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The Characterization and Catalysis

of Modified Platinum Surfaces

By Randall C. Yeates

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and Department of Chemistry
University of California, Berkeley, CA 94720

ABSTRACT

The surface and catalytic properties of single crystal
platinum surfaces of (111), flOO), (553) and
(13,1,1) cyrstallographic orientations modified by copper,
gold and silicon were studied using combined ultra-high
vacuum/high.pressure techniques. The surface properties of
the epitaXiai and alloyed copper-platinum and gold-platihum
systems were investigated by low energy electron diffraction
(LEED), Auger electron spectroscopy (AES), carbon monoxide
thermal desorption spectroscopy (TDS), and ultraviolet and X-
ray photoelectron spectroscopies (UPS aad XPS). Both gold
and copper were found to grow layer-by-layer in (1 X 1)
islands on all the surfaces studied. Epitaxial gold and
copper simply blocked adsor?tion sites on the platinum
surfaces. Gold-platinum and copper=-platinum alloy surfaces,
formed by diffusion of epitaxiaily deposited gold or copper
into the platinum bulk, generally displayed no order other

than a (1 X 1) structure (although a (2 X 2) structure could
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be obtained on the Cu-Pt(111l) and Cu-Pt(100) alloy surfaces

with careful annealing of the sample). No electronic
modification of theiplatinum in the gold-platinum alloys was
observed. Platinum in the copper-platinum alloys, however,
was electronically modified. This modification resulted in a
decrease of the CO desorption energy of up to 5 kcal/mol.
The n-hexane conversion reaction was used as a modél
reforming reaction to study the catalyticﬂproperties of these
alloy surfaces. Surface structure sensitivity of the
catalytic behavior was found. In addition to ensemble
effects, electronic factors were also important 1in
determining the activity and selectivities of the reaction
catalyzed by these alloy surfaces. Also, mixed gold-platinum
sites on the Au-Pt(l1l1ll) alloy surfaces were found to be more
active for the isomerization of n-hexane than pure platinum

sites and the mechanism for isomerization at these mixed

sites was different than the mechanism at pure platinum

sites. The oscillatory behavior of the carbon monoxide
oxidation reaction was also studied. The mechanism of the
oscillations was found to be.different at low pressure (1.0"4
torr) and high pressure (1 atm.). -At ldw pressure
oscillations were observed only on the Pt(100) surface and
were driven by a surface phase transition. Oscillations were
not observed at atomspheric préssure over pure platinum
surfaces. When silicon was present on the platinum surface,

however, .oscillatory behavior in the reaction rate was

observed over all the cyrstallographic orientations sﬁudied,
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Oscillations at high pressure were driven by a cyclic
oxidation and reductibn of the catalyst surface. The role of
the silicon, apparently, was to increase the rate of surface

oxidation.
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CHAPTER ONE: INTRODUCTION

Heterogénedus catalysis plays_é yital role in the
chemical.technologies»and in many othéf technologiés;”
. Platinum is one of the mcst;veréatile heteroQénédus métal
Catélyéﬁs f1.1]. Two'of'thé most importan£ uses of“platinum
are as a petroleum reforming catalyst [1.2 --1.3] and as-a
catalyst for the carbonvmonoxide oxidation reaction [1l.4 -
1.5].

In the reforming reaction, straight chain aliphatic
hydrocarbons are converted to aromatics and branched
hydrocarbons over a platinum catalet in an excess of
hydrogen. The reason this reaction is important can be seen
from Fig. 1.1 wheré'the octane number is plotted as a
function of the number of carbon atoms in n-alkanes,
methylalkanes, dimethylalkanes, naphthenes, aromatics, and
olefins. The straight chain hydrocarbons have a low octane
number and, in order to increase the octane number, the
hydrocarbon must be "reformed" to branched hydrocarbons,
aromatics and olefins. Thermodynamic values for the n-hexane
convérsion reactions are shown in Table 1.1.

The first noble metal reforming catalyst was the
"platforming”" catalyst developed at Universal 0il Products
" [1.6]. This catalyst was a highly dispersed platinum
supported on alumina, an acidic supporf._ The major function
of the platinum in this catalyst is hydrogenation and
dehydrogenation, while the acidic sites on the support .

function as isomerization and hydrocracking sites [1.7]. As
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n-hexane

n-hexane

n-hexane

n-hexane

_n-hexane
n-hexane
n-hexane
n-hexane

n-hexane

TABLE 1.1

REACTION

+ Hy =-==> n-pentane + CH,
+ Hy —-=--> n-butane

_ + ethane
+ Hy ===> 2 propane
-=-=> methylcyclopentane

+'H2

--=-> benzene + 4H,
--=> cyclohexane + H,
---> trans-2-hexene + Hy
--=> 2-methylpentane

---> 3-methylpentane

aH®

-12.93
-10.09
- 9.68

14.46

59.78
10.53
27.40
- 1.70

- 1.06

as®

4.11

5.29

5.36

20.0

96.73
10.04
30.16
- 1.50

- 1.68

(o)
AGs70k
-15.27

-13.10

-12.74

4.81
10.21
- 0.84

- 0.10

( AH® and AG® in units of kcal/mole,and AS® inunits of

cal/mol deg)
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will be éhown in Chapter 5 however, all of the reforﬁing
reactions can occur on the ﬁetal surface.

Today, platinum alloys are used in the reforming
reaction. These alloys have a greater resistance to
poisoning and a more favorable sélectivity. The most
important of these platinum alloy reforming catalysts is the
Pt-Re catalyst [1.8]. Other alloys which have been studied
ére Pt-Sn [1.9 - 1l.11], Pt—Ge>[l.12],‘Pt¥Ir {1.13-1.16}, Pt-
Au {1.17 - 1.23] and Pt-Cu ([1.24 - 1.26]. The last two
systéms are particularly interesting since they contain a 1B
metal which is inactive in the reforming reacﬁion. The
surface properties and catalytic behavior of these two alloys
will be discussed 'in detail in this thesis.b

Most of the studies referenced above were carried out
over supported ‘platinum alloys. Several factors make
interpretation of the results obtained using supported alloy
catalysts difficult : 1) the catalytic activity of thé
support; 2) modification of the alloy by the support; 3)
undefined crystallogfaphic orientationband distributionvof
the alloy crystallite surfaces; and 4) an undefined alloy

surface composition.



A. Surface Segregation

In catélytic studies ovef supported alloy catalysts the
surface composition of the alloys is generally assumed to be
the same as that of the bulk due to the difficulty in
measuring this quantity. This, however, is a dangerous
assumption. Gibbs predicted over one hundred years ago that
the composition at the surface of an equiiibrium mixture is
not necessarily the same as that of the bulk (1.27]. This
phenomenon of surface segregation in solid mixtures has been
‘the subject of a great deal of research [1.28 - 1.40].

The majqr fadtors effecting the composition of the alloy
surface are: 1) the relative surface free energies of the
components; and 2) the relative size of the components. }If
- the heat of mixing of the alloy is not too exothermic, thev
Afrée energy of the system will be at a minimum wﬁen the
surface is enriched by the component with the lowest surface
free energy. An estimation of the relative surface free
energies can be made by comparing the heats of sublimation of
the components. As can be seen from Table l.Z, the heat of
sublimation of both gold and copper is much lower than that
of platinum. Ignoring any other factors, one would expect
the surface of a Cu-Pt alloy to be enriched with copper and
the surface of a Au-Pt alloy to be enriched with gold. This
is indeed the case [1.37, 1.41]. A large difference in the
size of the components results in a stress on the lattice.
. Surface segregation is one way in which this stress can be

relieved. The adsorption of gasses on an alloy surface can



TABLE 1.2
PHYSICAL CONSTANT Pt
Atomic Mass [1.57] 195.09
Atomic Radius (A) [1.50] 1.39
Atomic Volume
9.10

(ml/mole) [1.50]

Melting Point (K)

(IPTS 1968) (1.57] 2045
Heat of Sublimation (0 K) 134.90
(kcal/mol) [1.57]
Electronegativity 2.2

(Pauling's) [1.50]

Crystal Structure ([1.50] - fcc
Work Function
Polyérystalline 5.65
[1.51]
(111) : 5.7
{1.52]
(100) 5.84

(1.55]

Au

196.967

1.46

10.2

1337.58

87.46

fce

5.1
(1.51]

5.31
[1.53]

5.47
[1.53]

1356.6

80.58

fcc

4.65
(1.51]

{1.54]

4.59
[1.54]
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also result in the segrégatidn of one of the components to
the surface if the adsorbate forms a stronger bond with one
of the components than with the other [1.42]. The extent of
segregaﬁion can also depend on the crystallographic
orientation of the alloy surface. This was shoyn by the work
of Shek and co-workers [1.33] for a Pty ggCug gy alloy. The
extent of segregation on the (110) surface was twice that of
the (111) surface.

Using modern surface science techniques, it is possible
to control the surface composition of the alloys. This waé
accomélished by evaporating gold or copper onto a single
crystal of.platinum and sﬁbsequently annealinQ the crystal to
form a surface alloy. The composition of the surface alloy
could then be determined by titrating the alloy sufface with
carbon monoxide molecules which will adsorb only on the
platinum atoms at room temperature under ultra-high vécuum

conditions.



B. Catalysis by Alloys

Interest in the catalytic properties of alloys began
appearing in the 1950's. At this time, the prevailing theory
of alloys was the "rigid band model" ([1.43]. This model
describes the éonduction band as having one d-band and one S=
p band, and that the band structure of an alloy was the
average of the components.' Chemisorption and catalytic
studies (and later, photoelectron spéctroscopié'studies)
showed that this was not the case. In 1969, Saéhtler
proposed the "ihdividual surface atom model" [1.44] which
considered chemisorption to be a localized phenomenon, i.e. a
nickel atom at a nickel metal surface and at a nickel-copper
alloy surface were essentially the same. This model lead to
the "ensemble effect"” [1l.11] for catalysis. This model
completely ignores any electronic modification of the
individual atoms in an alloy or at most considers this effect
to be secondary. This model is normally used to describe the
catalytic behavior of an alloy which is composed of an active
metal and an inactive metal. 'The cétalytic behavior of these
alloys is thought to be due to the dilution of the active
sites in an inactive matrix. This results in an inhibition
of reactions which require large "ensembles" of active sites,
but allows reactions to occur which require.smaller
"ensembles" of active sites. The coherent potential
approximatidn (CPA) [1.45] has been used to calculate the
electrdnic structure of several alloys and has shown good

agreement with experimental results. This model postulates
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that the.individual components of the alloy reﬁain moét of
their individual character. These ideas afe reViewed in Ref.
1.46 - 1.48. |

The results presented in chapter 5 show that the
"ensemble effect" alone is insufficient to describe the
catalytic behavior ofvalloys. 1t appears that both "ensemble
effects" and "electronic effects"” (although not as large as
ﬁhose predicted by the "rigid band model") are iméortant in
catalysis by alloys. A recent theory by Falikov and Somorjai
[1.49] addresses electronic factors in terms of electronic
fluctuations. The results of chaptefls also indicate that a
metal that is not an active catalyst by itself may become

active when allovyed with an active metal.

C. Objectives of this Investigation

Alloy catalysis has been the object of an extensive
amount of research. The results of this research have often
been contradictory due to an inability to control and
characterize the alloy surface of the supported catalysts
used in most of these studies. The object of the research
contained in this thesis was to study the catalytic behavior
of well-defined Cu-Pt and Au-Pt alloy surfaces for the n-
hexane conversion reaction. Problems due to the §resence of
a éﬁpport andrundefined crystallographic .orientation of the
alloy surface were eliminated by forming a surface alloy on
the surface of single crystals of platinum. Characterization

of these surface alloys was performed using surface sensitive
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ultra-high vacuum techniques. Catalytic studies were
performed using thesé well-defined alloy.surfaces.v In order
to avoid exposing these samples to the atmosphere, an in situ
high pressure isolation cell was utilized. -

Chapter 3 describes  the surface properties of copper
deposited on Pt(111), Pt(553) and Pt(iod) surfaées and also
the Cu—Pt_éﬁrface alloys of these orientations bésed on LEED,
AES and CO TDS work. Chapter 4 covefs the electronic
properties of gold deposited on Pt(111l) and Pt(100) and the
alloy surfaces based on.XPS and UPS work. .The results of the
characterization presenﬁed in chapters 3 and 4 are used to
-interpret the results of the n-hexane conversion reaction
catalyéed by the (111) and (100) crystal faces of gold-
platinum and copper=-platinum alloys which aré presented in

chaptér 5.

In addition to the n-hexane conversion reaction, the CO

oxidation reaction was alsQ studied and is covered in chapter
6. When a platinum surface was modified by the presence of
silicon, the CO oxidation rate exhibited ﬁemporal
oscillations. Combined surface science / high-pressure
reactor téchniques were used to elucidate the mechanism of
these oscillations. A kinetic model based on these findings

is also presented.

-
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D. Data on Pt, Au, Cu and Their Alloys

Selected physical constants for platinum, gold and
copper. are listed in Table 1.2.
The phase diagram for the Au-Pt system is shown in Fig.
1;2. A miscibility gap exists in this alloy. Bulk alloys
prepared with a composition within this gap will separate
into two phases, a platinum-rich phase and a gold-rich phase.
The existence of this gap restricts the range of alloy
compositions which cén be studied using bulk alloys. Since
the surface alloys formed in the work presented here were not
in equilibrium, it was possible to study the entire rénge of
surface compositions. It should also be noted that this
system forms no ordered bulk structures. No ordered surface
structure were observed either. The phasé diagram for the
Cu-Pt system is shown in Fig. 1.3. This system has an
exothermic heat of mixing and forms ordered structures. The
:ﬂéhase has a L1, structure isotropic with AuCujz. The o&'f
region consists of structures isotropic with AuCu and Au;Cu.
Although éareful preparation of the surface alloys could
result in an ordered structure, the surface alloys were

generally disordered.
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FIG. 1.2

Phase diagram of the Au-Pt system (from Ref. 1.56,
Temperatures based on IPTS 1948).
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Phase diagram of the Cu-Pt system (from Ref. 1.56,
Temperatures based on IPTS 1948).:
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CHAPTER TWO: EXPERIMENTAL METHODS

A.SYSTEM OVERVIEW
. The experiments contained in this thesis was carried out
using'three separate ultra-high vacuum (UHV) chambers. Most
of the work in chapter 111 was done using én ion pumped
system equipped with Low energy electron diffraction (LEED),
Auger electron spectroscopy (AES) using the LEED optics as a
fetarding field analyzer (RFA), a quadrapole mass
spectrometer, and a ion sputtering gun. .The photoelectron
spectroscopy work discussed'in chapter 1V were carried out on
an oil diffusion pumped UHV system equipped with a double
pass cylindrical mirror analyzer (CMA), an X-ray source
(Mg K.), a He I light source, AES, LEED, mass spectrometer,
and a Knudsen-type evaporation source used for gold
deposition. |
The bulk of the w@i‘k, however, was carried out us iné the

chamber shown schematically in Fig. 2.1.

1. System pumping

The main chamber was pumped by both an ion pump and a
liquid nitrogen trapped "6 inch" oil diffusién pump, the
evaporation chamber (to be discussed later) was
differentially pumped with a liquid nitrogen trapped "2 inch"
dil diffusion pump. The chamber was also equipped with a
titanium sublimation pump. A base pressure of 5 X 10710 torr
was achieved after baking out the system. A typicai working

pressure, however, was 1 X 1079 torr.
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FIG. 2.1

Diagram of the ultra-high vacuum chamber and sample isolation

cell.
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2. Sample holder

The sample holder was a Varian manipulator which had
been modified to incorporate a high-pressure isolation cell.
The manipulator allowed vertical movement of.several inches,
displacement from the vertical of ca. 10 degrees, and limited
lateral movement. Four feedthroughs were attached to the}
crystal holder. Two of these feedthroughs were used to allow
éurrent to be passed through,theasample in order to heat it.
The other two feedthroughs were for thermocouples; one
chromel and’the other alumel. These feedthroughs were
‘connected to correspdnding feedthroughs on the manipulator
flange and the connecting wires were insulted with glass
sleeving to prevent shorts to ground. These connectihg wires
were long enough to allow 360 degree rotation of the sample,
but short enough to avoid interfering with analysis of the
sample. The sample was spot welded to two l.5<:m‘iong gold
wires and mechanically attached to the'copper feedthroughs
with copper barrel connectors. This arrangement permitted
heating of the sample to 1400 K and careful spot welding of
the sample resulted in uniform heating. Because of the iarge
mass to which the sample was conneéted, it took a
considerable length of time to cool the sample to room
temperaﬁure after heating. It was therefore necessary to
cool the sample by-conﬁecting 0.5 " copper rods to the
electrical feedthroughé and.placing the rods in 1liquid

nitrogen.
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3.'Réactor loop.

The reactor lodp consisted.of two parts: a) the main
loop; and.b) the high-pressure cell. A schematic of the
réactor loop is shown in Fig. 2.2. Gasses were introduced
into the loop from the gas manifold (éM) and gas pressures
were measured using a Wallace énd Tiernan pressure gauge (WT)
with a internal volume of ca. 20 ml. Gasses could be leaked
into the main chamber fqr mass spectrometric analysis through
a leak valve which connected the loop and main chémber. When
the reactor was uséd in a stirred batch mode, the gasses were
circulated by a metal bellows pump (Metal Bellows Corp. MB-
21). The reaction gasses were analyzed using a Hewlett-
Packafd_S;ZOA gas chromatograph which was equipped with a
flame ionization detector. A2 long 1/8 " stainless steel
column packed with 0.19 % picric acid on 80/100 Carbopack C
was used to separate the hydrocarbon prodﬁcts (with the
exception of benzene, for which a 4 ' long 1/8 " column
packed with 10 % squalene on 60/80 Chromosorb W was used).
Samples of the reaction mixture were obtained and injected
into the gas chromatograph by means of a Carle microvolume
six-port sampling valve. The sampling and peak integration
were controlled by a Spectraphysics minigrator.

The high-pressure cell allowed high preésure reactibns
to be carried out ovef a sample charaéterized in UHV without
eXxposing it to the atmosphere. In order to isolate the
sample, the lower part of the cell was mechanically raised to

position it against the'sample holder. The seal was made
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FIG. 2.2

Diagram of the reactor loop.
WT - pressure gauge, C = isolation cell, MC - main chamber,
cp - circulation pump, GV - sampling valve, GM - gas manifold
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betweeh avknife-edge on £he sample holder and a Viton O-ring
in the lower part of the cell. The pressure inside the éell
could be raised to 1 atm without the pressure in the main
chamber exceeding the 10™2 torr range. |

After a reaction, the reactor loop was first pumped out
to 100 micronsvusing a liquid nitrogen trapped mechanical
pump and then pumped down to 10 microns with a sorption pump.
The cellvcould then be opened to UHV without the pressure in
‘the main chamber exceeding 5 X 10”7 torr. The main chamber
pressure returned to the 10”9 range in a matter of minutes.

The post-reaction sample could then be analyzed.

4. Gas manifold

Gasses were introduced into the reéctor loop and ﬁhe
main chamber through the gas manifold. The manifold was
connected to the main chambef via a.leak valve and a fight
angle valve. Cylinderé of argon, oxygen, carbon monoxide and
hyarogen were connected to the manifold through molecular
_sieve traps to dry and purify the éasses. A glass ampule
containing n-hexane was also connected to the manifold and
was 1isolated with a viton sealed valve. Pumping of the
manifold was achievedeith a mechanical pump and two
molecular sieve sorption pumps. Pressures inside the
manifold could be monitored with a thermal conductivity gauge

or the Wallace and Tiernan gauge.
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5. The system waé also equipped with :

a) 4-grid LEED optics (also used in the retarding field
mode as an energy analyzer for AES ) (discussed in section
I1.C.1,2);

b) a cathode ray tube gun was used as an electron gun
for AES:;

c) a UTI-100C mass spectrometer used in thermal
desorption experiments.(Sec. I1.C.3), for the analysis of
residuél gasses'in_the chamber and for leak testing the
system; |

d) a nude ion gauge for determining the pressure inside
the chamber;

e) a Kelvin probe (Delta-Phi Electronics) used for
détermining work fuﬁctions (Sec.11.C.5);

f) two yariable leak valves for introducing gasses into
the chamber, one connected to the gas manifold and the other
connected to the reactor loop;

g) a Knudsen-cell type evaporation source used to
evaporate goid or copper onto the sample (Sec. Ii.D;lL

h) a sputtering gun used for argon ion bombardment used

to clean the sample surface.
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6. Materials

Hydrogen, nitrogen, argon, dxygen,'and carbon monoxide
gasses were obtained through Lawrencé Berkeley Laboratorj and
were passed through molecular sieve traps before use. The n-
hexane was repeatedly freeze-pumped in liquid nitrogen before
use. A list of the materials used together with their soﬁrce

and purities is shown in table 2.1.
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TABLE 2.1
REAGENT SOURCE PURITY IMPURITY
05 Matheson/LBL >99.9 Co
H2 . | Mathesoﬁ/LBL >99.99 CH4
CO Matheson/LBL >99.5 Fe (CO) g
Ar Matheson/LBL

n-hexane Phillips >99.95 methylcyclopentane,
_ : , benzene
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B. CRYSTAL PREPARATION AND CLEANING

A single crystal boule was first checked_for
imperfections by taking a Laué photograph of several regions
‘of the boule. Once it had been determined that the boule was
indeed a singlg crystal, the rod was fixed onto an aluminum
mount with Ductseal and fitted into the goniometer (Phillips
‘Electronics #API-lO?f for orientation. The oriented rod was
then fixed into position with a mixture of Duco cement and
copper powder.

