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Catalytic Reactions of Hydrocarbons on Platinum Single Crystal
Stepped Surfaces: The Effect of Surface Structure on Reactivity

Donald William Blakely

¢

Materials and Molecular Research Division, Lawrence Berkeley Laboratory

and Department of Chemistrv, University of California,

o Berkeley, California 94720

ABSTRACT
"The structure, stability, adsorption and reaction characteristics

of a large number of platinum single crystal surfaces were sfudied.
The techniques of low—energy electron diff;action and Auger electron
spectroscopy were used to determine the surface structure and
stability and adsorpfion characteristics of the crystals. Quadrapole
mass spectrometer was used to measure the feaction rates of hydrocarbons
on the varioué‘crystals.

“The qehydrogenafion and hydrogenolysis of cyclohexane and cyclohexene
were studied on platinuﬁ single crystal surfaces of varying atomic
surface structure at low pressures (10—6 Torr) in the temperature range
of 300-723°K. Atomic steps have been identified as the active sites-
for C-H and H-H bond breaking processes.' The dependence of the
dehydrogenation and hydfogenolysis rates on the platinum surface
structure revealedvkinks in the steps as active sites for C-C bond
scission in addition to their ability for breaking C-H and H-E bondé.
The active catalyst sufface was covered with a carbonaceous overlayer,
which was ordered or disordered. The properties of this overlayer
influence significantly both, the rate and the produét'distribution
of the catalytic reactions. An ekpanded classification of structure-

sensitive reactions is suggested.
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"The adsorption of'carbon'monoxideiwes studied by flash desorption
mass spectroscopy. On a series of stepped surfaces cut between the‘(lll)
and (001) planes ([110] zone), three distinct adsorption sites were
feund. One isvaSsociated with each type of low Miller Index terrace,
(111) ane (601), and a third stroﬁger binding site is associated with
tﬁe monatomic height steps separating tﬁe terraces. The heat of
déserption from these sites is 23.5, 24 and 29.6 kcal/mole, respectively.
The amount of CO which adsorbed in the high binding energy site is
pfdportionai to the number of step sites on the surface, confirming
the essignment to the step atom-CO interaction and not CO-CO inter-
aetions. The adsorbed CO is highly mebile on the Pt-(111) terraces.

" The equilibrium structﬁre and stability of high Miller Index
platinum has been studied on atomically clean surfaces. The stability.
has also been determined on crystals with knowvn impurities, oxygen
or carbon, on their surfaces. The equilibrium structure of the crystel
surface is directly related to the surface free energy, or surface
Ateﬁsion,‘of the crystal. The atomically clean surfaces of Pt exhibit
the largest region of stabiiity of the monatomic height step configuration.
The surfaces vicinal to the (111) plane and between the (111) and (001)
planes are stable in a monatomic height step structure. Near.the (011)
plane and between the (0l1) and (OOl)vplanes either a hill and valley
seructure or double height steps are stable; When heated in an oxygen
ambient, the surfaces becoﬁe unstable. Near the (001) plane, as little
as 0.01 monolayers of oxygen cause the formation of a hill and valley
strucfure composed of (001) and (113) and/or (012) planes, and near‘

the (111) plane, the steps become multiple height. Near the (011)
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'~ plane, the steps are already unstable and no fﬁrther changes result
from either oxygen or carbon'_adsorption.‘~ Graphitic carbon of the
(001)'vicinal surfaces induces the formation of a similar hill and
valley structure to that formed by oxygen. On (111) vicinal surfaces
between the (112) and (445) surfaces (between Pt(S)—[B(lli)X(OOl)] and
Pt(S)—[9(lll)X(001)]), a monolayer of graphitic carbon causes the
formation of a hill and valley structure consisting of the (112) and
(445).p1anes and not the‘low Miller Index plane, (111). The (445)
plane is stabilized from the coincidence of the Pt and graphite

lattices at a nine Pt atom terrace width.
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1. INTRODUCTION

j‘The catalytic processing of hydrocarbons is very important
industrially, particularly in the petroleum refining inaustry. In
petroieum refining, there are three main catalytic processes, cracking,
hydfdbracking and reforming. There are also several minor catalytic
processes such as hydrodesulferization and dimerization. Cracking
and:ﬁydrocracking use highly acidic catalysts to break lérge hydrocarboﬁ
moleéules‘into smaller, more useful ﬁolecules through carbonium ion
_ﬁeéhahisms. In the industrial reforming catalysts, there is a
metai'disperseq on a mildly acidic support, a high surface area
alumina.l The acidic compénent proﬁotes isomerization of parafinnic
molecules into higher octane branched hydrocarbons. fhe metal component
of the catalyst dehydrogenates_énd dehydrocyclizes the hydrocarbons
toahigher octane forﬁs. The metal used in reforming catalysts is
almost exclﬁsively Pt. Alloying of two or more metals is coming
iﬁtd'use, but long term stability of the small alloy particles is
difficult to achie\}e.2 Alloys wiil be advantageous industrially
because it may_be possible to tailor the catalyst for selectivity
to the desired pfoducts to a greater degree than now possible.B’14
However, why Pt is better as a reforming catalyst and how it works is
really not known in any detéil.

In an industrial cgtalyst, both the metal and the support are
éctiVe catalytically. = Their is a synergistic relationship between the
components which makes the composite cétaly;t more active than its
components.l’5 There is one function, that of dehydrogenation, which

is solely performed by the metal, and is the main subject of this



thesis. The pure metal component has been studied in its highly
dispersed state by supporting it on an acidically neutral support such

as silica, ’

making it into a very fine powder8 and by forming thin
films of the metal on smooth substrates‘.9 Csicsery and Burnett6 showed
thattfhe Pt metal component can perfqrm isomerization and cyclization

as well as dehydrogenation. They found the mechanism of isoalkane
fdrmétion on Pt on silica not to be a methyl shift type of mechanism

és foﬁnd with acid catalysts but a ring opening reaction involving

" simple bond scission. Their proposed scheme.is shown in Fig. 1-1. The
ﬁ—heptane would cyclize into methylcyclohexane, 1;2—dimethylcyclopentané
or efhylcyclopentane.' When the ring was opened at the various positions
showﬁ in Fig. 1-1, the iéomerization products were 2-methylhexane,
3-methylhexane, 2,3—dimeth1ypentane and 3-ethlypentane. They found the
products were produced in a ratio cqrresponding to equal ring opening
probabilities at each position and equal formation probabilities of the
fhreé ring compounds. The methylcyclohexane also dehydrogenated to

form toluene. Others have found an unequal ring opening probability8’10
for dimethlycyclopentanes. The ring opening of methlyc&clopenténe

9,11-15

is also important in the isomerization of n-hexane. Anderson

and Averyl6-1‘8 and others8’19

have found a bond shift mechanism
prominent on Pt catalysts. This mechanisﬁ méy involve a multiple bond
between two carbon atomé of the hydrocarbon and the metal surface as
shown in Fig. 1-2a. If the n-heptane, in this case, is 1,3- (2,4-)
diadsorbed, a bond shift can occur which forms 2- (3¥)methylhexane.

This mechanismalso gives the possible path to the formation of the cyclic

intermediates. 0 If the n-heptane is 2,6- (1,6- or 1,5-) diadsorbed as
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Fig. 1-1. Possible path for the isomerization of n-heptane via
a 5 or 6-member ring intermediate (from Csicsery

and Burnett6).
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shown in Fig. 1—25, it can cyclize to form 1,2-dimethylcyclopentane
(methylcyclohexane or ethylcyclopentane). These species then undergo
thevéimple ring opening hydrogenolysis reactiéns discussed earlier.

It is interesting that some investigators found thé'predominance
of ﬁhe bond shift mechanism,8 while others found the cyclic ring

'openiﬁg mechanism exclusively.6 This type of behavior was classified

19,21-24

by Bdudart and recently more elaborately by Manogue and Katzer25
and Biakely and Somorjai.26 Boudart's classification separates peactions
into fwo groups: in the first, the specific reaction rate depends on

the mean mefal particle size of the catalyst, and in the second, the
specific reaction rate is independent of the mean particie size of the
catalyst..vChanges in the mean metal particle sizevare‘generally
accomplished by sintering the catalyst, and imply changes in the surface
structure of the metal particie, althbugh how the surface structure
changes is unknown. A number of other reactions besides the isomerization
reactioné just described have been catagorized. The deﬁydrogenation of

cycldhexane26_31.and the hydrogenation of benzgnez8’32a33

are independent
of the metal particle size on éﬁpported éatalysts and polycrystalline
foils. The dehydrogenation of cyclohexane is investigated on controlled
surface structures in this thesis. The hydrogenation of cyclopropane

23,34

to propane is structure insensitive on both supported catalysts and

single crystal catalysts. The hydrogen-deuterium exchange has been

. ‘s 28,35
found structure insensitive on supported catalysts

at high pressures,
. . .36 . o
but Bernasek and Somorjai found the reaction to be structure sensitive

on single crystal catalysts at low pressure. Possibly all the structure

insensitive reactions proceed through a structure sensitive step, but



the sensitive step is not rate limiting at the conditions of the
expériment.> This thesis demonstrates this for the dehydrogenation
of cyclohexane.
There are many structure sensitive reactions, and this catagory
i v . . . . .25 .
has been separated into three classes by Monogue and Katzer. Primary
structure sensitivity is the effect of changing the metal particle size

17,19

on the specific'reaction rate. Neopentane hydrogenolysis, deuterium

S . 37 38 . . . o
exchange of benzene and cyclopentanes, isomeérizations of n-héxanes,

R ;
dehydrocyclization of n-heptane,29’39 40,41

hydrogenolysis of ethane
and hydrogenolysis of methylcyclopentane42 among others have been
shoﬁn to be étructure sensitive to changes in the mean particle size.
This'thgsis also presents data that the dehydrogenation of cyclohexane,
dehydfdéyclization of n-heptane and the hydrogenolysis of cyclohexane
aré strﬁéturé sensitive on single cryétal catalysts. The above:
stuaies were performed on catalysts which were thoroughiy reduced in HZ;
The‘Cétalytic surface should be clean. Their surface structure should
béfthe equilibrium shapeAfor‘fhe HZ or vacuum reduction atmosphere.

When the catalyst is treated in O, reactions which do not exhibit primary

2

structure sensitive can show quite marked particle size dependences,
such as cyclopropane hydrogenation,23 cyclohexane dehydrogenation

aﬁd éthylene hydrogenation..43 This has been classified as "secondary
stfucture sensitivity”,_zS along with the effect of particle size on the

self poisoning reactions of hydrocarbons. Cyclohexane dehydrogenation,

46,47 48,49
a

ethlyené hydrogenation, n-heptane dehydrocyclization nd

. . . 50-53 . . .
oxidation reactions on Pt, .as well as data in this thesis, show

self poisoning which is dependent on the surface structure of the
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catélyst. A third kind of particle size sensitivity is the effect
bf Vef& small particles (<10&) on adsorption54 and reactions.

This thesis.uées the surface sensitive techniques of low-energy
elécﬁfon diffraction (LEED) and Auger electroﬁ spectroscopy (AES)
to'aS§ess the structure and cleanliness of the surface of siﬁgle
crystals éf Pt. The overall orientation of the surface and, therefore,
its.structure can be readily varied simplyjby changing the angle of
cut from the single crystal rod. Twenty-one samples of different.
sﬁrféce orientation have been studied to determine the stability and
structure of their‘surface. This has been studied for clean surfaces
as determined by AES, for graphite ;overed surfaces and for sﬁrfaces
heatéd in an oxygen ambient. There are ﬁérked differences in the
Stébflity and structure of the surfaces under the different conditions;
these differences and their possible relationship to catalysis and
structure sensitivity are discussed in Chapter 4.

The effect of surface structure omn thé adsorption of small ﬁdlecules,
carbén monoxide and hydrogen, is considered in Chaptér 5. The heat of
adsorption and the overlayer structure are dependent on thé surface
structure of the catalyst, although the amount adsorbed is, within a
factor of two, independent of the surface strﬁcture. On supported
catalysts, the‘adsorption decreases on the larger particles.56 Flash
desorption mass spectroscopy and LEED have Been_used té chafacterize
the.adsorbates.

The specific reaction rates of several hyd;ocarbon reactions have
been stqdied at low pressures using a quadrapole mass spectrometer as a

detector on the various single crystal catalyst surfaces and are reported
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in Chépter 6. The use of single crystal catalysts allows the
unémbiguous determination of the surface structure sensitivity of the
'feaéiions. The structure may be readily varied and characterized, and
aiI'Oriéntations'of surfaces may be Studiéd (althoﬁgh practically only
ajémall sampling has been studied). The main reactioné studied were
the dehydrogenation and hydrogenolysis (ring opening) of cyclohexane
aﬁd the dehydrogenation of cyclohexené. The dehydrocyclization reactions
of n-heptane were also studied,'along with the isomerization of
iéébuténe;. From‘these studies came‘a‘sigﬁificant‘discovery: the
identification of active sites for the C-H and H-H and the c-C, C-H
and H-H bond breaking rea’ctions?6’57 Thése sites are at a monatomic
héight step in the metal surface and at a kink in a monatomic height
step;’respectively. This confirms previous speculations that low
coordination nUmbér'metal atoms are the'site of catalyticAreaCtiOns,
~and, in particular, that a corner atom ér kink atom, is necessary for
thé‘rihg bpening hydrogenblysis reaction. The self poisoning of

the cyclohéxane dehydrogenation reaction is found to be_dependent on
both metal surface structure and.carbohéceous residue. An ordered
residue does not deactivate the catalyst, while a disordered, amorphous
deposit causes deactivation. This is related to the expanded
classification of structﬁre'sensitivity. A model is proposed which
-relates the carbonaceous residues formed at low pressures and the

necessity of high hydrogen pressure to the maintenance catalytic

activity on a metal surface.
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2. EXPERIMENTAL PROCEDURES

2.1. Surface Characterization

2;1.1. Expérimental Apparatus

| The experimental apparatus used in this invesﬁigation was a
standard early model Varian LEED chamber. It is pictured in Fig. 2.1
and éﬁown,schematically in Fig. 2.2. A 4-grid Varian LEED optics
with a bariated nickel Phillips cola—cathode electron source is
mourited opposite the viewing port. The experimental operating.
proBiems of LEED have been described by Taylor58 and Lyon.59 Chesters
and Somorj3160 recently reviewed exberimental'results; theoretical
probiems have been reviewed by Farrell and Sorriorjai61 and recently by
Kesmodel and Somorj'ai.62

Briefly, as depicted in Fig. 2.3, a well collimated beam of

monochromatic energy electrons in thelenergy range of 10 to 450 eV
is incident on the single crystal sample. The back scattering
diffractidn beams are displayed on post-acceleration phosphorized
(P-ll63) screen where the diffraction spots may be viewed or photographed.
A Crown Graphic camera with a £3.5 lens and Polaroid type 57 (ASA 3000)
sheet film with an exposure time of 45 sec are used to photograph the
diffraction pattern. Low Energy Electron Diffraction is a surface
sensitive technique because of the strong interaction of the electrons
with‘the solid as compared to X-ray difffaction; this is depicted in
Fig. 2-4. .In the range of electron energies used the mean free path
of an glectron (mean distance between ineiastic collisions)vvaries

4
from. approximately 3 to lOK (see the universal curve in Fig. 2-5).6
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Schematic diagram of experimental apparatus showing LEED

optics, quadrapole mass spectrometry gas handling and
pumping system. -
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Fig. 2-3. Idealized schematic diagram of LEED optics demonstrating diffraction’

of low energy electroms.
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Fig. 2-4. Comparison of scattering abilities of X-rays and low

energy electrons.

X-rays penetrate 104A or more into a

solid while low energy electrons penetrate ~10A.
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Because of the strong interaction, all the diffraétion iﬁformation
comes from the top 3 to 5 atomic layers of the solid,65 as opposed to
X-ray diffraction where typical penetrations are 1045 gr‘greater.

.The LEED optics is also used as a retérding field Aﬁger electron
spéétrometer. Auger Electron Spectroscopy (AES) has been reviewed
By c. C. Chang,66 Szalkowski and Somorjai,67 Szalkc_jwski,64 and recently
by Palmberg.68 The AES electronics were designed and built in the
LBL electronicvshops.69 A 12B cathode ray tube electron gun fitted
withxa 0.030%0.001x0.670 in. tﬁngsten ribbon was used as the primary
source of electrons for the AES spectra. The primary used in
practically all spectra was 2-keV.

A representation of the physics of the Auger process is shown
in Fig. 2-6. A vacancy is created in a low lying electron shell of
energy Ez py the primary incident electrons. Another electron from
a'hiéher shell of energy Ey drops down énd fills the lower vacancy
‘releasing energy Eé - Ey' This energy ca# be ‘dissipated by the
release of a photon as in fluorescence or by ejecting another electron
as in the Auger process. This‘thi}d electron (second ioﬁization of
the atom) from a shell of energy Ex is ejected from the solid with
kinetic energy: Ek = Ez - Ey - EX + AE. The kinetié energy of the
electron is meaéured in the retarding field spectrometer as shown
in Fig. 2-7. THe AE term must be included since there is some shifting
~ or relaxation of enérgy levels with the. two ionizatiéns of the atom. The

small mean free path of the useful Auger electrons (kinetic energy

of 20 to 1000 eV) makes the surface sensitivity of AES similar to LEED.
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WoXpvo (21 A
b , Vacuum level
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—Ewb(Z)—— T IR T 77777777 777772 W, band
‘ X1, 7T012-7T160 -
2-6. Schematic diagram of ﬁhysics of Auger process. A hole is

created in W, band which is filled by an electron from the
Xp band; the energy released ejects a second electron from

'the solid. Its kinetic energy is measured, allowing
elemental characterization.
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Fig. 2-7. Schematic diagram of the retarding field spectrometer
used to measure the Auger electron spectra.
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A UTI, model 100C quadrapole mass spectrometer was mounted in
direct line of sife with the samples. The dual tungsten
filaments were replaced with a single thoriated iridium filament
to reduce the background reaction rate. A Physical Electronics industries,
Edina, MN, ion bombardment gun model PHI-2000 was mounted opposite
the mass spectrometer. Gases were admitted to the chamber through
two Varian bakeable leak valves directly onto the sample via an
| 026 gauge hypodermic needle for the hydrogen and an 014 gauge needle
for the condensable vapors. The lS.Iiter stainless steel vacuum
chamber was pumped by a 140 %/S Vac-Ion pump separated from the chamber
by a Thermionics stainless steel bellows sealed gate valve. The
chamber could be rough pumped tol2><j_0—4 Torr by two liquid nitrogen
cooled molecular sieve adsorption pumps, and could be baked at 250°C
using heating tapes and wrapping in aluminum foil. An overpressure-
timer bakeout control was built in the LBL electronics shops.70 The
gas inlet manifold was bakeable with héating tapes._ The liquid
h?drocarbons were purified by vacuum distillation retaining only the
middle third of the distillate. Gaseé (H2, 02, co, Ar,.etc) were
research grade and used directly from the bottles. The liquid
hydrocarbons were obtained from Cﬁemistry Stores or Van-Waters-Rogers
Co;, San Francisco, CA and gaées from Mattheson'Corp. The crystal
samples were mounted on a Varian Sample Manipulator refitted with
mini-conflat flange mounted, electrical feedthroughs. The two single
crystallsamples'were mounted as shown in Fig. 2-8 on 0.010 in.

platinum thermocouple wire. The thick supports for the wires are

~platinum and the upper supports are 304 stainless steel. On the top
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XBB 7510~7341

Photograph of LEED chamber and close up of a mounted
single crystal. (a) Ion bombardment gun, (b) sample
manipulator, (c) Auger electron gun, (d) quadrupole mass
spectrometer ionizer, (e) LEED optics, (f) gas inlet
lines and (g) Pt single crystal mounted on 0.010

in Pt wire.
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edge of each crystal a 0.005 in. dia wire Pt~Pt-10% Rh thermocouple is
spot welded. This arrangement allows the samples to be independently
heated by conduction from the resistively heated wires to approximately

1400°C and keepsithe amount of heated polycrystalline Pt to a minimum.

2.1.2. Platinum Single Crystal Surface Preparation

The platinum single crystals used in these studies were prepéred
from several different.single crystal rods. All bﬁt one of the 7 mm
diameter single cfystal rods were purchased from Materials Research
Corp. Materials Reseérch Corporation'claims a purity of 99.997% before
the metal is triply zone refined; the third slow pass produces the single
crystal. The claiméd impﬁrity'levels are found in Table 2-1. The
other supplier was Research Organic/Inorganic Corp., Sunnyvale, CA,
whose crystal was also of.similar origin‘and professed purity.

The crystallographic orientation of the single cfystal samples
used was determined by a Laue back—reflection X-ray camera. The
orientation of the crystal could be determined to within approximately
1/4 to 1/3° while in the camera. Slices 0.5 to 1.2 mm.
thick were cut from the single crystal rods by a Metals Research,
Cambridge, England spark erosion saw at a rate of 7.mm/45 min with
a non-rotating brass blade. The spark saw was only accurate to
approximately 1°. The slices were mounted in "Koldmount'" an eposy resin
soluble in methyl-ethylketone manufactured by Vernon-Benshoff Co.,
Albany, NY for the polishing process. The crystals were polished §n
four successively finer gradés of emery paper from 20u to 10u, then

1y diamond paste on a rotéting wheel and the final step of 0.05u
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Table 2-1. Typical mass spectrographic analysis
of "Marz'" grade platinum.

- Element . Content (ppm) Element Content (ppm)
L o <0.0002 Rh 15.0
Be <0.02 T Pd 0.6
B 0.0003 Ag . 0.012
C 10.0 Cd <0.025
H, 1.5 : In 0.03
o, 10.0 Sb : <0.004
N, 3.0 Sn 0.08
F <0.003 Te <0.008
Na <0.06 I . <0.002
Mg ' <0.06 Cs <0.002
Al 7.0 Ba <0.003
Si 7.0 ‘La <0.002
P ' 0.002 Ce ' <0.002
s 0.2 Pr <0.002
Cl 0.4 . Nd <0.01
K 0.1 Sm ' <0.01
Ca 0.05 Eu <0.005
Sc <0.03 : Gd <0.01
Ti 2.5 Tb <0.003
v 0.25 Dy : <0.01
Cr 2.5 Ho £0.003
Mn 0.6 Er <0.008
Fe 30.0 Tm <0.003
Co 0.3 Yh <0.06
Ni 2.5 Lu <0.063
Cu 0.05 Hf _ 0.0%
Zn 0.05 Ta _ < 5.0
Ga 0.01 Cw , 5.0
Ge <0.004 Re : < 0.02
As 0.01 Os <0.08
Se <0.003 . Ir 0.3
Br 0.008 Au <0.3
Rb <0.01 He <0.15
Sr _ <0.003 Tl <0.15
Y <0.01 Pb <0.6
Zr 2.5 Bi <0.06

' Nb 1.0 Th <0.07
Mo <0.3 U _’ <0.07

Ru ’ 0.3
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alumina‘powder in a water slurry on a Qibrator. The orientation was
then rechecked in the Laue camera before removing from the Koldmdunt.
If the orientation was not satisfactoryi(withih 1/2° of desired
orientation), the crystal was ground with eﬁery‘paper on a facing
wheel in the camera gonimeter'to the prober‘;rientation and the
‘poliéhing procedure repeated. The crystal was removed from the Kold-
mount and the back face paralleled to the front face with a metal rod
and snug fitting concentric sleeve. The back face is then polished.
Thé Koldmount must be carefuliy and completely removed from the crystal
with both boiling methyl-ethyl ketone and final rinse With‘reagent
grade acetone. The Koldmount appears to contain Ca and S and
contaminates the platinum if not completely removed.

2.1.3. Stepped Surface Nomenclature

The Laue back reflection X~ray pattern only gives information on
the macroscopic normal to the surface, the crystallographic orientation
of the bulk crystal. This is the Miller Index of the crystal
orientation, which is the same whether the surface configuration is
monatomic height steps, multiplevheight steps or large facets of
low index planes. To overcome thisvdisadvantage, a surface nomenclature
was proposed by Lang, Joyner and Somgrﬁai?l which uses pairs of
adjacent low index planes to describe the.surface atomic configuration.
A Pt-(976) surface which is depictea in.Fig. 2-9 is more readily
visualized as a Pt(S)-[7(111)%x(310)]. Briefiy, Pt(S) means a platinum
stepped surface, 7(111) refers to the 7 atom wide terrace of (111)
orientation and x1(310) is the orientation of the monatomic height

\

steps which separate the (111) orientation terraces. The {310}
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Fig. 2-9. (a) Schematic drawing of the Pt(s)-~[7(111) (310)] surface
"~ showing 7 atom wide terraces and kink every third atom
along the step. (b) Stereographic projection triangle

showing method for determination of kink step orientation
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is a pole direction normal to the plane on the opposite boundary

of the stereographic triangle from the low index pole. As shown on the
stéreographic'triangle in Fig. 2-9b, it is‘the pole at the intersection
of the zone line, [551] in this case,_through the terrace pole, (Ill),
and ﬁhe surface pole, (579), with the boundary zone line [100] of the
stereographic triangle. This procedure can be applied to determine

the step orientation from any surface.

2.1.4. Removal of Bulk Impurities from the Pt Samples

The major impuritieés in the zone refined Pt single crystal rods
vary greatly from rod to rod. The rods all contained greater
amounts of Ca than the specification of 0.05 ppm. (One rod which was
not used in this investigétion when returned to manufacturer was
admitted to have over specification Ca.) In a 1 mm thick crystal,
l.O'bpm corresponds approximately 10 monolayers or 1016 atoms of Ca.
The other major impurities were C, pregent in a%l rods,and S and P
present in oﬁe rod each. No other impurities could be found inlany
samples. The Auger electron spectra in Fig. 2-10 are from a clean
Pt surface and a Pt crystal with the impurities segregated to the
surface.

The removal of the C, S and P‘impurities could readily be -
accqmplished by oxidation at low oxygen pressure, 5><10_.8 Torr. The
rate'limiting step in the removal of impurities was their diffusion
to the surface; sulfur and phosphorous were particularly slow around
850°C where C diffuses readily and is easily removed. Around 1100°C,
the rates of S and P diffusion are about the same as their oxidation

rate. If the surface is free of S and P after an 02 treatment at
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Auger Electron Spectra of
Clean and Contoaminated Platinum
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Fig. 2-10. Auger spectrum of contaminated (upper curve) and
clean (lower curve) Pt single crystal surfaces.
Contaminates shown are P, S, C, Ca and O.
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- 1100°C, fhe bulk has been cleaned.

jCalcium represents a much greater problem invthat the oxide is not
volitale. There were two méthods used to remové the Ca from thevbulk.
A high concentration of calciﬁm impurity% which possibly remained
in'tﬁe sample from the reduction of the platinum ore, could only be
removed by extensive oxidative heat treatments. " The sampie was oxidized
at 1500°K in 10—5 Torr of oxygen for 24-48 hr. This treatment fixes
fﬁe calcium on the surface in the form of a stable oxide which will
deéémpose with calcium vaporization from the surface with brief heating
to 1900°K. A small calcium impurity may be removed also by argon
ion bombardment and 1100°K annéal-cycles.

2.1.5. Calcium Solubility in Pt

Calcium has an interesting distributipn within the Pt.single
crystal rod. The solubility of Ca in Pt appears to be endothermic,
siﬁiiar to that of C.72 Figure 2-11 shows the ratio of the Cé 295 eV
Auger peak height to the Pt 240 eV peak height on an unoxidized
(b Aﬁger peak in noise) Pt(S)-[6(111)%(100)] surface after 2 min
anneals af the given temperature. The highest coverage of Ca observed
on an unoxidized surface on any samplé is Ca(295 eV)/Pt(240 eV) =~ 1.0.
The corresponding LEED pattern was a|_3 2|- A hexagonal close baCked
layer of Ca with its metallic radius fits 9 atoms into this unit cell
with a coverage of 0.473. The initial rise is caused by insufficient
time to reach equilibrium at the lower temperatures (<1000°C). Above
1100°C, the Ca goes'back into solution in the bulk Pt. The spatial

distribution of Ca in the Pt rods cross-section is depicted in Fig. 2-11b.

On highly contaminated crystals which were oxidized, the Ca-Pt-Oxide
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Fig. 2-11. Ratio of Auger single from Ca-292 eV to Pt-238 eV peaks
as (a) function of temperature for 1 min anncals at each
temperature and (b) as a function of position cross

single crystal sample after 1300°K anneal. This pattern
is typical of all crystals.
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could be seen as a grayish discoloration. Since the cut sample heated
uniformly and the oxygen flux was uniform, the oxide distribution

should represent the Ca distribution in the Pt.

2.2. Mass Spectrometer Calibrations

2.2.1. The Mass Spectrometer Characteristics

There are many variables which can effect the observed muss

- spectrum of a given molecule. The ionizing energy of the electrons
affecés the fragmentation of the organic molecules studied; the higher
the énergy of the electrons the greater the fragmentation. The
geométry of the ionizer, along with the applied potentials, affects
the collection and injection efficiency of the ionized fragments into
the filtering section. The type of filtering, quadfapole or magnetic
sector, together with the resolution setting, affects the transmission
of the ions to the catcher. Faraday cups and electron multipliers
have different responses to various mass ions; the Faraday cup signal
is pfoportional to the number ions and independént of mass and the
eléctron multipiier signal is theoretically proportional to the
momentum of the ion (Pi = /EEIE;) striking ;he first dynode times

the gain throughlthe dynode chain (103—107) and dependent on the
square root of the mass. In actuality there is a mass dependence
between 1 amu and about 25 amu which is approximately proportional

to Vmi. Between 25 amu and 100 amu there is no mass dependence on

Y

the gain of the electron multiplier. For these reasons, it was
necessary to determine the cracking pattern of each molecule of
interest under the same spectrometer condition used during the

experiments.
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The_mass spectrometer used is a UTI 100C quadrapole residual
gas analyzer (RGA). In a space charge effect ionizer each eiéctron
emitted from the filament makes more than one pass through the
ioniéation zone and can increase the number of ions createa per
mbleculé by an order of magnitude over the normal arrangements. The
iéniéer potentials used in all the experiments and calibrations are
shown in Table 2-2. The ion energy and focus values are adjusted
to nonoptimﬁm74 values to allow for the measurement of mass 2 ions

+ : ‘
(H >-with the Faraday cup. With the higher E_ and lower E

2 I g0 @ large

number of electrons (approximately equivalent to a 1><10_7 Torr negative
current) regch the Faraday cup and make. the positive ion current
difficult fo measure. - This is not a problem at higher masses

because the filtering‘potentials on the rods are sufficient to exclude
electrons. The electron energy is reduced to decrease fragmentation

and the emission current is reduced to decrease filament temperature

and which in turn reduces reactions of hydrocarbons on the filaments.

M
The resolution control is set for the resolution of M ~ 2M where M

is the ion mass the AM is the full width at half.maximum of the mass
peak which maintains maximum signal. The resoiution is determined

by the ratio of the rf to dc.voltages on the filtering rods. The
instrument has both an éiectron multiplier and a Faraday cup, although
the Faraday cup was used for all the calibrations and most of the

reactions.
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Table 2-2. Detuning of ionizer,po”éllow measurement of H,_ -

with Faraday cup. / 2

thiwumﬂ Values
Settings Used
Ion Energy ,///15 10
Electron Energy 70 59
Focus ' =20 =40

-
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2.2.2. Calibration Procedure

: A nude ion gauge with tungsten filaments was used as the standard
for the calibrations. Since the geometry was not changed between
calibrations of the various gases, rough estimates could be made of
the actual pressures of the gases using the calibrations given by

. ‘ . . 75-84
various groups for nude ionization gauges.

Table 2-3 presents
a summary of these values. All pressures given in this text are uncorrected
ionization gauge pressures unless specifically noted; all reacfion
rates are determined usipg uncorrected ionization gauge pressures.

The calibrations were performed with the ion pump gate value
partially ciosed. The reduced pumping speed from the chamber to the
ion pump, about.l—2 /s, was much 1owef than the pumping speed of

oL 85
the ion pump. This reduction minimized backstreaming of hydrogen

or C,H

and small hydrocarbons such as CH4 ol

The background was allowed
increase up to a factor pressure of two upon partially closing the

gate valve, but the pressure was kept under 2><10_9 Torr. A maés spectra
was taken of the mass range of interest to determine the background
gases' contribution to each mass peak.

