaﬁe molecules to approach the platinum surface. However, when excessive
hydrogenolysis occurs, the cracking precursors spilled onto the surface arrange ei-
ther in a mére dense packing or in a configuration that is somehow unfavorable to
transferring hydrogen atoms between adsorbed intermediates and the surface.

When MCP was used to deactivate a clean platinum surface before a subse-
quent cyclohexane reaction, it was found that the restart aromatization activity
was only 20% of the initial clean platinur_n activity. An inspection of Table 6.6 and
Figure 6.12 reveals that MCP cracks much more readily than does cyclohexane on
clean platinum. It is clear from Figure 6.19 that MCP more effectively deactivates
- cyclohexane aromatization than does cyclohe:?ane itself; a.nd perhaps the reason is
due to the readiness of MCP to undergo hydrogenolysis and ring op‘ening, where
the dehydrogenated intermediates sometimes do not come off and' polymerize into
deactivating deposits. |

The deactivation of MCP reactions are also shown in Figure 6.19. In this case
MCP deactivated the surface towards hydrogenolysis.and ring opening of MCP
far more effectively than did cyclohexane. The high restart value of ring open-
ing when the surface was deactivated with cyclohexane (80-90% of clean surface
rate) indicates as previously suggested, that carbonaceous deposits formed from
cyclohexane leave a lot of open space or ready access to the surface of reacting
hydrocarbons. Ring opening is apparently a less demanding reaction than is arom-
atizat'ion from c-hexane, perhaps for steric reasons since only 1 or 2 carbon atoms
need bond to the surface for ring opening of MCP compared to 6 carbon atoms

needed for the aromatization of c-hexane.



REFERENCES | | 224

The deactivation of n-hexane reactions is also shown in Figurer 6.19. The
greater ability of n-hexane to deactivate hydrogenolysis and isomerization reac-
tions compared to MCP is easily understood in terms of the greater hydrogenolysis
reactivity of n-hexane (see Table 6.6). However, MCP was the more effective poi-
son for the aromatization reaction. Apparently when n-hexane deactivates the
surface towards hydrogenolysis and iéomerization, it does so by breaking up large
ensembles while still leaving a substantial number of platinum atoms available for
aromatization.

In summary, it has been found that MCP is the most effective hydrocarbon in
deactivating Pt(111) compared to cyclohexane and n-hexane in .—agreement with

results previously reported in references [22,52]. The deactivation results are also

in agreement with the concept of selective poisoning proposed by Barbier et al..

for Al;O3 supported platinum [53].
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