The goniometer was then fitted to the track of a
Electrodischarge machine (South Bend #1000) and cut with a
0.015 inch Tungsten-copper electrode (EDM Supplies, Iﬁc.L
The cut crystal was then mounted in Koldmount (Vernon-
Bensoff, Co.) for polishing. The crystal was first polished'
with 600 érit Wet-or-Dry abrasivé paper (MMM) lubricated with
kerosene. The crystal was then further polished on a
polishing wheel covered with nylon cloth (Buehler #40-7068)

-

using 6 micron diamond paste (Buehler #40-6162) for 2 hours
followed by 1 micron diamond paste for another couple of
hours. Following polishing, the crystal was cleaned by
ultrasound (LECO #820-107) in Liqui-Nox (Alconox, Inc.) for 5
minutes.

The crystal orientation was again checked by Laug,
‘fefaced using 600 grit paper lubricated with kerosene, and
then turned over to grind the back face parailel to the front

face. The entire polishing procedure described above was

then repeated.
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The polished crystal was then etched briefly in warm
Aqua Regia. | |

TYpical impurities, as determined by Auger spectroscopy,
were carbon, sulphur, calcium, oxygen and silicon. The
crystal was cleaned in the following manner. If silicon or
calcium were’present,‘the crystal was initially cleaned by
Argon ion bombardment in S X 10'5 torr Arand ~ 1 X 1078 torr

of oxygeh while heating the crystal at 900 K. The purpose of
‘the oxygen was to shift the equilibrium of the silicon and
calcium towards the surface by forming an oxide. This sput-
tering was continued until the calcium and silicon were
removed from the surface. The crystal was then heated to
1100 K in 2 X 10”7 torr of oxygen for 15 hinutes to remove
surface carbon. 1I1f, during this procedure, impurities segre-
‘gated from the bulk, this cleaning cycle was repeated. A new
crystal could take up to a week to clean.

The crystal was cleaned each day before.experimehts by
Ar ion bombardment in 5 X 10”2 torr of Ar with the crystal at
room temperature. The ion bombardment was fellowed_by
heating the crystal in 2 X 10~7 torr of oxygen for 15
minutes. This treatment was geherally sufficient to clean
the surface of the crystal.

Crystal faces of (111), (553), (100) and (13,1,1)
"orientation were employed in the experiments. These surfaces
are shown in Fig. 2.3 . The (111l) surface is hexagonally
close-packed, the most densely packed surface. The (553)

surface is a stepped surface with terraces five atoms wide of



-2G=-

(1)

fce

fcc (553)

XBL 8111-12652

fcc (100)

FIG. 203

Surface structure of the Pt(lll), Pt(553) and Pt(100) crystal

faces.
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(111) orientation and.monatomic steps. The (100) sﬁrface is
a more oéen surface than the (111) surface and has a square
gedmetry. Under UHV conditions, the clean Pt(100) surface
reconstructs ([2.1 ; 2.2] forming a hexagonal overlayer.
Adsorption of various gasses removes this reconstruction [2.3
- 2.5}. The (13,1,1) surface is a stepped surface wifh
terraces of (100) orientation 12 atoms wide and monatomic

steps. This surface also reconstructs.
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c. SURFACE ANALYSIS
1. Auger electron spectroscopy (AES)

AES was used extensively in this work to monitor the
cleanliness of the crYstai surface and determine coverages. of
depositted metal overlayers and elloy compositions. A
schematic of the experimental set-up is shown in Fig. 2.4.
2000 eV electrons from a cathode ray tube gun are focussed
ento the sample (since the energy of an Auger electron is
' independent of the excitation energy, the energy spread of
this excitation electron beam is not important).  This
results in the ejection of core electrons from the sample.
"An electron from a higher level can £fill this core hole.
This process can be followed by one of two processes: a) the
.energy.produced can be transmitted to another electron by a
radiationless process (Fig. 2.5a), creating an electron with
a characteristic kinetic energy :

E(Xg,Y¥1,25) = E(Xg) - E(¥y) = E(Z5,¥;) - e-dgg
where E(Xpy) is the binding energy of the primary core
electron, E(Y;) is the binding energy of the electron which
fills the core hole, E(Z,5,Y4) is the binding energy of the
ejected electron moving in a field of increased'charge, and
¢sp is the work function of the energy analyzer; or b) the
emission of an X-ray (Fig. 2.5b). .

The Auger electron energies were'analyzed by using the
LEED optics as a retarding field analyzer. This was achieved
by grounding the first and fourth grids and ramping the

retarding voltage on the second and third grids. An
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FIG. 2.5

Energy level diagrams showing two mechanisms for de-
excitation of an excited ion: a) the emission of an Auger

electron; and b) X-ray fluorescence.
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modulation voltage of the form :
Vp = Vp sin( wt )
wasvsuperimposed on the retarding voltage. The LEED screen
wés baised at 300 V to collect the current passing through
the grids. The amplitude of this current with frequency w is:
A(w) =V i'( Vo) + Vi (V. )/8 + ...

where 1i'( V is proportional to N( E, ), the number of

r )
electrons with energy E..

Due to:the high background of secondary électrons it
was necessary to use the derivative of N( E, ). This was
achieved by following the current with a frequency of 2w :

Al 2w ) = V2 L' (Vo )/4 + VAL (V. )/48 + ...
If vV, is not too Iarge, the amplitude of the current with a
frequency of 2w is proportional to thé derivative of N( E, ).
Typically, a modulation voltage of ~7 Volts peak-to-peak was
used. -A modulation voltage of down to 2 volts was used,
however, if higher resolution wés needed.

In the determination of coverages and surface
concentrations, Auger peaks as close to 100 eV were utilized
because of their high surface sensitivity. As can be seen

from Fig. 2.6 , the mean free path of a 100 eV electron

through a solid is ~ 6 &, or 2 - 3 atomic layers.

2. Low energy electron diffraction fLEED)

Low energy electron diffraction was used to determine
the structure.of the topmost layers of the single crystal
surface. Like X-ray diffraction, elastically scattered

electrons can constructively or destructively interfere with
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one another if the wavelength of the electrons is close to

the lattice spacing of the crystal [2.6]. From the de Broglie

A= h/mv = (150/E)1/2
wherégﬁ;is Planck's constaﬁt, m is the mass of the electron,
v is the velocity of the electron, and E is the energy of the
electron measured in eV, electrdn with energies in the range
of 50 to 250 eV have wavelengths of 1.73 & to .775 &, which
is close to the interatomic spacings of most solids and will
result in diffraction from an ordered surface. Since
electrons iﬁteract much more stronély with the solid than do
photons, LEED is sensitiQe to the‘structure at the surface
of a solid. |

The experimental set-up is shown in Fig; 2.7. Electrons
of a given energy were producéd from an indirectly heated
cathode inside a Wehnelt cylinder and then passed through a
drift tube which was grounded, as were the crystal and the
first‘grid of the 4¥grid LEED optics. This produced a
relatively field free region between the optics and the
sample. Inelasically scattered eiectroné were filtered out
by the second and third grids of the LEED optics which were
held at a potential just below that of the primary electron
beam. The elastically scattered electrons which passed
through the third grid were accelérated toward a phosphor
covered screen which was held at a positive potential of
several KV. The electrons produced bright spots on the

screen which could be photographed for later analysis.
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FIG. 2.7

Set up for low energy electron diffraction (LEED)
experiments..
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Using LEED in this fashion allows the determination of
the 2-dimensional geometry of the sﬁrface. No information
about the bond lengths perpendicular to the surface or the
registry of an overlayer super-lattice with the subétrate
lattiée can be obtained. In order to determine these values,
a détailed study of the spot intensity wvariation with
electron energy must be made. Thislprocedure is very
computer-time intensive. due to the multiple scattering which
occurs in electron diffraction and was not applied to any of
the systems discussed herein. Reviews of this method of
~analysis are discussed elsewhere [2.7].

The pattern which appears on the LEED screen is a
representation of the crystal surface lattice in reciprocal
space. This pattern in reciprocal space has translational
periodicity, andAcan be defined by the translation vector :

' TF = nd" + KB .
The real space lattice also has translational periodicity and
can be defined by the translation vector :
T =ni + mb .

These translation vectors are related to orie another by :

a* . _bx @
A5 X ¢
-.*_
ab X c

where ¢ is the surface normal. A hexagonal lattice in real
space and in reciprocal space is shown in Fig. 2.8.
When a species is adsorbed on the surface, new spots may

appear due to the formation of an ordered super-lattice. The
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relationship of the mesh of the super-lattice to the mesh of

the substrate in reciprocal space is

-k * a%* d* =
a' = m;ia + mlzb
B*' = m;ls* + mEZB*

- . . ) a N "
whe:e‘ﬁ*' and b*'ﬁare the primitive vectors of the

superlattice in reciprocal space.

These equations can be written

..*' oo ¥

a * a

B*' = M -s*

where

m* m*

* 11 12

M= ) * *

. le m22 e

The relaﬁionship between the supér-lattice and the substrate

lattice in real space is:.

3 a
-- = H >
b' b
where
m m
1 12
M = 1
m21 M2 .

i.e. M = M1 .

M* is the inverse transposed matrix of M,
Thus the coefficients of the two matrices are related as

follows :
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(det M*)-1 mzz

My =

my, = -(det M*)"1 m},
my; = -(det M)l ml,

my, = (det M)”Ll mli; .

M caﬁ be'obﬁained from the pattern on the LEED screen
and M can then be calculated, thus determining the mesh of
the super-lattice with respect to the mesh of the substrate.
No information however, 1is obtained about the registry of the
overlayer mesh with that of the substrate and so this .must'be_

inferred based on other evidence.

3. Thermal desorption spectroscopy (TDS)

The thermal desorption of carbon monoxide was used as a
Apfobé of the effect of alloying platinum with gold or copper
on the electronic or binding properties of‘platinum. Also,
since'carbon mpnoxide does not adsorb on gold or copper at
rodm temperature, carbon monoxide TDS was used to titrate the
platinum at the alloy surfaces.

The experiment consisted of exposing the crystal to a
pressure of gas for some time period. Gas exposures are
usually expressed in Langmuirs ( L ), where 1 L =_lO".6
torr+s. After evacuating the chamber, the crystal was heated
linearly and the desorbing molecules monitored using the mass
spectrometer. The rate of desorption can be'expressed as
follows [2.8] :

dn/dt = (V/AkTg)t(dp/dT)ﬁ + (S/V)P]
where V is the volume Qf the chamber, A is the surface area

of the substrate, k is Boltzmann's constant, Tg is the gas
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phase temperature, P is the heating rate (= dT/dt), S is the
_ﬁumping speed of the system, and P is the pressure inside the
Ehamber minus the base pressure. If the pumping speed to
volume ratio is large and the heating rate is low, then the
rate of desorption is proportional to the pressure (or the
mass spectrometer signal).

The simplest desorption process is a first order
desorption when there is no temperature'or coverage
dependence for the desqrption énergy, Eq, or for the pre-
exponential factor, . For this case, the rate of desorption
can be expressed as follows :

v_dn/dT = = (v/B) @ exp{-E3/RT}
where T = Tv+ pt .

- The desorption peak reaches a maximum for d(dn/dT]/4T = 0.
Solving for this condition :,

| Eq/RT2 = (v/B)exp(-E4q/RT,]
and using the approximation E4/RT, = ln(v/B) and solving for
the energy of desorption :

| Ed = RT, { ln{vT,/B] -1In[lnw/B)] 1} .

In order to solve for Egr a value for'v must be assumed.

From the activated complex theory [2.9j,v

B v = K (F¥/F,) xT/h
where K is the transmission coefficient, F¥ and Fp are the
partition functions of the transition state and the adsorbed
molecule, respectively, k and ﬁ are Boltzmann's énd Planck's
constants, and T is the temperature. Based on this equation,

values for 4 are usually in the range of 10 13 ¢o 1015 571,
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The dependence of the péak position and peak width
(FWHM) 1is shown in Fig. 2.9. These plots were obtained from
a computer simulated TDS experiment in which an iterative
method‘was.employed. In Fig. 2.9a, v = 1015 s'l, the heating
rate is 30 K/s, and the initial coverage is 0.5 monolayers.
As the desorption energy increases the peak shifts to higher
temperatures and the peak width increases. In Fig. 2.9b, Ep
is 30 Kcal/mol, the heating rate is 30 K/s, and the initial
coverage ié.b.S monolayers. As the pre—-exponential factdr
increases, the desorption peak shifts to lower temperatures
and the peak narrows. For a given peak shift, there is a
stronger‘dependence of the peak width on the pre-exponential
factor. Also, a shift from 400 XK to 500 K requires and
increase of 7 7 Kcal/mol. The pre-exponential factor must be
decreased by 5 orders of magnitude to obtain the same shift.

For a first order desorption in which the desorption
energy and pre-exponential are independent of coverage, the
peak position is independent of initial coverage. Fig. 2.10
shows the TDS of CO from Pt(lll) for various CO exposures.
The peak shifts to lower temperature as the coverage
increases. One explanation for this is a coverage dependent
desorption energy [2.10 - 2.11]. As the CO molecules are
packed more tightly together, the molecules repel one another
resulting in a lower desorption energy.

Work by Hollins ([2.12] indicates that CO grows 1in

islands on the Pt(l111) surface. This would argue against the

increase in lateral repulsion as the CO coverage 1is
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The dependence of the thermal desorption peak position and
width as a function of the desorption energy (Eq) and pre-
exponential factor for first order desorption. Heating rate

= 30 K/s, initial coverage = 0.5 monolayers.’
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FIG. 2.10

Thermal desorption spectra of CO from a Pt(lll) surface after
various CO exposures.
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increased. Another model which explains the coverage
dependent behavior of the TDS of CO from Pt(111l) is the
precursor state model [2.13 - 2.14}]. In this model a
molecule is assumed to go through a precursor state before
desorbing.
According to this model, the rate of desorption is :
| dn/dt =:v @ F exp{-Ey3/RT}

where F= (1 = £,) - (£46,/(1 - £2)) [ 1 + K &/{1 -)]~¢

a)
and £, is the probability that a precursor molecule over an
open site will re-adsorb, f3 is the probability that a
precursor molecule over an open site will desorb, fmvis the

probability that a precursor molecule over an open site will

m); where fé is the

hop. to another site. K. = fé/(l - £
probability that a érecursor molecule over a filled site will
desorb, and f'm is the probability that a precursor molecule
over a filled site will hop to another site.

Caiculated the:mal desorption curves for Eg = 30

Kcal/mol, v = 1013 s, £ = 0.3, £4 = 0.1, and £5 = 0.4 are

a
shown in Fig. 2.11 for initial coverages 6f 0.5 ML down to
0.05 ML. :The desorption maximum of the peaks shifts to
higher temperétures as the initial coverage decreases.
Expefimental factors which may effect the thermal
desorption spectra are uneven heating of the crystal and poor
‘pumping speed. Fig. 2.12 shows a calculated TDS curves for
. first order desorption from a uniformly heated surface and a

surface with a 50 K temperature difference across the

surface. The effect of the uneven heating of the surface was
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DESORPTION RATE

FIG. 2.11

Calculated thermal desorption spectra showing the effect of a
precursor state in first-order desorption kinetics. (see
text for parameters)
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Calculated thermal desorption spectra showing an ideal curve
(FWHM = 41 K) and the effect of uneven sample heating (FWHM =
56 K). _

(see text for parameters)
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to broaden the peak. This broédening can lead to grossly
erroneous results when determining the kinetic parameters
using the method of Chan and Weinberg [2.15]. The input
kinetic parameters were Eg = 30 kcal/mole andjv = 1013 -1,
Calculating these parameters for the position and width of
the broadened peak gives Eg = 21 kcal/mole and v = 1.5 x 10°
s~

As was mentioned previousiy, the pressure inside the
chamber during a TDS experiment will be proportional to the
desorption rate only if the pumping speed to volume ratio is
high and the heating rate 1is low. The TDS curves in Fig.
'2.13 were calculated using the same kinetic parameters used
in the previous example, a heating rate of 30 K/s, an ambient
temperature of 300 K, a system volume of 50 1, and a surface
area df].cmz. The pressure is shown as a function of sample
température for /v = 0, 1 and 10. The kineti¢ parameters
calculated from the peak width and position for S/V =1 are Eg4

= 23 kcal/mole and v = 4.4 X 109 s'l, again a large degree of

error.

4. Photoelectron spectroscbpies

?hotoelectron spect:oscopy was used to probe the
electfonic structure of the gold-platinum system. The
eXperimental set-up 1is shown 1in Fig; 2.14. In X-ray
photoelectron spectroscopy (XPS), X-ray radiation was used
for the light source. X-rays were produced.by bombarding a

Mg target with electrons with a energy of about 10 keV. The
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FIG. 2.13

Calculated thermal desorption spectra showing the pressure as
a function of sample temperature. Results are shown for a
pumping speed to volume ratio of 0, 1 and 10. (see text for
parameters) ’ :
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Schematic of the double pass cylindrical mirror analyzer used
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in ultraviolet and X-ray photoelectron spectroscopies.
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energy of the photons produéed was 1253.6 eV and was used to
probe core electrons. In ultra-violet spectroscopy (UPS) the
He I resonance line from a He discharge lamp was used as the
photon source. This line has an energy of 21.2 eV and was
used to probe the valence electrons. The light source was
directed toward the'sample and the electrons which were
ejected from the sample were colleéted and analyzed using a
double pass cylindrical mirror analyzer (CMA) [2.16 -2.i7].
The relation between the photon energy. and the kinetic energy
of the ejected electrons is :

E,

kin = MV = Ep -ed

Sp
where Ey;p, is-the kinetic energy of the ejected'electfon, hv -
is the energy of the photon, Ey is the binding energy of the
ejected electron, and ¢sp is the work function of the
spectrometer.

fn addition to the mainvpeaks Qhose energy is directly
dependent on the binding energy of the electron, other peaks
May be present. For example, since the Mg X source is not

purely monochromatic, satellite peaks which are shifted by

8.4 eV and 10.2 eV toward higher energy are present [2.18].

5. Kelvin probe

The work function, ¢, of a solid is defined as. the
energy necessary_to remove an electron from the Fermi level
to just outside the surface. Another definition commonly
used is the energy necessary to remove an electron from the

Fermi level to the vacuum level and the origin of the energy
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scale is defined to be —e¢o, where ¢o is the electrostatic
potential just outside the surface. These quantities are
related to the chemical potential @ of the electrons in the
solid by :

ed =ed, - M .

If two electrical conductors are brought into contact
with each other, current flows until the Fermi levels of the
two line up. A potential difference is created just outside
the surfaces @f the twolsolids. This potential 1is : |

Vab = %p ~ %3 .

One method of measuring the work function of a solid is
the Kelvin method [2.19], also known as the vibrating
capacitor method. A schematic of the experimental set=-up is
shown in Fig. 2.15. The sample and reference are separated
by a small distance (~ 1 mm) forming a capacitor. The charge
on the capacitor is :

Q = C Vyp .

The reference 1is connected to a piezoelectric and
vibrates withva frequency w. This periodic variance of the
distance between the sample and the reference results in a
periodic change in the capacitance, thus producing an
alternating current :

i(t) = Vg (dC/dt) = V,, waAC cos(wt) .
Thisicurrent.flows through a high impedance electrometer
amplifier, through a filter and the periodic signal, the
amplitude of which is proportional to Vapr is read by the

lock-in amplifier. A bias potential 1is applied wuntil the
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FIG. 2.15

Schematic of the Kelvin probe set-up used in measuring work
functions.
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signal 1is nulled; _Thié bias is.equal to the difference
between the work function of the sample and the work function
of the reference.

This method of measuring the work function is convenient
because the work function can be monitored continuously while
gasses are being adsorbed onto the surface or while a
reaction is occurring at the surface. A plot of the work
function with time can be obtained by plotting the bias

potential as a function of time.
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D. METAL DEPOSITION AND ALLOY FORMATION

Epitaxial layers of'gold or copper on platinum surfaces
were formed by evaporation of gold or copper from the
evaporation source shown in Fig. 2.16. It consisted of a
high-density aiumina tube which was sealed at one end ahd a
alumina plug with a smallvaperture in the center was inserted
into the other end. The tube was wrapped with 0.020 in.
diameter tunqsteg.wiré. Another alumina tube was placed
around this tube in order to decrease the amount of heat
" lost. This source was mounted on 0.25 in. diameter copper
rods which were connected to feedthroughs on'a 2 3/4 in.
fiange. A machiﬁed bellows made the positioning of the
source possible. The entire assembiy was mounted inside a
differentially pumped chamber which was also water cooled.
This evaporation chamber was connected to the main chamber
through a 2 mm shuttered aperture; It was possible to
operate the evaporation source withvless than a 1079 torr
pressure increase in the main chamber and to inﬁerrupt the
metal depositiqn at any time.