The mass spectrometer calibrations were made at several different
pressures. This was done by increasing\the flow'of the gas into the
chamber at a constant gate valve closure. The background contribution
of each mass peak was subtracted from the spectra of the gas. The
resultant mass spectrometer signal for the parent peak (mass peak at
~molecular weight of molecule) was plotted against the recorded ionization

gauge pressure corrected for the-background pressure. The slope of this

line through the origin gives the calibration factor shown in column



Table 2-3. Ionization gauge sensitivities for Bayard-Alpert gauge.

References .

75 76 77 78 79 80 81 82 83 84

Accelerating Voltage ‘
260 150 145 130 150 150 190
Ionization Gauge Sensitivity

common S/sy SISy SIs,, 's/sAr SISy SISy SISy - SISy SISy SISy
He 0.15 ——— 0.17 0.13 0.27 0.18 0.22 0.22 0.18 0.17
Ne -—- - 0.26 0.22 —— 0.31 0.38 0.40 0.32 -—-
Ar 1.30 — 1.00 1.00 1.79 1.42 1.35 1.49 1.42 1.42
Kr — ——=  1.53  1.40 -—— 1.97 1.81  2.06 1.9 —
‘e —— 2,72 2.22  2.02 -— 2.8 2.50 2.80  2.31 —
N, 1.00 1,00 — - 1,00 1,00 1,00 1,00 1.00  1.00
H, - — _— - -——  0.42  0.38 0.3  0.41  0.42
o, 1.25 -—- — — -——- 0.87 0.85 1.15 0.78  0.88
co -—=  1.09 — -— --- 1.11  0.85 - 0.87 1.01  0.99
co, — — ——- —_— = 1.43 1.45  1.54  1.39  1.45
Alr 1.05 — _— - —_— — — -—  0.91 —
57, _— _— — _— _— _— —- —— 2,20 ——
cL, -—- - o -—  1.14 —- — - -— —-
o, -—= -—- -—- -— - -— -—- - -— 1.6
C -— - -— -— — - -— -—- -— 2.1
C Hg ~-= - - -—- -—- - - -— —-— 2.6
C6H6 - — —-— —— -— -— - _— -— 3.75
CEHSCH -—— - -— - — — — —— — 6.8

_ZE__



§) G G0 04 7 U8 4 £ 8

-33-

3 of Table 2-4. The peak heights of the various mass fragments relative
to either fhe parent peak or brimary peak (mass peak with largest '
signal) of the gas were found, after subtracting the background
contribution, by taking the mean of the relative values from each
preésure;

2.2.3. Comparison with API Tables

Table 2-4 shows the values of the relative peak heights for all
the fragments of the.hydrocarbon molecules studied for both the UTI 100C
and the National Bureau of Standards (NBS) contribution to the API
Pfoject 44.86 As can be seen from Table 2;4, there ié general agreement
between the relative peak heights of the two types of instruments.

The agreement between two laboratories, who contributed to the API
Projeét 44 and used equivalent instruments, is slightly better. This
is demonstrated for benzene with contributions by the NBS and the
Atlantic Refining Co. using Consolidated Mass Spectrometers. There

is better agreement wiFhin a group of peaks where the variances, which
are a function of mass, are diminished than between two separated
groups where variances are more important. Most of the data was taken
with the Faraday cup; however, the electron multiplier was also used.
Interestingly, this changes the relative cracking patterns of the
hydrocarbons only a few percent. The gain of the electron multiplier
changes reasonably linearly from 1.72?<103 at 84 amu to l.89><103 at 28 amu.
The data from the UTI RGA is used for the reduction of reaction

rate data when accuracy is desired. On preliminary experiments where

only trends are desired, the API data was used.
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2.2.4. Llinearity of Mass Spectrometer Signal

‘The linearity of the mass spectrometer<fbr H2 and N2 is shown
in Fig. 2-12. This is highly dependent on the geometry of the ionizer
and in particulaf the filament placement. The instrumént signal is
linearly proportional to the ion gauge pressure up to 1X10_4_Torr and
recommended in the UTI operating manual. The spectrometer signal is
linear proportional to the ion gauge pressure up té 1><10_4 Torr and
then bends over quite sharply and decreases with pressure above 5X10_4'Torr.
It appears that ion-molecule reactions occur since the 3 amu peak for Hz
becomes prevalent above 5><10—4 Torr. The ion gauge preésure reading
itself is non-linear in this region but maintains a positive slope.
The older EAT quadrapoles mass spectrometers are linear at higher pressures,
betwéen SXIO*é and .l><10_3 Torr, because of the different ionizer and
smaller diameter filtering rods (shorter fiight path in quadrapole

section).

2.3. LEED Chamber as a Low Pressure Reactor

2.3.1. General Types of Reactors

There are several types of reactor configurations which can be
used to measure kinetics of reactions on small area crystal surfaces.
The reactors vary mainly by the method in which reactants are
introduced and products removed. 1In a batch reactor, the reactants
are introduced all at once at time (t) = zero and are consumed without
replacement while being coﬁtinually mixed. In a flow reactor, products
are ¢ontinuously withdrawn and reactants continuously feed. A semi-bath
réactor is a combination of the batch and flow, using features of both

types which are best suited for control of particular reaction studied.



Mass Spectrometer Signal (Faraday Cup-piéo amps)
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2-12. TIon gauge pressure vs mass spectrometer signal forlH2 and N2

demonstrating non-linearity above 1x10™% Torr.
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The various types of reactors are illustrated in Fig. 2-13 along
with conversion profiles. The batch reactor configuration which was
used in the n~heptane dehydrocyclization experimeﬁts is discussed
in detail in Section 2.3.3; A-semibatch reactor usually starts with
one reactant in the reactor with the other reactant added slowly; the
reaction mixture containing the product and reactant is either withdrawn
slowly to maintain constant volume or allowed to accumulate. Several
alternatives are depicted in Fig. 2—13b. Kinetic data aremore difficult
to obtain frém these reactors as a rééult of the varying composition
of the reactants with time; however, they offer good control of reaction
rate. This method of reaction wasvnot used in this investigation
.because of the difficulty in analyzing the_kinetic data. There are two
types of flow reactors as seen in Figs 2-13c and d, the back-mix reactor
and the plug-flow reactor. The back mix reactor was used in the
cyclohexane aﬁd cyclohexéne dehydrogenation study and is described in
Section 2.3.4. 1In a plug—fiow reactor, which is the idealized fixed
bed industrial catalytic reactor, the concept is that each volume
element proceeds down the reactor with perfect radial.mixing but no
aiial mixing. The geometry of the single crystal catalyst and the
LEED chamber brevent this configuration from being used in thé low
pressure experimental studies. The plug-flow reactor depicted in
Fig. 2-13d is called an integral reactor since the rate equation must
be integrated to predict the reactor effluent composition. Another
form has only a small volume of catalyst and very small differential
con#ersions are achieved per pass of reactent through the catalyst. 1In

the differential reactor, the rate equation need not be integrated for
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Fig. 2-13. TIllustration of various types of reactors and conversion
curves for each. (a) Batch reactor, (b) several
versions of a semibatch reactor, (c¢) back-mix flow
reactor and (d) plug-flow reactor.
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the idfferential conversion achieved in one pass. For examples of a
differential reactor not plug flow reactor configuration, used in

N . . 88 :
single crystal catalytic work at high pressures see Kahn and Appendix 3B.

2.3.2. The Mass Balance

To analyze data from a reactor an accounting system for the
reactant and product molecules is needed. This done with the material
balance equation

rate of species rate of species rate of species rate of species

i flow into an | {1 flow out of an i removal by _ [ accumulation in
element of element of volume chemical reaction an element of
volume ' from element of volume
volume
(2-1)

This equation is entirely general and can be used for any system with

" any number of components.

A batch reactor is assumed well mixed throughout its entire volume
and the element of volume in Eq. (2-1) becomes the reactor volume VR.
The rates of flow in and out of all species are zero; so Eq. (2-1) reduces

into the familiar form for the removal of reactant i and a batch reactor

dc,

TR T TR

(2-2)

where Ri is the rate of reaction of species i. For example, in a second
order irreversible bimolecular reaction A + B + C + D, the conversion
of A,

X, (t) = [c,(t = 0) - C,(t)]/C,(t = 0) ,

A

assuming C, =C_, , is



Ll

(2-3)

This 1s the curve in Fig. 2-13a.

| A back-mix reactor is assumed to be well mixed throughout (the
element of volume is the entire reactor.volume VR); there is of course
no accumulation of reactant in the reactor ét steady state. Therefore,

Eq. (2-1) becomes for the back-mix reactor configuration

v C, .
o i,in

i,outvo E RiVR =0 . (2-4)

where v is the volumetric flow rate through the reactor and ¢ in
. >

and Ci‘out are the concentrations of species i in the input and outflow
R .
streams of the reactor. For the example used above, A+ B > C + D

the conversion of A is obtained by algerbraic manipulations only,

v R v | : |
(R _A _[R - x )2 -
XA = (v ) c ..~ (v ) kCA,in(l XA) . ‘ (2-5)
. o A,in o

The quantity T = (VR/VO) is the mean residence time of a‘molecule in the
reactor and is used to control the extent of conversion. Equation (2-5)
represenés the curve plotted in Fig. 2-13c. ,EQUations (2-2) and (2-4) -
will be specialized to a low preésure catalytic reactor like a LEED

chamber in the next sections.
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the idfferential conversion achieved in one pass. For examples of a
differential reactor not plug flow reactor configuration, used in

88
single crystal catalytic work at high pressures see Kahn and Appendix B.

2.3.2. The Mass Balance

To analyze data from a reactor an accounting system for the
reactant and product molecules is needed. This done with the material

balance equation

rate of species rate of species rate of species rate of species
i flow into an i flow out of an i removal by accumulation in
element of “\element of volume] \ chemical reaction] \ an element of
volume ‘ : from element of volume
' volume
(2-1)

This equation is entirely general and can be used for any éystem with
any number ofAcomponents.
A batch reactor is assumed well mixéd throughout its entire volufie
“and the element of volume in Eq. (2-1) becomes the reactor vqlume Ve
The rates of flow in and out of all species are zero; so Eq. (2-1) reduces

into the familiar form for the removal of reactant i and a batch reactor
- R, = — - (2—2)

where Ri is the rate of reaction of species i. For example; in a secofid
order irreversible bimolecular reaction A + B - C + D, the conversion
of A,

X,(e) = [Cc,(t =0) -c,(c)]/C,(t = 0) 5

A

assuming C, =C_ , is



=2 . | (2-3)
ATT-kc, € .

This is the curve in Fig. 2-~13a.

A back-mix reactor is assumed to be well mixed throughout (the
element of volume is the enti?e reactor yolume VR); there is of course
no accumulation of reactant»in the reactor ét steady state. Therefore,

Eq. (2—1) becomes for the back-mix reactor configuration

VoC:'L,in i,outvo - RiVR =0 _ (2-4)

where v, is the volumetric flow rate through the reactor and ¢ in
B g b

and Ci‘out are the concentrations of species i in the input and outflow
s .
streams of the reactor. For the example used above, A+ B+~ C + D

the conversion of A is obtained by algerbraic manipulations only,

' A R \Y/
=f{-RY__A _{_R} (1 - 2 o -
. XA = (v ) ¢ .= (v > kCA,in(l XA) . | (2-5)
: o A,in o

The quantity T = (VR/VO)ViS fhé mean residence time of a molecule in the
reactor and is used to control the extent of conversion. Equation (2-5)
represenﬁs fhe curve plotted in Fig. 2-13c. .Equations (2-2) and (2-4)

, .
will be specialized to a low pressure catalytic reactor like a LEED

chamber in the next sections.
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the idfferential conversion achieved in one pass. For examples of a
differential reactor not plug flow reactor configuration, used in

88
single crystal catalytic work at high pressures see Kahn and Appendix B.

2.3.2. The Mass Balance

To analyze data from a reactor an accounting system for the
reactant and product molecules is needed. This done with the material

balance equation

rate of species rate of species rate of species rate of species
i flow into an i flow out of an i removal by _ | accumulation in
element of “\element of volume] \ chemical reaction] \ an element of
volume ' from element of volume
: volume
(2-1)

This equation is entirely general and can be used for any system with
any number of_components.

A batch reactor is assumed well mixed throughout its entire volume
and the element of volume in Eq. (2-1) becomes the reactor vqlume Ve
The rates of flow in and out of all species are zero; so Eq. (2-1) reduces

into the familiar form for the removal of reactant i and a batch reactor

de,

"Ry T Tae : (2-2)

where Ri is the rate of reaction of species i. For example, in a second

order irreversible bimolecular reaction A + B - C + D, the conversion

’

of A,

X,(t) = [c

A6 =0 -G OIGE =0,

assuming C =C_ , is



(2-3)

This is the curve in‘Fig. 2-13a.

.A back-mix reactor is assumed to be well mixed throughout (the
element of volume is the entire reactor volume VR); there is of course
no acgumulation of reactant in the reactor ét steady state. Therefore,
Eq. (2-1) becomes for the back-mix réactor configuration |

VoCi,in - Ci,outvo E RiVR =0 (2-4)

where vo'is the volumetric flow rate through the reactor and ¢ in
. 3

and Ci‘out are the concentrations of species i in the input and outflow
bl

streams of the reactor. For the example used above, A+ B > C + D

the conversion of A is obtained by algerbraic manipulations only,

\Y R \Y .
-(_R A _[R - 2 (2=
XA - (v ) c. . (v ) kCA,:’Ln(]' XA) : (2-5)
. o A,in o v

The quantity T = (VR/VO) is the mean residence time of a molecule in the

reactor and is used to control the extent of conversion. Equation (2-5)
represents the curve plotted in Fig. 2-13c. Equations (2-2) and (2-4)
will be specialized to a low pressure catalytic reactor like a LEED

chamber in the next sections.
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the idfferential conversion achieved in one pass. For examples of a
differential reactor not plug flow reactor configuration, used in

- 38
single crystal catalytic work at high pressures see Kahn and Appendix B.

2.3.2. The Mass Balancé

To analyze data from a reactor an accounting system for the
reactant and product molecules is needed. This done with the material

balance equation

rate of species rate of species rate of species rate of species
i flow into an i flow out of an i removal by _ | accumulation in
element of "\ element of Volume__ chemical reaction] | an element of
volume ' from element of volume
V volume
(2-1

This équation is entirely general and can be used for any svstem with
any number ofvcomﬁonents.

A batch reactor is assumed well mixed throughout its entire volume
and the element of volume in Eq. (2-1) becomes the reactor vqlume VR'
The rates of flow in and out of all species are zero; so'Eq; (2-1) reduces

-

into the familiar form for the removal of reactant i and a batch reactor
- R, = —= - (2-2)

where Ri is the rate of. reaction of species i. For example, in a second
order irreversible bimolecular reaction A + B - C + D, the conversion

of A,

X,(6) = [c,(t = 0) - C,(©)]/C,(t =0)

assuming CA = CB’, is

(o] o
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dX
A L 2 2
Co Tdc = Ry = KC, - x)7
o o
which integrates to
' kCAbt _ : o
W T ¢ . (2-3)
o

This is the curve in Fig. 2~13a.

A back-mix reactor is assumed to be well mixed throughout (the

element of volume is the entire reactor volume VR); there is of course

. no accumulation of reactant in the reactor at steady state. Therefore,

Eq. (2-1) becomes for the back-mix reactor configuration

VoCi,in i,out'o RiVg =0 ' , (2-4)

where v, is the volumetric flow rate through the reactor and ¢ in
. . ?

and Cilout are the concentrations of species i in the input and outflow
9 . .

streams of the reactor. For the example used above, A+ B > C + D

the conversion of A is obtained by algerbraic manipulations only,

\ R v.\
=(_R A _(R (1 - 2 -

o/ "A,in 0

The quantity T = (VR/VO) is fhé mean residence time of a molecule in the
reactor and is used to control the extent of conversion. Equation (2-5)
represenfs the curve plotted in Fig. 2-13c. Equations (2-2) and (2-4)
will be specialized to a low preésure catalytic reactor like a LEED

chamber in the next sections.



-39~

the idfferential conversion achieved in one pass. For examplés of a
differential reactor not plug flow reactor configuration, used in

. v ] ) 388
single crystal catalytic work at high pressures see Kahn and Appendix B.

2.3.2. The Mass Balance

To analyze data from a reactor an accounting system for the
reactant and product molecules is needed. This done with the material

balance equation

rate of species rate of species rate of species rate of species
i flow into an i flow out of an i removal by _| accumulation in
element of “\element of volume] |\ chemical reaction] \ an element of
volume ' from element of volume
volume
(2-1)

This équation is entirely general and can be used for any sy;tem with
any number of»components.

A batch reactor is assumed well mixed throughout its entire volume
and the element of volume in Eq. (2-1) becomes the reactor vqlume VR'
The rates of flow in and out of all spe;ies are zero; so Eq. (2-1) reduces

into the familiar form for the removal of reactant i and a batch reactor
- R. = -——~i (2—2)

where Ri is the rate of reaction of species i. For example, in a second
order irreversible_bimoleculér reaction A + B »- C + D, the conversion
of A,

XA(t) = [c.(t = 0) - CA(t)]/CA(t = 0) ,

A

assuming C =C_ , 1is
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where v is the volumetric flow rate through the reactor and c,

—40-

dx,

Co ar = "Ry = kG, Q- X))
(e} (o]

which integrates to
X =0 . S (2-3)
This is the éurve in Fig. 2-13a.

A back-mix reactor is assumed to be well mixed throughout (the

element of volume is the entire reactor volume VR); there is of course

no accumulation of reactant in the reactor at steady state. Therefore,

Eq. (2-1) becomes for the back-mix reactor configuration

- -RV_=0 : (2-4)

v C, . . v
o i,in i,out o iR

i,in

and C.f
i

out 2Te the concentrations of species i in the input and outflow
s ' .

streams of the reactor. For the example used above, A+ B > C + D
the conversion of A is obtained by algerbraic manipulations only,

\/ R, - [V ’
={-R A (R (1 - x)? -
| X, = (v ) = (V ) KCy 5, (1 = X,) . (2-5)

) CA,in: o

The quantity T = (VR/VO) is the mean residence time of a molecule in the
reactor and is used to control the extent of conversion. Equation (2-5)
represenfs the curve plotted in Fig. 2—13;. .Equétions (2-2) and (2-4)
will be specialized to a low pregsure catalytic reactor like a LEED

chamber in the next sections.
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the idfferential conversion achieved in one pass. For examples of a
differential reactor not plug flow reactor configuration,'used in

_ 88
single crystal catalytic work at high pressures see Kahn and Appendix B.

2.3.2. The Mass Balance

To analyze data from a reactor an accounting system for the
reactant and product molecules is needed. This done with the material

balance equation

rate of species rate of species rate of species rate of species
i flow into an i flow out of an i removal by _ [ accumulation in
element of “\element of volume| | chemical reaction] \ an element of
volume ' from element of volume
volume | .
(2-1)

This equation is entirely general and_can be used for any system with
any number ofAcomponents.

A batch reactor is assumed well mixed throughout its entire volume
and the element of volume in Eq. (2-1) becomes the reactor volume Vk.
The rates of flow in and out of all species are zero; so Eq. (2-1) reduces

into the familiar form for the removal of reactant i1 and a batch reactor
- R. = 1 _ : (2-2)

where Ri is the rate of. reaction of species i. For example, in a second
order irreversible bimolecular reaction A + B + C + D, the conversion
of A,

X,(6) =[C,(t = 0) - C,(©)1/C,(t = 0)

A

assuming CA = CB , is
o} o
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(2-3)

This is the curve in Fig. 2-13a.

A back-mix reactor is assumed to 5e well mixedlthroughout.(the
element_of volume is the entire reactor volume VR); thgre is of course
no accumulation of reactantvin the_reactor_ét steady state. Therefore,

Eq. (2-1) becomes for the back-mix reactor configuration

v C, .
o i,in

- RV =0 (2-4)

. v
i,out o - 1 R

where v, is the volumetric flow rate through the reactor and ¢ in
. L

and Ci out are the concentrations of species i in the input and outflow
. ] i B .

streams of the reactor. For the example used above, A+ B > C + D

the conversion of A is obtained by algerbraic manipulations only,

\Y R \Y
{RY A _(_R 1 - 2 ' -
‘ XA - (v ) C - (v ) kCA,in(l XA) : , (2-3)

o/ “A,in o

The quantity T = (VR/VO) is the mean residence time of a molecule in the
reactor and is used to control the extent of conversion. Equation (2-5)
represenfs the curve plotted in Fig. 2-13c. .Equations (2-2) and (2-4)
will be specialized to a low preééure catalytic reactor like a LEED

chamber in the next sections.
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2.3;3. The Batch Reactor at Low Pressure

‘A batch reactor is good for measuring initial rates of reaction and
determining reaction kinetics of a simple form. The changing reactant
concentrations and the possible inhibiting effects of the products make
analysis éf the rate data difficult. However, since a complete kinetic
description was not desired, the batch reactor was used in studies of
the dehydrocyclization'of n;heptane to toluene.

The batch reactor configuration is simple and straightforward. The
two leak values are again used for accurate control of the amount of
reaétant introduced. The mass spectrometer monitors the reactant and
product pressures.

Equation (2-2) is modified at low pressures in the single crystal

catalytic reactor to

dn,
i

VR T4t

= —(TNi) S (2-6)

where TNi is the turnover number of species i in units of molecules

of i removed/surface atom/second, S is the total number of surface atoms
and n, is the number density of molecules‘in the reactor. Since only
initial rates were determined using the batch reactor, the initial

slope was approximated by Sni/ﬁt. Typical values for the terms in

Eq. (2-6). for the formation of toluene from n-heptane are: V_ = 15,000 cm3,

R
15 , 2 .
S = 107~ surface atoms (approximately 0.8 cm™ of Pt), 5ni/6t is
2><105 molecul'es/c,m2 {n730 sec (3><109 molecules of toluene produced in
30 sec by the catalyst), which gives a turnover number of 10—7 sec_l.

The assumption of the reactor volume being well mixed is excellent.

. . . , -5 .
At the low pressures used in this investigation 10 Torr or below, there

A
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is molecular flow in the reactor. The mean free path of nitrogen at

—5 ¢ [ . 90 . .
10 Torr and 25°C is 5.3 meters, which is much larger than the
largest dimension of the reactor, ~0.5 meter. This is good in that the
reactor becomes mixed on the order of 5 milliseconds, the transit time -
of a molecule across the reactor.

2.3.4. The Back-Mix Reactor at Low Pressure

The back-mix flow reactor is good for measuring steady-state rates
of reaction. The constant reactant concentrations ease the determination
of kinetics and changing the conversion level will give inférmation
on the inhibiting effects of the products. This reactor configuration
was used in the studies of the dehydrogenation of cyclohexane and
cyclohexene to benzene.

The reactants enter the 15 liter well mixed vessel.through two
hypodermic needles aimed at the center of the chamber. These needles
cause the ''pressure" (flux) of reactant molecules to be higher in the
region facing the LEED optics. This is good for adsorption studies
where a low background pressure and high flux to the sample are desirable.
However, in the reaction studies where the pumping speed is low, the
chamber background pressure becomes equivalent to or higher than the
entering pressurevfrom the needle. Thus the effect of the needle is
lower, and experimentally is has no affect on the rate of the cyclohexane
dehydrogenation reaction which has a very low reaction probability, 10—4.
This was determined by rotating the active crystal away from the
needle and bloéking the flux with the "cold and dirty" crystal. For
the cyclohexene dehydrogenation reaction, where the reaction probability

is on the order of 0.1 to 1.0, rotating the crystal causes a 107% drop
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in the reaction rate. Two separate leak valves are used for easy
control of the hydrogen to hydrocarbon ratio.during the reaction. If
hydrégen and hydrocarbon are fed into one maﬁifold, mixing takes place
by gas diffusion which at the pressures used would have a time constant
for éixing of T = ZZ/D ~ 30 min; a wait of 1 to 2 hr would be required
befofé the HZ:HC ratio changed the desired amount. This is an
unre;sonably long time since the surface will not stay clean that long.

The general equation for a back-mix reactor, Eq. (2-4), is modified

for the low pressure back-mix reactor configuration to give

Niin ~ N oue T (TNy) S (2-7)

where Ni in are the number of molecules of species i which

and N,
, i

,out
flow in and out per second and (TNi) S the total rate of removal of
species i. For the products such as benzene the influx is zero, and
the outflow can be calculated from the equation for molecular flow

through an orifice,gl therefore Eq. (2-7) becomes

»niviAo
i,out & (IN;) s y (2-8)

where n, is the number density, vy is molecular velocity and AO is the
area of the brifice. This equation is the rate at which mole;ules
collide with a surface of area AO. The surface is not present so the
molecules escape from the reaction chamber into the pu&p region. Here
they are pumped to less than 0.01 of the pressure in the reaction
chamber, thus the rate of backsteaming from the pump region is less

- than 0.0l of the reaction rate. Typical values for the terms in

Eq. (2-8) for the dehydrogenation of cyclohexane to benzene are:
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S = 1015 surface atoms, v, = 2840 cm/sec the molecular velocity of béniene

at 25°C, niv= 7><10+6 m‘olecules/cm3 which corresponds to 2><l()_lO Torr,

and A0 = 0.2 cm2 giving a turnover number of 10-.5 sec_l.

'To form the small area orifice between the reaction éhamber and the
ion pump which allows the reaction rate té be determined quantitatively
the'gate value between the réaction chamber and the ion pump is partially
closed during a reaction to reduce the pumping speed for hydrogen and
hydfocarbons. An area of approximately 0.2 cm2 is left open from the
75 cm2 throat area. The orifice area is measured by the time response
of the hydrogen pressure to a step change in ihput flux or orifice area.
HYdrogen is used for the transient pressure measurements since it
does not physisorb on the reactor walls; this eliminates any possible
effects of slow reversible desorption from the walls as is found with
hydrocarbons. If the assumption of loQ back pressure were true,.the
same orifice diameter would be dete;mined by turning off the H2 influx
or by changing the orifice area. However, the ion pump on the.vacuum
system used in this investigation is saturated with hydrogen and the
pumping speed reduced to ~12 l:i.ters/secvat’lo—7 Torr of H2 from a
nominal 140 %/s. Therefore, a step decrease in the hydrogen influx
did not determine the orifice area, but a sudden decrease in orifice

area from Ao to A, which is independent of ion pump speed could be used

f
accurately. (The two methods gave the same orifice area on another

vacuum systeﬁ.) A mass balance calculation on the chamber for hydrogen

gives, by analogy with Eq. (2-1)



o
-
-
N
et
-
L
&
~

' -45-
-/  V.A n_v_A dn
Hf R'Hf R
+ N -—_ —_——— - = -
(“ip 4 Nu) ( 4 ) © = \r &) (2-%)
1.C. no = nR at t = 0 where the input has two terms, one is flow
“o
through the variable leak value NH and the second is backstreaming from
2

the ion pump region of density nip; the outflow term is the same as in
Eq. (28); there is no production of H2; and the righthand term gives

the rate of accumulation of H2 in the reaction chamber. Upon integration

and some manipulation, Eq. (2-9) becomes

n -n
_ 4YR 'Rf 1 Rf Ro
A =|—"—\— Eln "‘—_—’—(—t':—)‘
B/ \'R "R, TR
o £

(2-10)

A'tybical.data set f;r the detérmihation of the pumping speed is shown
in Table 2-5. The assuﬁption of low pressure for hydrocarbons in the
ion pump region is good. The pumping speed was measured for a light
hydrocarbon, ethane, that does not adsorb on the walls appreciably by
both methods. The orifice sizes obtained were the same to within 15%
by either method for the two ethane and one hydrogen determinations.

2.3.5. Determination of Reaction Rates from Mass Spectra

The lowest reaction rate that can be measured is related to the
lowest partial pressure that can be measured. As was seen in Table 2-4,
the hydrocarbons fragment ipto a large number of different mass ions
in‘the»mass spectrometer, but each compound has its own characteristic
pattern. For a mixture of compounds, the intensity from each compound
at a particular mass peak should be additive on a mole basis. In other
words, solving the system of linear equation
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Table 2-5. Sample data for pumping speed calculation.

Mass 2

- 1515\ 1 920
T(sec) Signal Ao—(0'333)< ) t In ( R> Pump Speed

293 1515-n for Benzene

0 595 0.193

0.75 740 0.186 ) . o
= 1.85 cm 1350 e

1.75 888 . 0.181

3.75 11020 - 0.180

6.76 1295

® 1515




o
o
N
-
o
g

£
L 807

-47-

where i is the column vector of measured intensities at each mass, H is
the matrix of peak intensities for each compound (the transpose of the
matrix formed by Table 2-4 divided by the mdleculeé calibration factor),
and p is the row vector of partial pressures of each compound. It is not
been attempted to experimentally vérify this equation, but there are

no known reasons why it is not true. A trivial example of the use of

qu (2-11) is given for the separation of dehydrogenation products of
cyélohexane reaction, cyclohexene and.bénzene.' The measured intensities
are for 78, 82 and 84 amu respectively, it = 0.0180, 0.0051 and 1.177

(data from 012875). The H matrix is

/1. 4x10"8 0.038i8 o.oozgg
6.75x10 5.0x10
- 0 1 - 0.002738 (2-12)
6.75%10 5.0%10
0.0018 1
0 -8 -8
6.75%10 5.0x10

. A -1, :
. Therefore, the desired vector of pressures is just H ~ 1 and gives for

10 10, 5.9><10--8 Torr.

CHg> CgHy, and CoH, respectively, p, = 2.1x107 ", 1.2410°
In a reaction where no isomerization occurs, but only dehydrogenation

and hydrogenolysis occur, such as with cyclohexane or cyclohexene as

the reacfant, the H matrix of the expected productslcan Be written as a

semi-diagonal matrix. (The bracketed term in Eq. (2-2) is small enough

to be ignored.) This allows simple back subétitution to determine P,-

In the determination of all hydrogenolysis products from a reaction,

back substitution is also used; this.produces large cumulative errors

for low molecular weight products, particularly methane, making their

determination less accurate. The determining factor here, as in other
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reactions, is the ability to measure mass peakheight accurately and
reproducibly. When the reactant's and other product's contributions
to a mass peak j are the same order of magnitude.or smaller than the
contribution to j from compound of interest, 1, the partial:pressure
of i can be determined accurately. The minimum contribution from i

to a'beak j which can be confideﬁtally measured varies ffom about

4% of the total peak height fof a large peak to 207% for small peak. The
major contribution to error is‘tha; the noise in the unfiltered mass
spectrometer signal is proportionai to the inverse square root of the
flux of ions to the detector, and to the noise introduced in the
sensing amplifiers. This,is redéced greatly by capaéitative filtering
of the signal and averaging successive sweeps through the spectrum.

The pressure of compound i in the reaction chamber and, therefore,
its contribution to a mass peak is inversely proportional to its pumping
speed. The slower the pumping speed,.the longer the residence time
and the lower the reaction rate which can be measured. In fhe extreme,
a batch reactor, an infinitely slow reaction could be measured if it
proceeded-for infinite time. The minimum detectable amount of a compound
whose molécular weight is approximately equal to or less than the
reactent molecular weight is about 1 part in 3000. At the conditions
used in this stud? for the back-mix reéctor(cyclohexane and cyclohexene
reactions) of ~1 %/s pumping sbeed and 0.8 crn2 of catalyst, the
minimum detectable dehydrogenation turnover number to benzene is
approximately l><10—.6 sec-l (aﬁ order of magnitude smaller than the
actual rates), whilebfor cracking to ethylene the minimum level is

. -6 -1 . . . . .
approximately 3x%10 sec ~ . For isomerization reactions, the minimum
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level is worse, ’”l><10—4 sec-l, because the cracking pattern of the

isomers are similar and a larger increase in the pressure of i is
needed for an accurate determination.