Deposition rates as high as several monolayers/min were
possible, howevér,-more controllable rates of.'.l ML/min.
were generally used. The flux was very stable and no
variation was found in the deposition rates over periods of
several weéks._

Several types of growth mechanisms fo: a metal deposited
onto another metal substrate are possible. A Volmer-Weber

type of growth mechanism [2.20] consists of the formation of
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FIG. 2.16

Diagram of the evaporation source used for metal deposition.
This source was inside the evaporation chamber showed in Fig.

2.1.
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3-dimensional crystallites. This type of growth mechanism is
most likely when the surface free energy of the deposited
metal ié higher than that of the substrate metal. This is
the growth mechanism for platinum deposited onto a Au(100)
substrate [2.21]. A Frank-vVan der Merve type of growth
mechanism [2.22 - 2.25] is a layer-by-layer growth mechanism
in which the substrate is completely covered by a monolayer'
of ﬁhe depositedvmetal'béfore a second layer begins, and the
second layér.is completed'before the third begins, and so on.
This type bf mechanism is most Iikely when the substrate
metal has a higher surface free energy than the deposited
metal. This mechanism was seen for both copper and gold
deposited onto Pt(1l1l1l) and Pt(lOO) substrates {2.26 - 2.29].
A third typé of growth mechanism is the Stranski-Krastanov:
type [2.30] which is a hybrid of the othef two mechanisms.
The growth begins by forming a complete monolayer after which
3-dimensional crystallites begin to grow.

The intensity of the Auger signal of the substrate and
the adsorbate can be approximated as :

Ij = §xj’l Ij’lexpi(l-i)/z}

where X: ; is the fraction of j in the ith layer from the

Jr1

surface, Ij,l is the intensity of the topmost layer of pure

j» and z is the attenuation factor. This model ignores the
backscattering factor which may be important for some systems
(2.31]. Fig. 2.17 shows the change in the Augér signal
intensities as a function of deposition time for a (a)

[

Volmer-Weber type growth mechanism, (b) a Frank-vVan der Merve
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FIG. 2.17

The behavior of the substrate and adsorbate Auger signals as
a function of deposition time for Volmer-Weber, Frank-Van der
Merve and Stranski-Krastinov type growth mechanisms.
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'type growth mechanism, and (c) a Stranski-Krastanov type
growth mechanism. . The‘Volmer-Weber type mechanism shows slow
smooth changes in the Auger intensities as the adsorbate
coverage increases. A distribution of crystallite sizes and
shapes results in the smooth change and since areas of the
substrate remain uncovered, the signal changes slowly. For
Frank-Van der Merve type growth, The signals change rapidly
and linearly with increasing adsorbate coverage. At the
completion of a monolayer, the slope changes and a new linea:
section begins. When layer-by-layer growth ié present, the
deposition source can be calibrated from the breaks in the
curves. This must be done with caution, however, and other
techniques, e.g. TDS, should be used to confirm the
completion of a monolayer.. The Stranski-Krastanov type
mechanism shows first a linear, rapid change in‘signal with
adsorbate coverage and then a change to a slower, smooth
change after the completion of a monolayer. It is difficult
to experimentally distinguish between a Frank-vVan der Merve
and Stranski4Krastanov type growth mechanism due to the error
normally present in the data.

| Surface alioys‘were formed by first depositing several
monolayers of éold or coppef onto the platinum surface and
then annealing the crystal to allow the deposited metal to
diffuse into the platinum. Surface concentrations were
determined by carbon monoxide titration. Since carbon
monoxide does noﬁ'adsorb on gold or copper at room

temperature, the areas under the CO TDS curves were used to
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determine the amount of platinum.on the surfacé of the
alloys. Because the CO/Pt ratio may vary with the alloy
composition, a knowledge of the alloy surface structure is
important. Saturation of CO on a clean Pt(lll) surface is
0.5 monolayers [(2.32], i.e. a CO/Pt = 0.5. An alloy surface
consisting of 75 % Cu and 25 % Pt is made up of completely
isolated Pt atoms. The ratio of CO to Pt must therefore be
1. Considerations of this type must be made in drder to
obtain mean;ngful'surface alloy concentrations. Since the
'escape depth of Auger electrons is several monolayers, AES
cannot give an accurate measure of the surface concentrations
in the alloys.

| In preparing alloy surfaces prior to the high pressure
reactions, 2-3 monolayers of gold were deposited and ~10
monolayers of copper were deposited prior to annéaling. The
larger amount of copper wasaneeded to saturate the near
surface region of the alloy which slowed down the diffusion
process. . Following the annealing pfocess, the alloy surface

was characterized as described above.
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If a random distribution of the gold or copper at the

alloy surface is assumed, the distribution of sites on the

alloy surface can be calculated as follows :

Four-fold sites ( (100)

Fraction
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Fraction
Fraction

Fraction

containing
containing
containing
containing

containing

Three-=fold sites ( (111)
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containing
containing
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surfaces ) -
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3
2
1

0
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3
2
1

0

Two-fold sites ( (111) and
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where X = the

containing
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2

1

0

Pt atoms
Pt atoms
Pt atoms
Pt atom

Pt atoms

Pt atoms

Pt atoms

Pt atom

Pt atoms

(1 -x)4

1]

4X(1 - x)3

6X2 (1 - X)2

4x3(1 - X)

x4

(1 - x)3

3X(1 - x)2

1]

3x2 (1-X)

x3

(100) surfaces )-

Pt atoms

Pt atom

Pt atoms

surface atom fraction

= (1 - x)2
= 2X(1 - X)
= X2

of Cu or Au.

A plot of these distribution is shown if Fig. 2.18 -

2.20. Although the Cu-Pt system probably has some degree of

short-range order, using a random distribution will show the

same trends when interpreting the high pressure reaction

results.
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FIG. 2.18

Fraction of 2-fold sites containing 2, 1 and 0 platinum atoms
as a function of the IB metal surface atom fraction.

Distributions are for a random alloy surface.
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FIG. 2.19

Fraction of 3-fold sites containing 3, 2, 1 and 0 platinum
atoms as a function of the IB metal surface atom fraction.
Distributions are for a random alloy surface.
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FIG. 2.20

Fraction of 4-fold siﬁes containing 4, 3, 2, 1 and 0 platinum
atoms as a function of the IB metal surface atom fraction.
Distributions are for a random alloy surface.
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E. HIGH PRESSURE REACTIONS

Before any high pressure reaction was carried out, the
catalyst surface was thoroughly cleaned, modified. and
characterized under UHV conditions, as described in the
previous sections. After this preparation, the sample was
enclosed in the high-pressure cell described in the system
overview section (II1.A).

1. The n-hexane conversion reaction

a. Reaétion procedure

After the high-pressure cell was closed, ~ 20 torr of n-
hexane was introduced into the the reactor loop. The valves__
- to the high-pressure cell were then opened, allowing the n-
hexane into the cell. The pressure of the n-hexane (which
drbpped due to the increase in volume) was increased to 20
torr, after which 200 torr of hydrogen was introduced into
the reactor loop. The'gasses in the loop were circulated by
means of a metal bellows pump (Metal Bellows Corp. model MB-
21) for a 20 minute period to insure mixing of the hydrogen
and hydrocarbon. After mixing and prior to heating the
catélyst, a sa@ple of the reaction mixture was fed into the
gas chrométograph in order to determine the hydrocarbon
impurity concentrations. The major impurity was
methylcyclopentane which was present ateaconcentfation of
ca. 500 ppm. The catalyst was heated resistively to 570 K in
the circula;ing gasses and samples of the reaction mixture
were taken every 20 minutes and analyzed by gas

chrbmatography. After two hours of reaction, the crystal was
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coolea énd the feactor loop was pumped out, first by
méchanical pump and then by sorption pump.. Following the
evacuation of thé feactor loop ( 10 - 20 minutes ), the hiéh—
preSsure cell was isolated and opéned to UHV. The catalyst

surface was then analyzed with UHV techniques.

b. Rate calculations

The flame ionization detector of the gas chromatograph
was calibrated using a standard mixture of 200 ppm methane in
nitrogen. A plot of the FID signal as a function of the
standard mixture'éressure_is shown in Fig.z.él. The slope
of this line is 10.75 counts per torr of the standard
mixture; With a reactor volume of 165 ml, a gas temperature
of 300 K, a catalyst surface area of A with an atomic density
of 4, and a FID signal proportional to the number of cafbons
in the molecule ( N ), the turnover number ( TN ) of a given
product is :

4.94 X 1013 (counts/adN,).

A typical accumulation curve ( TN Qersus time ) for
_ﬁethylcyclopentane formation (O), hydrogenolysis (0 ), and
isomerization (A) is shown in Fig. 2.22. The slope of the
curves decreased with increasing time due to the poisoning of
a -carbonaceous layer which built up on the surface. 1In order
to obtain initial rates of reaction, this process was modeled
in the following way.

The rate of the reaction Ld(TN)/dt)vwas assumed to be

proportional to the fraction of the surface not covered by
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FIG. 2.21

Plot of Ehe number of counts from the flame ionization
detector as a function of the pressure of a 100 ppm CHy in Ny
standard mixture.
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TURNOVER NUMBER
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FIG. 2.22

Example of an accumulation curve for methylcyclopentane
formation (0O), hydrogenolysis (Q), and isomerization (A).
Solid lines are a fit of the data to the model discussed in
the text.
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the carbonaceous deposit which poisoned the sufface ( Bpgy ) :
a( TN )/dt = ki@p;-
The rate of poisoning ( -=-d({ ept )/dt ) was also assumed to be
proportioﬁai to Op¢ :
d( @p¢ ) = ~Ky@p¢.
The TN as a function of time is :
TN( t ) = ( ky/k, ) (1 - e7K2by,
which can be approximated by :
TN( t ) 2 ( ky/ky ) ( kot/( kot + 1 )).
This equation can be linearized and fit to the data by a
least square analysis. The fit obtained was excellent as
shown in accumulation curves in Fig. 2.22 where the soiid
lines are the fit to the data. |
The effect of changing the order of the reactions wes
also tested. varying the order from 1 to 6 resulted in no
more than 5 % difference'in the calculated initial rates.
The constants k; and k2 however, differed considerably.
Because of this, no interpretations were based on the
individual values of these constants.v.
Setting a = k;, and b = ( ky/k, ), the initial rate of
‘reaction is :
d( TN(t=0) )/dt = ab,
and the turnover number at time t is :
TN( t ) = b/ (1 + (L/at)).
Although the crystal faces were always well defined, the
structure and impurities levels of the crystal edges were not

known. In order to remove the contribution of the crystal



-71=-

edges reactions were carried out over crystals whoée faces
were completely covered by an inactive material. Data
obtained from these reactions was always subtracted from the
data obtained for the reactions carried out over clean and

alloy surfaces.

c; Fitting of rateé to site distributions

As was mentioned in section I1. D., the results of the
n-hexane conversion reactions over the alloy surfaces were
fit to a distribution of sites based on a randomly
distributed alloy surface. In doing this, the rate of a
reaction was assumed to equal :

R = §Ri’j £5,5

where 1 is the number of atoms per site ( i = 3 for the (111)
surface and i = 4 for the (100) surfacei, j is the number of
Pt atoms in theri—fold»site, R; i 1s the rate of reéction at

1,]

a iffold site which contains j Pt atoms, and fi,j is the
- fraction of i-fold sites on the sufface which contain j Pt
atoms. |

The‘values'of Ri,j were determined by fitting the
experimentally obtained reaction rates as a function of
surface alloy composition to the célculated site
distributions discussed in section II. D. This subject is

discussed in more detail in Chapter 1IV.
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2.lCO oxidation reaction

In order to keep the CO and oxydgen concentrations
constant during the course of the reaction, the reaction was
carried out in a flow through mode. Reaction gasses were'
passed through molecular sieve traps before being introduced
into the reactor through the gas manifold (refer to ?ig.
2.2). This filtering was especially important to remove iron
-carbonyls from the CO. The reactant gasses were then passed
over the catalyst and then vented out through the fume hood
in the iaboratory. Flow raﬁes and concentrations were
controlled by adjusting needle Valves which were connécted to
the gas lines between the gas regulators and the gas’
manifold. Flow rates were determined by measuring the flow
rate of the exhaust with a bubble flow meter while the
catalyst wés.not being heated; Typical flow ratesvwere‘ZOO
ml/min with the CO concentration ranging between 1 and 30 %'
The catalyst was heated re51st1vely and temperatures between
400 K and 800 K were studied.

Because the reaction 1is very exothermic ( 770
kcal/mole), it was convenient to follow the rate Qf the”
reaction by monitoring the temperatﬁre of the catalyst. The
Validity of this procedure was check by leaking the reaction
mixturé from the reactor into the UHV chamber through a leak
valve and following the'concentratioﬁs of CO, 03, and COj
using the mass spectrometer inside the chamber as a function
of time. When the catalyst temperature increased the Co,

concentration increased and the CO and O2 concentrations
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decreased. The converse was trué when there was a drop in
catalyst temperature. The changes in gas concentrations were
much more gradual than the temperature changes due to the
mixing of gasses inlthe volume between the catalyst andvthe
leak valve. The change in temperature, therefbre, gave a
mudh better indication of the rate.

There was an induction period of several days between
the time a clean platinum crystal was subjected to reaction
conditions .and the observation of oscillations in the
reaction rate. Because of this, the crystal was left in thév
reactor for several weeks at a time while data was being
taken after which the reactor was pumped out and the

isolation cell'opened to UHV conditions for analysis.
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CHAPTER THREE : CHARACTERIZATION OF Cu/Pt SURFACES
A. INTRODUCTION

Studies of the deposition and growth of one transition
metal on the ordered surface of another transition metal are
impoftant to understand the nature of epitaxy and the
mechanism.of metal CrYStal growth. Investigations of how
alloys form by the diffusion of one of. the conétituents into
the other from the surface reveal the mechanism of the
initial stages of ailoying. The copper-platinum system is a
good choice for both of these studieé. The interatomic
distance of the metals is similar (copper is 8 $ smaller than
platinum). Their heat of mixing is exothermic (-10
kcai/mole) and they form several ordered alloy structures
(Pt3Cu, PtCu, and PtCu3).

The catalytic properties of a transition metal surface
can alsd be drastically altered by the addition of another
metal which may not itself catalyze the reaction of interest.
The catalytic properties of Cu/Pt alloys supported on silica
in the hydrocarbon conversion reaction have been studied (3.1
- 3.3]. These investigations showed an increased selectivity
for cracking for the alloys compared to pure platinum, a
rather surprising result since copper itself does not exhibit
.activity for cracking. Because of the poor characterization
of the alloy surface, interpretation of these results is
difficult. Impurities such as oxygen, which would have a
profognd effect on the reaction [3.4], could not be detected

if presént. Since copper tends to segregate to the surface
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of Cu/Pt alloys [3.5], the bulk compositions reported are not
representative of the composition of the catalytic surface.
Also, ordering and structure of the élloy surface can effect
the selectivity of the catalyst, again impossible to detect
using supported alloys. In chapter 5, the catalytic
‘properties of well characterized Cu/Pt and Au/Pt single
crystal suffaces in the n-hexane conversion reaction will be
discuésed.

In order to better undérstand the novel selectivity and
activity of the Cu/Pt system, the surface properties ¢f the
alloy need td.be better characterized. 1In this chapter, the
results of experiments dirégted toward understanding the
composition, structure, and chemisorption characteristics of
this alldy surface are reported. The atomically flat,
hexagonaily closest packed Pt(lll) surface, the.stepped
Pt(553) surface and thé square lattice of the Pt(100) surface
were studied. - Copper was deposited by evaporation onto the
crystal surface. Surface alloys were foémed by heating the
sample to temperatures at or above 550 K, allowing the copper
to diffuse into the platinum substrate.- Surface structure
was studied using low energy electron diffraction (LEED),
surface composition was determined using Auger electron
spectroscopy (AES) and thermal desorption spectroscopy (TDS)
of carbon monoxide was used to probe the changes in bonding

Characteristics of the platinum at the alloy surface.
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B. RESULTS

1.Growth of Coppér Layers on Platiﬁum Surfaces

AES has been used to determine the growth mechanism of
cne metal deposited on a single crystal substraté of another
metal [3.6]. In this procedure, the Auger signal of bbth the
substrate and the adsorbate are plotted versus the deposition
time of the adsorbate. 1If a constént sticking coefficient is
assumed for the adsorbate, the time of deposition from a
constant flux source is proportional to the Coverage of the
adsorbate. The abscissa can the be labélea in units of
deposited metal monolayers. In Fig. 3.1 the Auger signal,
normalized to thé peak-to-peak height of the pure platinum
(NgNgNg) Auger transition at 150 eV (Pt-150 V), is plotted
versus copper coverage on thé Pt(111) surface. The Pt-150 V
signal dropped off sharply and linearly with copper coverage,
with a change in the slope at a coverage assigned to one
monolayer of copper. Another change 1in the slope was
observed after an equal period of deposition indicating the
completion of a second monolayer of copper. At low copper
coverages the signal of copper (M2,3M4V) Auger transition at
105 ev (Cﬁ-lOS V) was buried in the background of‘the
platinum Auger spectrum. Once the Cu-105 V signal was
resolved, however, the growth of the signal was linear with
coverage with breaks at the same coverages as the breaks
which occurred in the Pt-150 V éignal versus copper coverage
plot. This behavior is indicative of a layer-by-layer growth

mechanism [(3.6] in which one monolayer of copper was formed
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FIG. 3.1

Plot of the Auger peak-to-peak intensity of the Pt-150 V peak
and the Cu-105 V peak versus copper coverage for copper
deposited on the Pt(l111l) surface.
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before a second began and the growth continued léyer-by-
layer. | |

The clean Pt(lll) single crystal surface showed the
expected hexagonal LEED pattern. As copper was deposited
neither the spot positions nor their sharpness changed and no
new spots appeared up to one monolayer copper coverage.
Relative diffraction spot intensities changed somewhat but no
attempt was made to analyze this behavior. After more than
one monolayer of copper had been deposited, the diffraction
'spots began to lose their intensity and sharpness. After
four monolayers had been deposited a (12 X 12) coincidence
pattern was observed after slight annealing at 450 K.” The
_diffraction pattern of this surface and the (1 X 1) surface
is shown schematically in Fig. 3.2. Results of Paffett [3.7]
show that this close-packed copper o&erlayer can be formed by
the second copper layer if the platinum substrate is heated
to 450 K during copper deposition. This type of pattern has
been observed for silver deposited on a Cu(lll) substrate
[3.7]. Upon heating the platinum crystal which had several
monolayers of copper deposited on it to 500 K, the
diffraction spots lost intensity and sharpness. On occasion,
' howeve:,, a (2 X 2) ?attern was observed for a surface which
was ~75 % copper.

The thermal desorption spectra of carbon monoxide from
the Pt(lll) surface with several different coverages of
copper are shown in Fig. 3.3. The sample was exbosed to CO

~to obtain a saturation coverage of CO (12 L) at 250 K. At
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Diagram of the LEED patterns for the (L X 1) and
coincidence structures obtained for Cu deposited on a Pt(111)

surface.
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Pt(ll)/Epitaxial Cu
CO Thermal Desorption
Saturation CO Coverage (12L)

CO- Partial Pressure (Mass 28 Signal)
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FIG. 3.3

CO thermal désorption spectra for the Pt(lll) surface covered
with varying amounts of copper, after a saturation exposure

of 12 L CO.
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this temperature, the CO adsorbed only on the platinum sires.
The TDS was therefore representative of desorption from'the
platinum surface atoms. Fig. 3.4 shows a plot of the area
under these curves, which was proportional to the amount of
CO desorbed, versus the copper coverage. The amount of CO
desorbed fell of linearly with copper coverage and leveled
off at 4 copper coverage corresponding to the first break in
the plot of the Auger signal versus copper coverage, which
'confirmed the assignment of one monoiayer of copper to this
coverage. The residual CO desorption at this and hiéher
coverages was due to the desorption of CO from the platinum
crystal edges ( which were not masked or exposed to the
copper flux) and from the tantalum support wires. The
position (temperature) of the desorption peaks remained
constant until high copper coverages. In addition to the
main desorption .peak, a low temperarure shoulder appeared.
The saturation coverage of CO on the Pt(1l1ll) surface at 250 K
is 0.5 monolayers [3.9]. Since one complete monola?er of
copper was required to block all COvadsorption sites, two
copper atoms were required to bleck one CO adsorption site on
the platinum surface.

The growth of copper on the Pt(553) surface, which is a
stepped surface with terraces of (111) orientation,}was
somewhat different than the copper growrh on the (111)
surface of platinum. The Auger signal versus copper coverage
plot for rhe surface is shown in Fig. 3.5. As was the case

with the Pt(111) surface, the Pt-150 V signal dropped off
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14 from a Pt(1l1ll)
"Plot of the relative CO desorption yile
surface with varying coverages of copper after a saturatlon
exposure of CO, versus the copper coverage.
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rapidly Qith copper coverage. Unlike the Pt(lli) surface,
however,‘the signal was not linear with copper coverage and
there were no obvious breaks in the curve. It would seem
from this behavior that the copper almost formed a complete
monolayer, but before completion of that monolayer, a second
began.

The thermal desorption spectra of carbon monoxide from
ﬁhe Pt(553) surface Qith various copper coverages (Fig. 3.6)
showed a decrease in tﬁe CO desorption yield with increasing
copper_covefage. In Fig.'3.7 it can be seen that again the
CO desorption yield decreased linearly with the copper
coverage until coveragés near one monolayer were reached. At
near monolayer coverage the curve is rounded, again
indicating that a second layer began to form before the first
was completed. Closer inspection of Fig. 3.6 reveals a cause
for this behavior. In the TDS of CO from the clean Pt(553)
surface there was a peak around 400 K and a high temperature
shoulder. The main desorption peak was due to desorption
from the terrace sites and the high temperature shoulder was
due to desorption from the step sites. As copper was
deposited onto the surface the desorption of CO from the
terrace sites was attenuated, whereas the desorption from the
step sites remained unchangéd. This trend continued until
high copper ¢overages. .This site selectivity of adsofbing
copper atoms on the stepped suifa¢e was responsible for the
growth mechanism observed. This behavior is illustrated more

clearly in Fig. 3.8 where the TDS of CO from the clean
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CO thermal desorption spectra for the Pt(553) surface covered

with wvarying amounts of copper,
of 12 L CO.

after a saturation exposure
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Plot of the relative CO desorption yield from a Pt(553)
surface with varying coverages of copper after a saturation
exposure of CO, versus the copper coverage.
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Upper: CO thermal desorption from a clean Pt(553) surface
( ) and a Pt(553) surface covered with 0.2 ML CU {(===).

Lower: Same spectra deconvoluted into desorption from step
sites (=+=.=-with and without Cu), desorption from terrace
sites ( without Cu and—— with Cu) and desorption from

sites neighboring a Cu atom (e==--- 3.
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Pt(553) and the TDS of CO frgm the Pt(553) surfacé cbvered by
0.2 ML of copper are shown. The lower figure Shows
deconvoluted spectra. The TDS of CO frqm the clean Pt(553)
sufface was deconvoluted into two peaks, the lower
temperature peak was due to desorption from the terrace sites
and the other peak was due to desorption from the step sites.
The TDS of CO from the Pt(553) surface covered with 0.2 ML of
Cu was deconvoluted into three peaks, the two higher
temperature peaks matching the deconvoluted spectrum of
desorption from the P£(553) surface, and a new, low
temperature peak. The érea under the high temperature peak
was the same for both the clean and Cu covered surfaces, the
desorption from the terrace sites was attenuated for the
- copper covered surface. The new, low temperature peak
appeared in approximately the same position as the low
temperature shoulder in the TDS of CO from the Cu covered
Pt(111l) surfaces and was due to desorption‘from Pt sites
which neighbored a Cu atom.

The ¢&lean Pt(100) éurface reconstfucts, forming a
hexagonal o&erlayer (3.10]. For copper coverages up to 0.5
ML the reconstruction remained. At copper coverages greater
than this, the LEED spots cérrespohding to the reconstruction
bégan to fade and were nearly gone by a copper coverage of
0.5 monoléyers. By a copper coVerage of 1 monolayer, a sharp
pattern corresponding to a (1 X 1) surface structure was

observed.
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Fig; 3.9 shows the Auger signal of'platinum and copper
as a function of copper coverage on the Pt(100) surface. A
modulation voltage of 6.4 volts peak-to-peak was used which
resulted in poor resolution of.the Cu-105 V peak at coverages
below 0.5 monolayers. The Pt-237 V peak, however, linearly
with increasing copper.coverage and shdwed a change 1in slope
at the completion of each monblayer of copper. The break in
ﬁhe Pt-237 V curve at a copper coverage of 0.5 monolayers
correéponds to the removal éf the reconstruction. This
aSsignment of one monolayér was again checked by titrating
the surface with CO. After the Cu4lO§ \Y peak was resolved,
it increased linearly with increasing coppef coverage with
breaks in the curve~at points which correspohded the the

breaks in the Pt-=237 V curve.

2. Diffusion of Surface Coéper into the Pt(111)
Substrate

When copper was deposited onto the platinum substraté
and subsequently heated, the cbppeé diffused into the
platinum bulk. The extent of diffusion was monitored by
folloWing the Pt-105 V Auger signal with time with the
platinum crystal held at a constént-temperature. A direct
proportionality of the Auger signal to the fraction of the
surface with platinum atoms exposed was assumed. The change
in the amount of copper at the surface with time was
calculated from this data. The diffusion was studied at

temperatures petween 520 K and 580 K and was modeled as
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FIG. 3.9

Plot of the Auger peak-to-peak intensity of the Pt- -237 Vv peak
and the Cu-105 V peak versus copper coverage for copper
deposited on the Pt(100) surface.
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described by Schouten for the‘dissolution of carbon into
nickel [3.11]. This model has also been successfully used to
obtain the activation energy for the diffusion of rubidium
into silver [3.12]. Briefly, the model utilized a constant
plane source solution to Fick's second law for diffusion in
one dimension. Integration of this solution with respect to
time gave the total amount of copper diffused into the bulk
and can be egquated to the amount of coppér depleted from the
surface. It was found that : |
880y, = -mt=1/2

where m 1is a constant proportional to the squaré root of the
diffusion coefficient, i.e. Dl/z. If Arrhenius type behavibr
is assumed, ﬁhe actiVation energy for this process can be
determined from the slope of the plot of 1ln(m) versus 1.

Such a plot is shown in Fig. 3.10. A linear fit was obtained

with an activation energy of 120 kJ/mole. This value falls

between values for copper surface diffusion (3.13] and bulk

diffusion for copper in a Cu/Pt alioy (3.14].

3. Cu/Pt Alloy Surfaceé

TDS of CO from Cu/Pt(lll) alloy surfaces are shown in
Fig. 3.11. Two monolayers of copper were deposited onto the
Pt(lil) surface and then exposed to 12 L of CO. No
d‘eso'rption was seen since CO does not adsorb on copper at 250
K and 1078 torr. The érystal was heated to 600 K during this

thermal desorption. This temperature rise resulted in the

¢
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Arrhenius plot for an estimation of the activation energy for

surface-to-bulk diffusion of Cu on a Pt(l111l) surface.
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CO thermal desorption spectra from Cu-Pt(111l) alloy surfaces
of varying composition after a saturation exposure of 12 L CO.
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diffusion of some of the copper into.the §latindm bulk. This
alloy surface was again exposed to 12 L of CO and the TDS
showed a small broad peak. The shape and position of the
desorption peak changed noticeably with each successive heat
treatment until a surface composition of X-, = 0.85 was
reached. (Surface composition was determined from the CO
desorption yield from the.CO saturated alloy surface relative
to the yield from the co saturated pore platinum surface.
‘This point will be considered further in the‘discussion
section.) Thié surface was relatively stable. The
temperature at which the CO desorption rate from this alloy
surface reached a maximum was shifted down 7100 K from the
temperature of maximum CO desorption rate from a pure Ptilll)
surface. The fraction of copper in the surface alloy could
further be reduced by flashing the crystal to increasingly
higher temperatures. Using the standard Redhead formula
[3.15] and assuming a pre=-exponential factor of 1013 571, the
temperature at which the rate of desorption reached a maximuﬁ
could be used to calculate an energy of desorption. The
energy of desorption of CO from the alloy surfaces is plotted
versus the surface copper concentration in Fig. 3.12. The
energy Qf desorption decreased smoothly with increasing
copper concentration at the surface. 1In all cases only one
desorption peak was observed with no shoulders present.
ﬁsually,'the repulsive interéction between adsorbed CO
molecules results in a shift to higher temperature of the

desorption peak as the CO coverage is decreased. This effect
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can be seen in Fig. 3.13, where a éeries of TDS of CO from a
Pt(111l) surface after varioué CO exposures is shown. Fig.
3.14 shows a similar series of TDS of CO from an alloy
surface containing 76 % copper. The behavior observed éor
the alloy surfaces was the same as that for the pure platinum
surface. In Fig. 3.15 the calculated energies of desorétion
of CO is plotted'versus the amount of CO desorbed relative to
the amount of CO desorbed from a CO saturated pure Pt(111)
surface. The energy of‘desorption decreased with increasing
CO coverage for all the surfaces. Extrapolation to aﬁ
initial CO coverage of zero gives the CO desorpﬁion energy
without any contribution from the CO intermolecular
repulsions, i.e., a desorption energy which is dependent on
only the Pt-CO bond strength. The ehergy of desorption from
the alloy surface containing 76 % copper at an initialyco
coVerage of zero is 24 kJ/mole lower that the energy of
desorption of CO frém the pure platinum surféce.

| | LEED.results of the Cu-Pt(l1ll) alloy surfaces showed the
presence of a (2 X 2) surface structure at high copper
concentrations. Ordering of these surface alloys was very
difficulﬁ since energy added tovthe system to promote
ordering also resulted in the diffusion of copper into the
bulk due to the large concentration gradient at the surface.
Generally, the LEED patterns for the Cu-~-Pt(11l1l) surfaces
indicatéd a (1 x1) sufface structure. The diffraction spots
were broader and the background was more-intense'than the

LEED pattern of the clean Pt(111l) surface. The diffraction
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Co thermal desorption spectra from a Pt(111) surface after
various exposures of CO.
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CO thermal desorption spectra from a Cu-Pt(ll&) alloy surface
with a copper atom fraction of 0.76 after various exXxposures

of CO.
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spots sharpened’and the background intensity décreased as‘the
crystal was annealed. |

The thermal.desorption spectra of CO from the Cu—Pt(SS})
alloy'surfaces are shown in Fig. 3.16. For high copper
concentrations the only peak observed was the low temperature
peak which was at the same temperature as the TDS peak for
the (111) surface at high copper concentrations. As more
copper was diffused into the platinum bulk, however, peaks at
410 K and 510 K began to appear and the intensity of the peak
at 300 K decreased. By a copper concentration of 0.3 the
peak at 300 K was nearly gone.

Thermal desorption spectra of CO from the Cu—Pt(lOO)
alloy suffaces are snown in Fig. 3.17. Thé desorption peak

for the clean Pt(100) surface had a maximum at 480 K which

correéponds to a desorption energy of 117 kJ/mole. For the

alloy éurfaces with a high copper concentration the

ldesorption'maximum shifted down to 4090 K,'from which a

desorption energy of 97 kJ/mole was calculated. This 20
kJ/mole decrease in the desorption energy of CO from the
alloy surface with a high concentration of copper relative to
the clean platinum surface was the same shift that was
observed fér the Cu-Pt(l111l) surfaces with a high
concentration of copper.

As the copper was diffused into‘the platihum bulk a new
peak at 360 K appeared, a desorption energy of 112 kJ/mole.
In contrast to the (ill) surfaces where only one desorption

peak was observad at all concentrations, there were clearly
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CO thermal desorption spectra from Cu-Pt(553) alloy surfaces
of varying composition after a saturation exposure of 12 L CO.
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CO thermal desorption spectra from Cu-Pt(100) alloy surfaces
of varying composition after a saturation exposure of 12 L CO.
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two desofption peaks present for-the (L00) surface over a
.wide range of concentrations. Also, as the copper
concentration was decreased, the desorption peaks shifted to
higher temperatures, similar to the behavior observed fdr the
(111) alloy surfaées.

LEEDAresuits showed an ordered structure for the Cu-
Pt(100) surface at high copper concentration which
dorresponded tova (2 X 2) surface structufe. As was the case
for the Cu-Pt(l1l1l) surfaces, the (100) alloy surfaces
displayed a LEED pattern'which corresponded to a (1 X 1)
surfaee structure and the diffraction spdts were broadened,
but sharpened when the crystal was énnealed. The diffraction
pattern for the reconstructed surface began to appear at low
copper concentrations and become more intense as a the copper

concentration was decreased.
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C. DISCUSSION

Copper growth on Pt(l1ll) was seen to proceed by a layer-
by-layer Eype growth mechanism.» This was partly due to ﬁhe
lower surface free_energyvof copper, but also was the result
of a relatively strong interaction between the copper and
platinum. This favorable interaction would be expected since
the bulk alloy has an exothermic heat of mixing. [3.16]. The
LEED results showed that copper, which has a bulk lattice
constant that is 8 % smaller than plaﬁinum's, took on the
platinum lattice spacing for the first few monolayers of
copper, also indicating a strong interaction between the two
metals. The sharpness of the LEED spots and low background
intensity for copper coverages up to one monolayer of copper
suggest that the copper grew in islands. If this was not the
case and the copper atoms were randomly distributed across
the platinum surface, the TDS of CO would have shown an
increase in the temperature of the desorption peak with
increasing copper coverage due to a separation of the CO
molecules, which would have resulted in a decrease in the
lateral repulsions between the adsorbed CO molecules. This
increase in the temperature of the desorption peak was not
ebserved. The position of the desorption peak remained
constant until near monolayer coverages of copper. The new
feaeure which did appear when copper was deposited was a low
temperature shoulder. This was probably due to desorption of
CO from the edges of the'copper islands. It may also

indicate some alloy formation, although this would be a minor
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contribﬁtion since the rate of diffuéion was negligible at
250 K, the temperature at whicﬁ the copper was deposited.
The TDS also showed a linear decrease in the CO desorption
yield with increasing copper coverage.and that two copper
atoms were reQuired to blOék one CO molecule, a behavior
which requires island formation. The growth of copper on the
Pt(100) surface appegred to be analogous to the growth of
copper on the Pt(l11ll) surface, although it was not studied in
as much detail.

The Pt(553) surface is a stepped surface with terraces
of (111) orientation, five atoms wide and steps of monotonic
height. The behavior of copper of the terraces would be
expected to be similar to that described for the Pt(11l1)
surface and any differences in the behavior of the copper
atoms on the sﬁrface as a whole to be induced by the steps.
As was seen, the plot of the  Auger signal versus copper
coverage for this surface indicated that the growth mechanism
was not layer-by-layer. The sharp decrease in the Pt-150V
signal with increasing copper coverage and the linear
decrease in the desorptibn yield of CO to near monolayer
coveréges of copper suggest that the first monolayer was
nearly completed before a second began. The TDS of CO from
the Pt(553) surface shows that copper éreferentially adsorbed
at sites away from the step site where CO adsorbed. Since it
would be.energetically favorable for the coppér atoms to
increase their coordination with the platinum, it seems

reasonable that the copper growth began at the bottom of the
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steps and moved out ‘onto the ﬁerraces. The.énerQetically
least favorable site.would be at the top of a Step where the
coordination with the platinum atoms is low. The energy of
adsorption of copper at the top of a step appears to be close
to the energy of adsorption of copper on the top of the first
layef of copper. Thué) the second monolayer began to form
before the first was complete. .These results would suggest
that the CO which desorbed from the step and gave a high
témperature‘shoulder in the TDS was adsorbed at the top of
the step and that the presence of a copper atom at the bottom
of the step had little effect on the bonding of that CQ
ﬁolecule to the platinum: |

The low temperature shoulder in the TDS of CO was much
more pronpunced'for the Pt(553) with sub-monolayer copper
coVerages than for the Pt(l11ll) with sub-monolayer copper
coverages aﬁd the desorptioh yield was nearly constant over.a
broad range of copper coverages. This behavior can be
rationalized in the following way. The copper was
preferentially adsorbed at the bottom of the platinum stepé
creating long, thin islands of copper. The desorption of CO
from the edges of these islands gave the low temperature
shoulder in the TDS. As more_coppef was deposited, it added
to the edge of the copper islands already formed, and
resulted in a nearly constant concentration of copper 1island
edge sites.

The TDS of CO from the alloy surfaces showéd a

significant decrease in the temperature of the desorption
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peaks. This shifﬁ of the CO desorptipn peak is indicative of
a decrease in the the energy of.desorption of CO from the
platinum at ﬁhe surface of the Cu/Pt alloys brought about by
a copper induced electronic change in.the platinum. UPsS
studieé carried out by Shek et al. [3.17] onVCu/Pt alloys
indicated an electronic modification of the constituents of
the élloy. Using 150 eV radiation from a synchrotron, an
energy at which platinum has a Cooper minimum, they Weré éble
to selectively study the electronic structure of copper in
the alloy. An example of the spectra obtained in this study
is shown in Fig. 3.18. The increase in the photoelectron
emission between Ep and ~-1.4 eV from the alloy relaﬁive to
the Cu single crystal surface was attributed to significant
Cu3d-Pt5d hybridization. XPS studies have shown'that there
is little or nolchafge transferred between the copper and
platinum atoﬁs when alloyed (3.18]. This would imply that
the weakening of the CO-Pt bond was due to a rehybridization
of thé platinum orbitals. Infrared spectroscopic studies of
Co adsorbed on Cu/Pt alloy surfaces [3.19] showed that a
dependence of the C-0 stretching frequency‘on the copper
concentration could be correlated with changes in the dipole-
dipole interactions of the adsorbed molecules. This would
indicate that alloying platinum with copper caused a
weakening of the Pt-CO 56 bdnd without effecting the back
donation into the Zﬁ* orbital. High resolution electrdn'
energy loss spectroscopy (HREELS) studies would help clarify

the nature of the Pt-CO at the alloy surface.
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FIG. 3.18

UPS spectra taken at a photon energy of 150 eV. a) Cu-
Pt(110) alloy with a copper surface atom fraction of 0.059.
‘b) Difference spectrum between Pt(1ll) covered with 0.2 ML Cu
and pure Pt(ll1ll). <c¢) Difference between Cu-Pt(lll) alloy
with a copper surface atom fraction of 0.077 and pure
Pt(ill). d) Cu(l1l0) (from Ref. 3.17)
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There are several other factors which could possibly
result in the obsefved shift of the CO desorption peak upon
alloying élatinum with copper. These are : 1) an increase in
fhe pre-exponential factor; 2) CO adsorption on mixed sites;
3) closer packing of the CO molecules on the alloy surface.
Several orders of magnitdde increase in the pre-exponential
factor would be needed to causevthe observed 100 K decrease
in the position of the CO deso:ption peak. This could be
explained by.a decrease in the mobility of the CO adsorbed on
the alloy surface and/or an increase in the mobility of the
transition state. As has been discussed by Weinberg [3.20],
however, the decrease in the temperature of.the desorption
peak would be accompanied by a narréwing of the desorption
peak if the shift was’caused by'a change in the pre-
'exponential factor. A decrease in the desorption energy
would also result in a narrdwing of the TDS peak, but to a
lesservdegreez as was discussed in chapter 2 section 3.C.
This narrqwiﬁg was not'ébserved, arguing against any
significént change in the pre-exponential factor. Mixed
adsorption sites have been pfoposed-for several‘alloy
surfaces [3.13]. it has been argued that desorption fromva
site consisﬁing of two different metal atoms would have a
desorption energy somewhere between the desorption energies
for the pure component surfaces. If mixed sites were.
responsible for the decrease in the desorption energy of CO
from tne alloy surface, two desorption peaks would be present

at low copper concentrations. One peak due to desorption
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from mixed sites and another due to desorption from pﬁre
platinum sites. Two desorption peaks were never observed in
the TDS of CO from the (111) alloy surfaces. As can be seen
in Fig. 3.12, the energy of desorption decreased smoothly
with increasing copper concentration. Another possibility is
that the CO molecules were being forced closer together by
the copper atoms. '~ This would result in a stronger
intermolecular repulsion and a shift of the desorption péak
to a lower temperature. In this case extrapolation of,the
desorption energy to zero coverage would give the same
dgsorption energy for CO from the alloys as from pure
platinum. Inspection of Fig. 3.15 shows that this was not’
the case. »

The magnitude of decrease in desorption energy of CO
from the Pt(100) when alloyed wiﬁh copper was the same as
that observed for the Pt{(l1l1ll) surface. There were’however,
generaily two peaks present in the thermal desorption spectra
of CO from the (100) alioy surfaces. |

This electronic effect appears to be a rather short
range effect. Copper at the (111) alloy surface was always
highly dispersed which resulted in a rather smooth shift in.
the CO desorption peak to higher temperatures as the copper
- concentration was decreased. The copper dispersion on the
(100) alloy surfaces was not és high which was manifest in
the appearance of two CO desorption peaks over a broad range
of copper qoncentrationé._ The poorest copper dispersion was

on the stepped (553) alloy surfaces were shifts in the
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desorptioh peaks were observed for high copper concentrations
only. .