The minimum detectable amount of products for a batch reactor is
again determiiied by the ability to measure changes in the mass spectral
peak heights. Since ideally there is no pumping of products, i, a mass
peak j with contributions from both i and the reactants should increase
or at least decrease more slovly than mass peaks associated only with
the feactants. By monitoring the peaks for several minutes, turnover
numbers as low as 1><10—8 sec_l can be determined. However,.there is a
great uncertainty to turnover numbers this low, which haé not been
evaluated, cauéed by pumping of the products by the walls and the mass
spectroﬁeter filament. It is‘possible that this effect, which may be
proportional to product pressure, could cause the measured rate to -be
as much as an order of magnitude too low. This effect is not reduced by
vapor depositing a thick layer of gold on the walls of the éhamber
as there are apparenély enough uncoverable areaf‘(LEED optics, mass-
spectrometer head, etc) and a significant contribution from the mass
spectrometer filament.

2.3.6. LEED Chamber as Low Pressure Reactor--Coimparison of Modes

There are advaﬁﬁages and disadvantages to all the discussed methods
of using a LEED chamber as a catalytic reactor. The types thch will
be compared are the back-mix flow reactor and the batch reactor. The
reaction chamber could not be used as a plug flow reactor and it was

not used as a semi-batch reactor, so these will not be discussed further.
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A major advantége of the flow reactor is that the background gas
impurities are lower than in the batch reactor mode. The hydrocarbon
reactanﬁsvand produéts will adsorb on the walls of the reaction chamber
and displace other species, mainly CO. 1In the batch reactor,the
impurity gas's pressure rises continuously throughout the experiment
and can reach quite high levels, up to 16—5 Torr in a 15 min experiment.
This can be kept below 10_7'Torr by preflushing with reactant hydrocarbon
for several minutes before valving off the pump. In é flow reactor the
CO'is‘still displaced from the walls, but if is pumped rapidly with the
co preséure remaining below 2X10_9 Torr at all times under the flow
conditions used.

‘Other associated problems related to wall adsorption is that the
product may adsorb on the walls more stfongly than the reactant and
displace it from the walls. This is particularly true with an aromafic
product and a par;finic reactant. The equilibrium adsorption on the
wallé is no doubt related to pressure, probably linearly (physical

Ey

adsorption), and will- increase with increasing product pressure. The

g s

~% ] .
reaction rate may appear up to an order of magnitude lower than it

‘e

$dg

actually is. In a flow system where the steady state rate is measured,

i

fi equilibrium with thatt?ﬁsorbed on the wall.

the gaseous product %ﬁ_
The only effect of wall adsorption would be to dincrease the time required
to reach steady state. This adsorption is very small, on the order

10 2
of 107 molecules/m” of surface area. At the lower pressures of
reactant used in flow systems there is less background reaction and

pumping by the mass spectrometer filaments. The filament removes both

products and reactants from the gas phase by pyrolysis and produces
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methane. With W filaments this is very large, two orders of magnitude
iarger than the Pt catalyzed rate of methane produqtion, énd first order
in préssure in the 10—5 Torrbrange. With ThO-Ir filaments the effect

is slightly less than the Pt rate under batch conditions and much less in
a flow system. A source of uncértainty in the measured rate in a flow
syétem_is the ion pump. Since the pressure of the products is not zero
in the pump region there is some back-streaming of molecules. Methane
is élways produced but in particularly large quantities with H2 in the
pumped gas.. At very loﬁg times, 5 to 10 hr, of pumping cyclohexane,
cyclohexene is produced. This of course is not a problem with a batch
reactor. A positive displacement pump such as a turbomolecular pump

or diffusion pump would eliminate this problem.

As was mentioned previously, approximately two orders of magnitude
lower rate can be measured in a batch reactor thap a flow reactor. The
shorter residence time in the flow reactor does not allow the product
to build up to a measurable level at the lower rates. The lower
residence time in the fléw system keeps the total conversion much lower,
a few percent, instead of 507 or more in a batch reactor in lS min.

The low conversions keep secondary reactions of the products from
becoming a significant poftion of the total product. The flow reactor
used in this investigation can measure reaction rates two order of
magnitude higher than can be measured accurately in a batch reactor.
With a better, faster pump much higher reaction rates could be measured
at lower conversions.

The reaction rate data are easier to acquire and interpret from a

flow reactor than a bagph reéctor. The mass spectra from the flow reactor

.
B
b w,
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remain variant with time while they change in the~batchvreactor. The
time"requirea for a sweep of the relevant ﬁass range 12 to 101 amu
requires 2 min to complete with a reasonable time constant on the
amblifier. In this time, appreciable change (up.to 10%) has occurred
in the total conversion in a batch reactor. For accurate analysis

of partial pressure, all the relevant peaks must be interpolated to a
givén'time and Eq.. (2-11) solved at that given time for the partial
pressures. With the flow system several mass spedtfa may be averaged
to obtain the mean peak heights which are used in Eq. (2—11); The
reaction rate at a given set of conditions is obtained directly from
the product partial pressures in the flow reactor, but the partial.
bressure data must be differentiated in the batch reactor. The amount
and hydrogen content of the hydrocarbon adsorbed on the surface are
critical to the catalyst activity and selectivity. In thé flow reactor
the amount of hydrocarbon adsorbed on the surface‘as well as the
desorption rate can readily be determined. The preflush in a batch
reactor experiment saturates the catalyst surface at low temperature
with.hydrocarbon. When the cétalyst is later heated rapidly to start

the reaction, thermal decomposition products may be measured instead

of a true catalytic reaction. (See Appendix A for a further discussion

of this problem in connection wifh data of D. Hagen and G. A. Somorjaigz.)
Most of the advantages lie with a flow system for studying

catalytic reactions at low pressures. The batch system can measure

lower reaction rates, but the interpretation of results is more

difficult. The batch reactor will prolong the life of an ion pump

as an economic incentive.
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2.4, Details of Experimental Procedure

The details of the experimental procedure for the two types of
reactor configurations used in this investigatién are given. The
batéh reactor system was‘used extensively in the studies of the
n-heptane dehvdrocyclization. Tﬁe flow reactor (back-mixed) was used
in the cyclohexéne and cyclohexene dehydrogenation stﬁdies. The
conditions given will be those of thé standard test conditions.
used to compare reactivity amoungst the various catalyst surfaces.

2.4.1. The Batch Reactor

" The crystal on which it is desired to run the reaction is heated
to 850° to 900°C. The other crystal, which has no electrical current
flowing through it, is heated by radiation only and increases in
témperature to approximately 45°C undér these conditions. The leak

valve is then opened introducing O, to a background pressure of

2

-8 . . .
approximately 7%10 Torr with the gate valve to the pump open. This
pressure is measured on an ion gauge not in the pump throat. If the
surface is heavily carbon contaminated the gate valve is partially

o -6 . e s
closed to increase the O, pressure to 1X10 Torr, otherwise it is

2
left open. After approximately 10 min theoxygen flow is stopped and

H2 is introduced to a pressure of 1><10_7 Torr'through a different leak

valve. The crystal is cooled and the 0, removed from the manifold.

2
An Auger electron spectrum is taken to ascertain that all the carbon
was removed from the surface and the extent of oxygen adsorption. If

there is O on the surface, the crystal is heated to over 1000°C for

30 sec, another Auger spectrum is taken and the LEED pattern checked

for any irregularities. This procedure cleans both sides of the crystal.
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The crystal is now clean and ready for a reaction or adsorption experiment.
When the crystal has cooled to at least below 250°C,\aﬁd preferably

below 150°C, n-heptane is introduced. The ion gauge has been off

sincg O2 introduction, the n-heptane andvhydrogen pressures are

measured with the mass spectrometer. The manifold is flushed 3 times

witﬁ the gas (vapor) being used fo remove any traces of the previous

gas, oxygen. The manifold is also baked aftér use with a hydrocarbon

to hasten the hydrocarbons desorption. The n-heptane pressure does

not have a fast response to changes in leéak valve setting bécause the

needle restricts the flow slightly. This causes a large. amount of

adsorption on the inside of the inlet tube and hence about 3 min for

pressure build up to l><10_‘7 Torr. This build~up time may be decreased

butzénly to 1 min by removing the needie ( 014 gauge, approximate

inside dia 2 mm); The n-heptane is allowed to flow for 2 min at this

rate to replace CO on the walls of the chamber, as discussed earlier

in Séction 2.3.3. The gate valve is now shut and the pressures increase.

The hydrogen'ihput flux is increased and when its pressure is 5><10_5 Torr,

the H2 is shut off. The n-heptane flux is now increased and when its

pressure is 5X10—6, the leak valve is closed. The n-heptane pressure

will build up to l><10—5 Torr from desorption from the inlet tube.

While this build up is occurring, mass spectra are taken to hoﬁitor the -

backgfound reaction rates and the build up of the n-heptane. After

about 5 min the mass spectra are almost invariant with increases in some

peaks (mainly methane) from Eackground reactions. At this péint the

crystal is heated in 10 to 30 sec to the desired reaction temperature,

usually 350°C, and mass spectra are taken continuously. Two overlapping
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Tanges éf mass spectrum are scanned; one from 12 amu to 101 amu and
the other from 90 amu to 102 amu. The first allows the evaluation of
all products, hydrogenolysis, isomerization and dehydrocyclization,
while in the second the small tolﬁene and dehydrogenation product
péaks are amplified.twdorders of magnitude to allow more accurate
measﬁrement. . The reaction is folléwed until the reference peak for
the produCt does not increase or until 15 min have elapsed. The
isomerization and dehydrocyclization reactions typically "poiéon"'in 5‘
to 10 min on a platinum surface, while hydrogenolysis does not poison
in 15 min. |

‘The reactor is pumped down and the LEED pattern is examined. A
picture may be taken at this poiht if any new diffraction features.
appear (besides ﬁigh background). An Auger spectrum is taken to determine
the amount of carbon deposited on the catalystvsurface. A second batch
reaction may be run to determine the amount of reversible deactivation
of the catalyst. The system must be reflushed of CO0, but the 3 min
required to obtain a steady flux of n-heptane is sufficient. The.
chambef requires between 12 and 24 hr to obtain its original base

pressure after the experiments.

2.4.2. The Flow Reactor
The crystal is cleaned in a manner similar to that for the batch
~reactor, except after the 1000°C flash the crystal is cooled to the

reaction temperature, usually 150°C. The'H2 flow is adjusted to give

a pump current of 200 ta, which corresponds roughly to l><10_7 Torr.

The gate valve is then adjusted to raise the H2

pressure to 8><1O_7 Torr.

The hydrocarbon is introduced through the other leak valve to a pressure
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of 4><10--8 Torr. There is again a lag time caused by adsorption of

reactant on the walls; this is about equal for cyclohexene and

n-heptane at 3 min, but shorter for cyclohekane at 1 min. The pressure

is monitored continuously with the mass spectrometer again in two

rénges, 12 to 88 and 77 to 87, for monitoring hydrogenolysis activity

and e'more sensitive sweep for dehydrogenation activity, respectively.
Either the temperature of the catalyst is changed or t:he'H2 flux

(pressure) is changed to determine their affect on the reaction rate.

When the experimept is concluded the pumping speed of the remaining

open area of the gate valve is measured. As was discussed in Section 2.3.1,

the open area of the valve is decreased suddenly and the H, partial

2
pressure increase is followed. The reactant flows are then turned

off and the gate valve opened. An Auger spectrum may now be taken of
thejeurface to determine the carbon coverage. The LEED patterns may be
viewed intermittenly throughout the reaction period without affecting

the carbon build up on the surface. It is felt that the electron beam
used for the LEED experiment does not affect the patterns observed. If
there is an effect, is occurs in the fraction of a second required

for the electron beam to stablize when the accelerating Qoltage is
switched on. This pattern remains constant for at least 5 min indicatipg
the damage per electron is either very high, greater then 10,000 bonds
per electron, or very low, much less than 1 bond per electron. It

is thought to be the latter. Since there are about 4 eV (100 kcal/mole)
required for a bond dissociation in a hydrocarbon molecule, an upper

limit by energy conservation is 40 bonds per electron with an 160 eV

electron beam, and more often about 10 bonds/electron at the beam
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energies where the carbon structures are visible. In the LEED intensity
data taken by Stair93 for acetylene on the Pt-(111) surface, there is

a 10% loss in intensity from the (1/2,1/2) beams (overlayer beams) in

3 min at 2 microamp beam current indicating a very low rate of
degradation per electron, about 5X10—4 bonds per electron.

2.5. Background Effects on Reaction Rates

2:5.1. Blank Reactions

It is important to determine how much if any of the measured
reaction is from the chamber walls. The sources of this activity might

be a) mass spectrometer filament, although except for CH, production

4
this is unlikely as at 1000°Q it would pyrolyze the hydroéarbons;
b) ‘the stainless steel grids around the mass spectrometer filament,
these are probably heated to a couple hundfed degrees by electron
bombardment and apparentlyvmay have catalytic activity at long times;
c¢) hydrocarbon may'backsteam.from the ion pump; d) the othér filaments
in the chamber may have activity even though théy are cold, this is
doubtful for the W filaments, 5ut possible for the Ni (LEED gun)
filament, or e) platinum may be evaporated from the crystal and
supports onto the chamber walls. The first four would be constant
from day to day, but the fifth would be a transitory effect causing
irreproducability between simllar runs. It appears to be a major
effect if the sample Qas hcatéd above 1200°C briefly or 1000°C for
extended periods (21 hr) and lasts less than 24 hr.

Several "blank" reactions were performed. There were two types
made: one with the two samples in the chamber, both of which are

"cold and dirty" and the second with no single crystals in the chamber

but with the support wires inplace and heated to the reaction
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temperatures. The Ifirst type was performed periodically throughout the
iﬁvestigation for a check on background rate. The secénd type was
pérférmed once for a check on the activity of the polycrystalline wires
when clean and heated. The runs are summarized on Table 2-6. The
pblycrystalline>wires did not make an appreciable contribution to the
baék.ground rate. Apparently the ion pump and metal vaporized on the
mass spectrometer ionizer were the méjor sources of background reactions.

2.5.2. Effect of Background Gases

The gases in the background which are always present may have
an effect on the catalytic reaction rates measured. The background
gases (those present in the chamber at its base pressure 1 to 2X10_9 Terr)

are H H,0, CO, possibly N and slight amounts of the CH ,

9» Hy Ar, CO

2° 2

C2H6 and C3H8. H2 (75%+ of background) is used in the reaction studies

and, therefore, not a problem; however, it is a problem if pure
component adsorption is studied. Water does not adsorb on Pt at these

- 95
pressures ($2x10 10 Torr). - N2 and Ar are inert and CO2 does not

4° CZH6 and C3H8 have

very low sticking coefficients (510_3) and are usually produced during

36
adsorb. The light saturated hydrocarbons CH

i .
the reactions to much higher levels than they are present in the

background (51X10_10 Torr). On the other hand, CO, which is present at

comparably high pressuré (54X10—1O) and has a sticking coefficient

near unity, céuld complete with the hydrocarbons and cover an appreciable
portion of the surface during a reaction. To test if this has any
influence.on reaction rates a run was made in a slightly backed

system. This reduced the background water peak, but had little

effect on the CO pressure which was approximately l><10_8 Torr. A
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Table 2-6. Blank runs for dehydrogenation reactions (rates

in lO10 molecules/sec¥*).

For 4x10"8 Torr CH, 8x10"/ Torr H,

Cellg C-Celjg CeHyp CsHg  CiHg  CoH,  CoHy CH,

0.2¢0.1  0.1#1 - -- 31 2#3  0.1#1  0.5%2  10.0%4
For 4><10-.8 Torr CH=, 8‘><10_7 Torr H,
3 - 0.5 3t1 13 3%l 1+2 2+4

* .
1><1010 molecules/sec is the rate of production of benzene from
‘'most samples. ’
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cYciohexane run was.ﬁerforﬁed with variable crystal temperature; the
sysfem throughly (CO pressure ~3><10_'10 Torr) and the run repeated. .
The rate at 25°C was 1owef;d.éﬁproximately IO%, while at higher
temperatures the rates were within #*5%, which is the reproducibility
of the rates under "identigal" conditions. The rate at 25°C has more
scatfer than at the higher temperatures, so even this may not be
significantly lowered. The rate at-25°C should be most affected since
CO adsorbs from the terraces.at 150°C and step at 250°C. A large
increase in the CO pressure (~50 times) is seen to have little effect
on the reaction rate; this, however, does not exclude the possibility

that the low pressure of CO has not already reached a saturation effect

on the rate.
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3. CHARACTERIZATION OF STEPPED SURFACES BY LEED

3.1. Diffraction from Perfect Surfaces

There are several features which make exact interpretation LEED
patterns difficult. The strong interaction of electrons with the
material causes multiple scattering and requires an exact quantum
mechahical calculation including several phase shifts for complete
determination of structures.62 It is this same stfong interaction
which makes LEED surface sensitive so it cannot be avoided experimentally.
Whap can be easily determined is the two dimensional periodicity of
the substrate and adsorbed layers.

The total scattering amplitude from a crystal ignoring multiple
scattering may be written as the fourier transform‘of the

electron density

. BN _ - F -i(S'E{() _._>. .A_.) _
A(AK) z fcj(p, k) e av| exp( i, k) (3-1)
k|

2
25 exp(—lpmnp k)

mnp

where Ak is the electron momentum change on scattering. The effects

. 98

of multiple scattering may be averaged out as shown by Lagally, et al.
99 100 . .

Pendry” “and Buchholz; however,this is not of concern for this

investigation since it only affects the intensity but not the

positions of diffraction beams. The integral term (form factor)

contains information on the electron density in the unit cell. This

term is difficult to calculate for low energy electrons but contains

the information on the placement of atoms with respect to each other
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in different layers. The férm shown is for a weakly interactive
barticle such as an X-ray. Since this term cannot be evaluated and
again only affects intensities and not positions of beams, the term

is divided into the amplitude and interference functions are calculated.
The second term in the j sum is the position of the scattering centers
in the basis set (the structure factor of the basis). The vectors
Bj'are the positions in real space for the j atoms in the unit cell
located by anp' This term is easily calculated and can cause some
beams to vanish (see Appendix C). From the Bragg diffraction condition,
there is a diffraction maximum when Zﬁ = E; a reciprocal lattice

vector. The m and n summations approach infinity (the two surface
directions), but since the electrons penetrate only a few layers into
the bulk, the sum over p should be modified. It can be replaced

with a damping functiontloo’lo1

or be taken only on the surface since
it does effect the periodicity on the surface. The reduction of the
third dimension causes diffraction beams to occur at all energies.

Therefore, for .the purpose of this investigation, Eq. (3-1) extremely

simplified becomes

M,N
ACDK) = z exp(-iSj-Zﬂ’{) z exp(-i’p*mn-ﬁi) i (3-2)
i m,n

When M and N, the number of unit cells in the example, are infinite,
the intensity becomes a delta function in two dimensional Fourier
. 3 . + .
space at the reciprocal lattice points, G. Assuming one atom per
. . ] + + . .
unit cell and unit cell sides of a and b in real space, the interference
function which is the square of the amplitude becomes, with some

manipulation
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% sin2 %—M(g'ﬂﬁ) 51n2 %—N(b'ﬂz)
1=AA=.21_)‘_’ 0'21_*__’ (3_3)
sin 5—(a-A ) sin E-(b'Ak) :

—

The first zeroes of Eq. (3-3) occur at ashl = 21/M and bebk = 2m/N.

For M, N large, the peaks are quite narrow; but they are broad at low
values of M or N (550). Thevbroadening can occur in only one direction
or in both.

3.2. Diffraction from '"Perfect' Stepped Surfaces

Diffraction from stepped surface models has been considered
previbusly by otﬁers. Henzlerlozhas studied cleaved Ge surfaces
and‘found steps of monatomic -height. He showed that the height of
the step, in a kinematic approximation used here, is related to
the intensity variation of the (0,0) beams with electron wavelength.
Tﬁe-formula derived by considering only the top layer in an infinite

array of steps is:

v, = 150 n2/4d2 (3-4)

where V_ is the energy of single maximum of the (0,0) beam, n is an

integer and d is the step height. This is discussed further in Section 3.4.
Equation (3-4) has been used by Lang, Joyner and Sohorjai7l on the
PL(5)=-[{6(111)x(100)] and Pt(S)-[9(111)x(111)] to show there is no con-
traction at the step edge in the z direction. Ellis and S(:hwoebc].]'(),3
performed a structure factor calculation to determine the position and
approximate intensities of UOZ—(SSB) surface. Pedereau and RhcaleA

studied Cu(l00) vicinal surfaces and geometrically showed what

diffraction patterns would be expected. I will present a similar
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argumept for the hexagonal geometry of the ft(S)—[6(lll)X(lOO)] surface.
It has been shown previously by Lang et al‘.71 that this surface has
monatomic height steps; this will be assumed in further discussions.
Figure 3-1a shows a real space segment of this surface with eqﬁally
spaced steps. The vectors ;, g denotes the (111) éurface unit cell;

Z, g_specify the step unit cell containing two atoms at positions

(0,0) and (1/2,1/2); 2 is the unit length vector normal to the (111)
surface. In terms of the Cartesian unit vectors (i,},ﬁ) (length 2.78&)

the vectors are:

> _ 2

a=1i :

z_l2 /3=

b = 5 i+ 5 j

¢ =k

g=+l73/-;]'\b+ 2/_2ii£
V3

The reciprocal space vectors for the (111) surface are given by

>% -1t

a 1 0 o0 1 -1 o
/3

%

§=%‘/—§0=0 2 0
/3

*

s o o 1 o o 1

% 2 .
and shown in Fig. 3-1b the |a I is —= X-—— because the relative
/3 lal

volume of the unit cell is less than 1.0. The step reciprocal space

vectors are given by:
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Fig. 3-1. Diffraction from a perfect (S)-[6(111)X(100)] surface; (a) the
real space schematic of the atom positions on the surface, (b) the
reciprocal lattice for the (111) terrace plane, (c) the reciprocal. lattice
from the step plane, the beams represented by * are extincted by the
structure factor, (d) interference functions from the two reciprocal space
lattices, and (e) the schematic of the observable diffraction pattern with
the brighter beams depicted by larger spots.
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with a two atom structure factor (the % or ¢ term-is always 0 on

the surface).

g =1 4 ¢"2m@/2 h+1/2K)

when h is odd S = 2 when k is odd otherwise S = 0, when h is even
S = 2 when k is even otherwise S = 0. This produces the array of spots
shown in Fig. 3-1lc (not same sc;le) which are centered about the‘end of
Z:, With the electrqn beam incident normal to the (111) plane, the
steblpattern (0,0) beam is positioned at 6 = Ztan—l<g%g> or fgr the
surface shown 18.9° from the (111) specular beam. Since in each
domain of (111) surface, or on each terrace, there are only six
scatterers normal to the step (infinite parallel to the step), the
(111) spdts are broadened in the 3* direction in reciprocal space
as given by Eq. (3-3). The interference function at each Eﬁ from
these two periodicities is multiplied together giving the diffraction
pattern depicted schematically in Fig. 3-1d and seen in Fig. 3—1e.
All the spots shown in Fig. 3-le are not seen in the actual diffraction
pattefn, this will be discussed in Section 3-4 in detail.

Anothef possibility for sfep surfaces is that the étep configuration

is completely unstable and the surface facets. The stability of Pt

step surfaces is discussed in Chapter 4. The surface forms two or
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more distinct surface planes at an angle to each other and the macroscopic
normal; each plane, of course, has a specular reflection, (O,Q) beam.
Thé determination of this angle between (0,0) beams from photographs
of the disﬁlayed diffraction has been detailedyby Lyon.59 .Often
otherrdiffractioh beams from the facet planes are visible and aid

in the identification of the planes. Generally these planes are
sméil, the order 100A or less across. This means there will be only.
a small number of scatters so the diffraction spots will be broadened.
This broadening can be quantified by Eq. (3-3) if all the facet planes
are the same size and the diffraction froﬁ a perfect crystal is a
delta function.

The procedures described give a qualitative picture of the
difffaction from the crystal surface if both the instrumept and crystal
are perfect. .It describes features'fouhd on well annealed (i.e., highly
ordefed) surfaces quite well, but does'noL describe the streaking or
non-integral step spacings found experimentally on stepped surfaces.

The next’two sections will discuss the possible imperfections or

flaws in the instrument and crystal surfaces respectively.

3.3. Imperfections in the Instrument

3.3.1. Theoretical Imperfections

Park, Houston and Schreinerloshave desqribed the main inperfections
found in a LEED apparatus. The effect of thesé flaws is to decrease
the effective area over which the electrons are cohereﬁt, i.e., act
as plane waves. This causes the instrument to hide a great deal of

imperfection in the surface. Now this is generally good since the
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1
suffaces used have a great deal of imperfection in the long range order.
On surfaces with known lack of long range order, such as faceted
step - surfaces or organic molecule crystal surface, this effect neéds
to be characterized and removed ffom the diffraction pattern so the
true mean domain size can be determined.

Park et al.loshave used the term "transfer width" to describe
the'respdnse of the system to each experimental flaw. If the
transfer widths can be represented by a Gausian fﬁnctioﬁ, the width
of the overall résponse function in reciprocal space is

1/2

2
: wil . (3-5)

W =

The four main effects are energy spread of the source, source extension,
collector size and beam size.

3.3.1.1. Energy spread of source. The energy spread of the

electron source, a 1000°C emitter, is very important at low energies.
To find the uncertainty introduced to the diffraction vector, i.e.,
the reciprocal space lattice positions, by variation in energy, the-
Bragg equation for diffraction at normal incidence (Eq. (3-6)) is

differentiated with respect to energy

. 1/2
= _sinf _ [/ E° . _
Ak = - = (150) sinb (3-6)
giving:
W= 80 = 3 —20 - ex - (3-7)
’ (150E)
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The Spread in energy SE can be estimated from the retarding plots by

Gland106and is about 1 eV.

3.3.1.2. Source extension. The source of electrons is not a point

source and this causes uncertainty in the direction of the incident
: 107 . , . .
beam. Park measured this for his electron optics by a technique not
useable on a Varian LEED optics. For lack of measurement, the lens
aberrations are assumed to be similar. The transfer width is
1/2

W, = (i%) Y (3-8)

and their measured Y = 0.012.

3.3.1.3. Aperature width. A third source which is not applicable
to the Varian display optics, but is important with a Faraday cup
collector, is the aperature width of the collector. Differentiating

Eq. (3—6) with respect to 6 yields

1/2

vék = <I§6) cos6496 y ‘ (3~9)
Wy = (%)1/2 cos@(%) - | | (3-10)

where d is the aperature diameter and R is the collector radius.
3.3.1.4. Beam size. The finite beam size, even if the electrons

are parallel, decreases the angular resolution of the instrument.

This contribution is found by multiplying Eq. (3-8) by the cosine

of the diffraction angle.

W, = (f;-%)l/z cosze<%) | | (3-11)
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where D is the beam diameter. (D/R) is approximately 0.015 in a
Varian system.

These fransfer functions are in reciprocal space, so the effective
coherént area in real space is the reciprocal of W in Eq. (3-5).

5172
w = ‘Z w.i : (3-12)
it ,

Two examples of the effective coherence lengfh will be given.
One is for the (10) beam of the Pt-(111l) surface and the second is
for a split (10) beam of the Pt(S)-[6(111)x(100)] surface at 60 eV
and normal incidence to the (lll)vplane. The split beam is a (30)
from the step unit cell. The energy spread of the source is the
same for both but gives different contributions to W; for the (111)

surface from Eq. (3-7)

. . o 0 —
_ﬁ§&2217§. sEo= £ sin(41®) 4 oy _ 5 00358
(150E)

2 (150-60) 12

1 1
W, =3

and for the split beam

SE
(lSOE)l

sin(ﬁi) + sin(eo - ei)
w:
1 n

N | =

/2

sin(9.6°) + sin(31.4°)
3

(0.00526) = 0.00064A

(The extra sine terms in the split beams are from non-normal incidence.)
The uncertainty in incident beam direction is the same for both
surfaces (from Eq. (3—8))W2 = 0.0076K_1. The contribution from finite

beam size given by Eq. (3-11) is for the (111) surface,

~
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2410
W, = seé_fil*l (0.015) = 0.00548"

and for the split beam
cosB(cos(6 - 8.))
fe) 1

- D _ 2
W, = — — g = 00020

Thus the total effective coherence width as given by Eq. (3-12) is

for the (111) surface, ® lOlX, and for the split

11

beam Wgp = 127&. The major factor in both of these is W, which is

L= (0.0099)'1

independent of the surface since it is the same for all beams. It
should be noted that wl and wa, which depend on the diffraction beam,
decrease greatly with the increase in unit cell size going from the

(111) to the stepped surface.

3.3.2. Experimental Determination

An experimenfal determination of this transfer width can be
made. The main assumption is that a crystal surface can be prepared
which is perfect to at least the coherence length so it will appear
perfect to fhe instrument. Equation (3-9) is inverted and the
experimental variables V and O are inserted. The angular width is
measured in the plane of the beam motion so Eq. (3-9) must Be

multiplied by cos(Q),

L . | | (3-13)

6082966

1)y = /LS—Q-
\v

/2
>1

This has been measured on a well annealed, clean Pt-(111l) surface
which is thought to be "perfect'" on large domains. The values of
V, O and 60 were 64 eV, 40° and 1.5°, which yield an effective

coherence length of 95&. This is an excellent agreement with the
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calcuiated value. The effect of beam defocusing by the suppressor
voltage is eliminated by always checking.to ascertain the voltage
is correct before taking a picture.

This value of 80 must be deconvoluted from the diffraction spot
width to determine the mean domain size from Eq. (3-3). This can

readily be done if both contributions are assumed Gausian.

2 2 1/2
e = 160 + 60 (3-14)

meas inst pattern

3.4. Diffraction from Real Surfaces

There is always a statistical distribution of domains of perfect
periodicity separated by some sort of imperfections. The separating
impeffections may be steps on a clean metal surface or a change in
the registry of an adsorbate with the substrate. The statistical
distribution may be very narrow and produce a pattern in which the
spots afe broadened only by the instrument and the finite domain
size (Eq. (3-13)). 1If the distribution of domain sizes is broad
the spots may be broadened further than would be predicted by
Eq. (3-13) for the mean domain size.

3.4.1. Order on a Surface

There are three kinds of disorder a surface may exhibit, disorder
of the first kind, second kind and third kind, each affecting the
diffraction from the surface in a different manner. It is easiest
to see the effect of disorder with the use of the autocorrelation
function or pair correlation function, d(x,y). ¢(x,y) is the

probability of finding a pair of points separated by the real space
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distance x, y. (It is the convolution square of the electron density
function in Eq. (3-1)).

Disorder bf the first kind is thermal disorder associated with
all érystals above absolute zero and does not cause beam broadening.
The long range cofrelation of the periodicity is preserved, and the
atoms only vibrate abou% their lattice positions. This causes a
decrease in intensity of the beam with increasing temperature but
no broadening. Figure§3~2a shows this type of disorder for a line
chain of atoms. ﬂ

'Disorder of the sicond kind causes diffraction beams to broaden.
i
The éorrelation.loses its long range periodicity and at sufficiently
large distances all puyitions are equally probable. This would be
represented by a glassy structure or an ion bombarded surface.

Figure 3-2b representsj this for a linear chain of atoms.

|

Disorder of the 4Jird kind, or registry degeneracy,los’109 m

ay
cause some beams to bjoaden or split aﬁd others not to broaden. As
illustrated in Fig. 3-2c, the periodicity of the substrate is
maintained while thejsuperperiod periodicity is not maintained;
therefore, the beam »readth depends on the distribution of the
registry degeneracifs. The substrate periodicity is maintained to
vefy long distanceJ so, the beams associated with the substrate
may be relatively [naffected.

- On a real suiface all three kinds of disorder are present. On
Pt surfaces, disqg:der of the first kind is significant only above 300°C

for the beam posjtion and width investigation done here. Above 300°C,

.
i
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XBL 7512-10096
Fig. 3-2. Types of disorder which occur on a single crystal surface:

(a) motion._ about the lattice position (thermal motion),

(b) long range periodicity of the structure is lost (glassy
structure), and (c) superperiodicity is not maintained while
the periodicity of the:substrate is maintained (from
Houston and Park108’109).
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the spots are difficult to see above the diffuse background. Disorder
of the second kind should be insignificant at least over the effective
coherence range of the electrons on annealed samples. Disorder of

the third kind, however, should play a significant role in diffraction
from stepped surfaces and will be discussed in the next section in
greéter detail.