Bulk Cu/Pt alloys form several ordered structures at
temperatures below 1100 K [3.21]. It seems likely that the
surfaces of these alloys would alsé be ordered. Only one
ordered structure was observed by.LEED. "This pattern
corresponded to a (2 X 2) structure and was seen for a high
concentration of copper at the surface. The structure of
 Cu3Pt is essentially fcc with copper at the faces and
platinum at the corners. The (111) face of this structure
would produce a (2 X 2) LEED pattern having each platinum
atom completely surrounded by copper atoms. The (100) face
of the Cu3Pt structure would also produce a (2 X 2)
structure, again with the copper atoms completely surrounding
~ the platinum atoms. This was the 6n1y ordered alloy surface
structure observed by LEED for the (100) alloy surfaces.

In determining the surface concentrations of the alloy
with CO thermal desorption yields, the ordering of'the alloy
surface can be impo;tant. CO adsorbs on the élean Pt(lllj
surface in a one-to-two ratio (one CO molecule per two
platinum atoms). On absurface with isolated platinum atoms,
however, the CO would be able to adsorb in a one-to-one
ratio. The solid line in Figqg. 3.L9 shows the relationship
between the CO desorption yield from an alloy surface
saturated with CO and the copper concentration at the surface
of the alloy. At copper concentrations 2 75 % the CO-to-

platinum ratio is one. At copper concentrations < 25 % the
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FIG. 3.19

Plot of the desorption yield of CO from a Cu-Pt(111) alloy
surface after a saturation exposure of CO versus the copper

surface atom fraction.
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ratio is 1/2. Until further information is available on the
ordering at intermediate concentrations, a linear transition

between the conditions at the two extremes will be assumed.



_ll7_

D. CONCLUSIONS

1) Copper grew in (1 X 1) islands via a layer-by-layer
mechanism on the Pt(111l) and Pt(100) surfaces. On the stepped
ét(553) surfacé, copper adéorbed preferentia11y~ét the bottom
of a step. This pfefefential adsorption resulted in a slight
disturbance of the layer-by-layer growth.

2) ‘Thebactivation energy for the diffusion of surface
copper 'into the Pt(111) substrate was found to be 28.7
kcal/mol.

3) Ordered surface alloys with a (2 X 2) structure were
observed for the Cu-Pt(111) and Cu-Pt(100) surfaces. These
ordered surfaces were difficult to prepare, however, and the
alloy surface generally had a (1 X 1) structure. |

4) Copper, when alloyed with platinum) modified the
electronic structure of platinum. fhis modification was
manifest in a reduction of the CO desorption energy of up.td

- 4,8 kcal/mol.



-118~

REFERENCéé
3.1) H.C. de Jongste, V. Ponec and F.G. Gault, J. Catal.
63 (1980) 395. _
3.2) H.C. de Jongste, F.J. Kuijers, and V. Ponec, Proc. 6th
Int. Congress Catal. (1976) 915.
3.35 H.C. de Jongste and V. Ponec; J. Catal. 63 (1980) 385.
3.4) C.E. Smith, J.P Biberian and G.A. Somorjai, J. Catal.
'S7 (1979) 426. |
3.5) H.H. Brongersma, M.J. Sparnaay and T.M. Buck, Surface
Sci. 71 (1978) 657. | |
3.6) G.E. Rhead, J. Vac. Sci. Technol. 13 (1976) 603.
3.7) M.T. Paffett, C.T. Campbell, T.N. Taylor and S.
Srinivasan, Surface Sci. 154 (1985) 284.
3.8) E. Bauer,lsurface Sci. 7 (1967) 351.
3.9) P.R. Norton, J.A. Davies and T.E. Jackman, Surface Sci.
122 (1982) L593. |
3.10) M.A. Van Hove, R.J. Koestner, J.P. Biberian, L.L
‘ Kesmodel, I. Bartos and G.A. Somorjai, Surface Sci. 103
(1981) 218.
3.11) F.C. Schouten, E. TeBrake, O.L.J. Grijzeman and G.A.
Bootéma, Surface Sci. 74 (1978) 1.
3.12) N.D. Spencer and R.M. Lambert, Surface Sci. 104
(1981) 63.
3.13) K.Y. Yu, D.T. Ling and W.E. Spicer, J. Catal. 44
(1376) 373.
3.14) J. Askill, "Tracer Diffusion Data for Metals, Alioys,

and Simple Oxides", IFI/Plenum (1970) 59.



-119-

3.15) P. Redhead, Vacuum 12 (l9625'203.v

3.16) F. Weibke and H.Matthes, Z. Elekrochem. 47 (1941) 421.

0 3.17) M.L. Shek, P.M. Stefan, D.L. Wiessman-Wenocur, B.B.
Pate, I. Lindau and W.E. Spicer, J. Vac Sci. Technol.
18 (1981) 533. |

3.18) G.G. Kleiman, V.S. Sundaron, J.D. Rogers and M.B. de
Moraes, Phys. Rev B 23 (1981) 3177.

3.19) F.J.C.M. Toolenaar, D. Reinalda and V.Ponec, J.Catal.
64 (1980) 110.

" 3.20) C.M. Chan, R. Aris and W.H. Weinberg, Appl. Surface
Sci. 1 (1978) 360. |

3.21) A. Schneider-and U. Esch, 2. Elektrochem. 50 (1944)

290.



-120-

CHAPTER FOUR : XPS AND UPS OF THE Au/Pt SYSTEM

A. INTRODUCTION

Materials composed of two metals, such as epitaxial
systems and binary alloys, are of great importance in many
technologies; Epitaxial systems, composed of one metal
deposited on the surface of another metal, have been used as
paséivation‘coatings which are resistant to corrosion or
- radiation damage. Sometimes they exhibit unigque magnetic and
catalytic behavior'not ébserved for the individual
components. Bimetallic cataiysts have been shown to have
favorable selectivities in many chemical reactions, high
specific rates and greater resistance to poisoning than the
one component metallic catalyst systems [4.1 - 4.9].

At present, the cause for this beneficial céﬁalytic
behavior is not well understood. It is therefore important to
stﬁdy well characterized bimetallic systems. The gold-
platinum System was chosen for this study because the
catalytic behavior of this system has been investigated in.
our laboratory ( which 1is discussed in Chapter V and in
references [4.10 - 4.12]). It was found that gold deposited
on the. Pt(11l1l) surface enhances the cyclbhexene
. dehydrogenation rate by a factor of six relative_to the pure
platinum surface (at a gold coverage of 0.5 monolayers). It
was also found that forming a Au-Pt alloy resulted in a
'seleCtivity change in isomerization, hydrogenolysis,

cyclization, and aromatization reactions [4.13] and that the
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behaviof of the (111) and (100) alloy surfaces differed. Al-
though theee effects have been explained using geometric
models'(ensemble effects), they are not Yet fully understood.
Detailed'investigatiens of the electronic strueture are also
needed to better understand these complicated problems.

In this chapter; surface electronicvproperties of the
epitaxially grown gold thin films on both the Pt(111) and
Pt(100) surfaces and their alloys as determined using X-ray
photoelectron spectfoscopy (XPS) aﬁd ultra-violet
photoelectroe epectroscopy (UPS], in addition te Auger
electron_spectroscopy (AES) and low energy electron
diffraction (LEED) are discussed. Results are presented
which sﬁow the differences between the epitaxially grown and

alloyed surfaces and the effect of the crystallographic

orientation of the platinum substrate.

B. RESULTS

1. XPS results on Au/Pt(111) and Au-Pt(1l1ll) alloy

Fig. 4.1 shows the XPS spectra obtained from the Pt(11l1l)
surface covered with various amounts of Au. It has
previously been shown from an intensity analysis of AES
séectra that Au growth on both the Pt(l1l1l1l) [4.13] and Pt(100)
[4.10] surfaces is layer-by-layer (Frank-van der Mefwe type)
[4.14]. Iﬁ this text, this type of surfaee with epitaxially
deposited Au is denoted as Au/Pt{111) and Au/Pt(100). The
alloy surfaces will be expressed as Au-Pt(11l) and Au-Pt(100)
alloys. As is seen in Fig. 4.1, the Au 4f peaks shifted

gradually to higher binding energy as the Au coverage was
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FIG. 4.1

XPS spectra of Au on a Pt(1l11) surface. Gold coverages : 1)
0 ML; 2) 0.4 ML; 3) 1.3 ML; 4) 1.9 ML; 5) 2.3 ML; 6) 2.5
ML; 7) 3.4 ML; 8) 4.6 ML; 9) 6.1 ML.



-123-

increased. The Pt 4f peaks however, did not shift upon Au
deposition. The deformed shape of the Pt 4f at the high Au
coverage is due to excitation by the satellite X-ray lines
(Mg K*3,4) and 1s not a new chemical state of Pt. The shift
of the Au peaks between the coverage of 0.4 and 3.7
monolayers is‘O.S + 0.1 eV and at high enough coverages bulk
Au values were reached. The shift obseryed in the Au 4f
spectra can be interpreted in terms of the coordination
nﬁmber of each Au atom, which will be discussed later.

In Fig. 4.2, XPS spectra obtained from the Au-Pt(111l)
alloy surfaces are shown with the average surface gold
concentration determined with AES. An annealing temperature
from 800 K to 1200 K was used to diffuse the Au atoms into
"the Pt substrate. This alloying resulted in a shift of the
Au 4f peaks of as much-as 1.0 eV to lower binding energy.
This direction of shift is expected when the Au atoms become
more isolated from each othe;. The higher the annealing
temperature, the larger the observed shift. This is because
a higher annealing temperature caused more diffusion of Au
into the Pt bulk, decreasing the Au-Au coordination. The
trend observed for the epitaxial system (Fig. 4.1) was again
seen for the the alloy system, i.e. the higher the Au-Au
coordination, the higher the binding energy of the Au peaks.
Wheﬂ two stageé of similar intensiﬁy ratios of Au 4£f and Pt
4f peaks in Fig. 4.1 and Fig. 4.2 are compared, the shift for
the Au-Pt(111) alloy'was.larger than that for the Au/Pt(11l1)

system. This is most likely the result of island formation
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FIG. 4.2

XPS spectra of Au-Pt(11l1l) alloys. Average amount of gold at
the surface as determined by AES: 1) 6.1 ML (as deposited);
2) 4.0 ML; 3) 2.2 ML; 4) 1.6 ML; 5) 1.3 ML; 6) 0.7 ML.

oW



-125-

of the epitaxial Au and not a result of a-change in the
interaction between Au and Pt atoms upon alldying. As was
observed for the epitaxially grown surface, théth 4f peaks

did not shift during the course of the alloying.

2. XPS results on Au/Pt(lOQ) and Au—Pﬁ(lOO) alloy

Fig.4.3 shows the XPS spectra obtained for the Pt(100)
surface which was covered with an epitaxially grown Au layerﬂ.
As is evident in this figure, the Au 4f peaks shifted about
0.5 eV to higher binding energy at higher Au coverage, and
the Pt 4f peaks did not shift. The magnitude and direction
of the shift is quite similar to the results obtained forvthe
Au/Pt(111l) system.

The change in the XPS spectra upon formatidn of analloy
~on the Pt(100) surface is shown in Fig. 4.4, In this case
aéain, the Au 4f peaks shifted about 1.0 eV toward lower
binding energy. The magnitude of the shift was larger for
the alloy than the epitaxially grown surface for a given
Au/PE ratio, analogous to the Pt(11l) surface. Again, this
was most likely due to islanding of the gold in the epitaxial
system.

As is seen in Fig. 4.1 to Fig. 4.4, the behavior of the
core levels of the Au and ét for the two crystallographic
orientations is similar. The UPS~reéu1ts however, show a

clear distinction between the Pt(111l) and Pt{(100) surfaces.
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XPS Spectra
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FIG. 4.3

XPS spectra of Auon a Pt(100) surface. Gold coverages : 1)
0 ML;  2) 0.2 ML; 3) 0.8 ML; 4) 1.8 ML; 5) 3.1 ML.
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XPS Spectra
Au- Pt (I00) Alloy
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FIG. 4.4

XPS spectra of Au-Pt(100) alloys. "Average amount of gold at
the surface as determined by AES: %) 3.1 ML (as deposited);
2) 2.6 ML; 3) 1.9 ML; 4) 1.5 ML; 5) 1.3 ML; 6) 1.1 ML;
7) 1.0 ML; 8) 0.5 ML.
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3. UPS results oﬁ Au/Pt(11l) and Au-Pt(lll)_alléy

To obéerve the change in the UPS 5pectra clearly,
difference spectra were made by subtracting the standard
spectrum of the clean platinum surface. In the following
text, this type of spectra will be referred to as "difference
spectra”". In addition to this standard.type of difference
spectra, the difference between spectra obtained for two
successive stages (either gold deposition or diffusion of
gold 1into the platinum bulk) were also made. .Spectra
obtéined in this manner will be referred to as “increment
spectra".

The ¢change in the UPS spectra ﬁpon the epitaxial
deposition of Au on the clean Pt(lll) surface is shown in
Fig. 4.5. After the deposition of a small amount of Au, the
strong Pt surface state peak, located at 0.8 eV below the
Fermi level, was greatiy attenuated. The peak at ~8 eV can
be attributed to CO adsorbed on the surface. This peak
disappeared at higher Au coverages indicating that CO did not
adsorb on the Au atoms, nor did the CO become trapped beneath
the Au Iayers.but was displaCed by the Au atoms'upon
deposition. As the Au‘'coverage was increased, new peaks
appeared between 4 and 6 eV. The work function, which was
derived from the secondary electronvemission edge in the UPS
spectra, showed a monotonoﬁs decrease with Au deposition up
to 4 monolayers of Aﬁ {4.15].

Fig. 4.6 shows the change in the UPS spectfa upon

annealing a ‘gold covered Pt(lll) sample. The difference
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FIG. 4.5

UPS spectra of Au on a Pt(111) surface. Gold coverages : 1)
0 ML; 2) 0.6 ML; 3) 1.1 ML; 4) 1.6 ML; 5S) 2.3 ML; 6) 2.9
ML; 7) 3.4 ML; 8) 4.4 ML. .
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FIG. 4.6

UPS spectra of Au-Pt(11l1l) alloys. Average amount of gold at
the surface as determined by AES: 1) 4.4 ML (as deposited);

2) 3.4 ML; 3y 2.9 ML; 4) 2.3 ML; 5) 1.6 ML; 6) 1.1 ML;
.7) 0.6 ML.
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spectraf obtained by subtracting the spectrum df clean
Pt(111l) from each spectrum after Au deposition, are shown in
Fig. 4.7 (solid lines). The deep valley around 0.8 eV below
the Fermi level is due to the disappearance of the surface
 state peak of the clean Pt(111l) and the peaks which originate
from the Au adatoms are located between 1.5 and 8 eV.

Two peaks could be Seen upon the deposition of Au.
One is located around 6.5 eV and the other at 4.0 eV. The
former, which is a bonding-like state [4.16], grew in
intensity as the Au coverage was increased. The peak at 4.0
eV} which is assigned to an anti-bonding state [4.16], also
grew with increasing Au covefage, but began to show some
structure at higher coverages. The relative peak heights
also changed with Au coverage, i.e. at higher coverages, the
higher binding energy peak became more intense than the lower
binding energy peak. A slight shift of less than 0.3 eV to
higher binding energy was observed for the peak at 6.5 ev.
This small shift is very different than the shift observed
for the Au/Pt(100) system, as will be shown.

In order to gain a better understanding of what was
occurring at each step of deposition, adjacent difference
spectra were subtracted to produce "increment spectra”.
Looking‘atvthese increment spectra (dotted lines) as well as
the usual difference spectra carefully, several things can be
noted. The spectra for up to 1 monolayer Au coverage show a
simple resonance~like feature which consists of two peaks.

These. two peaks shifted slightly to higher binding ehergy as
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FIG. 4.7

UPS difference spectra of Au on a Pt(lll) surface. Gold
coverages: 1) 0.6 ML; 2) 1.1 ML; 3) 1.6 ML; 4) 2.3; 5)
2.9 ML; 6) 3.4 ML; 7) 4.4 ML. _

) Increment spectra (scssseess)

Difference spectra (



-133-

the Au coverage was incfeased. This can be explained by a
simple coordination number model. On the other hand, for a
Au coverage between 1 and 3.4 monolayers, the lower binding
energy peak showed some structure unlike the'higher binding
energy peak which simply increased in intensity. Increment
spectra (b) through (e) are very similar to each other,
inmplying that these spectra correspond to the additional Au
layers in which the Au-Au interaction has the dominant
contribution. These increment spectra have peaks at 6.2,
4.5, and 3.2 eV and also have two shoulders around 7.2 and
2.8 eV. The increment spectra for Au coverages greater than
4 monolayers (f) have three peaks and are different than the
previous increment spectra.

When alloys were formed by annealing a Au covered
sample, the UPS spectra changed in a complex way, as Fig. 4.8
shows.  Inspection of the difference spectra reveals that as
alloying proceeded, the higher binding energy peak was
attenuated and broadened, though the peak position did not
change until stage (5) was reached. The lower binding energy
peak showed more structure at the initial stages of annealing
~and a simple structureless, resonance-like peak at the final
stages of annealing. Comparing the increment spectra (shown
as dotted lines) (a) to (d) ‘with the increment spectra in
Fig. 4.7, it can bé seen that the change tb this étage is due
to the loss of Au into the Pt bulk. After further annealing,
the high energy peak broadened and shifted to lower binding

energy when compared with the epitaxial system.
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Au- Pt (i) Alloy
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FIG. 4.8

UPS difference spectra of Au-Pt(1l1ll) alloys. Average amount
of gold at the surface as determined by AES: 1) 4.4 ML (as
deposited); 2) 2.8 M1l; 3) 2.6 ML; 4) 1.6 ML; 5) 0.9 ML;
6) 0.7 ML.

Difference spectra (- ) Increment spectra (e-ece--- )
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4. UPS results on Au/Pt(lOO),and-Au—Pt(lOC) alloy

The UPS difference speétravfor the Au deposited on the
Pt(lod) surface, shown in Fig. 4.9, were.differeht than those
obtained for the Pt(11l1l) surface. Both theulow and high
-energy peaks shifted to higher binding energy by as much as
0.8 eV. This shift continued up to ~ 3 monolayers, whereas
for the Pt(1l1l1l) surface the shift was only observed up to 1
monolayer.

The increment spectra for coverages up to 1 monolayer
showed two simple, resonance-like peaks which shiﬁted to
higher binding energy as the Au coverage was increased. This
direction of shift'aérees well with the coordination number
effect or the edge atom effect 14.17]. For coverages greater
than 1 monolayer the spectra were similar to those for the
Pt(111) System.

The peak at 1.2 eV below the Fermi level was only
observed for the Pt(100) surfacés (both epitaxial and alloy)
and oniy for coverages of less than 2 monolayers. In the
spectra from the Au/Pt(l111l) and Au-Pt(111l) alloy, a small
tail at a little higher energy was seen for up to several
monolayer of Au. A similar tail also appeared in theoretical
calculations [4.18] and in other XPS results [4}18]. The
small peak observed for the Pt(100) surface is probably not
the same as this tail or other peaks observed by Bonzel et
'al. (4.19], but an interface state [4.20].

The difference and increment spectra for the alloyed Au-

Pt surfaces are shown in Fig. 4.10. The difference spectra
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FIG. 4.9 :

UPS difference spectra of Au on a Pt(100) surface. Gold
Coverages: 1) 0.4 ML; 2) 0.6 ML; 3) 1.4; 4) 1.6 ML 5) 2.9
ML; 6) 3.9 ML.

Difference spectra ( ) Increment spectra (seececee )




-137-

UPS Difference Spectra
Au- Pt (100) Alloy

l | | | |

B.E. (eV)
FIG. 4.10

UPS difference spectra of Au-Pt(100) alloys. Average amount
of gold at the surface as determined by AES.: 1) 4.1 ML (as
deposited); 2) 2.6 ML; 3) 1.8 ML; 4) 1.2; 5) 0.8 ML; 6)
0.4 ML. ’

Difference spectra ( ) Increment spectra (ss++---4)
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showed that the high energy peak shifted by more than 1 eV
toward lower binding'energy upon alloying. This was a much
larger shift thét that observed for the Au-Pt(l1l1ll) alloy.
The low energy peak lost structure but did not shift upon
alloying. The total d-band became narrower and the d-band
centroid shifted to lower energy. The magnitude of this shift

was much larger than that observed for the Au-Pt alloy.
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C. DISCUSSION

There have been severai photoemission studies [4.21 -
- 4.26] of atoms in the surface region. Some of these studies
concentrated on the electronic structure of the top layer of
atoms of polycrystalline [4.21] or single crystal ([4.22 -
4.26]) samples and investigated the surface core levei shifts
(sCs). In thesevstudies, the XPS shifts observed from the
surface atoms, including atoms in site and kink sites, were
generaily interpreted with the Well known "coordination
"number model” [4.17]. It is a general rule that the higher
the coordination number of the atom, the higher its core
level binding energy.’ This rule holds except for metals such
as Ti and Sc [4.27] where other factors including
rehybridization of surface d-band electrons, d-band narrowing
and surface states should be taken into account to give a
Eomplete explanation of the phenomena.

In the epitaxial systems of Au/Pt(111) and Au/Pt(100),
however, this simpla and semi-empirical "coordination number
model" explains the experimental results quite
satisfactorily. That is, the more Au atoms on the surface,
the higher their core level binding energy. Alloying gives
rise to a core level shift which similar to that of the
epitaxial sysﬁem. The magnitude of the shift.was not as
great for the epitaxial systems due to island formation.
There was no significant charge transfer seen for this system
sinoe no shift in the Pt 4f peaks was observed. This

conclusion has been feached by otner authors [4.28 - 4.29].
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This makés it unnecessary to consider charge redistribution
in the bulk. In the synchrotron radiation study of the
Cu/Pt(11ll) system, a shift of about 0.2 eV in the Pt 4f peak
was observed [4;30]. Therefore, the shift in our study may
be too small to be detected by our experimental system.

The work function change of the Pt(100) surface upon Au
epitaxial deposition has already been reported by Salmeron et
al. [4.17]. A gradual decrease in the work function has also
" been obsefved for the Au/Pt(11ll) system, but in this case no
mihimum in the work function was observed. Among the factors
which can effect the work function, charge transfer between
the adatoms and the substrate in most ihportant (4.31]. The
minimum in the work function which has been observed for
alkali metal adatoms such.as K (4.32] and Na [4.33], 1is due
to the ;epulsiYeninteraction between the adatoms which are
charged as a result of charge.transfer between the_substrate
and the adatoms. .Therefore, if there is no charge transfer,
a minimum would not necessarily be séen. A similar monotonous
decrease in the work function of Pt(111) upon Cu deposition
has been reported previously ([4.30]. No chérge transfer was
observed for this system either [(4.30, 4.34, 4.35], and
several possible factors such as polarization and surface
dipole changes were suggested to explain this behavior
(4.30], although a detailed analysis has not been cérried
out. “

The difference between the Au/Pt(111l) and the Au/Pt(100)

can clearly be seen in the UPS difference spectra shown in
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Fig. 4.7 and Fig. 4.9. The Au 54 3/2 peak shifted ~0.3 eV
for Au deposited on the Pt(l1ll) surface, whereas a shift as
large as 0.8 eV was observed for Au deposited on the Pt(100)
surface and this shift cdntiﬁued up to several monolayers of
Au. These results can be explained in terms of the atomic
structure of the two surfaces. A LEED study revealed that on
the Pt(111l) surface, the Au deposition showed only a (1 X 1)
structure'up to multilayer coverages. There was a gradual
weakening of the hexagonal reconstruction of the Pt(100)
surface upon Au deposition and ae a coverage of 0.5
monelayers, a (1 X 1) surface structure was observed. This
(1 X 1) structure remained unchanged up to 2 monolayers of Au
although the lattice constants of Au were decreased by 2-6 %.
Au atoms on the Pt(lll) surface are more densely packed than
on the Pt(100) surface. ‘Therefore, the Au atoms on the
Pt(111l) surface are more bulk-like than those on the Pt(100)
surface, even at submonolayer coverage. This results in a
smaller shift of the Au 5d j,, peak from the bulk value on
the Pt(111l) surface than on the Pt(lOO) surface. Because of
the openness of the Pt(100) surface, it requires several
monolayers of Au to achieve a bulk-like natufe. This agrees
well with the experimental results show in Fig. 4.7 and Fig.
4.9.

The resonance-like, simple spectrum ehapes obtained for
coverages less than 1 monolayer were different than the
surface spectrum obtained froﬁ a polycrystalline sample

(4.21]. It is quite interesting to note that the energy of
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this resonance-like spectrum not .only depends of the amount
of Au, but also on the crystal structure of the substrate,
which suggests that the XPS surface level shift should be
interpreted in term of the surface crystallographic
orientation.

It may also be worthwhile to note that the increment
spectra (f) in Fig..4.7 and (d) in Fig. 4.9 are different
from the rest of fhe spectfum shapes. The LEED analysis
[4;13] indicated that Au layers on the Pt substrates were
contracted by several percent at lower coverages. However,
on-the Pt{l11ll) surface these Aﬁ surface layers expanded to
the bulk Au lattice constants at a coverage between 6 and 10
monolayers. In.the case of Au layers on the Pt(100) surface,
this cbntraction continued until higher coverages (20-30.
monolayers). Based on these LEED results, these UPS three-
peak spectra may be interpreted as bulk Au speétra,'although
other stsibilities such as smali amounts of surface
contamination cannot be_excluded.

Information about the width, shift and spin-orbit
splitting of the d electrons of the alloy surfaces can be
obtained by UPS. The band width (w) of the valence region
can pbe expressed, from the tight binding theory [4.37], as
follows : w & 21/2 X 1_175, where z is the coordinatioﬁ
number and 1 is the distance of £he-nearest neighbors. Upon
alloying, z becomes smaller because each Au atom is diluted

in the Pt substrate. In the case of Pt(100), the

contribution from the change in 1l was Small, therefore a



-143--

total d-band narrowing was observed. For the Au-Pt(111), on
the other hand, the change in 1 -was large enough to
compensate for'the change in z, which resulted in no explicit
d-band narrowing. This occurred since there is a much
stronger dependence of w on- 1 than on z. Although direct
information on the'neérest neighbor distance for these
surfaces 1is not available, it can be assumed_ that the degree
of expansion in the Au-Pt(lll) is smaller than for the Au-
Pt(100) since the Au-Pt(100) alloy is only expanded slightly‘
compared with pﬁre Pt(100) [4.13].

Genefally, spin-orbit splitting becomes smaller when
atoms are more isolated from each other. In the case of Au-
Pt(100), this general tendency was observed explicitly,
though no clear change was observed for the Au-Pt(lll).
" Smaller spin-orbit splitting leads to d-band narrowing and a
shift of the d-band centroid to lower binding energy. This
trend was observed for the systems studied here and for most
alloys, i.e. Cu-al [4.35], Cu;Ag (4.36], Ag-Al [4.35], Al-Au
[4.35], and In-Au [4.37] (an exception is Cu-Pt [4.30, 4.38,

4.39]).
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D. SUMMARY

The major results obtained in this study are summarized
as follows:

(1) The XPS results showed that on both the Pt(111l) and
Pt(100) surfaqes the Au 4f peaks shifted to higher binding
energy as Au was deposited. The magnitude of the shift was
0.5 eV between coverages 6f submonolayer and several
monolayers., vThe Pt 4f peaks were not observed to shift.

(2) Upon alloying, the Au 4f peaks shifted about 1.0 eV
to lower binding energy for both the Au-Pt(11l1l) and Au-
Pt(100) and the Pt 4f peaks did not shifﬁ.

(3) The UPS results were different for the Pf(lll) and
the Pt(100) surfaces. Only a small shift to higher binding
energy was observed for the Au/Pt(lll), and a shift of up to
0.8 eV to higher binding energy was observed for the
Au/Pt(100). This shift-continhed up to several monolayers of
Au.

(4) The UPS spectra of the Au-Pt(100) alloys showed
that only.the higher binding energy peak shifted 1.0 eV to
lower binding energy as the alloying proceeded. The spin-
orbit splitting of the two d peaks decreased and the total d-
band width became narrower and shifted to lower binding
energy. This behavior was quite different from ﬁhe small
change observed for the Au-Pt(1l1ll) alloy system.

(5) A peék was observed at a binding energy of 1.0 eV
below the Fermi level for the Au/Pt(lOOj and the Au-Pt(100)

alloy surfaces and not for the Au/Pt(l111) nor the Au-Pt(1l1l1l)
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alloy suffaces. This peak was assigned to an interface
‘state.

(6) The work function of both the Pt(111) and Pt(100)
surfaces decreaséd monotonicly ﬁpon Au deposition.
Conversely, alloying resulted in an increase in the work

function.
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CHAPTER.FIVE : THE CONVERSION OF n-HEXANE OVER GOLD-PLATINUM

AND COPPER-PLATINUM ALLOY SURFACES

A. INTRODUCTION

Alloys have.become important catalysts in many chemical
processes due to their superior properties Qvef single
component catalysts. These properties include increased
reaction selectlvity and greater resistance to deactivation.
One group of alloys which has been studied quite extensively
is the group VIII - IB alloys [5.1 - 5.3]. The literature,
however, is full of seemingly conflicting results. There are
two factors which are probabiy responsible for this
confusion: 1) the difficulty of characterizing surface of the
supported alloy catalysts on the atomic scale; and 2) surface
structure sensitivity of the reactions studied.

This chapter deals'wifh the n-hexane conversion reaction
catalyzed by the Au-Pt(111l), Cu-Pt(111l), Au-Pt(100) and Cu-
Pt(100) alloy surfaces. Catalytic studies, using single
crystal catalysts, coupled with surface science techniques,
have proven extremely useful in understanding the nature of
the working catalyst [5.4 - 5.7]. This method of catalytic
research allows 1) a detailed characterization of the surface
using the surface sensitive surface science techniques
discussed in chapters II and III; 2) the study of surface
structure sensitivity through the use of single crystal
catalysts; and 3) the study of the catalytic properties of

the metal alone without the contribution or modification of a
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support.. There have; however; been very few high-pressure
catalytic studies using single crystal alloy catalysts. One
explanation for the catalytic behavidr of alloys 1is the
ensemble effect [5.8 = 5.11]. Since this argument is based
on the structure of the alloy surface, it is imperative that
alloys with well defined surface structure be studied.
The catalytic «reforming of hydrocarbons is an important
industrial reaction which is dependent on platinum alloy
‘ catalysts [S.il —'5.15]. Thé n-hexane conversion reaction
waé chosen as a model for the reforming reaction because it
can undergo all of the reactions important in catalytic
reforming, i.e. isomerization, cyclization, aromatization and
hydrogenolysis. |

| The behavior of the alloy catalysts has been found to be
structure sensitive and the effecté of alloying platinum with
copper and with gold on the selectivity and activity to be

drastically different.
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B. RESULTS

The catalytic conversion of n-hexane was studied over
the (100) surface of gold-platinum alloys and the.(lll) and
(100) surfaces of copper~-platinum alloys. Studies df the n-
hexane conversion reaction over the (lll) surface of gold-
platinum alloys have been carried out in our laboratory
previously [5.16] and will be included in this discussion.
In Fig. 5.1 and Fig. 5.2, the initial rates (rates. per

surface atom 1i.e. platinum and gold or copper) of

isomerization (formation of 2- and 3-methylpentane),
cyclization (formation of methylcyclopentane), aromatization
(formation of benzené), and hydrogenolysis (formation of
molecules containing 5 carbons or less) are shown as a
function of surface alloy composition. Let us first consider
the results obtained for the (111) alloy surfaces shown in
Fig.»S.l. The rate of cyclization decreased with a positive
deviation from the linear as gold was added to the surface,
but was strongly inhibited by the addition of copper. The
behavior of the aromatization and hydrogenolysis reactions
was «very similar for both the Au-Pt and Cu-Pt (ll;) alloy
surfaces. These two reactions were greatly inhibited by the
addition of the "inactive" metal. The most striking result
was the high degree of enhancement for isomerization upon the
addition of gold to the Pt(11l1) surface, with a doubling of
the initial rate at a gold atom fraction of 0.25. In

contrast to this behavior, the isomerization rate on the Cu-
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Hydrogenolysis Cyclization——~—

Isomerization—-———- Aromatization---------

Au—P1(111) : Cu—PH111)-

B

INITIAL TF (X100)
INITIAL TF (X100)

FIG. 5.1

Initial turnover frequencies of .the n-hexane conversion
reaction over Au-Pt(111) and Cu-Pt(lll) alloy surfaces as a
function of the IB metal surface atom fraction. Turnover
frequencies are expressed as molecules produced per surface

atom (platinum and IB metal) per second.
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Hydrogenolysis Cyclization———

Isomerization ———- Aromatization-s------
Au—Pt(100) Cu—P1(100)

ZD T T T 20 . — T T

INITIAL TF (X100)
INITIAL TF (X100)

0 Q25 Qs Q75 10

FIG. 5.2

Initial turnover frequencies of the n-hexane conversion
reaction over Au-Pt(100) and Cu-Pt(100) alloy surfaces as a
function of the IB metal surface atom fraction. Turnover
frequencies are expressed as molecules produced per surface
atom (platinum and IB metal) per second. :
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Pt(11l) surface dropped off nearly linearly with increasing
copper atom fraction.

The behavior of the initial rates per surface atom on

the Au-Pt(100) and Cu=-Pt(100) is shown in Fig. 5.2. The
cyclization rates fell off nearly linearly on both alloy
surfaces. The Au-Pt(100) surface displayed a larger
deviation from the linear.than did the Cu-Pt(100) surfacé.
The isomerization rates on both the Au-Pt(100) and the Cu-
Pt(100) surfaces showed a positive deviation from the linear
with the effect more pronounced on the Cu~Pt(100) surfaces.
Neither of these surfaces showed the great enhancement for
isomerization that was observed for the'Au—Pt(lll) surface.
The rates of hydrogenolysis for the (100) alloy surfaces did
not reflect the inhibition which was observed for the (111)
alloy surfaces. On the (100) alloy surfaces the
hydrogenolysis rate fell off 1linearly with increasing
"inactive" metal atom fraction. The rates of aromatization
on the (100) alloy surfaces showed the same inhibitidn és_was
observed for the (111) alloy surfaces.

The dependence of the selectivity of the reaction on the
alloy surface CompOsition is shown in Fig. 5.3 and 5.4. By
looking at the selectivity, the relative rates of the
reaction can be compared regardless of the overall activity
of the catalyst. The selectiviﬁy for the (111) alloy
surfaces 1s shown in Fig.'5.3. As can be seen, the
selectivity behavior for the (111) surfaces of the Cu-Pt and

Au-Pt alloys was nearly identical, in contrast to the
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Hydrogenolysis » Cyclization———
Isomerization === Aromatization---------
Au—P1(111) Cu—PH(111)
10— . r .0 , . -

INITIAL SELECTIVITY
INITIAL SELECTIVITY

FIG. 5.3

Initial selectivities of the n-hexane conver51onvreactlon
over Au-Pt(111l) and Cu-Pt(111l) alloy surfaces as a function
of the IB metal surface atom fraction.
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Hydrogenolysis Cyclization——— -

Isomerization————~ Aromatization--------- |
Au—Pt(100) Cu—Pt(100)
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FIG. 5.4

Initial selectivities of the n-hexane conversion reaction
over Au-Pt(100) and Cu-Pt(100) alloy surfaces as a function
of the IB metal surface atom fraction.
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differences observed for the initial rates themselves. On
both the alloys, the selectivity for isomerizaﬁion'increased
dramatically with increasing IB metal atom fraction at the
expense of the cYclization, hydrogenolysis, and aromatization
selectivities. |

The (100) alloy surfaces displayed the same trends in
selectivity at low IB metalvatom fréction. As the IB metal
atom fraction was increased, however, the selectivity for
isomerization on the Au-Pt alloy leveled off, but continued
to increase on the Cu-Pt alloy. Also, the selectivity for
cyclization continued to increase on the Au-Pt alloy with
'increasing gold atom fraction, while on the Cu-Pt alloy,
increasing the copper atom fraction resulted in a sharp
decreése in the cyclization selectivity. The trend in the
selectivity for hydrogenolysis and aromatization was to
decrease with increasing IB metal atom fraction.

In Fig. 5.5, the total initial rate of n-hexéne
conversion over the (111) alloy surfaces 1is shown as a
function 6f the IB metal atom fraction. The Au-Pt alloys
showed a positive deviation from the linear (an enhancement

in the rate per platinum atom) while the Cu-Pt alloys showed

a negative deviation from & linear decrease (an inhibition of

the rate per platinum atom). The total initial rates for the

{100) alloy surfaces, shown in Fig. 5.6, decreased nearly
linearly with increasing IB metal atom fraction.
In order to see the effect alloying had on the rate of

poisoning of the catalyst (due to a carbonaceous deposit),
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FIG. 5.5

Total initial turnover frequency of the n-hexane conversion
reaction over Au-Pt(111) and Cu-Pt(111) alloy surfaces as a
function of the IB metal surface atom fraction.
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FIG. 5.6

Total initial turnover freduency of the n-hexane conversion
reaction over Au-Pt(100) and Cu-Pt(100) alloy surfaces as a
function of the IB metal surface atom fraction.



-160-

the total turnover number of the n-hexane conversion reactionl
is plotted versus the IB metal atom fraction for the (111)
and (100) alloy sﬁrfaces in Fig. 5.7 and Fig. 5.8
"respectively. The major effect seen here is the large
.enhancement on the Au-Pt(1l1l) alloy sufface. The béhavior of
the other alloy surfaces was nearly the same:aé that seen for
the initial rates.

The initial éelectivities for the hydrogenolfsis
products over the Pt(11l) and Pt(100) surfaces are shown in-
Fig. 5.9. Alloying the platinum with gold and copper
.resulted in a slight decfease in the selectivity for methane
and an increase in the C3 selectivity.

The ratio of 2-methylpentane to 3-methylpentane as a
function of copper atom fraction for the (100) and (111)
alloy surfaces is shown in Fig. 5.10. The ratio showed a
tendency.to decrease at higher copper atém fractions.

The trans-=2-hexene production was also monitored. Its
concentration had nearly reached a maximum by the time the
first sample-was taken. No iﬁformation, therefore, about the
initial rate of dehydrogenation was available. The maximum-
- turnover number of trans-2-hexene achieved during a reaction
is plotted in Fig.:S.ll as a function of coppef atom fraction
for the (100) and (111) surfaces of the Cu-Pt alloys. The
maximum turnover went through a maximum at 0.5 doppgr atom
fraction on the (100) alloy surface and at about 0.65 copper

atom fraction on the (111) alloy surface. No correlation Was
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function of the IB metal surface atom fraction.

alloy surfaces as a
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Total turnover number at 2 hours of the n-hexane conversion
reaction over Au-Pt(100) and Cu-Pt(100) alloy surfaces as a
function of the IB metal surface atom fraction.
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Pt(100) and Cu-Pt(l1ll) alloy surfaces.
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found between the rate of dehydrogenation and the rate of the

other reaction studied here [5.16].
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C. DISCUSSION

1. Activity of alloy sites

In order to understand the effect alloying platinum with
gold or copper has on the local activity and selectivity of
platinum, thebdata shown in Fig. 5.1, 5.2 and 5.5 - 5.8 were
fit to the site distributions shown in Fig. 5.12 and Fig.
5;13. The 3-fold site was considered for the (111) alloy-
-surfaces and the 4-fold site for the (100) alloy surfaces.
It must be stressed here that this model simply provides a
means to quantify the trends observed and does not
necessarily define exactly whét is happening on the surface
during the reaction. The solid lines drawn through the data
points in these figures are the result of the fit. The rates
of hydrogenolysis, cyclization, isomerization and
aromatization on the (111) alloy surfaces at 3-fold sites
containing 3, 2 ahd 1 platinum atoms obtained by the fit are
shown in Table 5.1. The raﬁes of these reactions for the
(100) alloy surfaces at 4-fold sites containing 4, 3, 2 and 1
platinum atoms obtained by the fit are shown in Table 5.2. A
site which contained only copper or gold atoms was assumed to
be inactive in all cases. To make interpretation of the data

easier, the rates per platinum atom at the various sites

relative to the rate at a site containing only platinum atoms
are shown in Table 5.3 for the (lll)‘alloy surfaces and in
Table 5.4 for the (100) alloy surfaces. 1In Tables 5.3 and

5.4, values greater the 1.0 are indicative of an activity
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atoms as a function of the IB metal surface atom fraction.
Distributions are for a random alloy surface.
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Fraction of 4-fold sites containing 4, 3, 2, 1 and 0 platinum
atoms as a function of the IB metal surface atom fraction.
Distributions are for a random alloy surface.
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TABLE 5.1

(L11) ALLOY SURFACES
Initial rate (X100)
at a 3-fold
site containing :
3 Pt 2 Pt 1 Pt
REACTION atoms atoms -atom
. Hydrogenolysis
8.68 0.0 0.0
6.83 0.0 0.0
Cyclization | |
15.81 13.75 8.5
T 17.5 0.0- 0.0 —- S
Isomerization
10.39 24.0 32.0
11.25 8.45 1.89
Aromatization .
6.1 0.0 0.0
4.28 0.0 0.0
Total rate
40.98 37.75 40.5
39.86 8.45 1.89
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TABLE 5.2

- (100) ALLOY SURFACES

Initial rate (X100)
at a 4-fold
site containing :

' 4 Pt 3 Pt 2 Pt 1 Pt
ALLOY REACTION atoms atoms atoms atom
Hydrogenolysis
Au-Pt 6.2 4.65 3.1 1.55
Cu-Pt ' 6.2 4.65 3.1 1.55
Cyclization
Au-Pt 17.5 17.5 15.0 11.2
Cu-Pt 16.4 14.0 5.0 0.0
Isomerization. ‘
Au-Pt 8.7 8.7 6.0 4f0
Cu—ﬁt 6.8 6.8 6.8 6.8
Aromatization
Au-Pt 3.9 0.0 0.0 0.0
Cu-Pt : 4.1 0.0 0.0 0.0
Total rate
Au-Pt ' 36.3 32.4 22.9 17.1

Cu-Pt 33.5 27.0 17.8 8.8
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TABLE 5.3

(111) ALLOY SURFACES
Relative initial rate
per Pt atom at a 3-fold
site containing

3 Pt 2 Pt 1 Pt
BEACTION atoms atoms atom

Hydrogenblysis

Cyclization
1.0 1.3 1.62
o 1000 0.0 0.0 s
Isomeriéation
1.0 3.64 9.24
1.0 1.12 0.51
Aromatization |

Total rate
1.0 1.16 2.49

1.0 0.32 0.15
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Au-Pt

Cu-Pt

Au-Pt

Cu-Pt

Au-Pt

Cu-Pt .