3.4.2. Correlated Step Models

‘It was mentioned in the previous section that the diffraction
intensity i(ﬁ) is just the Fourier transform of the pair correlation
function or the convolution square of Eq. (3-1). The problem becomes
what is the average pair correlation function fpr a statistical
distribution of step width and heights. The development presented here
is based on. that of Houston and Park_.110

The model of the surface is shown in Fig. 3-3. It is a correlated
sfep‘model in that at the end of each terrace of length I' is a step
of displacement R with both horizontal and vertical components, and
the steps and terraces always alternate. The terraces are assumed
to be perfectly ordered; this should be a good assumption since it
demands perfection only over a few lattice spacings, (3 to 20 or 30 atoms).
This model is élso restricted to an ascending staircase arrangment
of the terraces. Non-adjacent step boundaries are separated by
the vector S.

The.equation for diffraction intensity from a domain structure

111

can be found in many books on X-ray diffraction, see Guinier, p. 52,

and is



I

Fig. 3-3.
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Model of an ascending staircase correlated stepped
surface, where Ta is the terrace width, Ra is the step
displacement vector and Sa is the 'separation of non-
adjacent step boundaries.
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1(AR) = F{§ - 3} + F{3} [1 + FEE) N (3-15)

¥ is the weighted average of the pair correlation functions for

each terrace of width r
b= [ o) ar

where P(I') is the probability of finding a terrace of width ' and the
integral is taken over all values of T. F{@} is the Fourier transform
of @ and the intensity from a randomly distributed set of terraces

of width P(I), i;e., the intensities add incoherently. This is just

the weighted average of Eq. (3-3),

2 Ak*a

> sin 5 r
Flod = > P ———5— - (3-16)
. 2 MAkea
=00 sin” —5

F{@}Iis the Fourier transform of the pair correlation function of the
weighted average terrace width T. This form is slightly more

compiicated, but again just sums of Eq. (3-3) for various widths

o —) -3 - - — >
N > ' ' sin2 Fékéé-+ sinzr'éhég‘— sinz(F - Akéa
HEY = > > RMPCY , S (3-17)
=—c0 [''=-oc0 2sin '(é :

;(s) is the step boundary displaceﬁent distribution function.

The first term in ﬁq. (3-15), F{y = ¢}, is a general low background
whjch varies slowly in both K and 0, and is zecro for a perfectly
ordered surface. The second term in Eq. (3-15), F{¢} [1 + F{p(g)]]
accounts for the splitting and broadening of diffraction beams. On a
perfectly ordered surface, it is the mathematical description of

Fig. 3-1d, a series of delta functions times the broadened beams.
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3.4.3. The Step Width Distribution

Equation (3-14) is general and for any domain structure. Tﬁe
ﬁroslem becomes to derive the Fourier transform of the distribution
function p(g) frqm a model for the probability functions Pr(f) and
PR(R). A reasonable guess for the terrace width distribution function
PF(F5 is a Gausian envelop, centered at the mean terrace width,'f,

and of width v, i.e.,

1 TT(X - T’a)2 »
P (') = T exp|- —————— | 8(x - Ta) (3-18a)
T N 2
(ya) :
where N is the normalization factor and & is the Dirac delta function. The
step height distribution PR(R) is again a Gausian envelop centered

at R and the distribution is of width r

(Y —ﬁYoa)Z |
exp |- —— | 8(y - RY0> (3-18b)
(rY_a)

2 |-

P_(R) =
R R

Since for each unit R of step height, Yo, there is a unit of step width

Yo, the step boundary distribution function is

it

PpP, = P(T + RX_,RY_) (3-18¢)

rfr

) x - (F +Rx )2 rr - Ryt |
N exp ~T 3 o exp §[s - (T + RYO,RYO)]
'R (va) (rYoa)

Now, since the steps are correlated, the probability of finding

the second step edge at § is the convolution of PFPR.with itself; for

the nth step, it is the nth convolution of PFPR with itself. Taking
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the Fourier transform, the convolutions become products,llland the

seéries can be written in simple f orm 108 110
F{p P_}
2 T
Hp(®H} = —— R (3-19)
1- F{PFPR}
The Fourier transform PFPR is
3 =12
=32 m{I' + RX - + T
F{PP} zz ol TR = R ex_{ , - ®Rx_+ D)}
N: N 2 P 2
r Y

R=1 I'=—c

x cos[(T + RX) M2 + RYOEE-E] (3-20)

This gives the interference function, i, by substituting Eq. (3-19)

into Eq. (3-15),

i@ = Fly - ¢} + Flo} —L (3-21)

1 - HEpP}
Using Eq. (3-21), the result in Figs. 3-1d and e for the perfect
surface are readily derived. The first term is exaétly zero as seen
from Eq. (3-16) and Eq. (3-17) with PF(F #5) =0, PF(S) = 1 and
PR(l) = 1. FU} has the form of Eq. (3-3) and [1 - F{PFPR}]_l
an infinite series of delta functions.' From Ed. (3-20), 1 - F{p} =

— > — >
when cos[(T + XO) Ak+a + YoAk'b] = 1, or the argument

(r + X ) JEEEQ_ + Yo(l + cosO)‘% =n

This is equivalent to Fig. 3~1d and gives the step height formula

by Henzler,loz' Eq. (3-4), in which the step height and terrace width

distributions are independent.
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It is interesting that a statistically rough surface will give
the exact. same intensity vs voltage characteristic for the specular
refiection as the perfect surface. From Eq. (3—21) the intensity
will be a singularity whenever F{PFPR} = 1.0. In this approximation

(independent distributions) Eq. (3-20) becomes

F{P P } = z z -Iliexp JITR-R) _ZR) exp[— @ =1 —2- ) ]

R
R=1 T=-o Y
cos[(T + RXd) Eﬁ'g + RYogi'g]
For"the (0,0) beam at normal incidence this becomes

F{PFPR}= z PF(F) Z PR(R) cos(RYokb)
['=—00 =1

Since PF and PR are independgnt the sums can be separated and
F{P P } 1 whenever Y kb 2n1, the exéct same conditipn as found
for the perfect surface. This is not true in the coupled probability
equation (Eq. (3-20)), but the deviations are slight. The coupling
in Eq. (3-20) says a wide terrace is more likely to have a double
height steb than is a narrow terrace. Neglecting dynamical effects

and the inner potential probably causes more error in the peak

placement than the uncoupling of the probability distributions.

3.4.4. An Example

For a statistical surface the low intensity beams between the
main doublets are averaged out, the doublet beam intensity is lowered,
and the delta functions are broadened. An example of the calculation

for a well ordered, but not perfect [6(111)x(100)] surface is now given.
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The step height distribution and terrace width are shown in Fig. 3-4a.
Since PR contains some double height steps, the average terrace width
has to increase to bring the overall normal back to the proper angle

Ta + ﬁXOa ' .
cotB = — ' S (3~22)

RY a
o
where f is the angle between the terrace normal and the macroscopic

normal. R the average step height, is given by

R = J'RPR(R) dR = 1(0.98) + 2(0.02) = 1.02
- (3-23)
T = J‘ IPL(T) dT = _Z.o rep(M)

therefore, using Eq. (3-22), the éverage terrace width, T, is 5.1
This value was used in Eq. (3-18a) with a distribution width of v2a
to give the distribution of Fig. 3-4a. F{y} and F{¢}, tﬁe Fourier
transforms of the terracé width distribution averages, are shown in
Fig. 3-4b and Fig. 3-4c. It is seen that these are quite similar
functions and the first term of Eq. (3-21) is'a small, slowly varying
function of K. If.the width distribution is large, the first term
becomes significant and appears as streakipg in the diffraction
pattern. The step Boundary displacement distribution functioﬁ,.or
domain auto correlation function p(g), is shown in Table 3-1. p(g) is
symmetric about the origin as it must be since i(&i) is real. TIts
value at the origin is 1.0, since when sitting on a step edge the
probability of finding an edge there is unity. F{p(;)} is shown in

Fig. 3-4d for a = 2.77 Zg and A = 1.5834 (60 eV electron energy).
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Fig. 3-4. Diffraction from an imperfect (real) surface; (a) the distribution function
of step width and heights, (b) F(V), the transform of the weighted average of the pair correlation function
(c) F{¢}, the transform of the pair correlation function of the weighted average terrace width T,
@ [1 - F{p(s)}]'l, the transform of the terrace boundary distribution function, and (d) i(ﬂﬁ) the inter-
ference function at a/X = 1.52 (60 eV electron energy for Pt(111l) vicinal surfaces) and normal incidences.

XBL7512-9457
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The peaks are broadened from the delta function found for a perfect
surface. Finally, i(k), the interference function, is found by
multiplying F{¢} and 1 + F{p(g)} to give the pattern shown in Fig. 3-le.
This is.only slightly broadened'from that seen in Fig. 3-le, as expected,
since the distributions are narrow. When the instrument fesponse'function,
W, described in Section 3—5, is convoluted into the intensity function,
'botﬁ patterns, from the near perfect surface in Fig. 3-4e and the perfect
surface in rig. 3—le; appear the same.
Figure 3-5 shows the diffraction from a very broad distribution of

-step widths with a monatomic step height. The obvious feature of this
distribution is that the‘terrace boundary functiop (Fig. 3-5¢) is mucﬁ
lower in intensity and does not gé to zero at any angle. This causes

the whole diffraction pattern, represénted by the interference function
(Fig. 3-5d), to be of much decreased intensity. Since F{{} (Fig. 3-4b
and 3-5b) is not wider with the wider distribution the pattern outside

of the doublets is as sharp, but there isvhigher intensity between each
Vpair §f doublets.

3.4.5. Other Distributions

A large aﬁount of disorder can be hidden by the statistical averaging
of the surface. This is clearly shown by Houston and Pa‘rklo8 for a
simple domain structure as reporduced in Fig. 3-6. The beam broadening
is not detectable until the distribution width is greater than half the
mean length because of instrument response.

Using the Pt(S)-{6(111)x{(100) ]domensions a.number of feasible
surface configurationé are proposed and shown in Fig. 3-7. Thé vicinal

surfaces appeared could have a very broad distribution of terraces with
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Diffraction from an imperfect surface; (a) the distribution
function of step widths and heights (all monatomic height
stepps), (b) F{y}, the transform of the weighted average of the
pair correlation functions, (c) [1 - F{p(S)}~1, the transform
of the terrace boundary distribution function and (d) i(&ﬁ)

the interference function at a/A = 1.52 (60 eV electron energy
for Pt(111) vicinal surfaces) and normal incidence. This
figure is drawn to the same scale as Fig. 3-4 to emphasize

the damping effect of the broad terraces with distribution on
the beam intensity.
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Possible surface step configuration for a (S)-[6(111)x(100)]
crystal; (a) broad terrace and singular step, (b) broad
step height and ‘terrace width, (c) unfaceted and (d) faceted
surfaces with a (211) step orientation. '
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with a near singular step height distfibution, Fig. 3-7a. ‘For a
staﬁisticaliy indépéndént array the distribution w;dfh‘is the same order
of magnitude as the mean vélue of thé d_istribution.112 In an extreme,
théy could have both very broad step widtﬁ and height distributions, as
in Fig. 3-7b. Data indicate (see Chépter 4) that this surface will facet
"to (111) and (211) plénes instead of.(lll) and (100); therefore, XO

'wiii be defined to Xo =’2a +-% a, or in otherwords a 3(111)x(100) step.

A broad distributioh for this is givgn in Fig. 3-7c, and a possible faceted
surface configuration in Fig. 3-7d. With Xo = % a again, a bimodal
distribution of terrace widths is needed to produce the distribution
result in Fig. 3-7d. Another type of distribution which is physically
conceivable would be that the terraces widths are not independent of
their neighbors with. This Qould manifest itself in distribution similar
to Fig. 3-7d withvan éttractive.interaction or similar to Fig. 3-4a with
a repulsive interaction. With carbon present on certain surfaces,

areas of both 2 and 3 atom wide terraces are stablized.

3.4.6. Regularity of Actual Surfaces

Calculated interference functions,'i(gi), could help dispell doubts
that the vicinal surfaces are reasonably regulérly stepped. It is felt
that surfaces are fegular since the split spots are sharp and the back—'
ground on a clean annealed surface in the splitting direction is thé same
as in other portions of the pattern. The large amount of disorder in the
surface causes the first term of Eq. (3-21) to become comparable to the
second and streaking of the fraction pattern resuits. In the.example
in Fig. 3-4, F{@I— o} F{o} =~ 0.01. Since the step width and height
distributions are coupled, the split beams will broaden with a broad

distribution. As apparent from Figs. 3.4c and d, a broad distribution
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is necessary to produce a triplet of beams ét certain energies. These
triplets are generally, not seen inlthe experimentally observed
diffraction patterns.

A few general conclusions about the platinum step surfaces.can be
reached from the qualitative behavior of the diffraction pattern. The
width'of the terrace width distribution is probably one half the mean
step width or less. The step width and height distributions are
independent or the surface has a near singular step height distribution.
Since the step widths and heights are not necessarily independent
(triplets of beams),.the.interaction must be repulsiye on most surfaces,
thereby resulting in near singular step height and narrow step‘width
distributions (see Section 4-3). In other words, the surfaces are well

behaved and stepped staircase in nature.
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4. THE STABILITY AND STRUCTURE OF PLATINUM SURFACES

4.1. Introduction

The surface tension or excess surface free energy of a solid
or’liquid controls the shape of.the samples surface. A system always
tries to minimize its free energy. If it is not kinetically hindered
(kinetics limit at temperatures bélow about 0.7 of the melting temperature

. 113,114,115
in fecc metals .

), the system will move large numbers of atoms
toAObtain its equilibrium configprgtion, whefhér it is monatomic height
steps, multiple height steps, or large facet planes. As with any
substance, and particqlarly sblids, the system may be frozen into
a state which is characteristic of equilibrium at higher temperature.
This is advantageous in a LEED study, such as this investigation, where
observations can be made at low temperature only.

An arbitrary crystal plane on a large sample may be stable in
a monatomic height step arrangement or any facet and form a hill and
valley structure depending on which configuration has the lowest

116 The criterion for stability are given in Appendix D.

free energy.
LEED ié an ideal tool for determining faceting on surfaces since it

is sensitive to small periodic structﬁral changes, such as multiple height
steps. 1f a surface of orientation A is unstable and facets, it

"can be shown that all other surfaces with orientations near A will

be unstable and facet.116 Taking this argument to its logical

conclusion, it can be seen that all the orientations of surfaces

between the two (or three) planes to which surface A facets wil; be

unstable and facet to the same set of planes. Thus whole regions

may be characterized with a single sample.
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This chapter deals with the stability and structure of metal
surfaces, in particular, Pt surfaces. Twenty-one different crystal
planes of Pt have been studied, several with more than one sample, by
LEED and AES. The structure and stability of these planes has been
determined for the clean metal surface, and for oxygen or carbon
contahinated surfaces. The results are'compared with other experimental
.reéuits and with theories found in the literature; possible. extensions
and improvements to the theories are suggested. A new structure is
suggesped for the reconstruction of the (001l) face of Pt which came
from studies of Pt (001) vicinal surfaces as well as the (001) surface.

4.2. Experimental Results

4.2.1. Samples and Nomenclature

The Pt high Miller Index surfaces which have been studied are
showr in Fig. 4.1 on a stereographic projection. The stabilities
of the surfaces: .clean, covered with a nonolayer of graphitic carbon,
and partially covered With oxygen, are tabulated in Table 4-1. The
surfaces were prepared and cleaned as discussed in Chapter 2. They
were clean of Ca, C and O by AES to the limit of detection, agout
0.05 to 0.02 monolayersf_ The samples were covered with a monolayer of
gréphite by beating to 800°C in lxlb_7 Torr of hydrocarbon for a
few minutes. Anyvhydrocarbon will wofk, but the experiment was
usually conducted using an olefin, efhylene, or an aromatic, benzene;
n~heptane was also used.. The oxygén contamination was obtained by
heating the samples at.850°C in 5><10"8 to l><lO-6 Torr of.oxygen for

10 to 30 min.
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Fig. 4-1. Unit triangle of stereographic projection showing location

and Miller Index of Pt surfaces studied.



Table 4-1. Stability of high Miller [ndex platinum surfaces.

Angle from  Angle from

Nominal Milier Low Index * Zone Line Zone ) C-Covered —6 .
Surface Structure Index Pole (°) ) Line Clean (C-273 eV/Pt-240 eV Auger Peak Ratio ¢ %) ‘o Atmosphere (10 = ‘Torr)

(11D ) 4383 ’ 0 0 {116]  Stabie melt point Stable Stable 1500°+ "
PE(S)-125¢111) (1001 (IZ,12,13) 2.2 [110]  Stable 1400°+ s ' %.D. /

9{(111) - (100) (345) 6.2 0 [110] Stable 1200°+ Stable 1000°+ Streaks-step disorder . {:}
6(111)-{100) (3575 9.6 v 0 (110} Stable 1600”+ 8.5(L11) “(100)~C=ring + (211} 700°- Streaks-step disorder '7 "
4(111)-{100) (533) 14.4 0 {110]  Srable’900°C- C-ring but same facetr 300°C Facets (21l) -1000°C Rt

facer (211):900°C
Stable 1000G°C Q3
facet (2L1)~1000°C

3(111) - (100) (11 19.5 0 {110}  Stable *Stable 1000°C Streaks €:
¥
13(111) “(310) (69,70,72) 4.2° 20 [110]  Stable 1600°+ " Stable Stable 1100+
(3 atoms) N
=
" " - Ty
7(111)+(210) 10.0° 33° [110}]  stable 1200°+ 7(111)¥(210)~C-ring 900°+
(1 atom .
between [3
kinks) N
7(111) " (310} (679 10.0° 20° [110]  Stable 1200°+ N.D. -C-ring 900°+ " " Jo e
2 at ) R
‘ (2 atoms) o
7(111) - (710} (11,12,16) 9.8 13° {110]  Stable 1200°+ 0.4~0.6 layer € " " “ ! "
(3 atoms) 8.5(111)“( ? )-C-ring+{211) 700-900° el
Saturated

(111)-C~ring+(211)+(552) 700-900°

6(111) (14,1,0) 9.6 5° {110]  Stable 1200°+ Satuated
(8 atoms) 15(111)~*2(100)-C-ring+(552)-C-ring 1600°C
(100) (001) 0 0 [110]  Stable- Stable-C-ring Stable L5D0+ O
[100]) reconstructed 1600°C+
7(100) - (111) {1,1,13) 6.2 0 (110} Stable 1100+ Facets (1U0)+(311)-C-ring both facets Facets (00L)+(113) ail T, 5 X 0.0l monolayer 3
5(100) - (111) (119) 8.9 0 [110]  Stable 1200+ Facets (100)+(311)-ordered C 700°-1970°C " * "
9(111y-(111) (799) 6.5 0 {011}  Scable 1400°+ 25(111) 3(L11)-C 700°+ L7(1E1) - {111}~ 700°C+
S(1LLY-(1lL) (333) 12.3 0 [0I1}  Scable 1200°+ N.D. X(LL1)4(110) 700°+ N.D.
6(1117- (L11) (333) 10.0 0 [011}  Stable 1200°+ Facets-(111Y+(331),(221) N.D.
5(100) - (L00) (015) 11.3 4] [L00] (100)~(5-1)+(210) Same as clean Facets (L00)-(5-1) and (21O)
(110) (o1l 0 0 [011}  Stable- .o Szable
(100} reconstructed 1600°C !
5(110)- (180} (n43) 5.3 ' 0 [100]  sStable 1200°C+ N.D. N0,
SOLI0 -1 3.0 [ 1611y Same a< ciean Facers (LIDV+(3I1) -6220)
- N ,, .

Ca Jeverad
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‘The basic stereographic triangle is broken down into three
regioné for the discussion of the stability of the surfaces. The
regidns are the surfaces vicinal to each of the low Miller Index
poles at the corners of the stereographic triangle, (111), (001),
and (011). The structure of the monatomic height steps in each
region is shown in Fig. 4-2. The geometry of the éteps along each
major zone line and on a representative surface with highly kinked
steps is sﬁown for each region. The different stepped surface
orientations consist of the appropriate geometry step separated
by terraces of the appropriafe mean width to produce the proper
overall orientation. For example, the Pt(S)-[6(111)x(100)] consists
of (111)X(100) geometry steps (Fig. 4-2a) spaced on the average 6
atoms apart., (The distribution of step widths is diséusséd in
Chapter 3.5

4.2.2. The (111) Vicinal Surfaces

A large number of surfaces have been studied in this region. The
region includes from the [111] pole to the [122] and [112] poles
on the boundary zone lines and the whole region within about 20° solid
angle of the [111] pole.

4.2.2.1. Clean Surfaces. The surfaces in this region are stable in

a monatomic héight étep configuration when clean. All the surfaces except
onc, Pt(S)-[4(111)x(100)], are stable at temperaturcs up to at least
1200°C; the few tested to 1600°C were also‘stable. The
Pt(S);[4(lll)X(100)] surface facets reversibly near 900°C, when

clean, from the monatomicvheight step configuration to a faceted

“surface with [5(111)%(100)] areas and [3(111)%(100)] areas.
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Fig. 4-2. Schematic diagrams of the geometry associated with the steps in
- .. each region of the stereographic triangle, -showing a geometry on each
boundary zone line and a kinked surface in the middle of the region;
(a), (b) and (c) are vicinal to the (111) plane; (d), (e) and (f) are
vicinal to the (100) plane and (f), (g) and (h) are vicinal to the
(110) plane. The reconstruction of the (001) and (011) vicinal
surfaces is not shown.
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The step width distribution on the unfaceted surface, Fig. 4-3d,

is probably quite broad since all three triplet spots are quite

bright. As was shown in Section 3-3, the more satelittes which are

seén brightly, the broader the distribution of étep widths. The

width distribution may resemble that of Fig. 3-6a or possibly Fig. 3-6b.
Abové 900°C, the width distribution changes, with the steps apparently
bunching, and may resemble Fig. 3-6d.

lThe full width at half maximum (FWHM) of the [3(111)x(100)] facet
speéular beam is ~3.6° at 60 eV. This gives approximately 25R or
~4 [3(111)*(100)]. lattice spacings. This shows that the Pt atoms
have a high mobility and can obtain an equilibrium surface configuration
under the conditions of our experiments. It also demonstrates that
a high temperature structure can be quenched and studied by LEED
at room temperature. This indicates that the step structure which
is obtained by quenching rapidly from 1600°C (about 3 sec to reach
800°C below which appreciable diffusion does not occur) is the
equilibfipm structure at the high temperature except for some possible
reordering of the steps;

The LEED patterns of several surfaces are shown in Figs. 4-3, 4-4
and 4-5. As seen all these diffraction patterns have the overall
hexagonal symmétry of thev(lll) surface with the spot splitting
inversely proportional to the step spacing (see Chapter 3) and the
splitting direction normal to the step direction. The ratio of the

(10)-(00) distance (close-packed distance) to the doublet splitting

‘agrees with the nominal value to within a 1/3 of a lattice spacing, i.e.,

for a [6(111)%(100)] surface the ratio is 5-2/3%1/3. This agrees



Fig., 4-3.

XBB 733-1571

Photographs of the LEED patterns of the (a) Pt(S)-[6(111)x(100)],
(b) Pt(s)-[7(111)%(310)], (c) Pt(S)-[9(111)x(100)] and
(d) Pt(S)-[4(111)x(100)] stepped surfaces.
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Fig. 4.4. Photographs of the LEED
patterns of the (a) Pt(S)-[7(111)x(111)],
(b) Pt(S)-[7(111)*x(210)] and

(c) Pt(S)-[13(111)x(310)] stepped
surfaces.
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Fig. 4-5, Photographs of the LEED patterns of the
. (a) Pe~(111), (b) Pr(s)-[9(1il)x(111)] and
(¢c) Pt(s)=~[6(111)x(111)] surfaces.
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well with the uncertainty of cutting and polishing the crystal as
described in Chapter 2. The close packed distance, (1,0)-(0,0) is
determined by measuring across the flats of the hexagon perpendicular

to the split direction and multiplying by 1//3. vThe [n(111)x(100)]

and [m(111)x(111)] type surface diffraction patterns appear identical, but
the splitting direction is actually along a different zone line.

With a careful intensity vs voltage determination, multi-layer
diffraction from the threefold symmetry of the fcc [111] allows the

zone line to be determined.

4.2.2.2. Graphite Covered Surfaces. A monolayer of graphitic

' carbon causes interesting surface structural rearrangements in this
region. On samples between the Pt(S)-[9(111)%x(100)] and
Pt(S)-[3(111)x(100)], graphitic carbon causes facets of [3(111)%(100)]
and Pt(S)-[9(111)*(100)] to form. These are similar to the
Pt(S)-[4(111)x(100)] clean surface in that it is reversible and the
facets are small, again about 358. When the carbon is removed, either

by O, cleaning or high temperature bulk dissolution, the monatomic

2
height step configuration returns. Surfaces with terraces wider
than 9 atoms are unaffected by the presence of graphitic carbons,

at least along the [110] zone. One edge of the unit cell, ;, in the
basal plane of graphite is 8/9 of the close packed platinum distance,
2.77&, thus the graphitic layer apparently stabilizes the terrace
width at which the Pt and graphite unit cells are in registry,

l.e., Pt(S)~[9(111)x(100)]}.

Along the [011] zone, the samples also facet with graphitic

carbon on their surface. The facets appear to be the (111) plane and
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a combination of [3(111)%(111)] and [2(111)%(111)] planes. There
is no clear facet specular reflection as along the [llQ] zone, but a
fairly bright streak with more intensity corresponding to the
[3(111)%(111)] and [2(111)%X(111)] diffraction beams. The mean facet
size cannot be determined. The samples along the [01l] zone have
higher background and broader, less well defined beams, as compared
to samples along the [110] zone, indicating that the step orientation
is quite important for the nucleation and growth of stabilizing
structures.

In this region between the zone lines, some samples are stable
in monatomic height step while others facet to the three lower
Miller Index corners, (111), [3(111)%(100)] and [2-3(111)%(111)].
The Pt(S)-[7(111)%(210)] and Pt(S)-[13(111)%X(310)] are stable with
a monolayer of graphitic carbon on their surfaces. The [7(111)%(710)],
at 0.4 to 0.6 monolayers of carbon, facets to a [8.5(111)%(210)-C ring
and a [3(111)%(100)], but when saturated, facets to the (111),
[3(111)%(100)] and [2-3(111)%(111)] planes. This is very similar
behavior to that found by Ellis on UO2 kinked surfaces.103 Upon heating
and the loss of 02, is the destabilization of steps, his surfaces
faceted to the (111), (3355 and (331) going through similar
intermediate stages. By comparison with other studies}l7’1181tis
thought, but has not been confirmed, that with multilayer graphitic
carbon, even the 9(111)X(1005 surfaces will be destabilized with
respect to the (111) surface. However, faceting beyond the (112)

and (133) surfaces is not expected to occur. The (112) and (133)

surfaces are of relatively low Miller Index, and at least the (112)
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surface is stable with a monolayer of graphitic carbon. The (133)
has not been étudied but is not stable with submonolayer coverages of
Ca (surfaces along the [011] zone facet to (111) and (011)) planes
with significant coverages of Ca), therefore, it might not be stable
at large multilayer carbon coverages.

4.2.2.3. Oxygen Covered Surfaces. The surfaces in this region

do not facet when exposed to 1><10_6 Torr of O2 at high (900°C)
temperatures. However, sharp streaks form in the diffraction pattern
from the surfaces on the [110] zone in 1/2 order position, as shown

in Fig. 4-7 for the Pt(S)-[6(111)%(100)] and a 1/3 order positions

for the Pt(S)-[3(111)*(100)]. surface, Fig. 4-8. It cannot be
determined if the steps are disordered, also, by the oxygen adsorption
since the oxygen streak obscures the doublet diffraction beams from the step
and any streaking intrinsic to the doublet. Samples on the [Oil] zone
form multiple height steps.7l The Pt(S)-[9(111)%(111)] becomes
Pt(S)-[17(111)%2(111)]-0 when exposed to oxygen at high temperature.
Kinked step samples between the major zone lines are stable with
oxygen on their surface. The oxygen adsorbs randomly along the

step since no extra diffraction features are observed, and the back-

ground is higher than on a clean sample.

4.2.3. The (001) Vicinal Surfaces

Several surfaces have been studied in this region. The region
includes from the [001] pole to the [113] and [012] poles in the
boundary zone lines and the whole region within about 25° from the

[001] pole.
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¥XBB 718-3671

Fig. 4~7. Photograph of the LEED pattern of the Pt(S)-[6(111)x(100)]1-0
showing the 1/2 order streaking which occurs yith oxygen
adsorption at high temperature.
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XBB 765-3883

Fig. 4-8. Photograph of the LEED pattern of the Pt(S)-[3(111)x(100)1-0
showing the 1/3 order streaking which occurs with oxygen
adsorption at high temperature.
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4.2.3.1. Clean Surfaces. The surfaces in this region all

possess a reconstructed (00l) terrace as readily seen in Fig. 4-9
(see Section 4.4 for a detailed discussion of the (00l) reconstruction).
The samples along the [110] zone are stable in a monatomic height
step configuration to above 1200°C, while along the [100] zone the
samples facet to (001) and (012) planes. These facets formed upon
annealing at 850°C, and were quite large compared with the facets which
form in the region near the [111] pole. The angular FWHM of the
facet beams is 1.5°; this gives a facet size of.>22 (012) lattice
spacings or >100A.

Samples off the major zone lines were not prepared in this region.
It would be of interest to determine at what angular rotation from
the [110] zone line would produce stable surfaces and what amount of
angular rotation away from the zone line would yield surfaces that
become unstable and facet.

4.2.3.2. Carbon Covered Surfaces. A layer of graphitic carbon

returns the terraces to the square bulk symmetry on both zone lines.

The steps are destabilized in this region and the sample surfaces are
unstable and facet to (001) and [2(100)x(111)] or [2(100)%X(100)] planes,
with a graphitic ring structure prominent in the diffraction pattern

from all three planes. This is expected to be the equilibrium
configuration in this region for carbon covered surfaces, as well as
oxygen and calcium covered surfaces. The [2(100)%(111)] and [2(100)%(100)]
are relatively low Miller Index planes and both are stable with a

1 .
monolayer of graphite on them. Lang'l8observed similar faceting.
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XBB 7511-9031

Fi 4~9. Photographs of the LEED patterns of the (a) Pt(001),
(b) Pt(S)-[75(100)x25(210)1, (c) Pt(S)-[5(100)x(111)] and

(d) Pt(S)-[7(100)x(111)] surfaces.

420}
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4.2.3.3. Oxygen Covered Surfaces. The samples along the [110]

are very sensitive to oxygen. Less than 0.05 monolayer of oxygen
causes the Pt(S)-[7(100)x(111)] to facet to the (001) and [2(100)x(111)]
planes. When the Auger 0-510 eV peak height to Pt-238 eV peak height
ratio is less than 0.1, the sample still facets; noise precludes
accurately determining how much less than 0.1. One monolayer of oxygen
gives a peak height ratio of ~2, as was determined with 0.1 to 0.05
monolayer of Ca on a Pt surface which promotes adsorption of oxygen
into the high temperature state.115 It is expected that the oxygen
stabilizes the [2(100)*(111)] stepped surface; this means that less
than one 0 atom for every four Pt atoms along the step greatly
influences the surface structures' stability. At higher coverages
of oxygen a (2X1)-0 pattern is present on [2(100)x(111)] facet plane,
but the (001l) pattern does not change. As the O coverage is lowered
below ~0.2 monolayers by heat treatment the (2X1) pattern fades and
is not visible at coverages less than 0.05 monolayers. This behavior
indicates most of the oxygen at lower coverages of less than 0.2
monolayer is on the [2(100)X(111)] facet plane and hence its surface
tension is affected more than that of the (001). The angular spread
of the [2(100)%(111)] beams is the same as the instrumental broadening
at all coverages of oxygen investigated. Thué a vefy small amount of
oxygen can cause large facets to form.

The 5(100)%(100) surface on the [100] zone does not appear to
exhibit this behavior in that it is faceted when apparently clean.

Although this surface was studied before the extreme oxygen

sensitivity was observed on surfaces on the [110] zone, the Auger
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spectrum are noise free in the region between 500 and 520 eV, and

the surfaces are faceted. There could be a very small amount of oxygen,
<0.03 monolayer, on the surface which would be undetectable with

the retarding potentical Auger spectrometer used in this investigation,
as no extra precautions were taken to assure the absence of oxygen. The
[(100)%(100)] step is much more open (lower coordination of atoms)

than the (100)%(111) step so its stability can be rationalized.

A close packed direction of the (001) hexagonal surface
reconstruction is parallel to the steps in the ([(100)x%(111)]) [110]
zone, but the steps on the [5(100)%(100)] surface are not in
coincidence with the reconstruction overlayer; this could also
promote instability on the [100] zone ([(100)%(100)] steps).

4.2.4. The (011) Vicinal Surfaces

Only two surfaces have been studied in this region, one on each
zone line. The region includes from the [011] pole to the [012] pole
on the [001] zone and to the [122]-[133] region on the [011] zone and
the whole region within about 17° from the [011] pole.

4.2.4.1. Clean Surfaces. The clean surfaces in this region are

not stable in a monatomic height step configuration. On the [011]
zone, the sample faceted to the (011) and (122)-(133) planes, and on
the [100] zone the sample had a apparent double height step and

a reconstructed terrace. The (011) surface of Pf reconstructs to

give a (1x2) patt:ernl19

which can be seen on the (011) facet in
Fig. 4-10b, ([3(110)%(111)] nominal surface). The Pt(S)-[3(110)%(111)]

surface's instability is not surprising with its corrugated surface

structure. The ridges and valleys of the (011) surface run parallel



Fig. 4-10.

Photographs of the LEED patterns of (a) Pt(S)-[5(110)x(100)],
(b) Pt(S)-[3(110)x(111)]~facet and stepped surfaces.

XBB 7511-8760
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with the steps. The (0l1l) reconstruction is thought to be a filling

of every other row to produce a double height step. These height

steps might be unstable and agglomerate to form (331) planes. The facet
size could not be determined because of experimental difficulties.

On the Pt(S)-[5(110)%(100)] surface, the terrace is reconstructed,
but not to a (1X2), and the terrace width is doubled (see Fig. 4-10a).
This is apparently the stable structure as annealled 1 hr at 850°C
or 1200°C produces the same LEED pattern. Park and Houstonl07 have
shown using the concepts of Section 3.4 that fractional order beams,
such as present here, (1%X2-2/3) reconstruction, can result from
mixtures of rational order structures, i.e., 1/3 of (1x2) and 2/3 of (1x3)
reconstruction. These results could be affected by oxygen but the
1200°C anneal should remove any oxygen from the surface. Merrill120
has shown that annealing an (011) surface a few minutes at 1100°C
will remove oxygen from that surface, therefore 1 hr at 1200°C
should remove any oxygen present on the [5(110)%(100)] surface.
Intensity analysis of the ﬁdoublets" to determine the step height
did not produce the proper value as it does with surfaces vicinal
to [111] pole. The values obtained for the maxima are listed in
Table 4-2.

4.2.4.2. The Remainder. No samples have been cut in this region

which would be what is not in the (111), (011) and (00l) vicinal regions.
These are very rough surfaces with almost every surface atom of low
coordination. They would probably be very sensitive to surface
contamination possibly faceting to the (113), (012) and (122)-(133)

planes instead of the low index planes. The study of these and other
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Table 4-2. Doublet maximum vs voltage for the reconstructed
Pt(S)-[5(110)%(100)] surface (all numbers are
£27) .

Voltage Equal Intensity (eV) Voltage Single Maximum (eV)

10 26
50 94
140 192
265 310
380 470

572
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planes off the boundary zone lines would help to determine the
behavior and stability of the stepped surfaces of Pt.

4.3. Discussion of Step Stability

4.3.1. Comparisons with other Measurements

4.3.1.1. vy-Plot Determination for Pt-Clean Surface. It is

interesting to compare the results for the stability of Pt surfaces
presented in Section 4.2 with other similar determinations found in

. 121 ;
the literature. Mclean and Mykura reported the rotational angle
averaged value of the surfcce free energy for solid angles out from
the three low index poles. They used the twin boundary groove technique

to measure the surface tension (this method is discussed in Appendix D).

The results have been replotted in a form amenable to the Herring analysis116

of stability and are shown in Fig. 4-11. Their '"clean'" surfaces are
probably highly contaminated since with no pretreatment they were
annealed several days at elevated temperature in 10_5 Torr vacuum. The
carbon and other possible impurities in bulk material would segregate
to the surface at least in the lower portion (900-1100°C) of their
temperature range (900-1500°C). They also annealed a sample in air
at 1100°C which would remove allAthe carbon from the bulk and surface,
but would leave some oxygen as well as Ca on the surface. As seen in
Fig. 4-12, annealing at 1100°C in air or in vacuo makes a large
difference in the stability of the Pt surface.

M and M found their "clean" surfaces to be generally stable in the
monatomic height step configuration. At 1300°C, surfaces near the (001)
faceted and at 1500°C surfaces, near the (111) faceted. At 900°C,

the temperature where the LEED data is most reliable, a number of
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Fig. 4-11. Polar plot of 1/v for Pt from McLean and Mykura.121 Regions of stabilitv are determined
bv Herring analysisll6’229 at 900°C for '"clean'" surface. All regions are stahle in

monatomic height steps, but vicinal to the {100} and {111} planes all step configurations
are stable.
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Fig. 4-12. Polar plot of 1/v for Pt annealed in air at 1100°C from McLean and Mykura.121 Faceting
‘ was observed near all three low index poles and analysis indicates that the {111} and

{110} vicinal planes facet. Near the {100}, all step configuration are equally stable

but the surfaces facet in 02 and are stable clean.
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planes were found unstable. Since LEED patterns cannot be seen at

high temperatures (above about 700°C), the surface might relax during the
cooling period and return to a more ordered lower temperature structure.
This can be significant above about 800°C where diffusion is fast

enough for measurable relaxation to occur in a few seconds. Burton,

et al.122 have observed a similar relaxation phenomena with alloy surface
composition. They found significant changes in the surface composition
with rapid quenching from above 700°C to room temperature. This would
involve moving atoms only one or two lattice spacing which would not
cause significant structural changes.

Quenching the Pt crystals from 900°C, does not allow sufficient
time to move the large number of Pt atoms associated with facet
formation. The instability along the [100] zone and on part of the
[011] zone by LEED are not observed by the twin boundary method. On
the [100] zone near the (00l) pole there is marginal stability measured
by the groove method, but no anisotropy was found near the (011) pole.
This lack of anisotropy cannot be rationalized in light of the
instability by LEED on Pt and definite cusping on other metals.

Vicinal to the [111] pole, the 1/y plot from the groove data is a
straight line; this indicates that any and all possible surface
structures would be stable.ll6 The LEED intensitjies need to be
examined carefully in light of Section 3.4 to be sure the steps are
monatomic height and not a broad distribution.

On the [110] zone there is a reversible faceting at 900°C in
the region between the (112) and the (335) by LEED, that is not seen

by the twin boundary method. This is significant in that the curvature
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of the y-plot must change sign twice between low index poles rather
than just once as along the [011] zone. The standard step-ledge-kink
theorie5123’124 do not predict that a region away from the low index
poles will be unstable when there are stable regions on both sides
closer to low index poles. If the (112) plane has the extra stability
to be considered a low index plane (i.e., there is a cusp in Y-plot
at (112)), then the theories can be satisfied.

An interesting observation made by M and M on the '"clean" surface
is that the slope of the y v: T plot changes; the farther a surface is

121
from a low index pole the lower the temperature of break. They

interpret'this as a surface melting of the particular crystal face.125
This disofdering particularily on the (001l) vicinal surface was not
observed by LEED, but the surface could have recrystallized during

the quench. The crystal would emit too much light above 1000°K to
use a LEED post-acceleration display systeﬁ, but a Faraday cup detector
would allow discrimination of diffraction beams from the background and
a possible determination of a surface phase transition. Another
possible interpretation is the dissolution of surface segragated
impurities such as C or Ca, both of which have endothermic heats

of solution. Different surface-bulk equilibrium for different crvstal

2 2
126,1 Zuuicould account for the

planes has been noted for C and S on Ni
differences in temperature where the change in slope occurs.

4.3.1.2. y-Plot-Oxygen Covered Surface. The air-annealed

12
surfaces were unstable and faceted in the work of M and M. The
planes in each of the three regions discussed in Section 4.2 faceted

to the corner surfaces of that region; the fourth region (the left
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over portion) was stable and did not facet. These results are
generally similar to the LEED results for the oxygeﬁ covered surfaces.
The (001) vicinal surfaces faceted to (001) and (113) or (012) with
very little oxygen on the surface by both LEED and the groove method.
The relative rate of change of the surface free energy with and
without oxygen allows the determination of the relativeboxygen
adsorption density.128 The oxygen density is higher on (001) than
on its vicinal surfaces by the twin boundary method; however, LEED
results say the (001) remains relatively oxygen free and the (113)
facet has a (1x2)-0 pattern at higher coverages. This

is probably an anomally of the interpretation of the groove method.

The (011) vicinal surfaces studied are unstable by the groove
ﬁethod and marginally stable by LEED. On the [110] zone faceting
occurred to (122) and (011) by both methods. While on the [100] zone
multiple height steps are detected by LEED, instead of the faceting
to the (012) and (011). Possibly the oxygen average of the surface
is greater in the grooving experiment resulting in greater stabilization
of the (011) plane; a strong adsorption of oxygen was noted on the
(011).

The (111) vicinal surfaces were found to facet to (111) and an
indeterminate plane about 12° from the [111] pole by the groove method.
This is contradictory to the LEED resulis where the vicinal surfaces are
all stable when annealed in oxygen. Thgse surfaces did facet when a
greater than one monolayer coverage of an was present (see Section 2.3

for discussion of Ca on Pt) indicating t&e possibility of contamination

on N and M samples. Oxygen adsorption o (111) vicinal surfaces
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causes a one dimensional streaking in the diffraction pattern at
the 1/2 order positions on the [110] zone and double height steps on
the [011] zone,71 neither of which would appear as faceting. This
discrepancy may again be explained by a different oxygen coverage as
well as contamination.

The data of McLean and Mykura121 are nearly straight lines on
a 1/y-plot vicinal to the (001) and (111) surfaces, so a slight
stabilization by impurity adsorption could lower the step energy
in these cusps and cause fa:eting. If all the binding energy of
adsorbed O2 (97 kcal/mole)129 at 1/100 monolayer total coverage were
used to stabilize the steps on a 7(100)X%(111) crystal surface, the

surface energy would be lowered 70 erg/cm ~ 2800 erg/cmz).

o
100
With total anisotropy of about 77 this is a sizable amount and could

cause the faceting.

118
4.3.1.3. Other Measurements on Pt. Lang used LEED to

determine the stability and structure of four carbon covered single
crystal surfaces, the Pt-(111), Pt-(001), Pt(S)-[6(111)%(111)] and
Pt(S)-[5(100)%(111)]. His observations on the stability of surfaces
are in general agreement with the results presented in this thesis.
The (111) surface was stable with a large amount of carbon on it. The
exact coverage of C on their surfaces was not determined from the lack
of an Auger spectrometer; however, it is at least as large, if not
larger, that the level in this study. The (111) vicinal surface was
found to facet to the [2(111)x(100)], [3(111)x(100)], [3(111)x(111)]
and (111) surfaces at high C coverages. The intermediate facet

structure discussed in Section 4.2 (faceting to [3(111)%(100)] and
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and [9(111)x(100)]) was not distinctly observed by Lang,118 but at

his lower C coverages streaking was observed in the proper locations.
Thus he did not obtain as much order at the low C covérages and the
distinct pattern was not observed. Lang observed the (001) surface
to facet at high C coverages to the [2(100)%(111)] and [3(100)x(111)],
but not uniformly across the single crystal. This faceting was
not observed in this work or that of Morgan. and Somorjai,96 and
since it was not uniform across the surface of Lang, may be caused
by contamination or improper surface preparation (maybe a bent crystal).
The (001) vicinal surface faceted to the [2(100)%(111)] as in this
study, but Lang detected facets off the zone line which were not
observed in this study on the [7(100)%(111)] surface. The comparison
of this work and the work of Lang demonstrate the sensitivity of the
surface to the exact conditions of the experiment, surface contamination
and the carbon coverage of the surface.

Blakely and Mykural14 measured the surface self-diffusion and
surface energy of Pt foils by annealing of scratches. They obtained
a value of the mean surface diffusion coefficient of Bs = 4><10_3 cmzsec_1
exp(-26,400/kT). This gives B, = 5><10_8 cm/sec at 900°C which is
sufficient to form a facet of the size measured by LEED in about 100 sec,
therefore, this again says that the LEED experiment measured equilibrium
properties of the surface. They found a six to eight-fold variation
in the sufface diffusivity at a given temperature with ;ariation of
crystallographic orientation. The fastest diffusion was along low

index terraces, particularly (111); the slowest was perpendicular to

130
steps and particularly near (001). Ayrault and Ehrlich using a
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field ion microscope with a Rh tip, UHV conditions, and much lower
temperatures (50 to 200°K) found a similar effect of crystallographic
orientation on the diffusion coefficient. Blakely and Mykura,l14 found
"clean" (001) vicinal surfaces facet at 1300°C as did McLean and
Mykura,lzl however after >150 hr annealing the (001), facets of
Blakely and Mykura disappeared. This is indicative of inpurities from
the bulk diffusing to the surface and slowly being depleted. A small
oxygen leak, which is possible in the 10_5 Torr vacuum conditions used,
could remove C and Ca slowl; under the experimental conditions
(see Chapter 2). This casts further doubt on McLean and Mykura's
surface melting interpretation.

Melmed115 measured the surface diffusion activation energy on
Pt field-electron emission tip. An activation energy of 29 kcal/mole
was measured, which agrees quite well with those of Blakely and

114 ’

Mykura. The region around the (001) pole was quite sensitive to

C contamination in the temperature range 1200-1600°C, as it was with

114 121

Blakely and Mykura and apparantly McLean and Mykura.

4.3.1.4. Other Metals. A comparison of the stability of Pt

surfaces by LEED can also be made with other metals which might be
expected to behave similarly, group VIII and IA metals. The anisotropy
of the surface energy of Au has been measured by Winterbottom and
Gjosteinl3l by the twin boundary groove method. All surfaces were
found stable at 1030°C. An interesting flattening of the curvature

of the Y plot was found on the [110] zone near the (111) pole. The
region corresponds very closely to the region on Pt surfaces where

carbon causes an instability. There are many impurities in the bulk
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Au samples which segragate to the surface and could cause
instabilities.95 As with grove data on Pt,121 there are no
instabilities at the (011) or (001) poles, as evidenced by LEED

and considered reasonable since the (011) and (00l1) surfaces reconstruct
to lower their surface free energy on both metals.

On Ir, the other metal whose (001) and (011) surfaces reconstruct,
twin boundary groove measurements have not been made. Measurements
have been made with field ion microscope tips on the relative energy
of the lower index faces.132 The anisotropy is very similar to
that found on Pt and Au by the groove method. What is interesting, is
that during the zero field annealing process the (012), (113), (112)
and (133) type surfaces reached their equilibrium very rapidly
compared with the low index plénes, (111), (001) and (011). This
has implications for the self-diffusion of atoms and the equilibrium
structure, as discussed in Section 4.3.2.

Low Energy Electron Diffraction results have shown Cu surfaces
to be stable on the [100] zone104 in regions where Pt is not stable.

A kinked step Ni surface vicinal to the (001) pole off the [100] zone
is stable;126 it is not known if the equivalent Pt surface is

stable. These metals might be expected to be stable vicinal to fthe
(001) whereas Pt is not since neither 3d metal reconstructs its (001)
plane to lower the free energy. This extra lowering may make clean

Pt facet where Ni and Cu are stable. Mykura133 found that Ni faceted
by the groove method, but his samples were highly contaminated.
McLean134 found that all Cu surfaces are stable and that cusps in the
Y-plot might occur at [3(111)x(100)] and [4(111)%(111)] planes similar

to what LEED data indicate for Pt.
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4.3.1.5. Synopsis. Low Energy Electron Diffraction is a much more
sensitive tool for the detection of faceting on clean crystal surfaces
than are the twin boundary or grain boundary groove techniques. They
have the advantage of being able to determine a relative surface
tension for each orientation meésured and in this way construct a
Y-plot. The groove techniques are not highly accurate and are subject
to surface comtamination as the samples must be annealed for days
instead of the few minutes required by LEED at similar temperatures.
An intriguing experiment would be to grow a large spherical single
crystal so the stability of all orientations could be studied at once.
A Cu or Al spherical crystal would be easy to produce in a graphite
mold; most other metals could be produced with a spark cutter lathe.
The deviations from spherical with annealing would give information
on diffusional rate anisotropy with orientation, but probably not

equilibrium configurations since the diameter would be large enough

(greater than 40 mm) to preclude sufficient mass transport in a reasonable

time to approach equilibrium.

These LEED results on Pt agree generally with the experimental
results found in the literature. The LEED results are summarized
in Table 4-3 and in Fig. 4-13. Since these samples are known to be
clean by AES, the discrepancies can be attributed to contamination
on the samples used in other investigations. The oxidized surfaces
may have higher coverages than could be obtained in the UHV apparatus
used in this investigation. The agreement is good near the (111) and
(001) poles, but not near the (Oll)) In the region near the (011),
only two samples have been studied; thus indicating a need for further

experimental work.

R
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Table 4-3. Summary of the stability of stepped platinum surfaces

at conditions of experiments (see text).

Stable in Monatomic Height Step Configuration

Clean Carbon Covered Oxygen Covered
25(111)x%(100) 25(111)x(100) 13(111)x(310)
9(111)x(100) 9(111)x(100) 7(111)x(210)
6(111)x(100) 13(111)x(310) 7(111)x(310)
3(111)x(100) 7(111)x(210) 7(111)x(610)
2(111)x%(100) 2(111)x(100)
9(111)x(111) 4(111)x(111)
6(111)x(111) 3(111)x(111)
5(111)x(111) 2(111)x(111)
13(111)x(310)
7(111)x(210)

7(111)%(310)
7(111)x(610)
6(111)x(14,1,0)
7(100)x(111)
5(100)*(111)
2(111)*(111)

Stable in Multiple Height Steps

5(110)%(100) 5(110)%(100) 5(110}>(100)
9(111)*(111) 9(111)%x(111)
6(111)x(14,1,0) 9(111)x(100)
7(111)%(310) 6(111)*(100)

4(111)%(100)
3(111)*(100)

Stable in Hill and Valley Structure

5(100)%(100) 6(111)*(100) 7(100)*(111)

3(110)%(111) 4(111)%(100) 5(100)*(111)
7(111)%(610) 5(100)%(100)
7(100)*X(111) 3(110)%(111)
5(100)*(111)

6(111)*%(111)
5(100)*(100)

3(110)*(111)
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Fig. 4-13. Stereographic projection unit triangles indicating regions of stability in monatomic
height steps, regions where reversible faceting occurs, regions where multiple height
steps are stable, and regions where steps are unstable and a hill and valley structure

, forms for (a) the clean Pt surfaces (b) Pt surfaces heated in an oxygen ambient, and
(c) Pt surfaces covered with a monolayer of graphitic carbon.
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4.3.2. Discussion of Stability-Comparison with Theories

4.3.2.1. Equilibrium Theories. The stability of a surface is

determined by the free energy; if it can be lowered in another con-
figuration the surface will move toward that configuration at a rate
governed by the kinetics. As was shown previously, it is thought
that our measurements are of equilibrium properties of the surface,
and it will be demonstrated in the next section that they are not
kinetic controlled "psuedo" equilibrium configurations which can be
generated at high evaporation or condensation rates. The excess

surfaces free energy of a subject is given by Eq. (4-1)

¢® = [y(n) dA . (4-1)
If the surface tension, Y, or surface energy and entropy, can be
calculated for all possible configurations, the free energy of the
=5
stable statistical average surface of orientation, n, could be determined.
There are several theories which try to predict the surface energy

116,125,135-139,124,140

and entropy of a solid. Pairwise additive

potentials have been used for a number of yearslgs’136

in the calculation
: . 116

of surface energy anisotropy of metals. Herring has shown that

this assumption produces a special case of the Y-plot where the steps
are non-interactive. The 1/Y-plot consists of planes (the y-plot
consists of spheres through the origin), which makes it degenerate

with respect to faceting to any pair of orientations. 1In this case the
surface configuration would be kinetically controlled, and if the

same pairwise potential is used for the determination of activation

energies, the surface would not smooth or roughen with annealing
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(this will be discussed further in the next section). This is of
course not what is experimentally observed and casts doubt on the
use of pairwise-additive potentials.

Gruber and Mulliné123 have proposed a much less restrictive model
of a surface containing terraces, ledges, and kinks. Their model is
restricted to either repulsive or no interactions between neighboring
steps, i.e., faceting is not permitted. A stepped surface has an
excess energy over a flat surface as in the pair-wise models, but
random thermally generated kinks are allowed in the steps which give
rise to a configurational entropy term and, therefore, a temperature
dependence of the surface tension. Since the step edges wander
considerably, two adjacent edges could become quite close together
and with an attractive interaction cause a doubling of the step height.
This would cause a breakdown of the model and is, therefore, not
allowed. This model qualitatively fits data for surface tension
anisotropy on several surfaces of several metals with two adjustable
parameters on each surface. The fit is good from the low index pole
out to about 10° on almost all the surfaces to which it has been
applied. For terraces narrower than this, about a five or six atom
wide terrace, the model breaks down, probably from the neglect of
interactions between steps. The sizeable difference in the entropy
is predicted for (001) vicinal surfaces on the [100] zone and [110]
zone (experimentally one facets and the other is stable on Pt). (111)
vicinal surfaces on both zones and in between have essentially the same
entropy, with the kinked surface being slightly higher, and experimentally

all these surfaces are stable. The predicted temperature at which surface
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melting would occur on Pt using the data of McLean and Mykura:121 with

the Gruber-Mullins theory 12318 approximately 3500°K near the (111)

and 2500°K near the (001), both well above the actual melting temperature

of Pt. There are clearly deficiencies in this model also although it

is a marked improvement over the previous theories. The exclusion of

an interaction between steps is probably the major fault of this model.
As was shown experimentally, there are attractive interactions

between steps which cause agglomeration and faceting. This faceting

terminates on surfaces which are often "two"

atoms wide terraces,
(211), (210), and (331), and in one case one atom wide, (311).
A ; th ; :

This implies that up to 4 nearest neighbor interactions may be

g : th : ; ’ )
important. (The 4 nearest neighbor in an fcc crystal is at a distance
two atomic diameters, i.e., diagonally across a face of the cubic
unit cell.) TInelastic neutron scattering measurements of phonon

; g 114 ;. a ; : th
dispersion curves indicate strong interactions to 4 nearest
neighbors on Pt and most other fcc metals (about 10% of nearest
neighbor force constant) with possible weak interactions at longer

; ; : th :
distances. The interactions beyond 4 nearest neighbor are
questionable since the data reduction model does not include phonon-

electron interaction%4l’142

Field ion microscope data of Erlich
143 . .. ; : :

and Tsong indicate atoms diffuse as pairs, but not touching pairs,

; 2 th ; ; ;
which again says that up to 4 nearest neighbor interactions may be
’ ; p g o m 144
important. Calculations of interactions of adsorbates by Schreiffer,
indicate interactions occur through the metal atoms. A calculation

by Kesmodel and Falicovla5 of the effect of a step on the S electron

density has much shorter range effect, essentially dying out over one
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lattice spacing. Effects of d electrons and any rehybridization

were not included, which might extend the range of the interaction.
Recent data on Cu by a boundary groove tec:hniquel34 indicate that

a shallow cusp in the y-plot might occur at (211), (311), and/or (552)
((221)-(331) region) which was unresolvable at the temperatures
necessary for the groove formation. Thus interactions in fcc metals
appear to occur to at least 4th nearest neighbor and possibly

further.

A model ﬁhich might be useful treats step boundaries as adsorbed
molecules on a lattice with near neighbor interactions. The simplest
form of this is a linear lattice, i.e., the steps are straight but
the whole step moves forward or backwards simultaneously. This
problem has been solved with a nearest-neighbor interaction112
(or 2nd nearest neighbor with no near neighbor attraction). From
this the fraction of ledges with multiple height steps is readily cal-
culated. With a repulsive step interaction, the higher the temperature
the more grouping of ledges into multiple height steps (the repulsion
is weaker). There is no sharp transition temperature as was found
on the Pt(S)-[4(111)x(100)], just a gradual bunching of the steps.
From Chapter 3, this gradual change would only produce gradual changes
in the diffraction pattern. It also does not explain the stability
of the Pt(S)-[7(100)x(111)] surface to annealing 48 hr at 800°C.
Therefore, a repulsive interaction between steps is probably not
thermodynamically justifiable. An attractive interaction would cause

bunching, but again only gradual changes with temperature.
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As -the temperature increases, the distribution becomes random, i.e.,
Gausian; this distribution would still give sharp diffraction beams

as seen in Fig. 3-4. It explains the low temperature anneal stability
of several surfaces and the entropy is the right order of magnitude. A
more realistic model would be a two dimensiongl model where a kink
interaction is allowed also. This is similar to Gruber and Mullins
model123 although less restrictive. This model could be solved by a
matrix formalism.146 By analogy with a two dimensional lattice gas,
it could have a phase transition, i.e., a temperature at which ledges
condense to multiple height steps.

As seen there are no equilibrium theories yet put forth which
can adequately describe the structure of a metal surface even in the
ideal case where all surfaces are stable and do not facet. Realistic
interaction potentials have not been used so the preducted surface
structures are not realistic. Most of the models predict straight
lines in the 1/Y plot which is not observed experimentally. The
dynamic theory presented in the next section may be easier to handle
with realistic potentials.

147,148
4.3.2.2. Kinetic Theories of Surface Roughening. Schwoebel,

has proposed a model for step motion (and surface stability) which
depends on the probability of a step capturing a diffusing atom. It

is essentially a one dimensional lattice with higher potential barriers
in place of steps. The key feature is that the probabilities for
capture and/or detachment of an atom are not necessarily equal and

depend on the direction of approach to the step, as shown in Fig. 4-14a.

o
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Fig. 4-14. (a) An idealized crystal surface model for characterizing
step motion. Surface diffusing atoms are captured with
probability k_ and ky from above and below the step
respectively, and adatoms are created on the terrace above

or below the step with the probability k; and k;, respectively.
(b) Hypothetical form of potential energy for a diffusing
adatom in the absence of long-range interactions. A possible
form of the potential when long-range interactions occur

(from Schwoebel, Ref. 148).
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The probability for capture of a diffusing atom from the terrace
above (-) and below (+) the step is denoted by k_ and k+, respectively,
while the probability for creation of an adatom from a step is given by
k; and k: for the adatom being on the terrace above and below the step,
respectively. On the samples used in this inveétigation, R, the flux
ﬁo the surface is always zero, the rate of evaporation is negligible
at 800°C (vapor pressure 10_13 Torr149 or ’VlO_7 monolayers evaporate/sec)
but significant at 1500°C (vp = 10_6 Torr). The vapor pressure of PtO2
is approximately 10“3 Torr at 900°C,150 so vapor transport effects
(PtO2 also decomposes readily on hot Pt metal) as well as surface

diffusion and evaporation should be considered in O, atmospheres. This

2

extra effect could cause some of the descrepancies in the O2 data of
M and P1121and the LEED results. For a freely evaporating crystal, if
k+ > k_ individual steps may coalesce into multiple height steps,
while if k_ > k+ the step.spacing will become more even.

This becomes obvious in an extreme case where k+ = 1.0 and k_ = 0.
Given two adjoining steps, one wide and one narrow, diffusing atoms
are produced at eééh step at equal rates. The atoms diffuse across
the terrace, are reflected by the top of the next step and diffuse
back. Now while an atom is on the terrace it can evaporate. On the
wide terraces the number which return to the step is much smaller than
on a narrow terrace, therefore, the wide terrace will become wider
at the expense of narrow terraces above it, even though both 1edge
positions are moving as the crystal evaporates. By a similar

argument it can be shown that the terraces even out if k_= 1, k+ = 0.

For the annealing case where both evaporation and condensation are small,



-132-

step motion is controlled by detachment of atoms from the step. If
k:/k+ > k;/k_, the surface is stable and a uniform distribution of step
results, while if k;/k_ > k:/k+ the steps may coalesce into multiple
height steps. This again becomes obvious in an extreme case where
k:/k+ - © and k;/k_ -+ 0. Diffusing atoms are created in equilibrium
amounts on the + side of the step and diffuse across the terrace to

the sink at the top - side of the next step. The wider terraces have
smaller gradients and, therefore, smaller fluxes. Thus the narrow
terraces widen faster than *“he wide terraces and the surface becomes
uniform. A similar argument shows that in the other extreme, k:/k+ =+ 0

and k;/k_ -+ o, the steps will coalesce, i.e., the wide terraces become

widened at the expense of the narrow terraces. ‘
To qualitatively explain the differences in the probabilities
Schwoebe1148 proposed the hypothetical potential shown in Fig. 4-14b and c.
If AEl = AE2 and the curvature of the potential wells are equal
(Fig. 4-14b), then k:/k+ = k;/k— and, therefore, no step motion occur
on annealing. This is obviously not the case and, therefore, AEl 4 AE2
and the potential in Fig. 4-14c is more realistic. However, as pointed
out previously, strong interactions exist to about two diameters, at
least on fcc metals, and probably not over the long range shown.
What are felt to be more realistic potentials for various Pt
stepped surfaces are shown in Fig. 4-15. The potential is essentially
the same for all orientations when the step is wider than four or five
atoms and a hypothetical example is shown in Fig. 4-15a which includes
interactions to two diameters. The magnitude of AEdif is about

114 '
25 kcal/mole and includes both the activation energy of detachment



Fig. 4"15.

(a) for any surface with wide terraces, (b) for the [(111)x(100)]
with carbon produced facet, (c) for the [(100)x(111)] with oxygen
produced facet and (d) for the [(111)x(111)] with carbon produced
facet (interlayer position are drawn for ease of interpretation.
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Hypothetical diffusion potentials for Pt surfaces;

actual placement of atoms see Fig. 4-2).

For
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129 The approximately 8 kcal/mole difference found in

and diffusion.
: . 114 : ; .
the heat of diffusion with crystallographic orientation probably
has contributions both from AEt , the excess energy to hop away from
err

a step, and the different terrace orientations. The height of AEreflection’
the barrier for adatoms escape from a terrace to the next lower terrace
is very small on Rh130 and may also be small on Pt. Significant
differences between the various combinations of step and terrace
orientations appear when the terraces marrow Oor impurities adsorb at

the steps. The postulated rotentials are shown in Fig. 4-15b,c,d along
with a schematic of the step under discussion. On a clean
(Pt(S)-[4(111)x(100)]) or carbon covered [n(111)x(100)] or [n(100)x(100)]
type step, a facet of two atom wider terraces (112) or (012) respectively
is stabilized over the uniform distribution. The égglomerated step
potential might be as in Fig. 4-15b. An atom in the A position is
slightly metastable with respect to diffusing on the terrace, so the

two atom wide step would not be narrowed. An atom at the B position
could easily be detached, or with B filled, site A becomes favorable

for capture of a atom and the two atom wide terrace is maintained.

Figure 4-15c shows the postulated potential for a [n(100)x(111)] type
step with a 1/100 monolayer or less of O where a one atom wide terrace
is stabilized, (113). An atom at position C is highly unstable with
respect to both D and a terrace site. Without the oxygen the well

at C is probably below the AEterrace line. The [n(111)x(111)]

does not have a distinct facet, but facets to both 2 (331) and 3 (221)

atom wide terraces with about half of each width well interspersed

(a (552) specular LEED beam is also often present). A speculative
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shape for the potential is shown in Fig. 4-15d. It is essentially
similar to the potential in Fig. 4-15b except the 3 atom wide step
well is shallower. For the same terrace width, the distance between
like step boundaries is closer on the [n(111)x(111)] type of step
than a [n(111)%(100)] by a 1/3 diameter which might explain some
interaction to 3 atom wide terraces.