Au-Pt

Cu-Pt

Au-Pt

Cu-Pt

TABLE 5.4

(100) ALLOY SURFACES

REACTION

Hydrogenolysis

Cyclization

Isomerization

Aromatization

Total rate

(1-x)4
(1 -x)2
(1 -X)
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Relative initial rate
per Pt atom at a 4-fold
site containing :

4 Pt

3 Pt

2 Pt

1 Pt

atoms atoms atoms atom

1.0

1.0

1.0

1.26

1.20
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greater than that obtained for the pure platinum surféce,
values less than 1.0 indicate an inhibition, and values equal
to 1.0 indicate an activity which depends only on the number
of platinum atoms on the surface, independent of their
geometry.

To illustrate this point, Fig. 5.14 shows the behavior
of the relative rate as a fun&tion of the atom fraction of
the IB metal when a reaction on the (111) alloy surface
requires 3 platinum atom, 2 platinum atoms or 1 platinum
atoms. 'When a reaction requirés 3 platinum atoms, the rdte
falls off as the third power of the platinum atom fraction,
ahd linearly if only 1 platinum atom is.requiréd. If a
reaction required a site containing 3 platinum atoms, a fit
of the rates to the distribution of sites would give relative
rates pervplaﬁinum atom of 1.0, 0.0 and 0.0 for sites
containing 3, 2 and 1 platinumvatoms respectively.v Thé
result of a fit of these three examples_is shown at the
bottom of Table 5.3. It can be seen from these examples
that any value greater than 1.0 for the relative rate per
platinum atom indicates a rate which is enhanced over the
rate at a pure platinum site. Fig. 5f15 illustrates this
point for the 4-fold site fit of the rates on the (100) alloy
surfaces. The rate of a reaction which required 4 platinum
atoms would decrease as the forth power Qf the platinum atom
fractiqn. A reaction which required only a single platinum
atom would decrease 1inearly.with increésing IB metal atom

fraction as was the case for the (111) surface. The relative
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Dependence of the initial turnover frequency relative to the
initial turnover frequency of a pure Pt(lll) surface as a
function of IB metal surface atom fraction for a react%on
which requires ensembles of one [ (1 - X) 1, two [ (1L - X)¢ ]
and three [ (1 - X)3 ] platinum atoms.
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FIG. 5.15

Dependence of the initial turnover frequency relative to the
initial turnover frequency of a pure Pt(100) surface as a
function of IB metal surface atom fraction for a reactaon
which requires ensembles of one [ (1 - X) Iy two [ (1 - X)% ]
and four [ (1 - X) ] platinum atoms.



-177-

rates per platinum atom for sites containing 4, 3, 2 and 1
platinum‘atoms_which would be obtained by fitting these
examples to the 4-fold site distributions are shown at the
bottom of Table 5.4.

The values obtained for the relative rates per platinum
atom for the various 3-fold sites on the (111l) alloy surfaces
indicate.that the hydrogenélysis reaction required three
~platinum atoms. Replacing one piatinum atom in a 3-fold site
with a gold or copper atom resulted in the poisoning of that
of that site for the hydrogenolysis reaction. A 3-fold site
which contained 1 or 2 gold atoms had a greater activity for
cyclization per platinum atom than a site which contained 3
platinum atoms. Copper, on the hand, poisoned the site for
cyclization. The greatest effect was seen for isomerization
on the Au-Pt(1l1ll) surfaces where the per platinum atom rate
at a 3-fold site containing 2 gold atoms and 1 platinum atom
was nine times greater than that for the pure platinum site.
The effect of the addition of copper was guite different. A
site containing 2 copper atoms was only half as éctive (per
platinum atom) as the pure platinum site. The aromatization
reaction was poisoned by the addition of 1 gold or copper
atom to a 3-fold site. The overall rate showedlan enhanced
rate per platinum atom for the Au-Pt'alloy. A 3-fold site
which contained 2 gold atoms was 2.5 times as active as a
pure platinum site. The addition of copper, however,

resulted in an overall inhibition in the rate per platinum.
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A site which contained 2 copper atoms showed very little
overall activity.

The values obtained for the rates of various 4-fold
sites on the (100) alloy surfaces indicate that
hydrogenolysis required only a single platinum atom whereas
on the (111) surface it required 3 platinum atoms. The
cyclization reaction was slightly enhanced by the addition of
gold. The addition of copper resulted in little enhancement,
and a site whicﬁ contained 3 copper atoms was inactive for
cyclization. The isomerization reactioh was enhanced only
sliéhtly by the addition of gold to the (100) surface, in
contrast to the striking enhancement observed for the Au-
Pt(l1l) system. The addition of copper resulted in a larger
enhancement on this surface than the addition of gold, the .
reverse of the findings for the (111) alloy surfaces. The
aromatization reaction rate was strongly inhibited by the
addition of gold or copper, with the éite being poisoned by
the addition of 1 copper or gold atom. This result 1is
similar to the behavior found for the (111) élloy surfaces.
The overall rate showed a slight enhancement for. the Au-Pt
system and a very slight inhibition for the Cu-Pt system.
The magnitude of both effects was smaller then those on the
(111) alloy surfaces.

The initial rates per platinum atom determined from the

fit of the experimental data to the site distributions as a
function of the IB metal atom fraction are shown for the

hydrogenolysis and cyclization reactions in Fig. 5.16 and for
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the isomerization and aromatization reactions in Fig. 5.17.
These figures give another perspective of the trends

discussed above.

2. Mechanistic implications

As the preceding discussion clearly indicates, the
effect alloying'platinum with an "inactive" IB metal has én'
the activity and selectivity of the n-hexane conversion
"reaction is strongly dependent on the crystallographic
orientation of the alloy surface and on the IB metal itselft.
It is not surprising then that studies of the n-hexane
conversion reaction over supported Pt—IB metal alloys would
yield conflicting results. The most widely used explanation
the catalytic behavior of these alloys is the "ensemble
effect" [5.8 - 5.11]. It 1is beiieved that a particular
reaction requires a specific number of platinum atoms on
which to occur and that this number, or "ensemble size", is
varies from reaction to reaction. By ailoying the platinum
surface with én inactive metal, the platinum is dilutéd and
the average ensemble'éiie decreased{. Thus, the ailoying
blocks reactioﬁs which require relatively large ensemble
while allowing reactions which fequire smaller ensembles to
occur. Tnis argument completely ignores any participation of
the "inactive" metal atoms in the reaction and any.electronic
changes induced in the platinum by thé presence of the

"inactive" metal.
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Sevefal mechanisms have béen proposed for each of the
products of the platinum.catalyzed n-hexane conversion
readtion. Since the reactions presented in this report were
all carried out at a temperétufe of 570 K and a total
pressure of 220 torr with a n-hexane/hydrogen ration of 1/10,
no kinetic data besides the individual rates at a given
surface composition are available. The results, however, can
Be discussed in termé of the mechanisms which'have been

‘proposed by other authors.

a) Hydrogenolysis

The most widely accepted intermediate for'hydrogenolysis
reaction of longer chain hydrocarbons is a 1,1,3 or 1,3,3
tri-adsorbed species [5;1, 5.17 - 5.18]. Evidence presented
by Leclercq et. al. [5.18] indicates that C-C bonds
contiguous to the multiple carbon-metal (C-M) bonds are
broken'with a higher probability than C-C bonds next to a
single C-M bond. These authors point out that 1;4 and 1,5
bound species may aiso play a role in C-C bond breaking.

The hydrogenolysis of n-hexane clearly requires three
platinum atoms to occur on the (111) allby surfaces. This
result would indicate that the 1,1,3 tri-adsorbed
intermediate exists at a 3-fold site on the (111) surface and
that even if it forms on a single platinum atom, no C-C bonds
are broken. It may be that the intermediate is adsorbed at a
3-fold site on the alloy surface, but the weaker bonding of
ﬁhe,IB metal results in no C-C bond breaking. The linear

decrease in the initial hydrogenolysis rate for the (100)
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alloy surfaces, however, indicates that hydrogenolysis can
occur on a single platinum atom on the (100) surface. On
this surface, a 1,4 diadsorbed species'species may become
important [5.19]. Davis and co-workers feported a 1,3
diadsorbed species which formed on a single platinum at over
the Pt(100) surface in the isomerization reaction of Cy
hydrocarbons [5.20]. This intermediate did not form on a
single platiﬁgm atom of.the Pt(111l) surface. Since the'(lOO)
surface is a more open surface than the (111) surface, second
layer atoms may also be involved in the formation of this
intermediate. These trends are seen clearly in Fig. 5.16.
The ability of this intermediate to form on a single atom of
the Pt (100) surface and not on the Pt(111l) surface is due to
the difference in the d-orbital geometries. The Pt(100)
surfa;e has one d-orbiﬁal lobe protruding perpendicular to
the surface and four lobes at 45 degrees to the surface.
This-geometry apparently favors the formation of the 1,3 di-
adsorbed species and the subsequent breaking of a carbon-
carbon bond. |
Results reported by Clarke, Kane and éaird (CKB) [5.19]
and by van Schaik, Dressing and Ponec (SDP) ([5.21] for the
hydrogenolysis of n-hexane over silica-supported Au-Pt alloys
show a strong inhibition similar to the Au-Pt(lll) alloy
surfaces. The results of de Jongste} Kuijers and Ponec {(JKP)
[5.22] for a silica-supported Cu-Pt alloy showed an increase
in the hydrogenolysis selectivity, which is in conflict with

the results reported here.
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b) Cyclization

The intermediéte for the cyclization reaction is
generally believed to be a 1,1,5 tri-adsorbed species [5.23 -
5.24] which can be bound to one or more platinum atoms. The
S5-member ring is formed by the formation a bond between the
carbon atoms bound to the metal. |

The rate of cyclization on the Au-Pt(l1ll) alloy surfaces
decreases nearly linearly with increasing gold atom fraction
showing only a slight enhancement. This result indicates
that only one platinum atdm is needed for the cyclization
reaction. In contrast to this, cyclization on the Cu-Pt(111)
surfaces shows a poisoning of the reaction when one copper
atom is included in a 3-fold site. These results can only be
explained by the differing effects the IB metal has on the
platinum in the alloy. As shown in chapter III, copper
mocdifies the electronic structure of platinum. The results
presented in chapter 1V showed no change in the electronic
structure of platinum in the Au-Pt alloys. 'This result has
also been shown by the thermal desorption of CO for the Au-Pt
alloys [Sfl6]. The strong inhibition of the cyclization
reaction over the Cu-Pt alloy surfaces 1is due to the
electronic modification of platinum [5.25] by the presence of
the copﬁer. This electronic effect is also manifest on the
(100) alloy surfaces. Fig. 5.16 clearly shows that the
cyclization rate per platinum atom is inhibited by copper and

promoted by gold.
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c) Isomerization

There are two’clesses of mechanisms which are thought to
occur.for isomerization. The bond shift mechanism is
believed to involve a 1,1,3 tri-adsorbed intermediate [5.17,
5.26] or a G6-alkyl adsorbed radical intermediate. The
cyclic mechanism involves the eame inﬁermediate as the
cyclization reaction. In this mechanism, the ring closure is
followed by ring opening. Three types of ring opening have
been proposed by Gault and his co-workers : a nonselective
ring opening, which results in a 1:2:2 ratio of 3-MP:2-MP:n-
hexane; a selective ring opening where the ring is not epened
at the carbon beund to the methyl‘group, which results in a
1:2 ratio of 3—MP:2—MP;.and'a partly selective ring opening
where the ring can be opened at the carboh bound to the
- methyl group but with a lower probability than at the other
C-C bonds. |

O'Cinneide and Gault [5.27] claim that the
isomerization of n-hexane over an alumina supported 15 % Pt-
85 % Au alloy proceeds exclusively via the non-selective ring
opening mechanism. They observed an increase in the
cyclization selectivity and a decrease on the isomerization
selectivity compared to the pure platinum catalfst. These
results are similar to the results reported here for the Au-
Pt(100) alloy surfaces (Fig. 5.4).

The isomerization selectivity over the Au-Pt(111l) and
Cu-Pt({lll) alloy surfaces increased dramatically with

increasing IB metal atom fraction (Fig. 5.3). The
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isomerization selectivity also showed a sharp increaée on the
Cu-Pt{100) alloy surfaces with ihcréasing copper atom
_ fraction (Fig. 5.4). CKB reported that on a silica supported
10 % Pt- 90 % Au alloy, isomerization was the exclusive
/product and that oﬁly 3-MP was produced. CKB suggest that
the 3~MP was produced via a bond shift mechanism although
they report no specifics. SDP also reported a large
enhancement of the isomerization selectivity at high gold
concentrations over silica supported Au-Pt alloy catalysts
and that there Was a large increase in the amount of 3-MP
produced relative to the amount of 2-MP produced. Their
explanation is thét isomerization proceeds via a carbonium
ion-like bond shift mechanism [5.28]. It is not clear why
this mechanism produced 3-MP with a higher selectivity than
2-MP. The production of 2-MP and 3-MP over the Cu-Pt(lll)
and Cu-Pt(100) alloy sﬁrfaces also showed an enhancement of
the 3-MP production relative to the 2-MP production at higher
copper atom fractions (Fig. 5.10).

Another intéresting point about the Au-Pt(l1ll) alloy
surfaces 1is the overall'enhancement of the initial ratevupon
the addition of gold to the platinum, with a 3-fold site that
contained only one platinum atom having a total rate per
piatinum atom 2.5 times that of a pure platinum 3—fold site

(see Taple 5.3). The conclusion which must be reached from

these results is that a new bimetallic site has been created

for the isomerization reaction. Although the large absolute

enhancement for isomerization observed for the Au-Pt(11l1)
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system waé not observed ‘for the Cu-Pt{(lll) system due to the
electronic effect, ﬁhere Was a large relative enhancement in
the isomerization rate as indicated by the increased
isomeriéation selectivityv(Fig. 5.3). The electronic changes
in the platinum induced by the presence of the‘copperron the
(100) alloy surfacés seemed to favor this néw isomerization
mechanism since the rate per platinum atom in a 4-fold site
thch contained only one platinum atom was 4 times as active
as a pure platinum site; It is not clear at this point what
the exact nature of this new mechanism is nor why it was not

observed for the Au-Pt(100) surface. More detailed

‘mechanistic work is needed to elucidate this point.

d) Aromatization

The rate of aromatization was strongly inhibited by the
additiaon of gold or copper to both the (111]) and (100)
surfacé. This behavior was unique to the aromatization
reaction indicating a‘mechanism different from those
discussed above. Although several authors have proposed a
ring enlargement mechanism in which the Mce ring is opened
and then closed again to form a six-member ring [5.29 -
5.30], other work on single crystal platinum surfaces [5.31]
clearly shows that this mechanism is not important on
platinum'surfaces. Details of the aromatization reaction are
not known, however is is clear that 3vor more platinum atoms
are required fdr thé reaction to proceed and that the direct

1,6 ring closure is important.
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D. CONCLUSIONS

1) Hydrogenolysis requires 3 platinum atoms on the
Pt(111) surface and only 1 platinum atom on the Pt(lOO)
surface.

2) Cyclization can occur over a single platinum atom.

3) A new mechanism for isomerization becomes important
on the Au-Pt(11l1l), Cu-Pt(1l11l) and Cu-Pt(100) alloy surfaces.
The absolute enhancement was greatest fof the Au-Pt(111)
alloy surfaces, less for the Cu-pPt(100) alloy surfaces ahd
even less for the Cu-Pt(l1ll) alloy surfaces. The behavior of
the isomerization selectivify showed the same trehd on all
three alloy surfaces.

4) The electfonic changes in platinum induced by the
presence of copper poison the c¢cyclization reaction. These
effects are more pronounced on the (111) alloy surfaces than
on the (100} alloy surfaces.

.5) Aromatization required at least 3 platinum atoms to

occur. The ring enlargement mechanism was not important.
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'CHAPTER S‘IX : THE OSCILLATORY BEHAVIOR OF THE Cb OXIDATION
REACTION OVER SILICON CONTAMINATED PLATINUM SURFACES
A. INTRODUCTION

Oscillatory reactions have a loﬁg and distinguished
history in chemical sciences ([6.1]. One such reaction which
has been studied in great detail is the catalyzed oxidation
of carbon monoxide by oxygen to form carbon dioxide. Temporal
dscillations in the reaction rate have been observed over
‘ platinum, palladium, and iridium catalysts [6.2 - 6.3]. . This
behavior was first reportéd by Hugo 1970 using a supported
platinum catalyst [6.4]. Since then, this reaction has been
studied over a variety of platinum surfaces including wires,
foilé, deposited films énd single crystals [6.5 - 6.16],
and the temporal oscillations have been shown to be a surface
mediated phenomenon rather than the result of mass transfer
effects [6.16].

.The research carried out to date on this reaction over
well characterized single crystal surfaces focused on the
oscillatory behavior at low pressure [6.11 - 6.13], in which
the surface was exposed to a flowing .mixture of carbon
monoxide and oxygen at a total pressure of T 5 X 1074 torr.
Low enerqgy electron diffraction observations and work
function measurements showed that, over the Pt(100) surface,
the oscillations are associated with a surface phase
transition from the hexagonal (hex) structure ((S X 20)
structure) to the square (1 X 1) and c(2 X 2) stfuctures. 1t

~was found that a maximum 1in the rate coincides with the
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presence of the hex'phasé and a high coverage of atomic
oxygen while the minimum rate is observed coincidentally with
the (1 X 1)/c{2 X 2) phase énd a high cbncentration of
adsorbed carbon monoxide. | |

| The most detailed kinetic modeling of the reaction at
atmospheric pressure has been done by Sales, Turner, and
Maple (STM) in conjunction with their experimental studies
(6.17]. - This model includés the formation of an oxide in the
near-surface region of the catalyst. In the two branches of
the CO oxidation reaction, the surface is alternately
oxidized and reduced, thus changing the surface oxide
coverage. This model, however, does not include an
autocatalytic step, necessary to drive the transition between
the two branches, unless the creation of reaction sites
during the reductiqn of the surface is considered to be.the
autocatalytic step.

.. The work presented in this chapter combines surface
science techniques, available in ultra high wvacuum, with an
in situ high pressure cell. . Such surface science techniques
were not available to STM in their high pressure reaction
studies. Platinum single crystals with (111), (100), and
(13,1,1) orientations have been used to determine 1if surface
structure 1is important in this oscillatory reaction. Since
the (100) surface reconstructs and the (lll) surface does

not, we were able to study the role reconstruction plays in.

the oscillations observed at high pressure.
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The results obtained by Co% et al. [6.11] for.the
reaction at low pressure were reproduced in this work. It
appears that their surface reconstruction model explains the
oscillatory behavior in the low pressure regime. At
atmospheric pressure, however, oscillations were observed
over both the (111) and the (100) platinum surfaces. Also,
the surfaces examined after sustained oscillations were
heavily oxidized and silicon impurities had segregated from
the bulk to the surface; These results indicate that the
mechanismvat low pressure 1is different from that at high
pressure.

A model 1is presented which 1is based on the kinetic
equetions of STM which also takes into account the non-
isothermal behavior of the reaction. The introduction of a
temperature that depends on the reaction rate into the model
provides a meohanism for the trensition between the two
reaction branches, similar to the non—autocatelytic non-
isothermal systems discussed by Gray and Scott [6.18] and

Uppal, Ray, and Poore [6.191].

B. RESULTS

1. Oscillatory Behavior

a. Low pressure experiment
The experiment reported by Cox et al [6.11] was repeated
in order to compare the results which they obtained at low

pressure with our results at atmospheric pressure. The work
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function of a clean, anﬁealed Pt(100) crystal surface was
monitored continuously_during exposure to 4 X 1074 torr of 0,
and 1 X 10”% torr of CO at a temperature of 425 K.
Oscillations in the work function of the platinum surface
were as large as 300 mV. Tpe work function results are shown
in Fig. 6.1. These oscillations were similar £o those
reported by Cox et. al. The work function of the Pt(100)
surface was also monitored without heating the crystal and
while heéting the crystal in UHV. Under these conditions, no

changes in the work function were observed.

b. High pressure experiments

When fhe clean, annealed Pt(100) surface was exposedrto
a mixture‘of 0, and CO at atmospheric pressure no
oscillations were observed in the composition range 1 - 30 %
CO and the témperature range of 300 - 1000 K. In addition,
oscillations were never obsérved using either clean, annealed
Pt(lB,l,l) or clean, annealed Pt(ll1ll) surfaces. However, when
any of the crystals were sputtered for 20 min. at 1000 eV,
small‘erratic oscillations with a magnitude of about 2
degrees aﬁd a period ranging from 1 to 60 seconds were
observed, although not reproducibly.