With no mass transfer from the surface,_the equilibrium
configuration determined by these potentials, Fig. 4-15, should be
felated to the thermodynamically most stable configuration. The change
in the potential for diffusion when step spacing becomes small are the
interaction potentials which would be used in the type of statistical
analysis of the surface free energy discussed in the previous section.
It would be interesting to reformulate Schwoebel's model to include
variable k's and compare this with the statistically derived equilibrium
result using the same potentials.

The dynamic theory of surface stability148 presented in this
section does not describe the surface accurately in its present form.

It is more flexible than the equilibrium theories and could be readily
reformulated to include more realistic experimentally observed
interaction potentials. It can be simply related to equilibrium
theories. The appropriate diffusion data from stepped surfaces could

be obtained by radioactive isotope tracer techniques similar to that of
Rhead and Oudar for S diffusion on metals.lSl Perhaps then the neccessary
information to truly describe the diffusion on and the stability of metal

surfaces would be available.
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4.3.3. Effect of Surface Structure Stability on Catalysis

The size of metal catalyst particle effects the rate of many
catalytic reactions (see Chapter 6 and Ref. 22 ); presumably this
occurs from a change in the surface structure of the particles with
size. Changing support material (for example, alumina to silica or
graphite) while keeping the particle size constant also can cause
the specific reaction rates of catélytic reactions to VaryPSV again
presumably by a change in the stable surface structure. These
conclusions are drawn from initial rate data; on many industrial
catalysts as the rate decreases over long periods of time, the
selectivity to the desired products also changes152 indicating a
restructuring or selective carbon deposition possibly with concomitant
metal destabilization and rearrangement. Oxygen adsorbed on a surface
can effect the rates of reaction by two possible means, a simple site
blockage by adsorption at steps as observed with cyclohexane (discussed
in Chapter 6) or through a restructuring of the particle shape as
discussed in this chapter. Pareja, Amariglio and Amariglio43 found
ethylene hydrogenation was promoted on Ni catalysts by traces of 02.
This could produce a small surface coverage of oxygen and cause
rearrangement to surface orientations which'enhaﬁce hydrogenation.
Somorjai45 suggested that S poisoning of a catalyst results from the
restructuring of the particle surface. It has been suggestedB’a the
main effect of alloying metals in the catalytic reaction rate is
through a geometrical effect. Selectivity might be increased by site
blockage as suggest for Pt-Au and Ir-Au alloys by Hagen and Somorjai,92

or the second component may cause the stabilization of certain planes



~137~-

similar to 02, which are more selective and/or active.

High temperature oxidation-reduction cycles can disperse large
metal particles (Z100A) into small particles (SZOA).153 The addition
of small amounts of HC1l or C12 (~1%) to the gas speed the dispersion.
The effects of Cl were not studied on single crystals, but are probably
equivalent to O effects, only greater because of Cl's higher electro—
negativity. The oxidation at around 500°C causes the adsorption of O and
the destabilization of most planes (Section 4.2). It is well known
that metals have much higher surface tensions than their oxides;129
thus a larger semi-spherical particle of metal would be transformed to
a flat platlet structure with only the stabilized low Miller Index
planes exposed. The subsequent reduction cycle return the metal to
semi-spherical particles, but smaller. This is demonstrated schematically
in Fig. 4-16.

The nature of the oxide support and the activity of the oxygen
should have an effect on the orientation of the metal particles surface,
at least the orientation of the plane in contact with support. Only
the few oxygen stable planes would be in equilibrium with the support.
The effect this has on the planes in contact with the gas phase
would become less the larger the metal particle; (111) planes would
dominate on large particles (lowest free energy), while some other
orientation planes might be stabilized on small particles. The
non-reducibility of Re to metal at low (<1%) Re loadings on alumina
indicates a strong interaction with the alumina which could effect
another metals surface orientation and stability. This might be the

152
reason for the Rheniforming catalysts increased stability.
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Fig. 4-16. Schematic diagram of possible mechanism for dispersion of metal bv oxidation-
reduction cycles.
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The knowledge of the stability and structure of the Pt metal
surface has lead to increased insight into the nature of the supported
metal particle.

4.4, The Pt-(001) Reconstruction

4.4.1. Introduction

The surfaces of many materials are not stable in the bulk
configuration: semiconductors such as Si and Ge contract into a
: : . 154
strained configuration to reduce the free surface valency;

: ; 155

some oxide surfaces are stable in a reduced state; the only metals
where a surface instability is definitely found are the 5d metals
iridium, platinum and gold. It has been known for 10 years that

y : 156 .
their (001) surface is unstable but a completely satisfactory
explanation has not been put forth because the effects of strain in
the surface layers have been ignored until now. A model is proposed
which includes for the first time (or any surface) the effect of
surface stresses on the geometry of the surface. It explains the
differences and similarities between the Ir, Pt and Au (001) surface
reconstruction with a hexagonal overlayer which is strained, but
dislocation free on Ir, however, on the Pt and Au surfaces misfit
dislocations are introduced. Chemical forces, the strong directional
chemical bonds of the d electrons, are thought to control whether
a metal surface reconstructs; but once it has strain will control the
actual atom placements in the reconstructed layer.

The (011) surface of Ir, Pt and Au also reconstruct to form a

158,181

(1x2) pattern. This has been interpreted as a filling of

every other valley with a row of metal atom to produce a two atom



-140-

high ridge and valley network or as an attraction between two neighboring
rows of atoms and a compression. In the first case, there is no strain
and all three metals would behave similarily, and in the second case
the displacements would differ, but qualitatively the LEED patterns
‘would be identical. Therefore, the reconstruction on the (011) surface
cannot reinforce or detract from the proposal put forth.

The reconstruction of the (001) surfaces of the 5d metals Ir, Pt
and Au is an established fact. It was first observed on Pt-(100) by
Hagstrom, Lyon and Somorjai156 in 1965. It was then observed on Au(100)

by Mattera, Goodman and Somorjai,160 161

Ir (100) by Grant.l62 Rhodin and co-workers showed that the Au

and by Fedak and Gjostein and on

reconstruction was one or two layers thick by evaporating Au onto an
MgO substrate163 and demonstrated that the reconstructed layer on Ir
has hexagonal symmetry.164 The structure proposed by Somorjai, et al.
to explain the reconstruction was two domains rotated 90° of a 4%
contractéd hexagonal layer of atoms atop the square bulk unit cell.
This hexagonal layer on the surface would lower the number of broken
directional bonds associated with the 5d electrons from four for the
square symmetry surface to three for the hexagonal symmetry surface
thus lowering the surface free energy.

There are extra features observable in the Au(001) and Pt(001)
diffraction patterns which are not observed from Ir(001) and are
unexplained by the model first proposed. These differences are shown in
Fig. 4-16. 1In Fig. 4-16a Ir is seen to have single beams directly in

the ten directions and a

g g diffraction pattern (see Ref. 129,

for example, for explanation of matrix notation), while Pt and Au, in



Fig. 4-16.

XBB 759-6734

Photographs of the diffraction patterns from the clean (00l) surfaces of
(a) Ir (from Grant, Ref. 162), (b) Pt and (c) Au (from Fedak and Gjostein,
Ref. 165).

el 8

VAN G b N

g 00

o



<143

Figs. 4-16b and c, respectively, have diffraction spots slightly off

the [10] directions and a more complicated diffraction pattern. Fedak
165

and Gjostein proposed a contraction of each hexagonal domain in

both the [10] and [01] directions to produce a diffraction pattern

5 0
0 20

and account for the extra diffraction spots.

4.4.2. Experimental Characterization of (00l) Surfaces

We have observed the diffraction from a single domain of the

reconstructed Pt-(001) surface. A Pt-(1,1,13) [Pt(S)-[7(100)x(111)]

crystal was prepared vicinal to the (001) surface along the [110] zone

6.2° from (001) pole toward the (1I11). With a small amount (£0.02 monolayer)
of oxygen, this surface was unstable and faceted to the (001) and (113)
surfaces (see Section 4.2 and Ref.166) from stabilization of the (113)
surface by the oxygen. The diffraction spots from the (113) are quite

sharp indicating a 50 to 1008 step height and correspondingly 150 to

3002 terrace width of (001) surface. The diffraction pattern of the

slightly contaminated surface is shown in Fig. 4-17a, there is only one

5 =3

domain of a 11

diffraction pattern. The real space lattice is shown

in Fig. 4-17c. Four domains of this pattern would reproduce the observed
.diffraction patterns from the Pt(001l) surfaces and probably the Au(001).
On the clean Pt—(i,l,l3) sample, the (001) terraces are still
reconstructed as seen in Fig. 4-18a. The steps are generally stable

in the monatomic height configuration giving a Pt(S)-[7(100)*(111)].
Since the terraces are six (001) unit cells wide (the seventh is the
step itself) as shown in Fig. 4-18c and the normal reconstruction is
five (001) unit cells wide, the steps modify the reconstruction to be

the six (001) unit cells wide. This can be seen by comparing
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(a) (b)
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(c)

XBB 765-3885

Fig. 4-17. The faceted Pt-(1,1,13) surface with 0.02 monolayer O
contamination. (a) The LEED pattern of the surface
at 38 eV, (b) a schematic drawing of the LEED pattern
with the substrate beams and (113) facet beams labeled,
and (c¢) a schematic drawing of the mean surface con-
figuration with the orientation of reconstruction shown.
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XBB 765-3882

The stepped Pt~(1,1,13) surface which is free of
contamination. (a) LEED pattern of the surface at

60 eV, (b) a schematic drawing of the LEED pattern
with substrate beams labeled, arrowed beams originate
from wide steps with undistorted reconstruction, and
(c) a schematic drawing of the average configuration
of the monatomic height stepped portion of the surface.
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Figs. 4-17c and 4-18c. The reconstruction unit cell on the 6 atom

-3
1 13-1/2

wide steps is and is shown in Fig. 4-18c. The fractional order
beam can be readily explained by the development in Section 3.4. There

is a distribution of distances between the dislocations, with the

average distance being about 13-1/2 unit cells. The width of the
distribution is probably narrow; wider the strain would be to great

and narrower the energy cost of the dislocation would not be repaid

in decreased strain. The arrowed spots in the schematic, Fig. 4-18b,

of the LEED pattern, Fig. 4-18a, are from wider terraces where the

steps are too far apart to modify the reconstruction, and are from the

normal reconstruction unit cell. It would be interesting to

1 12

determine the width at which steps will no longer modify the reconstruction;
this would help determine the long range faces and the ability of a
monolayer to support shear. A second crystal, Pt-(119), cut 9.0°

from the (001) toward the (111) produced a similar diffraction pattern
displaying only one domain of reconstruction the steps are 5 atoms

apart on this surface, so the distortion if present is not readily
visible. A vicinal surface on the [100] zone, Pt-(015) faceted to (001)
and (012) éurfaces but produced two of the four domains of réconstruction
as shown in Fig. 4-19. An (001) surface produced the four domain

pattern until it was thermally stressed, i.e., heated above 1100°C. It
then displayed only one domain of reconstruction in the strained areas.
This has previously been observed by Palmberg.167 The Pt-(1,1,13), (119)
and (015) crystals were '"thick" crystals approximately 0.7 to 0.8 mm
thick and did not deform or bend when heated. However, the Pt-(001)

crystal was thinner, approximately 0.30 mm thick, and deformed with
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Fig. 4-19. The faceted Pt-(015) surface which is thought to be free
of contamination. (a) LEED pattern of the surface at 45 eV,
(b) a schematic drawing of the LEED pattern with substrate
beams and (012) facet beams labeled, and (c) a schematic
drawing of the mean surface configuration with the
orientation of the reconstruction shown.
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heéting thereby introducing a series of line dislocation from which
one domain could nucleate and grow. The intensity of the four domains
of reéonstruction‘varied over the face of the crystal from equal
intensity in unstressed areas to oﬁiy one domain where the crystal
was deformed.

These surfaces are considered to be clean and free of Ca. They

heat treatment to below the

were cleaned by Ar ion bombardment and 02

Auger electron spectroscopic and chemical limits of detectability of
Cé. With Ca present on the surface, oxygen adsorbed readily at high
temperatures. When the Ca was removed to below the limit of detectability
by Auger spectroscopy through ion bombardment, oxygen still adsorbed
readily. With further ion bombardment the sticking coefficient bf
oxygen at high temperature dropped drastically indicating that the
surface was clean to a chemical probe as well as by Auger electron
spectroscopy. The surface shown in Figs. 4-17, 4-18 and 4-19 behave
similarly to the Pt-(00l) reconstructed surface. The extra diffraction
features disappear with exposure go CO or hydrocarbons, but remain
with exposure to O, or H

2 C2°

4.4.3. Discussion of Surface Structure

A very interesting question to consider now is the difference
between Ir, Pt and Au reconstruction. It is well known that Pt and Au
are very malleable and elastic with Poisson's Ratio, v, of 0.39 and 0.42,

oy 168 .
respectively. Poisson's Ratio is the inverse of the linear
extensional strain divided by the concomitant contractual strain, being
0.5 for a perfect elastomer and 0.30.to 0.35 for various steels.

Iridium, on the other hand, should have a lower value of Poisson's Ratio
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“of 0.25 to 0.30.169 This means that Ir can support more strain before

misfit dislocations appear. A simple model calculation of the strain,
* A I3 . . . I3 .
€ , which minimizes the sum of the elastic strain energy and the energy

required to form a line dislocation (see, for example, Ref. 170) is

* b h
© TEma+w e *P

where h is the thickness of the overlayer, in this case 1 monolayer, and
b is the strength of the Burgers vector. The elastic strain in this
model an Ir layer can take is 0.031 and Pt and Au about 0.026 before
misfit ais}qgations are ‘introduced. At values of strain greater than
.e* the lower energy configuration contains misfit dislocations to
relieve the strain or with less strain than e*, the lattice supports the
stfain. The atomic radius of the atoms in the surface layer is expected
to change, and might decrease if the rehybridization were accomplished
with a partial electron traﬁsfér similar to that proposed in alloys by
Brewer.171 The 37 compressional strain (or the reduced lattice size)

of the overlayer in the [10] direction which matches the hexagonal
overlayer and square substrate lattices should be accompanied by an
expansion of overlayer lattice in the [0l] direction. There is also

a 1° torsional strain in the hexagonal overlayer associated with the
compression. Iridium with its ability to support more elastic strain

will maintain the hexagonal overlayer with a 3% [10] contraction and

50
01

diffraction pattern seen in Fig. 4-16a and the lattice shown in

L

the bulk lattice spacing in the [0l1]. This will produce the

Fig. 4-20a. Platinum which cannot support as much strain apparently

has misfit dislocations in the [01] direction as well as the obvious
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Fig. 4-20. Possible real space configuration of the hexagonal overlayer
on a (001) terrace. (a) The configuration of a perfect

0 S surface structure as found on Ir-(00l1), (b) a possible
i Ig structure with a large region on complete misfit, and

(c) another possible 1 IZ structure with a smaller region

of complete misfit., The large circles are in the hexagonal
overlayer and the small circles represent the substrate atoms.
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large hexagonal to square misfit in the [10]. The length of the
misfit region as shown in Figs. 4-20b and 4-20c depends on the energy
of the interaction with the substrate, the energy required to create a
disloéation, and fhe supportable strain. The interaction with &he
substrate in platinum is probably not decreased much ovér the normal
interdction between (001) planes as the hexagonal layer forms on top
of a square substrate wifh a resulting large misfit region in the [01]
as in Fig. 4-20b. This is discussed in Frank and van der Merwel72
in a classic érticle. They also calculate that a 1arger amount of
strain can be supported than was calculated by the simple model but.
the conclusion of Ir supporting more strain than Pt or Au remains valid.
Details of the Aﬁ diffraction patterns are difficult to see since
the iow Debye temperature causes a large amount of diffuse'scattering.
It can be seen,‘however, that the fractional order spots are split, but

whether the pattern is two domains of

5 0
0 20| 25 proposed by Fedak and

Gjosteinl65 or four domains of

5 -3 .
112 .as on Pt cannot be.readlly

determined. Since the mechanical properties of Au are similar to Pt,

it is felt the same type of reconstruction occurs. The pattern is

5 —
1

probably a _Where N woul& be between 10 and 15. If N is less
than 10, the angle would beéome prominently noticeable; above 15 the
splitting of the diffraction spots frém the [01] mirror would be too
small to provide the 1/20 spiit of Fedak and Gjostein.165

The appearance df only one domain of recqnstruction on the (i,l,lB)'
and (119) crystal surfaces (see Figé. 4-17 through (4-19)) and domains

on the (015) crystal surface is readily explained. Two domains of

reconstruction would be expected on perfect (1,1,13) surface since the
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of HCP (1011) unit cells back to back with a vacant row between each

pair of strips in the [01] direction} The vacant row would increase
theISUrface valency greatly to at least what it would be for the
termination of a square lattice. This, coupled with the unsymmetric

and unequivalent. positions of most atems, would probably result in an
increase instead of a decrease of the surface energy. In their

Fourier transform method of intensity analysis they ignored the splitting
and pfobably have significént truncation errors.loo’lo1 |

‘The chemical arguments put.fourth previously to rationalize
the reconstruction and summarized by Clarke176 are not affected by
the present interpretation of the diffraction péttern. The number of
broken bonds is decreased by a rehybridization of the surface ‘layer
to form the close packed layer of the hcp structure.

The favorability of this configuration can be shown by using the
Engel—Bréwer correlatidnl7l or with more regorous quantum mechanical
arguments.

For the first time a satisfactory explanation of the reconstruction
of the (001) surface of -Ir, Pt and Au has been put forth. It
incorporates the important considerations of the mechanical properties
of a solid as well as the chemical (bonding) properties. The hexagonal

0

. . . 5
overlayer on Ir is strained into a perfect IO 1 surface structure

while on Pt and Au the hexagonal surface layer introduces misfit

5 -3

dislocations instead of straining to produce a 112

structure.
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[110], a close packed direction, is *4.8° froﬁ the [1,12] ahd-[l,ii].
Howévér, the crystals may not be better than 1/3° of solid angle from
the specified pole, which corresponds to approximately.7° of rotétion.
fﬁefefore, one domain only was nucleated at widely spaced kinks in
the step. Since both the (1,1,13), (1,1,9) and thermal stressed
(001) give the orientation of 4.8°, it is unlikely the rotation is
controllédvby the kink spacing. The modificatioﬁ of the reconstruction
on the Pt(S)—[7(lOO)X(lli)] surfaée is reasonable given the ability of
the Pt surface layer to shear to lower its total energy. Changing
the rotation and size of the reconstruction unit cell allow it to
mesh in an apparent lower energy'position at the step. The steps of
the (015) crystal surface are paréllel to the [100] which would not
preferentially nucleate one domain of reconstruétion, but could nucleate
one of each pair of mirror image domains as seen in Fig. 4-19.

.\_The Burgers vector of the [01] direction misfit dislocation is
a d[10] or 1/2 a (110?. Dislocations generally glide on the most
densely packed planes the {111} in the FCC crystal system. The (110)
are in the {111} planes.

The recent finding by Bonzel, et al.173 that the Et—(OQl)-surfacé

is stable at low temperature ($150°C) and the difficulty of initially

162,157 (heat treatment to 170°C+) can

forming the reconstruction on Ir
. . ' : 172 .
be explained with this model. Frank and van der Mewre calculated
that there is an activation energy barrier extending to approximately
* L 2
twice the critical strain, € , which prevents the overlayer from .

dislocating to.relieve the strain. They estimated the height to be

: *
the order of the heat of vaporization near € decreasing to zero at
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~2 e*. Apparently at 150°C for Pt and 1700°C for Ir the first
dislocations are nucleated and then there is a spontaneous conversion
to the reconstruction in the neighborhood of the dislocation.

The hexagonal overlayer must be buckled out of the plane of the
surface to lie atop the square substrate. Figure 4-21 shows the
vertical displacemént of the arrowed row of atoms in Fig. 4-20 for several
x-y placements of the overlayer. The row of atoms is in the normal
four-fold site (as used in Fig. 4-20) in Fig. 4-2la; several atoms of
the unit cell are reaised approximately 0.84. Displacing ﬁhe overlayer
atoms 1/2 d (10) to a two-fold site for ;he arrowed row, Fig; 4-21b, will
not narrow the maximum displacement for Pt and Auibut fewer atoms will
be at the extremes.v For Ir the maximum displacement is narrowed to
~0.64. Placing all the atoms in: an unsymmetric binding site,

Fig; 4-21c, will lower the out of plane displacements greatly. It has
been suggested by Cabrera 174following Herrin§l75that this could decrease
the energy of the surface léyer by relieving some of the stress. This
mighé occur in Ir but prébably does not iﬁ Pt and Au since the‘surface
introduces defects to relieve tﬁe surface.stress. Moving the hexagonal
layer to an unsymmetric site might increése the interaction between

the triangular and square bonding symmetries of the two interfaces.

The position at (1/4,1/4) in the subsfrate unit cell minimizes the
vertical strain in the hexagonal layer (maximum vertical difference of
0.25A) and appears to put the overlayef atoms in nearly equivalent

&
positions.

The arrangement of surface atoms proposed by Clarke, et al.l76

can be ruled out. They suggest a structure which resembles two strips



-

-155-

Fig. 4-21. Hexagonal overlayer-substrate positions demonstrating vertical
strain introduced into overlayer. from Ir, (a) one row (arrowed)
of atoms in four-fold sites (1/2,1/2), (b) rows in two-fold
sites (1/2,0) and (c¢) all rows in one-fold site (1/4,1/4),
position of minimum vertical strain. For Pt and Au overlayers
there is larger vertical strain in areas of two dimensional
misfit shown in Figs. 4-20b and c. ‘

.
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Fig. 21.
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4.5. Summary of Findings on Stability of Surfaces

Thevstability of Pt surfaces has been investigated by LEED and AES.
The surfaces have been studied atomically clean, graphite covered and
in an. oxygen ambient. This is probably the first investigation of surface
struéture stability where the.cleanliness of the surface is known and
can be'monitored_and small amounts of known impurities have been added.
On clean Pt surface, monatomic height steps are stable in (110) type
zones except near a [110] pole. On the (100? zones of Pt, the surface
is not stable in monatomic height steps, but fécets neai the [001]
poles and has double height steps near the [110] poles. A reversible
instability is found near the (335) surface: above 900°C, the surface
facets arnd below 850°C, it is stable as monatomic height steéps. These
results are generally consistent with those found in the literature.
The largest disagreement ié found near the [011] pole. The discrepancies
are probably contamination related.

None of the proposed theories which piredict surface stability
can describe the experimental results satisfactorily. Equilibrium
theories of the surface are satisfactory at wide step spacings where
interactions between steps are not important. At narrower step spacings
they become progressively worse, caused at least .in part by their
failure tc consider interactions between steps. It is felt interactions
are important to at least two atomic diameters and possibly further.

Finally, it was shown that the surface stress tensor can be
important in describing the structure of a surface on a large atbmically
flat crystalline éample. The difference in the reconstruction of Ir, Pt

and Au (001) surface, can be rationalized by considering surface strain.
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Iridium will support the strain of a hexagonal layer on top of a

square bulk and has a

5
01

‘reconstruction structure, while Pt and Au’

will not support the strain. Dislocations are introduced and the

resulting reconstruction structure on Pt is a

5 =3
112
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5. ADSORPTION OF CO ON PT STEPPED SURFACES

5.1. Introdﬁction

The adsorption of CO on low index Pt surfaces has been studied exten-
sively.96’l77_l83’119 The most commonly used techniques are flash desorption
‘mass spectroscopy (FDMS) and'LEED; Since adsorbed CO is.sensitive to
electron impaét,l77 AES has not been used to monitor surface coverage.

On the Pt-(111) surface, there is genérally found one flash desorption
peak and, therefore, one adsorptionvspate. The FDMS are described

by first order kinetics, i.e., CO is molecularly adsorbed, with a Heat
adsorption of 27 kcal/mole. The LEED pattern is a very diffuse C(4%2).
The Pt-(001) displays a more complex behavior.178 The LEED pattern
is again a C(4¥2), but there are three peaks ih‘the flash desorption
spectra. The temperathre ma#ima are ét 130°cC, 180°C and 450°C or

650°C.96’178

The lower two peaks are overlapping and the splitting is
probably caused by adsorbate-adsorbate interactions similar to those
described by Adams.184 The heats of.adsdrption without considering
interactions would be 25 and 27 kcal/mole. The upper state which
comprises about 5% of thé surface coverage may.be‘a different binding
state. The kinetics of this state have not been characterized; however,
if'firs; order deéorption is assumed, the heat of adsorption is 40 to
53 kcal/mole. The (011) surface of Pt has two flash désorption‘
peaks. Their heats of adsorptions are 25 and 31 kcal/mole.lSI’182
felt that the two peaks are again éaused.by adsorbate~adsorbate
interactions, as on the (001) surfaée. The LEED pattern of CO on the

Pt-(011) is a (2x1) with certain spots missing from increased symmetry,

as discussed in Appendix C. At high coverages the CO molecules have
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a zig-zag pattern down the valleys of the ridge and valley structure
of the (011) surface. The 6 kcal/mole decrease in binding energy of
the lower temperature state could be from.repuisive interactions
forcing the molecules out of the bottom of the valley. Polycfystalline

samples have been studied by FDMS 185

). 183

and ultraviolet photoelectron
spectroscopy (UPS Four flash desorption peaks were found for

CO adsorption on a filament, with two main peaks at 25 and 31 kcal/mole.

Thésevare identical energies to those found on (111) and (011) surfaces

‘of Pt. Evidence for only one adsorption state was found by UPS on a

Pt foil. The energy differences in the binding to various planes may
be small enough that it does not shift the position of the electron
orbitals by a detectable amount.

The coadsorption of CO and H, on Pt has been studied deliberately

by some’1»179

2
and probably unitentionally by others. On the (111) surface,

the main features of both the pure CO and pure H2 FDMS remain after

coadsorption; however, the peaks are broadened. CO coadsorption spectra
have a second peak with desorption energy of about 28 kcal/mole, but

in the H., coadsorption FDMS, the uppér peak is washed out. No new

2

peaks appeared on the (111) surface, at higher binding energies'which

would indicate dissociation of the CO or association of H and CO on

the surface.
This investigation uses FDMS and LEED to characterize the adsorption

of CO on high Miller Index surfaces of Pt. The introduction of steps

to the surface provides a higher binding energy site for the adsorption

of CO. The phenomenon that steps are higher binding energy sites has

71

been observed for other high bond strength diatomic molecules. These
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higher binding energy sites provide a suitable site for the associated
of CO and H, the onset of the Fisher-Tropsch reaction.

5.2. Experimental

5.2.1. Flash Desorption Massvsﬁeétra Analysis.

186,187

The FDMS can be described by two equations. A mass balance

on the desorbing species yields Eq. (5-1) (neglecting readsorption), and

the rate of desorption of the species, f is assumed to be given by

d,
Eq. (5-2),
aN - : '
V'd—t-—rdA-SN (51)
_dn_ m(m) - | _
T, gV exp ( Ed/kTS) | ‘ (5-2)

where V is the volume on the vacuum system, N is the change in density'
in the gas phase, A is the area of the sample, S is the pumping speed,
n is the species concentration on the surface, m is the order of the.

(m)

is the'pre—exponential factor, and E, is

desorption reaction, V d

the heat of desorption. Since N is proportional to the change in the

gas phase pressure on the desorbing species, Eq. (5-1) may be re-written

to give

dn _ _V s\ , dp
dt AkTg [(P' Po)<V> + dt]

where P0 is the paftial pressure of the species at ﬁhe beginning of the
experiment. The pumping speed of the vacuum chamber is much higher
than the rate of desorption of molecules from ihe surface,

dP/dt << (P -~ Po) S/V, in this investigation. ?his will be shown to

be valid for this investigation in Section 5.2.2. The total coverage
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of the surface can be found by integrating Eq. (5—3)

—SVPPd
0g AkTg J‘( - o) t . (5-4)

Once the coverage of the surface is known, the sticking coefficient, o,
may be found. The sticking coefficient is defined as the rate of

change of surface coverage with time divided by the incident flux of

~molecules, as given by Eq. (5-5),

oz 79t | (5-5)

where p is the gas pressure and ;m is the mean molecular velocity.
The sample is assummed to be heated linearly from the temperature

of adsorption, To,
Ts = To + Bt ‘ (5-6)

until all the adsorbed gases have desorbed. The heating rate, B, is

generally in the range of 1 to 1000°/sec. As the sample is heated the

.pressure in the chamber goes through a maximum, and T,, the surface

M
(m)

temperature of this maximum can be related to E B and v . For a

d’
first order desorption process, Egs. (5-2), (5-3) and (5-6) may be
sclved to give

E \)(l)
— = g exp(—Ed/RTm)




GO w047 084986

-163-

18 " \
Redhead1 7has shown Eq. (5-7) may be written with less than 2% error as

RS
Ed v Tm

RT - B ~ 3.64 ' (5—8)

Eq. (5-8) can easily be solved for the heat of desorption, Ed'

5.2.2. Experimental Procedures

The single erystal samples when mounted as shown in Fig. 2-8 can
be‘heated resistively. The support wires heat at e rate of several
thousand degrees per second to about 700°C, and then slower to about
1000°C. The crystal is heated by conduction from the wires, and the
heating’rate of the sample is almost linear to about 600°C. Figure.S—l
shows a typical temperature vs time plot for heating a crystal; the
non-linearity present does not significantiy affect the results. §

The temperature was measured with a Pt--Pt-10% Rh thermocouble
spot welded to the top of the samples. During the rapid initial
heating period, the adsorbed gases on the heating wires are removed
almost‘instantaneously. The rate at which these gases ere pumped out
of the chamber allews the pumping speed to be determined. As readily
seen fromFigs. 5-2c or d, the time constant for the exponential decay
of this initial burst of gas is about 0.1 sec. This gives a 150 liter/sec
pumping speed for COﬂ

" The sample under experiment is turned away ffom the gas inlet
needle. Thus the gas pressure meésured by the mass spectrometer or
ionization gauge is equal to the pressufe at the crystal. The second
sample blocks direct exposure of the samﬁle from the needle. The flux .

. 188
distribution from the needle is peaked, so even the side of the
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crystal which faces the needle would not be exposed evenly. With an
even pressure of gas the relative sticking coefficients can be measured

more confidently.

5.3. Results and Discussion

\
B

5.3.1. CO Adsorption”bn Pt-(111) Vicinal Surfaces

The Pt-(111) vicinal surfaces are all characterized by two flash
desofbtion peaks for CO. The desorption spectra are shown in Fig. 5-2

for the Pt(S)-[7(111)x(310)], Pt-(111l), Pt(S)-[6(111)x(100)}, and
Pt(S)—[Z(lll)X(lOO)] surfaces, and Fig. 5-3 for the Pt(S)-[6(111)x(111)]
surfaces. Thefshoulder on the high temperature side of the 1 mV peak

from the PF—(ill) surface (Fig. 5-2b) is an edge effect from the
relatively éhiék, 0.4 mm, sample. ‘The edge is approximately 10%Z of the
total area. .The absolute peak areas cannot be compared on Fig. 5-2

since the»heating rates, B, are slightly different (57, 50, 62 and 59°K/sec
respectiéely) and the gain of the electron multiplier in the mass
spectrometer is not constant. The zero of the ordinate in Fig. 5-2 an&
Fig. 5-3 is shifted to higher values for spectra of higher initial
'cové;age. The lower temperature peak corresponds to a heat of

desorption of 23.5 % 0.5 kcal/mole and the upper peak corresponds to a
heat of desorption of 29.6 * 0.3 kcal/mole. These values are an average
over all the surfaces calculated from Eq. (5-8) assuming that v(l) is 1013.
The two peaks in the FDMS can be discussed as either adsorbate-

adsorbate interactions, similar to the low index surfaces, or as two

binding sites, one on the terrace and one at the step.- The second choice

is taken because, as shown in Fig. 5-4, the ratio of number of molecules
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Fig. 5-3. Flash desorption mass spectra for CO desorbing from
the Pt(S)-[6(111)x(111)] surface. The origin for
curves corresponding to higher coverages are displaced
arbitrarily upwards.
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area increase with step density, indicating the high
temperature peak is associated with the steps.
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in the higher temperature éeak to the total number of molecules on the

surface, as determined by Eq. (5-4), increases with increasing step

density. " The satﬁration coverage FDMS from the Pt(11ll),

Pt(S)-[6(111)x(100)1], ?t(S)—[7(1ll)X(3lO)] and‘Pt(S)—[B(lll)X(lOO)]

and Pt(S)—[6(111)X(100)].and Pt(S)-[6(111)x(111)] are‘shown in

Figs. 5-5 and 5-6, respectively, for ease of comparison. Since the

areas of tﬁe two peaks are sepafated manually, there is a large scatter

in the relative areas of the two peaks. 1If the per cent terrace from

the relative areas is extrapolated td zero in Fig. 5-4, the line

crosses the absisca at about 8><1014 step atoms/cmz. This is very

qlose to the value for the Pt(S)-[2(111)%x(100)] surface, and is not

surprising since the diameter of CO, approximately 3.6A,'is a reasonable

match for the width between steps Of‘thé Pe(S)-[2(111)*(100) ], 4.45A.
It is interesﬁing to note that there is little difference in the

FDMS spéctra from the Pt(S)—[6(lll)X(100)] and the Pt(S)-[7(111)%x(310)],

as seen from Figs. 5-2a and ¢ or 5-4b and c, respectiveiy. It is

expected that the kink would be an even stronger site for adsorption

thap at a step. In-the.spectra from the Pt(S)-[7(111)%(310)], there

is a high temperature tail not seen on the Pt(S)-[6(111)x(100)]}. This

could easily be an experimental artifact, since its size varies directly

with the high temperafure peak size; its size does not increase first

as a stronger binding site would. _Thé average value of the relative

area of the high temperature peak is higher on.the kinked surface,

v0.29 to 0.25 bﬁt may not be significantly higher considering

deconvolution errors. Consequently, the adsorption of CO on Pt surfaces

is not affected by kinks in the step.’
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Saturation coverage FDMS from the (a) Pt-(111),
(b) Pt(S)-[6(111)x(100)], (c) Pt(S)-[7(111)x(310)], and

‘ (d) Pt(S)-[3(111)x(100)] surfaces.
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Fig. 5-6. ‘Saturation coverage FDMS from the (a) Pt(S)- [6(111)X(100)]
and (b) Pt(S)-[6(111)x(111)] surfaces.
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: Theve is little effeéé.of step orientation on the-FDMS peak positions
or é;plitudes. Figure 5;6 shows the FDMS from the CO saturated
Pt(S)—[6(lll)X(100)] and Pt(SS—[6(lll)X(1ll)]. The relative areas under
the upper FDMS peaksf;r%;almost identical, the Pt(S)-[6(111)%(111)] has

4% more area but this is again probably not larger than the error in the

deqbnvolution of the peaks. Both peak positions are about 0.35 to 0.40 mV

P

REY E

iated with, the:(111) terrace, which is very consistent on all the
e CAC N { ,

. assoc

%o P :
ther (111) vicinal.surfaces, is lowered. When the temperature of the

0

e
¢« O
.

4 (111) terracévpeaks maxima is made to correspond with that of the other
"(111) vicinal surface, the FDMS from the Pt(S)-[6(111)x(100)] and
Pt(S)—[6(Ill)f(lll)] are identical, as is the FDMS froﬁ Ehe
Pt(S)-[?(}ll)X(3lO)]. Consequently, we can conclude that there is no
effectf9%>§tep orientation on CO adsorption on (111) vicinal surfaces.

There is a very diffuse c(4X2)VLEED.pattern from the Pt-(111) surface
when CO covered, which is the same as that observed by Morgan and
Somorjai.189 However, other than an increased background intensity
no new features were observed in the LEED patterns from the vicinal
surfaces, which is indicative of a highly random or highly mobile
species. Absorbate LEED_patterns on stepped surfaces afe generally more
diffuse than from.low index surfaces.

The sticking coefficient for CO on Pt-(111l) vicinal surfaces
appears to be close to unity. Plots of total relative coverage and

the coverage in each binding state vs exposure are shown in Fig. 5-7a-e

for the Pt-(111), Pt(S)-[6(111)%(100)], Pt(s)-[7(111)x(310)],
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Pt(s)-[6(111)%(111)] and the Pt(S)-[3(111)%(100)], respectively. .in
‘Fig. 5~7a, the sticking coefficiept for CO on the Pt;(lll) surface is
high, between 0.5 and 1.0, at low coverages up to about 60% of
satu?ation and decreases slowly to zero after 8><lO—6 Torr-sec. The
total coverage sticking coefficient for the vicinal surfaces

Figs. 5~7b-e is also close to one at low coveragé and decreases to

zero after about 8><10—6 Torr-sec. However, on these surfaces, the

high temperature flash desorption peak reaches about 707% of its
saturation value before the low tempefature peak appears. The high
temperature peak coverage quickly safuratés? and the low temperature
peak fills with near unity sticking coefficient until about 70% total
coVerage is reached similar to the (111) surface and then o falls off

to zéro. The adsorbed CO must be highly mobile, since, on an area
basis, the "sticking coefficient" at the step on the Pt(S)—[6(lll)X(lOO)]
surface is about 4.5 molecules per incident molecule. Whether ghe co
molecules diffuse to thevstgp at the temperature of adsbrption or during
the heating cannot be determined. Tﬁe uniformly high background
intensity of the LEED patterns indiéates that there is probably high
mobility at low temperature, 25°C. The (100) orientation step may

be able to trap diffusing CO molecules more efficiently than the

(310) or (111) orientation step. The relative coverage curves for the
(100) orientation step (Fig. 5-7b and c¢) have a more abrupt leveling

6ff than the other orientations (Fig..5-7c and d). Two‘bindingistates
have been found for CO on (111) stepped Pt surfaces. Both states are
probably molecularly adsorbed with a 6 kcal/mole difference in the heats

of desorption. This stronger binding at the step could be from
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L %
increased overlap between the Pt d-orbitals and the CO 2m orbitals.

Doyen and Ertl193

have calculated the interaction energy of CO with
Pd and Ni by a self-consistent Hartree—Fbck method, and found very
little effect of the steps in the Pt(s)-[2(111)x(100)] surface.on the
adsorption energy over the (lllj surface. ‘Tﬁe expected result on Pt
would be similar, so their model might not ;orrectly account for the
geometry of the step. ' They allowed the metal atom to rehybridize to
maximize the overlap between the CO and metal orbitals.i Perhaps, with
the narrow téfraces of the [2(111)%X(001)] surface, the step atoms
hybridized differently than they would on a wider step, thus not
giving a high enough heat of adsorptionf

An even more su;prising difference, is that the isosteric heat of
adsorption190 ‘of CO on the Pd(S)—[é(lll)X(lll)] was found to be
identical with that on the Pd-(111) surface at all coverages.191 This
is in marked contrast with Pt wﬁere there is a second binding state
associated with the steps. However, this discrepancy may be caused
by the experimental method (cﬁange in work function) employed £o measure
the isosteric heat of adsorption. On a Pt foil near (111) orientation,
Spicer, et al.192 have measured the work function change from CO
adsorption and compared this with subsequent FDMS. They found the work
function saturated before the surface saturated with CO and that there
was not a linear correlation between work function change and coverage.
If the same or similar non-uniformities occur on Pd, the lack of an
increased binding energy on the Pd stepped surface may be only an

effect of the experiméntal technique. It would be of interest to

determine by a second technique, such as FDMS, if Pd does behave
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differently for the adsorption of CO. Perhaps if the difference is
real, the greater ﬁinding energy at a Pt step may be a reason fof
Pt's unique catalytic prﬁperties.

' The calculation of Doyen and Ertl193 predicts a small difference

in the energy of adsorption of CO on Pd-(111) for any position relative

to the Pd atoms. This difference, the effective diffusional activation

enéfgy is expected to be even lower on Pt than the 2.5 kcal/mole
predicted for fd (Ni is larger tﬁan Pd). This small activation
energy for diffusion could readily explain the apparent high mobility
of CO on the Pt-(111) terraces.

5.3.2. CO Adsorption of the Pt—(001) Vicinal Surfaces

The Pt-(001) vicinal surfaces_are characterized by threé flash
desérption peaks for CO. The desorption spectra are shown in Fig. 5-8
for'the Pt-(001) and the Pt(S)-[7(100)%x(111)] surfaces. On the iow
index face, the main peak maxima appear at 150° and 240°C and the émall
high temperature peak is at 540°C. There is rather poor agreement

96,194

on peak positions between the two previous studies and with this
study. There are, however, three peaks reportéd in all three studies.
The peak maxima in this study give by Eq. (5-8), desorption activation
energies of 24.1%#0.3 kcal aqd 28.8%0.6 kcal for the l§w temperature
peaks and 46.0+0.1 for the high temperature peak, if they are first

(1) = 1013. Doyen and Ertl

order desorption processes with V
in their calculations found that the (100) surface of both Ni and Pd had
a higher heat of adsorption of CO than did the Pt(S)-[2(111)x(100)]

stepped surface. The increase in the heat of adsorption from the

Pt—-(111) to the (00l1) upper state agrees with their calculation, about

xR, 7
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Fig. 5-8. Same as Fig. 5-2 except (a) Pt—(001) and (b) Pt(S)-[7(lOO)X(111)j.
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4 kcal/mole increase. The‘heat of adéorption calculated for the stepped
surface of Pd is ™3 kcal/mole‘léss than for the (00l1) surface instead
of the ~1 kcal/mole higher bound on Pt.

. s . . 63194
The previous investigations

found two low- temperature peaks
to be about the same size; howéver, in this investigation, the 240°C
peak is twice as large as the 150°C peak. When the FDMS spectra

were taken, the LEED pattern from the clean Pt-(001) surface was not

the symmetric

i Ig four domain péttern shown in Fig. 4—6a, but a
one domain pattern similar to those seen on stepped surféces (the
crystal had been thermally stressed, see Section 4-4). The li£erature
FDMS speétra were taken on surfaces dispiaying symmetric LEED pafterns.
The HZ background may also have been higher in this investigation.

‘The Pt(S)-{7(100)%(111)], which has only one domain of reconstruction
of its surface, has an analogous FDMS spectra. The small peak at
540°C is not present, but the two main peaks are observed. Figure 5-9
éhowé the saturation coverage desorption spectra of both the low index
and stepped surface for comparison.w As shown, when Tm and the full
width at half maximum from the low index surface are used to separate-
the peaks on the stepped surface, a fhird peak must be included in the
description to shift the overall maximum to a higher temperature. The
maximum temperature of the tﬁird peak is at 270°C which corrgsponds to
a heat ?f.desorption of 30.010.4~kcal. This is very nearly the same
desorption energy as found at a step site on the (111) vicinal surfgces,
29.6%0.3 kcal/méle, and it, therefore, most likely associated with the

steps.
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The sticking coefficient‘fdr co oﬁ the Pt-(001) vicinal surfaces
is véry high. If the saturation coverage is 0.75 monolayers as
sﬁggested by Morgan and Somorjai,96 the initial sticking coefficient
ié i.O on both sqrfaces. The sticking coefficient falls off at higher
covefages, above 0.2, with saturation reached at approximately
20'><1O_6 Torr-sec. Plots of total relative coverage and the‘coverage
in each peak vs exposure are shown in Fig. 5-10a and b for the
Pt—(OOl) and Pt(S)-[7(100)*x(111)], ré?pectively. The two low
temperature peaks associated with'thgi(OOl) plane behave similarly
on both surfaces, the 150°C peak saturating at low exposure
(2—4><10—6 Torr-sec) and the 240°C peak slowly filling in about

a6 . L e .
20%x19 Torr-sec exposure. It is interesting that on the

PE(S)-[7(100)x(111)] surface the peak associated with the steps does

not fill first as was found on the (111) vicinal surfaces. The lack
of mdlécﬁles in this state until about 2><10—6 Torr—-sec may not be
real and may be caused only by the method of separating the desorption
peaks. The step site coverage is probably linearly proportional to
the exposure up to its saturation vaiue. However, the tefrace sites
are appreciably filled before the step sites-are filled, indicating
a much slower diffusion of CO on the (001) terraces ofIPt than on the
(111) terraces. This difference in diffusivities could be responsible
for the more diffuse CO LEED patterns observed from the (111) surface.
No new features were observed in the LEED pattern from the (001)
vicinal surface. A c(4X2)-CO pattern was observed from tﬁe (001)

96,194

surface at saturation coverage; this discrepancy may again be

caused by the differing domain structure on the vicinal surface used
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in this investigation form those on the (001) surface. The reconstruction

o . -6 |
LEED pattern disappeared after ~3%X10 ~ Torr-sec exposure on both
surfaceé (coverage of 0.3 monolayers). The reconstruction did not
reappear until the temperature was raised above 550°C and the CO in

- , .96

the high temperature peak was removed. Morgan and Somorjai”  also
observed that the high temperature CO peak controlled the reconstruction.
Since the removal of the CO in the high temperature state is related
to the formation of the reconstructidn, the preexponential factor and
consequently the heat of desorption of this state may be modified.

It has been postulated that the reconstructed surface of Pt-(001)
is deficient in electrons, and that the adsorption of an electron donor

. S - 96 .

would cause the reversion to the unreconstructed surface. This has
been verified experimentally in that adsorption of 0, and other electron

2

acceptors does not cause the reconstruction to disappear and may in
. ” . 195 e
fact stabilize the reconstruction. The adsorption of an electron
donor, such as most hydrocarbons, causes the reconstruction to disappear.
. . . 195
CO, which is thought to adsorb as a slight electron acceptor (0.1 electron),
must donate 50 electrons to the proper orbitals of the metal to
destablize the reconstruction.
On the Pt-(001) surface, there are three FDMS spectra peaks. The
larger two peaks, which are lower in energy, are associated with the
normal adsorption sites of the low index planes. The upper peak,
which comprises less than 57 of the total CO desorbed, is associated
with the formation of the reconstruction. Frank and van der Merwe
have calculated the energenics of misfit dislocation; they find that near

‘a critical value of lattice misfit there is an activation energy

for the formation of the dislocations (as oprosed to a strained
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absorbate 1at§ice). This activation energy varies for a van der Waals
solid from about 2/3 of the heat of vaporization at the criticalvvalue

" to zero at about twice the critical value of lattice misfit. EHelms

and Bonzell73 found for a clean Pt-(001) surface that the unreconstructed
surface was stable below 150°C; qbove this temperature it spontaneously
récbnstructed. They prepared this surface, Pt-(001)-(1X1), by adsorbing
CO to remove the reconstrucéion, and then O2 ion bombarded the surface

at room temperature to remove the CO, as determined by AES. The overlayer
will start to dislocate at én edge of a domain, wh;ch is probably at

a step or impufityvatoﬁ, and proceed‘from there across the domain's
region.l72 If the edge atoms of the domain are stabilized such as
throﬁgh the adsorption of CO,.then the dislocétions cannot form at the
domain edge and propagate. Consequently, a higher temperature is
ekpected for the formation of the reconstruction. A 5% coverage of

CO at the domain edges vields an approximate domain size of 1405 or

50 Pt atoms across. This is large enough to produce the sharp LELD
features seen in the patterns from the (001)'surfacé_(see Section 3-2

for details of this statement). The 450°C to 650°C FDMS peak maximum
temperature at which this CO state desorbs yields a 41 to 53-kca1/mole
binding energy, if the preexponential is 1013. It is doubtful if the

CO binding energy is more than about 30 kcal/mole, even at a step, so the
preexponential factor might be lowered. Considering the large number

of Pt surface atoms which may now be included in the transition complex;
it shoﬁld not be regarded as a first order desorption and a lO4 lower
pre-exponential factor is feasible. A UPS experiment might determine

if the CO in this state is bound different (dissociated) or similar to
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to the lower temperature states of CO. This co&ld refute or confirm

the above conjecture‘of a lowered pre-exponential factor. .If'the
activation energies of the two processes,'CO,desorption and reconstruction
formation, add, then a 47 kcal/mole activation energy

(28 + 2/3 x 28 kcal/mole) is reasonable for either a first or second
order desorption process.

On the Pt(S)—[7(100)X(111)] surface, the reconstruction is more
highly strained as discussed in Section 4-4, and thé activation energy
for the formaﬁion of dislocations is éxpected to be less. The FDMS
peak which is associated with the steps, the domain boundaries on the
: steppéd surface, is at the same energy as the peak from thevsteps on
the (111) vicinal surfaces. Thus it appears that the activation energy
for reconstruction formation has been lowered to zero (less than
0.5 kcal/mole).

On the Ir-(00l) surface, Rhodin, et 31.157' have found a similar
behavior. They adsorbed CO to remove the reconstruction of the surface,
~and then carefully heated the surfaée to desorb the CO. This produced
an Ir-(001)-(1x1) LEED pattern from the surface and no CO left on the
surface as.determined by AES. The'temperature required to form the
reconstruction on the Ir surface is approximately 1700 K162
which is well above the temperature at which the CO desorbed.
Consequently the surface temperature is not high enough to overcome
the activation barrier for the formation of the reconstruction and the
(1x1) remains. While on Pt the CO does not pompletely desofb until
500°C, well above ﬁhe 150°C temperature of the spontaneous formation

of the reconstruction, thus the (1x1) disappears. This is an interesting
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confirmation on three surfaces of two different metal of the Frank
andnvan der Merwe theory of dislocation formation, where a surface
layef will spontaneously form dislocations if the strain is high
172

enough, and has an activation energy at lower values.of strain.

5.3.3. Coadsorption of CO and H

2

When CO and H2 are coadsorbed and immedigtely flashed off (within
10 min), there is no change in the CO desorption spectra from the
Pt(lll) vicinal surfaces. On the (001) vicinal surface, the 240°C
peak:fills preférentially ovef the lSO°C peak in the presence of HZ’
but does not obtain a.larger total value than then CO is adsorbed
alone. The amount of H2 in the background gases in this investigation
may'have caused the increase in the relative size of the 240°C peak over
the 150°C peak from previously reported results, and further increases
in H2 pressure over the background might not change this ratio.

The FDMS spectra of H, from the Pt(S)-[6(111)x(100)] and the

2
Pt(S)-[7(100)%(111)] surfaces are shown in Fig. 5-11la and b, respectively.
The'desorption spectra from the (111) vicinal surfaces are very similar

to those reported by Baldwin and Hudsonl77

for the (111) surface. The
highest temperature state at 3.9 mV (468°C) is not visible in their
data on the (111) surface and may be.associated with the steps.

Conrad, Ertl and Latta190

found Hé adsorption.on Pd was effected

by steps. The FDMS spectra in Fig. 5-11b from the Pt(S)-{7(100)x(111)]
surface have only one broad desorptibn peak whose maximum temperature
increases from 240°C to 265°C with coverage. This increase in peak

temperature is not characteristic of a second order flash desorption

kinetics where the peak maximum decreases with increasing coverage.
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Fig. 5-11. Flash desorption mass spectra for H. from the (a) Dt(:) [6(Jll)x(1OO)J and

(b) Pt(S)-[7(100)x(111)] surfaces.
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Thus:indicating an attractive interaétion of the surface and the
presence of two unresolved FDMS peaks. Tracylg7has observed both
aptractive and repulsive interaction of CO on the (001) surfaces of
Pd, Ni and Cu, therefore, it is not surprising thaf H2 and CO interact
on the surface and cause shifts in the peak positions. The shape and
maximum temperature of the peaks are not effected by the amount of
coadéorption of CO. The sticking éoefficient for H2 on the
Pt(S)-[7(100)x(111)] surface is between 0.1 and 0.0l with CO
coadsorption. This is lowgr than the O réported by Netzer and

- 19 -
Kneringer for pure H, adsorption of the Pt-(00l) surface, and their

2
FDMS peak temperature maximum was considerably lower at equivalent
heating rates.

If CO is adsorbed on the Pt surfaces and then allowed to set at
least 6 hr in vacuo at 25°C, a new peak appears in the CO FDMS. The
major portion of the background gas is;Hz (approximately l><10—9 Térr),

so this state may involve the association of CO with H Figure 5-12

9
shows the FDMS spectravof CO from the Pt(S)-[6(111)x(100)1,
Pt(S)-[7(111)x(310)], Pt(S)-[3(111)x(100)], Pt-(001) and

Pt (8)-[7(100)x(111)}. The new peak in the spectra appears between
625°C and 825°C. The heating rate in this region is not accurately
known and is non-linear; therefore, heats of desorption cannot be
deﬁermined, but they are high in the range of 50 to 65 kcal/mole.

H2 also appears in the FDMS of pure CO adsorption when the sample has

set in vacuo for several hours. An accurate spectrum has not been

coadsorption

recorded, but it appears to be similar to the CO + H2

spectra. The large variation in the peak temperature from surface to
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Fig. 5-12.

Thermocouple Reading (mV)

XBL759-7344

FDMS showing the disappearance of the 270°C peak associated
with the steps and its reappearance at above 600°C.

(a) Pt(8)-[6(111)%x(100)], .(b) Pt(S)-[7(111)x(310)],

(c) Pt(S)-[3(111)%(100)], (d) Pt-(00l) and

(e) Pt(S)-[7(100)x(111)].



-189-

surface may be from the variation in the H2 background pressure over
the period of 1-1/2 yrs, or more likely from the large non-linearities
in heating rate in this temperature region. fhése vary greatly from
sample to'sample because of sample thickness and‘non-uniformity'of
épotwelds.

The (111) vicinal suffaces all have a common trait, whether they

were taken with high or low H, background, the 250°C peak has dis-

2
appeared from the spectra and reappeared at a higher (650°C +)
temperature. The 150°C peak which was associated with tﬁe (111)
terrace does not change in érea to within the ekperimental error.
The peak at 650°C + is slightly smaller than the cofresponding peak
at 250°C and a small carbon peak appears in the AES spectra of the
surface after the flash. The carbon peak corresponds to about 5% of
a monolayer of carbon, which is close (within experimental error) to
theAdecreése in the flash desorption beak area. The spectrum from
the Pt(S)-[3(111)x(100)] surface'(curve C, Fig. 5-10) does not exactly
follow this description, although itHwas only allowed to set 1/2 to
1 hr before the FDMS spectrum was taken. The correct treﬁd is
observed, the 250°C peak is greatly 1owered and the 150°C peak is
unaffected. Again the relative heights of spectra from the various
sqrfaces cannot be compared (differences in heating rates and
spectrometer gain).

The FDMS spectra from the Pt-(001) andIPt(S)—[7(100)X(lll)]
surfaces also display é high temperature peak when allowed to sit

over night in vacuo and at room temperature. The peak at high

temperature from the (001) is quite small, approximately 3% of the
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toﬁai, buf it.is about 13% from the stepbed surface. The @ﬁird peak -
oﬁ the stepﬁed surfacé'whigh was associated with the steps is removed
by setting over night, énd ;%éWtqupegks associated with the terrace
become approximately equal in area. w;; on the (111) vicinal surfaces,
a small amount of carbon is left on the.surface’after the flash
désorption spéctra is taken.

When the stepped suffaces covered witﬁ adsorbed COvare allowed to
.sif in vacuo at 25°C, a very strong interaction occurs between the
Hz.which adsorbs from the background gas and the pre-adsorbed CO.
Only;the molecules which appear iﬁ the desorption peak associated with
the step are affected, so the interaction involves both the step and
the HZ' Weinberg and Merrilllg8caléulated that the activation energy
for CO dissoqiation on Pt—-(111) was at least 58 kcal/mole, above
the molecular adsorbed state;consiétant with the experimental result
that CO does not dissociate on Pt(11ll). The activation energy of |
dissociation at a step would have to be about 23 ;o 24 kcal/mole
for thé dissociation to occur in 6 hr. If the activation energy
was 24 kcal/mole at a step, tﬁere would be appreciable dissociation
during a flash desorption done immediately after the adsorption.
Most of the H2 desorbs from the sﬁrface'around 200°C while the CO
associated with tﬁe steps does nét desorb until about 270°C; this
leaves little H2 on fhe surface to interact with the CO at a temperature

where the rate would be fast during the flash desorption. .Consequently,

there is no detectable dissociation when coadsorbed i, and CO are

2

flashed off immediately.
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2 2

an indirect affect on the CO through the rehybridization of the Pt

The possible roll of the H, is now considered. The H

may have
orbitals at the step. The hybridization may change at a step because
of the change in symmetry of the crystal field around the Pt atoms at
the step.lggThe combined effects of binding with.CO.and H could further
modify the Pt orbitals making CO dissociation an energetically mofe
favorable process. This is not thought to be a large effect in the
syslem and it is doubtfﬁl if this could cause thé 25 kcal/mole
reduétion in activation energy. A direct effect of the H atoms on the
CO molecules could be through the formation of a chemical bond with the
CO. By a simple bond energy-bond order calculation196’200’20l it can
be shown that an alcoholate intermediate species will loWer the
activatibnvenergy for dissociation of the CO.

"The ﬁroposal of an alcoholate intermediate species is reasonable,
for the Fischer-Tropsch (F-T) synthesis reactions are thought to
proceed through an alcoholate interﬁediate species on transition
metal catalysts.202 Pt is a poor F-T reaction catalystgo3and
produces few long chain products. It is interesﬁing to note that
SexUMgoaobserved a very high tempefaturé flash desorption peak from
CO adsorbed on a Ni-(0l1l) surface after the sample set a few hours
in vacuo and~Joyner205 observed CO dissociation on Fe foils in less
than 1/2 hr. 1In these three examples, Pt, Ni and Fe, the ability of
thé metal té perform F-T reactions203is inversely proportional to;
the amount of time required to»dissociafe the adsorbed CO. There
should be a marked particle size effect for the F-T reaction on Pt

and éhy other metal ‘requiring a similar initiation step. The Pt(111)
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surface will dissociate CO.extremely slowly, if at éll; the (001) may
disséciate CO very slowly, and steps on the surface should perform
praéfically all the reactién. Thus with changes in particie size, the
step density would vary and also the reaction rate.
 Vannice 23 has “found a marked“pafticle size effect-on the
ébility of Pt catalyze the produétion of methane from CO and H2._\The
rate decreased over two orders of magnifude in going from a 124
diameter particle to a Pt black wifh:AOOOK diameter particles. He
attributes this change in reaction rate to a change in the adsorption
energy of the CO. From infrared adsorption work206 and kinetic
studie5203 he conclﬁded that a more‘weakly bonded CO species is
neceéséry for the high reaction rate, and that this species predominates
on Qery small particleé'gf:ft. 5 :The increased rate on small
particles is predicted from the flash desorption results, but from a
more strongly bound species. This.discrepanCy is not readily»explained.
5.4. Summarz |
Carbon monoxide has been found to adsorb more strongly at a
step than on either the (111) or.the (001) terraée of a Pt surface.
The binding energy is about 5 kcal/mole higher at a monatomic height
step than on the terrace of (111) vicinal surfaces and about
1 kcal/mole higher at a monatomic Height step than on the terrace of
the (001) vicinal surfaces of Pt. No effect has been found of the
step orientation on the heat of desorption of CO; the (001), (111)

and (013) step orientations all have the same increase in binding

energy over the (111) terraces.
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" Four flash désorption mass spectra peaks have beeﬁ found on the
Pt-(001) vicinal surfaces. The lower two peaks.are aésociatea withvthe
terraces and may be a result of CO-CO interactions on the sprface
and occur at 24 and 28 kéal/mole;' The third peak, which is found on
stepped surfaces only, has a binding energy of 29 kcal/mole, the
same as produced by the same step geometry on £he (111) vicinal surfaces;
The high temperature state on the Pt-(00l) surface is associated with
the reformation of the reconstruction of the (001) face of Pt. This
is not present on the stepped surface because of the higher strain
associated with the reconstruction on the step terraces.

The interaction of CO adsofbed at a step with the ambient H2
caﬁses the dissociation of the CO molecule through the formation of

an alcoholate intermediate. This species tay be important in the

Fischer-Tropsch synthesis reactions.
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6. CATALYTIC REACTIONS OF HYDROCARBONS ON‘Pt
STEPPED SINGLE CRYSTAL SURFACES 7

6.1. Introduction Q«//n/// ’

One of the important aims of studies of hydrocarbon catalysis

is to uncover the sites where C-H, C-C and H-H bonds are broken
followed by suitable rearrangements of thé ﬁydrocarbon fragmenfé.
Identification of these active cenfers might permit the architecture
of catalyst surfaces with optimum coﬁcentratioﬁs of surface sites with
a vafiety of bond breaking activities.

" The dehydrogenation and hydrogenolysis of cyclohexane (CH) and
cyclohexene (CH=) were studied on blatinum single crystal surfaces
at low pressures (about 10_6 Torr (1 Torr = 133.3 N/mz)) to find the>
correlation between the reactivity and the atomic surface structure.
Two such surface sites have been discovered and identified on platinum
crystal surfaces that differ in the number of nearest neighbor platinum
atoms surroﬁnding them. H-H and C-H bond breaking processes
predominate at one of tﬁe sites while C~C bond breaking occurs in
addition to breaking H-H and C-H bonds at the other. During the
~catalytic reactions the platinum surface is partially or completely
covered with a layer of carbonaceous'deposit, ordered to disordered,
whose properties play a significant fole‘in determining both the
resistance to poisoning and product distribution during the catalytic
reactions.

The reactions of cyclohexane and cyclohéxene are well suited-for

identifying active surface sites with various bond breaking activities

for several reasons. The dehydrogenation occurs rapidly at relatively
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low temperatures and at iSW'partialhng§sgsg§_of hydrogen, since it is
thermodynamically»favored at these conditions. Since dehydrogenation
requires only C-H bond breaking éctivity, the effectiveness of the
platinum érystal surfaces to breaking C-H bonds could be investigated
in a systematic manner; The appearance of hydrogenolysis products
éuch'as n-hexane would signal the presence of sites with C-C bénd
breaking activity} Since the mass spectra of bénzene and n-hexane

are readily distinguishable from cyclohexane both the dehydrogenation
and hydrogenolysis activity of_a given crystal'face were readily
monitored using a quadrupole mass spectrometer.

The dehydrocyclization of n-heptane (Hp) to toluene (T) has
been studied at l><10-4 Torr total pressure to find a correlation
between the reaction rate and the sdrface structure and composition
ofvthe catalyst. It has been found that for this complicated
structural rearrangement of the organic molecule to occur, an ordered
carbonaceous overlayer is requifed on the catalyst. On Pt metal
structures which promote the formation of this ordered residue, a
significant amount of T is produced, while on surfaces where the
residue is»disordered, a much smaller amount of toluene forms.

The isome;ization of n-butane (B) to isobutane (iB) has been
studied only slightl&. This reaction gives information of the bond
shifting ability of various surface structures, which is not asvreadily
available from the two previous reactions. However, to obtain
accurate data a much higher reaction rate is required than in the
other reaction systems (see Section 2.3.5). Thus, little information

was acquired on this important class of reactions. This study has
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concentrated on the dehydrogenation reaction sinée it is agreed that
the metal excldsively performs the dehydrogenation in an industrial
catalyséq?7;LAlmost ali the combinations of low inﬂéx planes of Pt

have been studied to determine their catalytic activity. The structure
and stability of these surfaces iS-Eﬁowﬁ and has been characterized
(see Chapter 4). All of the surface configurations studied may not

be present on the actual metal pérticlerin a sﬁpported catalyst, but

if the activity of all types of configurations is characterized the
most probable surface structure of ﬁhe small metal particles may be

hypothesized.

6.2. Equilibrium of Hydrocarbons at Low Pressure

The equilibrium ratio of hydrocarbon partial pressures can be

- drastically different at the low pressures (<].O_6 Torr) of this
investigation than at atmospheric pressure, if there is addition

or subtraction of hydrogen during the reaction. The equilibrium
constants are of course the same, but, the partial pressure of H2 is
alsq in the pressure term; The pressure of H2 may.be raised to és
high as the fourth power (Hp = T + 4H2)Aand.is a very small number,
approximately 10_9 atm, in these studies.