When a clean, annealed cfystal was left in the high
pressure cell for several days, without cleaning, oscillatory
behavior in the reaction developed. This behavior was

observed on all three Pt(111), Pt(100), 'and Pt(13,1,1)

surfaces. These results are summarized in Table 6.1.
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Relative work function of a Pt(100) surface as a function o

time. The platinum ciystal was heated to 425 K in 4 X 10~
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TABLE 6.1
Pt(111) Pt(13,1,1) Pt (100)
10”4 torr
Clean No No OSCILLATIONS
Annealed Oscillations Oscillations
1 Atm
Clean No No No
Annealed Oscillations Oscillations Oscillations
1 Atm .
OSCILLATIONS OSCILLATIONS OSCILLATIONS

"dirty" .

Atm Small 7
Clean ? Erratic ?

Sputtered

Oscillations
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The typical oscillatory behavior obtained on the various
crystal surfaces and under a variety of conditions is shown
in Fig. 6.2. Since the reaction was very exothermic (70
kcal/mole), the reaction rate was monitored by following the
temperature of the platinum crystal. This procedure was
tested by leaking the product gasses into the chamber through
a leak valve and following the gas composition with the mass
spectrometer. A good agreement was found. Since the
temperature response tiﬁe'was much faster and following'the
crYstal temperaﬁure was proceduraly simple, the rate will bé
plotted as crystal temperature in what follows.

In general, as the temperature of the catalyst was
iﬁcreased, the period and magnitude of the oscillations
decreased; the magnitude increased as the carbon monoxide
concentration was increased. This behavior is the similar to
that reported by other authors [6.17]. Fig. 6.3 shows a plot
of temperature versus carbon monoxide concentration. The
region between. the two curves gives the conditions under
which oscillations were obtained on a Pt(13,1,1) crystal
surface. The shape of this oscillatory region is similar to
that reported by Turner'et. al. [6.17]. This o@escillatory
region was not stable. After one week of reaction the region
" had changed, presumably due to changes at the crystal

surface. This behavior was not studied, however.
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FIG. 6.2

TYpical oscillations obtained on three platinum crystgl
surfaces under various conditions. Sample temperature 1s
plotted versus time.



-200-

T T T T
, _ o
500+ Pt (13,11) 0/ // / _
T(C) S /
n / / .
400 /'A; -
;7
= / .
300} -
- oy y
7 // / A
O - / / ! /',/G' —d
“o0 0//—4///.’/1/ I ! |
0 5 | 10 15 20
o % CO .
XBL84AS-6973
FIG. 6.3

A plot of sample temperature versus carbon monoxide
concentration showing the conditions for wnich oscillatory
behavior was observed over a Pt(13,1,1) crystal surface.
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2. Surface Analysis

An Auger spectrum of the Pt{(ll1ll). surface after the
oscillating reaction is shown in Fig._6.4; The platinum
peaks were greatly attenuated relative to those for clean
platinum. The peak at 81 eV was due to heavily oxidized

silicon [6.20] and a large oxygen peak at 512 eV was
present. This Auger spectrum was typical of the spectra
obtained for all surfaces examined after oscillations had
been observed, although calcium and sulfur were also present
on some .of the platinum surfaces. Because of the presence of
several species on the surface, 1t is difficult to
quantitatively determine the amount of silicon and oxygen
present. Based on standard Auger spectra, however, it is
clear that there must be subFsurface-oXygen present, 1in
éddition to surface oxygen, to give an oxygen Auger peak of
the magnitude'observed.and the amount of silicon ° ( in the
form of SiO, ) present was 1/4 to 1/2 of a monolayer.

The LEED pattern of the Pt(l1ll) surface after
oscillations had’been opserved 1is shown in Fig. 6.5. This is
a slightly misfit (V3 X v3)-R30 surface structure. A (V3 X
V3)-R30° structure has been reported for PtO, formed on
platinum by high oxygen exposure at elevated temperatures
[6.21]. The LEED of the Pt(100) surface after oscillations
showed a diffuse (1 X l).surface.structure which was
relatively faint.

Because the copper support rods were heavily oxidized

after the reaction, an accurate oxygen thermal desorption
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FIG. 6.4

A typical Auger spectrum of the platinum surface after the
oscillatory reaction. The peak at 80 eV is due to silicon
and the peak at 512 eV is due to oxygen.
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A drawing and photograph of the LEED pattern observed for the
Pt(111l) surface after the oscillatory reaction. This pattern
indicates a misfit ( V3 X V3)-R30° surface structure.
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spectrum could not be obtained. Iﬁ was noted, however, that
desorption of oxygeh'began’at ~ 800 K. It appears that thé
amount of near surface oxygen was substahtial, EVen after'
heating the crystal at 1000 K for one minute in vacuum, the
decomposition rate of PtO, (as monitored by mass
spectrome&ry) remained constant and the'oxygen Auger peak

had decreased by less than 10 %.

3. The Effect df Surfacé Oxidation and Reduction on the
Oscillatory Reaction Behavior

Fig. 6.6 shows the effect Qf pure carbon monoxide’ahd
pure oxygen treatments on the catalytic reaction behaviof_of
‘a Pt(111l) surface which had exhibited‘oscillatory behavior.
.After the reduction or oxidation of the surface, the réaction
gas cOmpositionband current passed through the sampleiw;re
restored.to the values under which oscillations had been
observed. .Fig. 6.6a shows the result of leaving the crystal
in flowing CO at SSO K.for a périod of 40 minutes. When
oxygen was introduced following this treatment the
'tempefature of the crystal increased rapidly from 550“K'to
630 K and began oscillating. The base temperature drops of £
gradually to the value before the CO treatment. Fig. 6;6b
shows the result of a more severe reducing treatment. The
oxyéen flow was shut off and the crystdl was heated to 720 K
for 5 minutes. When the oxygen was reintroduced with the
crystal at 550 K, the crystal temperature jumped to 670 K and

then gradually dropped off to 600 K without beginning to
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FIG. 6.6

Plots of sample temperature versus time under oscillatory
conditions after treatments in (a and b) pure CO and (c) pure
oxygen.
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oscillate for at least an hour. In general, a‘mild 610)
treatment resulted in an initial temperature jump when oxygen
was introduced followsd by oscillations. A more severe CO
treatment resulted in a_large temperature jump upon the
addition of oxygen, with the resumption of oscillatory
behavior after a considerable time period, this period being
longer the more severe the CO treatment. |

Fig. 6.6c shows the effect of an oxygen treatment of the
crystal sufface which had exhibited oscillations. The CO
flow was shut off for a period Qf 5 minutes, exposing the
crystal to pure oxydgen, with the crystal at 570 K. When the
CO flow was resumed, there was no increase in the temperature
of the crystal for a period of at least 1 hour. In general,
an oxygen treatment resulted in little or no temperature jump
upon the addition of CO and the period of time which elapsed
before the oscillations resumed was longer the more severe
the oxygen treatment.

These results seem to be consistent with the model
proposed by Sales, Turner, and Maple (STM) in which the
oscillations are driven by a cyclic oxidation and reduction
of the surface. A heavily oxidized surface results in a low
reaction rate, while a high rate is observed.on a reduced

surface.
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C. DISCUSSION

The results of these experiments indicate that the
mechanism for the oécillatory behavior of the CO oxidation
reaction at atmospheric pressure differs from that at low
pressures. In the low pressure regime, the oscillations
appear to be driven by a periodic phase transformation of the
Pt(100) surface [6.11 - 6.13]. At atmospheric pressure, the
absence of observable oscillations on the clean, annealed
Pt(100) crystal surface and their presence on the silicon
contaminated Pt(11l1) and Pt(100) surfaces indicates that the
mechaniém of the oscillations at atmospheric pressure is not
the same as that proposed for the reaction at low pressure.
This is not sﬁfprising since it is doubtful that the surface
would be reconstructed when exposed to a mixture of CO/02 at
atmospheric pressure.

The kinetic model for the high-pressure reaction 1is
presented in the appendix. The model considers the presehce
of 'three surface species: molecular CO, atomic oxygen, and a
platinum oxide which is only slightly reactive towardé CO.
The solution to these equations for a given set of parameters
1is shown in Fig. 6.7. When the reaction rate 1is high( the
oxXxygen coverage 1s relatively high, the CO coverage is
relatively low, and the oxide céverage is increasing. The
converse is true when the reaction rate is low. The behavior
of the reaction can pe seen more clearly when the rate of CO
oxidétiqn is plotted vefsus the oxide coverage. A plot of

this type is shown in Fig. 6.8 where tne solid line indicates
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constant values.
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Solutions to the kinetic equations plotted as the rate of CO,
production versus ©,,. The solid line shows the reaction
path and the dotted line is an unstable solution. Values for
the rate constants are listed in Table 6.2.
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the path of the reaction and the dotted liné is an unstable
solution to the kinetic equations.

When the reaction is proceeding at a fast rate (in the
upper branch), the time derivative of the oxidé coverage is
positive. Thus, the surface oxidizes while the rate of CO
oxidation and catalyst temperature slowly decrease. This is
due to a reduction in the number of sites on the platinum
which are not oxidized. This continues until the cuspvis
reached, and at this point, CO builds up on the surface and
the reaction drops into the lower branch. The time
derivativé of the oxide coverage in the lower branch is
negative due to the abundance of CO on the surface, so the
surface begins to reduce. The reaction rate and catalyst
temperature gradually increase due to an incréase in the
number of platinﬁm sites available. This process continues
until the next cusp is reached, at which point the reaction
jumps back to the upper branch and the cycle repeats itSelf.-

In an attempt to experimentally verify this hypothesis
of changing oxide coverage, the reaction was stopped at
various points in the oscillation, the.high pressure cell
opened and the surface was examined by Auger spectroscopy.
The spectra obtained were identical within experimental
error. Several factors may have contributed to our inability
to-detec£ changes in the oxide coverage : 1) the surface
present at atmospheric pressure is unstable under UHV; 2) the
oxide 1is several.layers thick; 3) the silicon is in the form

of Sio2 and remains oxidized; 4) adsorbed CO can react with
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the oxide before a measurement can be made; and 5) £he
absolute Changes in the coﬁerages are less than 5 % of a
monolavyer.

The parameters determining the length of time which the
reaction spends in the upper and lower branches are fhe rate
constants for the oxidaﬁion and reduction of the surface.
Within the éontext of the model, these parameters determine
the point at which déox/dt = 0 on the Z-shaped curve (Fig.
6.8). Oscillatory behavior will occur if this point falls
between the two cusps (on the dotted line). 1If the surface
oxidation rate constant is too large relative to the surface
reduction rate constant, the reaction will reach a steady
state in the IOWér branch. If the surface oxidation rate
constant ié too small relative to the reduction rate
cénétant, the reaction will reach a steady state in the upper
brahch.

Changes 1in the other rate constants affect the shape of
the Z—shaped'curve. As the rate of oxygen adsorption 1is
increased,i.e. an increase in the partial pressure of oxygen,
the change in 85« during an oscillation decreases, the
magnitude\of the temperature jump decreases, and the curve
shifts toward higher oxide coverages. A similar effect is
observed when the Cco desorption rate.is increased. An
increase in the adsorption rate Qf'CO has the opposite
effect. As the CO oxidation rate constant is increased, the

decreases, the magnitude of the temperature

change in 6,

jump increases, and the curve shifts to higher oxide
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coverages. These effects are summarized in the form of
j£¢mperature versus time plots in Fig. 6.9.

| For a given set of conditions, the rate of reaction
clearly depends on the oxide coverage. If the amount of oxide
on the surface is less than the amount of oxide present at
the left cusp, the reaction will start off in the upper
branch. This is illustrated experimentally ih Fig. 6.6Db
where the crystal was treated.in flowing CO at 730 K for 5
minutes, lowering the surface oxide coverage to less than
that of the oscillatory region. When oxygen waé introauced
the temperature of the crystal jumped up 100 K very rapidly
and remained in the high branch for at least one hour. Fig.
6.6c shows the result of oxidizing thé surface past the
oscillatory region. When CO was introduced, there was no
jump in crystal temperature and the reaction remained in the
lower branch for at leést one hour.

The silicon always present on thé surface after the
initiation of the oscillations appears to play an important
role in the oscillatory behavior. While a clean, sputtered
Pt(13,1,1) surface was found to yield only small, erratic
oscillationé, the sahe surface with Si present yielded large,
regular oscillations (Fig; 6.3). It appears that this
impurity either increases the sticking coefficient of oxygen
or catalyzes the formation of the platinum oxide. - We believe
that the silicon provides a; adsorption site with a higher
sticking probability than that for platinum, and after

adsorption, the oxygen can spill over to the Pt surface.
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Theoretically generated oscillations of the sample
temperature as a function of time. Values of the rate
constants listed in Table 6.2 were used in the calculations
except where indicated in the figure.
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These results are consistent with the earlier hodeling
results of STM and other independent studies of the formation
and reduction of PtO, [6.22]. Oxide formatioh rates measured
over platinum black were an order of mégnitude smaller then
those neceséary to sustain oscillations in the model. The
presence of Si impurities which segregate to the Pt sufface
may increase this oxide formation rate to values which will
support oscillatory behavior. This increase in the rate of
oxide formation may be due either to an increase in the

coverage of atomic oxygen (8 or an increase in the rate

o)
constant for oxide formatibn.
While the Pt/Si/O system [6.23] has not been exfensively
studied, work by Salmeron et al. gives an indication of the
instability of Si at a Pt surface when exposed to oxygen
[6.24]. This work shows that even low partial pressure of
oxygen may induce either surface segregation or bulk
diffusion of Si into Pt. Thus the Pt/Si/O system might be
expected to be unstable in an UHV environment; Fig. 6.10
shows the effect of exposure of an oscillating Pt cfystal to
UHV conditions. The gas composition and temperature are the
same for the two sets of oscillations shown. The only
difference was that the high‘pressure cell had been opened to
UHV between the two. This change in oscillatory behavior may
be ascribed to the instability of the Pt/Si/0 system in
vacuum. Changes in the surface which occur when the system

‘ls exposed to vacuum may result in a change of the surface

oxidation or reduction rate resulting in the effect shown
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Sample temperature as a function of time a) before and b)
after exposure to ultra-high vacuum. ,
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theoretiéally in Fig. 6.9d. Unfortunately, there was no
observed change in the relative Auger intensities for these
ﬁhree species. Thus one may assume that induced changes
probably do not involve large scale diffusion of species, but
instead minor struétural rearrangement in the near surface
layers, or coverage changes too small to detect by AES.

‘An alternative explanation for.the results of Fig. 6.10
may be a slow diffusion of oxygen from the bulk of the Pt.
One might assume that exposure of the Pt to UHV conditions
results in the decomposition of thé'PtOz. This would
certainly affect the CO oxidation kinetics on the surface and
might result in the changes shown 1in figure 9.
Thermodynamically PtO, would certainly dissociate in UHV for
temperatures higher than 400 K. From the standard enthalpy
of formation ( -41.8 kcal/mole ) and the standard entropy of
formation { -48.9 cal/mole/deg ) one can calculate that PtO,
~will dissociate for P(0,) < 1.3 X 10°17 torr at 300 K and
for P(0,) < 9.1 X 10”% torr at 550 K. Nevertheless, the
kinetics of oxygen diffusion in Pt are Very‘slow. Although

the kinetic data for the diffusion of oxygen through Pt are

not very precise, the data which is available ( Dy = 9.3 +
1.8 cmz/sec, E = 78 + 25 kcal/mole ) [6.25] indicate that the
diffusion of oxygen through 10 & of Pt would require 6 X 1033

years at 300 K and 200 seconds at 1000 K.
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CONCLUSIONS

1) bscillatory reactibn ratés have been observed for
the catalyzed oxidation of carbon monoxide over platinum
single crystal surfaces of (111), (100), .and (13,1,1)
orientations at atmospheric pressure.. : : o

"2) 'The Pt(100) surface is know to undergo a (5 X 20) to
(1 X 1) phase transformation upon the adsofption of carbon
monoxide. Cox et. al. have proposed that oscillations which
they have observed at low pressure (1 X 1074 torr) are due to
this surface phase transformation. Since theAPt(lll) surface
does not undergo any such reconstruction, this mechanism
cannot be respohsible for the oscillations at atmospheric
pressure which are reported here.

3) - Reaction rate oscillations at atmospheric pressure
are believed to be driven by an cyclic oxidation and
reduction of the platinum surface. A model incorporating
this.process\and including the temperature variation of the
catalyst as the driving force of the transition between
reaction branches step shows excellent agreemént with
experimental results.

4) While oscillations have been obtained over clean
platinum single crystal surfaces, it appears that silicon
impurities are usually present on a.surface.suppprting
oscillations. These impurities play an important role in the
oscillatory behavior by either catalyzing the formation of
the platinum oxide or by increasing the sticking coefficient

of oxygen on the platinum surface.
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APPENDIX

A Kinetic Model for the Oscillatory Behavior of the CO
Oiidatioaneaction Over Platinum

The following assumptions are made in the model

1) The molecular adsorption rate of CO and the
dissociative adsorption rate of O, depend only on the number
of sites available for adsorption, the partiai pressures of
the gases, and the temperature. |

2) CO,5 is produced from the reaction between adsorbed
CO and adsorbed atomic ongen and desorbs instantaneously
upon formation.

3) The desorption energy of CO 1is independent_of
coverage. Desorption of oxygen is ignored.

4) The number of.CO and O, adsorption sites are the
same. | -

In the STM model, all calculatioﬁs were made for
isothermal conditions. In reality, due to the high
exothermicity of the reaction, the crystal temperature, T, is
dependent on the reaction rate. We have modified the STM
model by assuming a  temperature with a reaction rate
dependence of the form : T = T, ; a r(Co,) . The
magnitude of the constant 'a' would depend on the surface-to-
volume ratio of the catalyst, the rate of thermal conduction
from the sample, and other thermodynamic factors. It was not
the intention of the authors to model the temperature

exactly, and we feel that this simple model is sufficient.
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There are three surface species whose coverages were

molecular carbon monoxide

considered : atomic oxygen (eo),

(eco)' and oxXygen in the form of an oxide (@ The kinetic

OX) *

equations which define these coverages are as follows:

de,/dt = k18,2 - k30,0., - ksO, (1 - 6, (1)

d8.o/dt = ky@5 = ky@., - K3€,8.5 ~ kg8c080x (2)

A8y, /dt = kg8,(1 - 854) ~ Kg8co@ny (3)
where 6, =1 - 6, - €., - O, |

and the rate constants are temperature dependent.

Values for the rate constants are shown in Table 6.2.

In egn. 1 the first term represents the rate of
dissociative adsorption of O,, the hext term the reaction
between adsorbed, atomic oxygen and adsorbed carbbn monoxide,
and the last term the formation of the oxide from adsorbed,
atomic oxygen. Similarly, the terms in eqn. 2 describe the
molecular‘adsorption ovaO, the desorption of CO, the
reaction between adsorbed CO and adsorbed, atomic oxyéen, and
'the reactién of CO with the oxide to form CO5, respectively.
The third equation consists of the rates of formation of the
oxide frqm adsorbed, atomic oxygen and the reaction of the
oxide with adsorbed CO to form CO,. Reactant pressures have
been included in the rate constants.

This set of equations was solved using two different

methods. One was an iterative method in which the time
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TABLE 6.2
A (sec_l) E, (Kcal/mol)
kq oxygen 2.8 X 10° 0.5
Adsorption
K, co 3.0 x 104 0
Adsorption
ks Langmuir- 9.4 x 109 10
Hinshelwood
X4 co | 1.0 x 10tt 20
Desorption '
Kg Surface 0.275 1.0
Oxidation
kg Surface 12 10

Reduction

b4
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increment was weighted invefsely proportional ‘to the sum of
the rates of the individual simple processes involved in the
reaction ( rate of O, adsorption, rate of CO adsorption, etc.
) with a proportionality constant on the order of 10*4.The
other methbd was similar to the quasi—steadyvstate solution
reported by STM [6.15]. In this solution, the derivatives
deo/dt and deco/dt were set equal to zero and the terms

ks@5(1 - 8,,) and kg8_.,8,, were ignored in equations 1 and 2.

- The justification for these approximations is the rates of

adsorption, desorption and Cco, production are much larger
than the rates of oxidation and reduction of the surface
(kl,kz,k3,k4 >> kS'k6‘ The.difference between this method
and that reported by STM is that this solution is not
isoﬁhermal. The solutions obtainea by the iterative and
quasi-steady state methods were very similar. The only
difference between the solutions obtained by the two meﬁhods
occurréd when the reaction approached a'points of transition
between branches. This is because d@,/dt and d@_.,/dt become
relatively large at these points and the steady state
approximation no longer holds.“ Since the later method
required much less computer time, it was the primary method

utilized in this work.
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