6.2.1. Cyclohexane Reaction System

208
The equilibrium constants as a function of temperature for the

six membered ring dehydrogenation éystem are showm in Fig. 6.1;

The standard conditions used in this invesfigation are 4X10—8 Torr
of the reactant and 8><10—7 Torr oleZ. For CH as the reaétant, the
equilibrium pressure of the various products at 150°C is l><10_13 Torr

of Hx, l><lO_5 Torr of CH=, and 8><1013 Torr of Bz. Obviously, if

kinetically allowed, the CH would convert entirely to benzene at this
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Equilibrium constant variation with temperature for

cyclohexane-cyclohexene-benzene-hydrogen system
(from Ref. 208).
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low pressure of H, . At one atmosphere of H, and 150°C, the equilibrium

2 2
conversion of Bz is nill (Bz/CH = 5X10f7). Table 6-1 shows what
hydrogenolysis products are thermodynamically possible from CH in
the temperature range of these experiments and a 20:1 hydrogen to

hydrocarbon ratio. The hydrogenolysis equilibrium of the cycloparaffin

-1

to all paraffinic products is decreased at low total pressure (PT

),

and ﬁhe equilibrium to all'olefinic products is increased at low

pressufe (P%). If the product was produced at a rate of 10-5 mol/sec/surface
atom,iits partial‘pressure/in the reaction chamber, at the average pumping
speed for most runs, would be l.5><10—lO Torr. Benzene is‘produced at

a rate of 10_5/sec on most surfaces.v Thus, it can be seen that the

olefinic as well as paraffinic products would be produced in large

quantity over the whole range of temperéturé studied. Table 6-2 shows

"the effect of temperature on the cycluhexene product distribution.

Table 6-3 shows the effect of H2 pressure on the equilibrium pressures

of the various products from a cyclohegane pressure of 4X10_8 Tofi and

a 150°C temperature. Ethylene (E=) and propylene (P=) are equally

favurable with ethane (E) and propane (P), respectively, at a 20:1
hydrogen.to hydrocarbon ratio, but the paraffiné become favorable at

the higher pressures of H2.

6.2.2. Isomerization Equilibria

The isomerization equilibfium is independent of pressure since
the number of products and reactant moles are the same. TFigure 6-2
" shows the equilibrium constant for the isomerization of isobutane to
. 208 . . .
butane and isopentane to n-pentane. Starting with either the

pariffin or the branched molecules there should be substantial



Table 6-1. Equilibrium pressure of products from cyclohexane (4><10—8 Torr) and hydrogen

(8><l{')_7 Torr).

T CH, Coty oty Cotg €3t Cig  Cellg  Cefhip  CePip Ceflig
M Ac E= E - P= P Bz ci=  CH ' Hx
300°k  3x10°  1072%  sx107!t ax107? ex107l sx1070 ax10? o 4x1078
500°K - 3x1072 1077 107> gx107% 107 sx1077 10t/ 4510'8
700°k  2x107%  10° 1072 3ao0”’ 107 1072 10%4 4x%0'8
Table 6-2. ~Equilibrium pressure of products from,cycldhexene‘(4xlo_8 Torr) and hydrogen
. -7 : '
(8x10 ° Torr).
T CH, G, COH, Cfe  Csflg Celig Cetle  Celio  CeM12 CeMis
M Ac E= E P= P Bz CH= CH Hx
300°k 107 1073t 1078 1078 100 4x1078
500°k  7x107° 107 107% 107% 1072 _4x1078
R L4 -5 - - .- - Q-
700°K  3x107° 1070 1073 107 10712 4x1078

-661-



Table 6-3. Equilibrium pressure of products from CH (4 10—8 Torr) and 150°C.

H,/HC CH, C,H, C,H, C,H, C,H, C,Hg CH, C6Hlo CeHyy  CeHyy
M Ac E= E p= P Bz CH= ' CH Hx

20:1 12x107%  9x107  ex10”’ 3x107"

100:1 12x107%  sx107* 6x10*7 1x107°

300:1 12x10°% 11073 ex107! 4x107°

-00¢~



K
O.1—
i
|
K = nCX/isoC,( -
)__ e
ol L - ' '
© | 2 BE | 4
o ‘
103/ 1 (°K)
XBL763-6628
Fig. 6-2. Equilibrium constant variation with temperature for 1sobutane—n—‘

butane system (from Ref. 208)
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conversion allowed by thermodynamics over the temperature range of this
study.

6.2.3. Dehydrocyclization Equilibria

The aromatic product, toluene, is.highly favored thermodynamically

over n-heptane reactant at the H, pressures in this investigation,

2
similar to Bz over CH. The hydrogenolysis products are, as in the

CH system, producible in large quantities under the experimental
conditions. 1In this case, the hydrogenolysis equilibrium to all
paraffins is independent of ;he totai pressure. The ultimate equilibrium

of these systems is not known, but probably consists of mainly the

aromatic and some ethylene and methane.

6.3. Experimental

The details of the experimental‘method of obtaining the rates of
reactions are given in Chapter 2. Both the flow and batch reactor
configurations described in Chapter 2 have been used, but predominantly
the flow system. The batch reactor is more sensitive (can detect
lower reaction rates), but is much less versatile. To ascertain if a
true catalytic process is occurring (see Appendix A), the use of a
flow reactor with its more readily determined surface coverage,
composition and structure is desirable. The flow type reactor con-
figuration has been used for all the CH dehydrogenation experiments
and all the butane isomerization experiments, and for a few of the

n-heptane dehydrocyclization experiments.
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6.4. Results
' The experimental results for each type of hydrocarbon reaction,
‘dehydrogenation, dehydrocyclization, and.isomerization, will be discussed
separately. The resﬁlts for hydrogenolysis of each type of hydrocarbon

will be included 'in the section on primary reaction of that molecule.

6.4.1. Dehydrogenation Reactions

C6.4.1.1. Infroduction. The dehydrogenation of cyclohexane,
cyclohexene, and.cyclﬁhexadiene on the Pt(lli) cr&s;alvface has recently
been studied by qund, Baron, and Sorﬁorjai?o9 The (111) crystal face
of platinum is catalytically quite inactive; it apparently lacks the
active sites that must be.present iﬁ large enough concentration for
éfficient dghydrogenation and hydrpgenolysis. Both cyclohexane and
cyclohexene were maintained on the surface without much dehydrogenation
at 300°K and their ordered surface structures were identified.
Cyclohexadiene, however, instantaneously dehydrogenated to benzene even
on this inactive platinum surface. fhe rate-limiting steps in
dehydrogenating cyclohexane to benzene was the dehydrogenation of
the cyclohexene intermediate. fhe Pt(111) crystal face wiil nof
dehydrogenate cyclohexane beyond gyclohexene even at higher temperatures
(>425°K). |

In this section it is shown ﬁhat the reactivity of cyclohexane
~and cyclohexene is entirely different on platinum surfaces with a
high concenﬁratibn of atomic steps than it is on the (111) crystal
féce; in this case these molécules dehydrogenate readily. Atomic
steps, which were found responsible for breaking H-H bonds in studies

of hydrogen—-deuterium exchange,36 were also effective in breaking the
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C-H bonds. It appears that atomic steps are the active‘sites on platinum
surfaces for performing these important bond scissions. The atomic
surface structures whereC-C bond scissions occurvefficiently, in

éddiﬁion to C-H and H-H bond scissions, have been identified és

kinks'in steps. The quantitative reéction rates (as turnover numbers)
for dehydrogenation and hydrogenolysis were determined and correlated'
with the various atomic surface structures. Thus, the structureA
insensitivity of the c&clohexane'to cyélohexene dehydrogenation reaction,
and the structure—sensitivify of the dehydrogenation of cyclohexene

and hydrogenolysis of cyclohexéne have been established.

6.4.1.2, Catalyst Samples Studied. The orientation of the

samples usedAin the CH system investigation are shown in Fig. 6-3 on -
a stéfeographic projection unit ‘triangle. The surfaces are listed

in Table 6-4. The first seven samples differ‘only in the step
density and. the number of kinks iﬁ the steps; all catalysts have (111)
orientation terraces and monatomicvheight'steps. The first three
sampies afe cut on the [110] zone and have (00l) orientation steps.
The fourth, fifth and sixth samples WQre obtained by gutting the
crystal rod off the [liO] zone toward the [Oil] zone. The seventh
sample was cut on the [011] zone and had steps of (111) orientation.
The eighth and ninth samples were cut to expose the (001) orientation
terraces. The (001) orientation surface of platihum reconstructs to

form a buckled hexagonal layer of Pt atoms atop of the square bulk

lattice characterized by a i 13 low-energy electron diffraction
pattern (see Section 4.4). These samples are stable in the monatomic

height step configuration, but facet readily in the presence of
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(69,70,72)

(577)

[OT11]) Zone

- [110] Zone
(1,1,13) 0 '

| s (045)
(O01) " [100] Zone ~on)

XBL757-6713A

Fig. 6-3. Crystallographic orientation and Miller Index of the
pltainum single crystal catalyst surfaces studied.

~—
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Table 6-4. Angle of cut, Miller indices and designation
: of stepped platinum surfaces.

Angle of Cut Miller Index Designation
0° from (111) (111) Pt-(111)
9.5° from (111) (557) ' Pt (S)-[6(111)x(100)]
19.5° from (111)  (112) Pt(S)-[3(111)%(100)]
9.5° from (111) (i1,12,16) Pt(S)-[6(111)x(710)]
rotated 7° ' .
9.5° from (111) (679) Pt(S)-[7(111)x(310)]
rotated 20°
4.2° from (111) (69,70,72) Pt(S)-[13(111)x(310)]
rotated 20°
9.5° from (111) (577) Pt(S)-[6(111)%(111)]
rotated 30°
6.2° from (001) (1,1,13) . Pt(S)-[7(100)x(111)]
0° from (001) (001) Pt-(001)

6.35 from (011) (045) Pt (S)-[8(110)%2(100)]
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oxygen to (001) and (113) orientation terraces (see Section 4.2). The
tenth sample was cut along the [100] zone and was stable in a double
height step configuration (see Section 4.2).  The diffraction patterns
from these various surfaces can be seen in Fig. 4~2 through Fig. 4-17.

6.4.1.3. The Dehydrogenation and Hydrogenolysis of Cyclohexane.

Effect of Hy&rogen Pressure. 1In a series of studies, we have‘determined
the variation of the turnover number, the numbér of product molecules
ﬁer platinum surface atomsﬁsecond, with the hjdrogen to hydrocarbon
ratio at a constant hydrocarbon pressure of l;><10_8 Torr. The resplts
are shown in Fig. 6-4 for the sevefal stébped surfaces studiédi The
variation isvvery similar for all cataiyst surfaces. .. The reaction
rates increase with increasing hydrogen to hydrocarbon ratioc. If no
hyd?ogen is introduced info the rééction chamb§r the_qatalyst.behaves
vef&‘differently. No benzene is proddced and Cyciohéxene production
is reduced greatly.ﬂ There is approximately one monolayer of carbon-
aceous residue on the surface, which is greater than norﬁal. Pretreating
the catalyst in ﬂydrqgen and phen femqving it prior fo hydrocarbon
introductiqn.does not increase the aétivity for dehydrogenation or
hydrogenolysis..

The turno?er number for varioUsvhydrogenolysis products is shown
in Table 6—5-at constant h?drocarbén pressure o£'4X10_8 Torr and a |
150°C catalyst feﬁperature for‘; few of the samples‘studied. The (111)
surface and the Pt(S)-[8(110)%2(100)] are seen to be quite inactive for
hydrogenolysis as gompared to the other surfaces. It must be
remembered that the rates reported afe'calculated using ionization

gauge pressures, so the absolute rates to various hydrocarbon species
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Fig., 6-4.

XBL 758-6870

Initial steady state rate of Bz ( ) and CH (---)
from CH. The reaction conditions are 4x10-8 Torr of

CH and 423°K catalyst temperature (A -Pt(S)-[7(100)x(111)];
O-pe(s)-[3(111)x(100)1; O-Pt(S)~[6(111)x(100)];
©-pPt(S)~ [6(lll)><(710)], .-Pt(S)—[7(1ll)x(310)];
®-Pt(S)-[13(111)x(310)]; ¥V ~Pt-(001);
Q-Pt(5)-[8(110)x2(100) 7). :
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]

&3

8 Lorr ‘of cH

and 150°C surface temperature (all rates are turnover . numbers in

Relative Error

units of 1075 sec l).

M E=- E P P 'HZ/He
Pt-(111) 10 0.5 1 1.5 0 20
100 10 2 2 2 90
200 5 50 15 25 !260
Pt(s)-[7(111)x(310)] 20 ND 9 10 30 20
560 ND 60 20 35 110
1200 D 130 40 85 280
PE(S)-[8(IIX2(100Y)] 1.0 1.5 10 0 20
| 60 3 30 1 2 80
150 10 W e 20 190
Pt-(001) 10 2 118 65 20
| | 200 200 35 20 75 80
450 450 85 30 95 220
PE(S)-[7(100)x(111)] 10  ND 2 5 5 20
150 ND 20 11 40 100
650 D 95 20 90 270

(*40) (£10) . (iloj

(£15)

(£30)
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cannot be compared accurately. The'rates between”catalyst samples of
the same product may be compared using the relative error figures at the
bottem of Table 6-5 as a guide. The kinked step eurface,
Pt(Si—[7(111)X(310)], apbearé to the @ost active bydrogenolysis'
cata¥fst,bat least for the pro&uction‘of aikenes;' The (001) shrtace
heeﬁe?very high rate of production ef'E=, however;fwithout'further,
susporting'data, the validity of this‘very.high rate on (OOi) surfaces
cannot‘teAconfirmed. for the rest of the reactipn products, .the (001)
;ané;tﬁe“Pt§S)—t7(lOO)X(lll)]_surfeeeé have an intermediate hydrogenolysis -
avbi'>l’_4i,ty, ‘lgrea‘ter than the (111) and lese thém’thve Pt(s)-[-v7’(.111v)x(310)].

Effect of catalyst surface structure. Results of the reaction

rate etudiee fbr:dehydrogenetiOn and hydrogenolysis obtained on stepped
platinum surfaces are presented firet.< Then the same rate data,obtained
for etepped surfaces which have a ierge concentration of kinks in the
step'ie prdffered. In Fig. 6-5a the turnorer numbers for dehydregenation
to benzene and 20 to 1 hyarogen to hydrocarbon ratio and hydrogenolysis_
to e;hexane at 300 to 1 hjdrogen to hydrocarbon ratio are shewn es a
function of step'density at 423°K. The dehydrogenatron rate is
independent of step deﬁsity, while the hydrogenolysis rate ipcreases-
with increased step density. The hydrogenolysis rate that»was measured
via the rate of formation of n-hexane, one of the hydrogenblysisv
products, was lower than the rate of dehydrogenation to benzene.

The peak.used to determine the amount ovax produced is a very
smalleeak in the spectrum, mass 84, and is subject to measurement
error§;>1t'is, however, very convenient for the determinatioe}gf the

amount of Hx in that there is only one other overlapping cracking pattern,
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Fig. 6-5. CH dehydrogenation to Bz (-Q-) and hydrogenolysis to
Hx(—Z& ) as a function of (a) step den51ty and
(b) kink density.
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that of CH.  From a large number of measurements (~200) on ﬁany
different runs (~25), the standard deviation for the measufed rate of
hydrogenolysis to Hx is,i0.65X10—6/sec. Using this value as the true
standard deviation and measuring tﬁe,rate as a function of H2 pressuré
to obtain values for tﬁe rate which are much larger than the error
limit, allows confideﬁtvvalues of the rate tb be reported at constant
H2 pressure, %lO Values obtained in this manner are used in Fig. 6-5
for the Hx rates of reaction. The détails of this calculation ére given
in Appendix E. |

The turnover numbers for dehydrogenation‘and hydrogenolysis on
kinked surfacesiare shown in Figf 6-5b. The kink density is 3efined
as fhe number of kink sites per sqﬁare centimeter (the‘total number
ofvatéms on the surface is appréximatelyvl.SXIOls/cmZ). For example,
‘on the Pt(S)-[7(111)%x(310)] surface, every third atom along the step
Should, on the average, be in a kink position. Therefore, for this
surface the step density is 270XiOl4/cm2 and the kink density is’
approximately 7XlOl3/cm2. . By compariﬁg the turnover numbers with those
obtained from étepped surfaces that were shown in Fig. 6-5a, it appears
"that the rate of hydrogenolysis is markedly higher in the presence of
kinks. An obvious way to make this comparison is through the slope
of the curves for the hydrogenolysis rate in Fig. 6-5a and Fig. 6-5b.
The slopes give 2.5X10—4 molecules/kink atom/sec and
2><10—5 molecules/step atom/sec. Thus a kink atom is about an order of
magnitude more effective in breaking C-Cbonds than is a step atom.

The dehydrogenation rate is approximately cbnstant and remains

unaffected by variation of kink density while the hydrogenolysis: rate
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increasesvby an order of magnitude from a surface free of steps, .
Pt(111). The kinks in the stepped surface appeér to be very effective
in breaking C-C bopds leading to much enhanced hydrogenolysis rates.
The molar hydrogenolysis product distributioq of smaller saturated
aliphatic hydrocarbons, appears to be Hx:P:E:M = 1:6+3:1+1:10+x10. Even
thfoqgh n-~hexane is a minority hyd;ogenolysis product, it is a reliable
ﬁeasure of the degree of hydrogenoiysis because of its easé of mass
spectrometric detection and4because it is not formed in a background
reéction.with ;he walls of the reaction chamber. The product dis-
tribution of saturated hydrocarbons does not seem to vary with surface
structure to within experimental error oﬁ the samples studied. Much
less data is available on these hydrogenolysis products than with Hx
so the error in the reported rates is much larger.
Besides the saturated hydrogenolysis products and benzene, we
find the olefinic products, cyclohexene, ethylene, and propylene.
Cycldhexene is an intermediate in tﬁe dehydrogenation to benzene and
its various reactions will be discuséed separately in the next section.
The olefinic product distribution varies with the surface structure.
From the limited data, the ratio on (111) vicinal suffaces of
Bz:CH=:P=:E= is 2:1:3:4 and on the (001) surface the ratio is
2:1:3:8. A larger production of ethylene on the (001) is also observed

at low H, pressure as well as at higher H

2 pressures. The various

2
rates are shown in Table 6-6.
The rate of benzene and cyclohexene production on the (001) and

(011) vicinal surfaces is the same as on the (lll) vicinal surfaces

2
shown in Fig. 6-5. Preliminary data 11 on the Pt(S)-{6(111)x(111)]
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Table 6-6. Hydrogenolysis products from CH /J,XlO’-8 cd,

8><10°7 H2 (all rates are turnover number in

units of 10F5/sec).

Sample CH4 CZH4 C2H6 C3H6 C3H8 | T(°C)
(111) 0 4 0 0 6. 25
6 3 1 0 7 150

4 7 2 0 4 300

6 2 1 0.5 3.5 450

7(111)%(310) 0 4.5 1 3 6. 25
6.5 4 1 1.5 0 150

8. 1.5 1.5 1 6. 1300

9. 2. 2 2.5 3. 450

8(110)x2(100) . 0 4 2 5 6 25
1 3 3 3. 5.5 150

1 1+2 2.5 3 5 300

\4.5 4 4 3 8.5 450

(001) 19 © 0.5 2 2 25
7 7.5 1 1.5 2 150

6 4 1 1 4 300

6 1.5 1.2 0 4 450

7(100)x(111) 1 3 4.5 3.5 10 25
3 2 3.5 1.5 11 150

2 3 0 2 14 300

4 0 5 0 13 450

Error +4 +1 ilfS +1 +3
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surface indicate that it behgves very similarily to the (111) surface,
in that it is catalytically inactive. The hexagonal close-packed (illy
surféce apparently cannot break the C-H bond efficiently. The
hydrogenolysis rate incrgases wiph kink density just as'witﬁ increasing
stepudeﬁsity, thus, hydrogenolysis appears to be stfucture—sensitive.
‘There was always an induction period of 10 to 20 min before the
benzene product reached its steady state rate of production as detected
by tﬁe mass spectrometer after the introductioh of cyclohexane~6nto
the crYstal surface. This is shown in Fig. 6-6 for several catalyst
températures on the Pt(S)-[6(111)%(100)]. The catalyst was initially
at 300°K. When steady state reaction rates were obtained, the
catalyst témperature was rapidly increésed (in aﬁproximately 30 sec)
to 423°K and the reaction rate monitored. This was repeated with heating
to 573°K and 723°K. The benzene desorbed during rapid heating of the
catélyst surface is approximately 1><lO13 molécules or lessband represents
only a small fraction of the carson on the surface. lThe steady state
reaction rates at a givenitemperatﬁre are the same whether the
catalyst was initially at that temperature or another. This induction
pefiod coincides with‘a higher than steady state uptake of cyclohexane
as seen in Fig. 6-6. A mass balance calculation on carbon, utiliziqg
the known adsorptioﬁ and desorption rates of reactants and broducts |
dﬁring the induction period indicated carbpn was deposited on the
surface. The amount calculated agreed reasonably well with that
determined by the Auger electron spectra taken after the reaction
mixture was pumped from the chamber, since the electron beam may

induce polymerization of hydrocarbons and further carbon deposition.
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Fig. 6-6. Induction period for production of Bz ( ) and
CH (:——) from CH. H,:CH tatio 20:1; CH pressure
4x10 ~ Torr; Pt(S)-[6(111)x(100)].
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The formation of the adsorbed carbon layer always precedes the
desofption of benzene and‘olefinic products. However, the amount

of adsorbate changes as a function of temperature. This is shown

in Fig. 6-7 for the Pt(S)—[6(lll)X(100)] surface. A 4:1 ratio of
the carbon 274 eV Auger peak to the_platinum 238 eV Auger'peak
corresponds to a complete monolayer of carbon by calibratioq with
acetylene. The carbon coverage ranges from 0.1 monolayer at 300°K
to almost 1.0 monolayer at 723°K. Thelline has a slope of 2*0.2 kcal/mole.
Duriﬁg and aftér reaction this carbon deposit was always present on
the surface not only at low pressure reaction conditions, but also
after reactions Ehat were carriéd‘out in another apparatus at higher
pressures34(approximately 200 Torr total pressufe).

The rate of productionvof benzene, CH= and rate of uptake of CH
is similar on all the surfaces studied to that shown in Fig. 6-6 for
the Pt(S)-{6(111)%(100)]. The (111) vicinal éurfaces, the first five
surfaces listed in Table 6-4, éll‘sﬁow identical trends. The steady
state hydrogenolysis rate to saturated products, as shown in Fig. 6-8
for the Pt(S)-[6(111)x(100)] surface, increases with temperature with
the same slope of 3%0.3 kcal/mole. The absolute value of the rate
at a given temperature varies with the step and kink density on the
surface in the manner already discussed for Hx production. The
cyclohekane'uptake and consequently the amount 6f carbon on the
catalyst surface increase with temperature with a 2 kcal/mole slope
as is shown in Fig. 6-7 for the Pt(S)-[6(111)x(100)]. A few
hundredths of a monolayer of benzene is.flashed off the sﬁrface upon

heating, with the largest desorption occurring with heating from
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Fig. 6-8. Temperature dependence of dehydrogenation of CH to
Bz (-O-) and hydrogenolysis (-A-). The overall
activation energy for hydrogenolysis is -8
3%0.5 kcal/mole. Reaction conditions: 4x10 =~ Torr
of CH and HZ:CH ratio 20:1, data for

Pt(S)-[6(111)%(100)].
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25°C to 150°C. On the Pt(S)—[6(lll)X(lOO)] surface, when either Bz,
CH=, or CH is adsorbed at room temperature in the absence of HZ’ only
Bz appears in the mass spectrum upon heating. The temperature atv
maximum desorption rate is 100°C for all three initially adsorbed
species. The pumping speed is not known that sufficient accuracy to
determine.the amount of benzene désorbed; it is, hoﬁevef, considerably
1esé than a monolayer. After the reméval of the reversibly adsorbed
Bz by heating, the surface is almost completely covered.with a
carbonaceous overlayer. The LEED.ﬁétterns of adsorbed Bz on the (111)
vicinal surfaces also indicate both.a reversibly and irreversibly
adSofbed species on the surface. The pattern which first forms is
shown in Fig. 6-9 and consists of an approximately 1/3.order, diffuse
hexagon. This resembles in position the intense inner row of diffraction
beams observed from Bz adsorption on the (111) surfaceglzand probably
represents the close-peaking of ;he molecules. With further exposure
at 1X10_7 Torr, the background inténsity in the diffraction pattern
increases and the hexagon remains. When the Bz flux is removed, the
background intensity decreases in about 5 min to a low level. The

1/3 order hexagon remains and is stable overnight in vacuo. Thus
there are two quite different types of carbonaceous species on the

Pt surface from six-membered ring adsorption: one which is reversibly
held with a heat of adsorption of about 21 kcal/mole and which

desorbs as the product Bz, and the second is very tightly held,
probably dissociatively, and desorbs only as small fragments such as
ethylene or methane with heating to very high temperature (~700°C) or

with H2 treatment.:
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XBB 761-567

Fig. 6-9. Photograph of LEED pattern from Bz irreversibly adsorbed
on the Pt(S)-[6(111)%(100)] surface.
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The (111) surface itself behaves differently than the stepoed
surfaces. Little hydrogenolysis occurs and the uptake of CH upon
heating is small. The amount of Bz which flashed off the (Ill) surface
when it was heated from 25°C to 150°C is the same as from the
P(S)-[6(111)%(100)]; however, upon heating to higher temperatures,
no benzene desorbed from the surface. The amount of carbon on the ’
(111) surface at 150°C was approximately 0.8 monolayer, which is much
higher than on the stépped surfaces. Apparently, on the (111) surface,
a large amount of adsorption occurs‘at low temperature (25°C).

Some of these adsorbed molecules are dehydrogenated to Bz; the remaining
213

become the beginnings of the carbonaceous residue. The same adsorption

would occur on the stepped surfaces, but H, would also be dissociatively

2
adsorbed by the steps36 and keep the steady state (equilibrium ?)
amount of carbonaceous residue low on these surfaces. Some preliminary
data on the Pt(S)-[6(111)x(111)] surfaceleare parallel to the (111)
surface, and indicate that the (111)x(111l) type step may not dissociate
H2 as readily at low temperatures as the (111)%(100) type step.

The Pt-(011) and Pt(S)-[7(100)x(111)] surfaces exhibit analogous
trends. The rates of Bz, and CH= production and CH uptake are shown
in Fig. 6-10 for the Pt-(001) surface. The rate of hydrogenolysis
to saturated products increases with temperature with a slope of
1.4 kcal/mole as seen in Fig. 6-11. The rate on the stepped surface
is somewhat higher than on the (00l) surface. The CH uptake is much
lower at 150°C than on the (111) vicinal surfaces, but at 450°C, the

rate on both the (001) vicinal surfaces is higher. Again a few

hyndredths of a monolayer of benzene flashed off the surface when the
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Temperature dependence of dehydrogenation of CH to
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energy for hydrogenolysis is 1.4 kcal/mole. Reaction

conditions: 4x10~8 Torr CH and H2:CH ratio 20:1, Pt-(001).
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catalyst was heated. The largest amount of Bz, however, desorbed from
the surfaces when the samples were heated from 150°C to 300°C,
indicating a slightly higher heat of adsorption of Bz on the (001)
surfaces than on the (111) vicinal surfaces. The Bz molecule is much
larger than the Pt adsorption sites at the steps (Bz's van der Waal's
radius is 7.36&) and the terrace adsorption sites would be expected
to control the associative adsorption energy, where as the step
could control the dissociative adsorption.

The only (011) vicinal surface studied, the Pt(S)-[8(110)%2(100)],
exhibited slightly different behavior. The hydrogenolysis rate is
very low, about the size of the experimental error. The CH uptake
is largest at 300°C and almost as large at 450°C. The only heating
at which Bz desorbed for the surface was from 25°C to 150°C, indicating
a more weakly held reversible species than on either the (111) or (001)
vicinal surfaces.

The sticking coefficient, 0, for cyclohexane on the various
surfaces can be estimated from the data presented in Figs. 6-6 and 6-10.
The sticking coefficient at zero coverage is defined in Eq. (5-5) and

repeated here,

(6-1)

<
=

Rads - Go(l - 0)

where Ra is the rate of adsorﬁtion, (1 - 0) is the amount of bare

ds
surface and nG/A is the incident flux to the surface. As can be seen
in Fig. 6-6, Oo is temperature dependent. The sticking coefficient

determined from Eq. (6-1) the maximum rate of CH adsorption, immediately

after the temperature jump, is shown in Fig. 6-12 for the
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Fig. 6-12. Sticking coefficient at zero coverage for CH on the
Pt(S)-[8(110)%x2(100)] surface. Temperature dependence
gives a 7 kcal/mole activation energy.
V-[8(110)x2(100)], OO-(001), and Y-[6(111)>(170)].
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Pt(s)-[8(110)%2(00L)]. If 00 is written as a rate constant
g, = Aexp(—Ea/RT)

then A and Ea for the three surfaces are given in Table 6-7. The
activation energy is very high on the Pt(S)-[8(110)%(100)], 7 kcal/mole
and lower on the other two surfaces. There is a compensation effect

in that the pre-exponential becomes larger simultaneously with Ea.

The temperature dependence of the dehydrogenation and total
hydrogenolysis rates for the various (111) vicinal crystal faces at
a fixed hydrogen to hydrocarbon ratio of 20:1 is shown in Fig. 6-8.

The dehydrogenation rate to benzene decreases with increasing temperature,
reaches a minimum of 573°K, then increases slightly at 723°K. The rate

of formagion of E= products has a similar temperature dependence as

that of the rate of formation of benzene as seen in Table 6-6. The
hydrogenolysis rate to saturated products increases with increasing
temperature and an Arrhenius plot gives an activation energy of

3%#0.3 kcal/mole which is the same for all of the crystal faces within

our experimental accuracy.

The temperature dependenée on the dehydrogenation and total
hydrogenolysis rates for the (00l) surface is seen in Fig. 6-10. The
dehydrogenation rate to Bz is a maximum at 150°C. The rate of
formation of E= is similar to Bz, high at both 25°C and 150°C and
falls off at higher temperatures. The hydrogenolysis rate to

saturated products increases with temperature at a slope of 1.4 kcal/mole.
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Table 6-7. Parameters for sticking coefficient of CH on
Pt surfaces, 4x10~8 Torr CH and 20:1 HZ:CH
g = Aexp(—Ea/kT).
A Ea(cal/mole)
6(111)%(100) 3 3700
(001) 12 5700

8(110)x*2(100) 80 7000
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Effect of carbonaceous overlayer on reaction rate. The dehydrogenation

reaction of cyclohexane to form benzene was sensitive to the ordering
of the carbonaceous overlayer as shown in Fig. 6-13. Initially, the
overlayer was ordered on all of the stepped surfaces that were studied
and dehydrogenation yielded more benzene than cyclohexene. The LEED
pattern from the carbon deposit formed on stepped surfaces in 20:1
hydrogen to hydrocarbon reaction mixture at 423°K and above has a
hexagonal unit cell approximately 5.13 on a side. The diffraction
pattern from this ordered residue on the Pt(S)-[6(111)X%(100)] and

Pt(S)-[13(111)%(310)] surfaces is shown in Fig. 6-14. TFrom these

1 I
2 =1

other photographs the second order diffraction beams from the overlayer

photographs this pattern could be a (/3%/3 R30°); however, in

can be seen and are definitely inside the Pt substrate beams. The
5.1& unit cell size is about 5% larger than the next nearest neighbor
distance of Pt in the {111} plane and considerably smaller than the
Van der Waal's radius of either benzene (7.3&) or cyclohexane (7.6&}06
indicating that the adsorbed layer is at least partially dehydrogenated
and the diffraction pattern is certainly not due to the intact

reactant or product molecules. Complete dehydrogenation that occurs

on heating the adsorbed layer to above 1000°K yields graphitic

deposits characterized by ring-like diffraction features of 2.46R

unit cell size.z14 The platinum diffraction features after a reaction
are readily visible and identical to those from the clean surface
(except Pt(S)-[7(100)x(111)] and Pt-(001) where some of the surface

96 : ;
reconstruction disappears). The diffuseness of the extra diffraction

features correlates with the terrace width, sharper spots on wider
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Fig. 6-14,

XBB 761-566

Photographs of the LEED pattern of an ordered carbonaceous
residue formed from CH at '150°C and H2:CH ratio of 20:1

on (a) Pt(S)-[6(111)%(100)] and (b) Pt(S)-[13(111)x(310)]
surface (see text for discussion of extra beams).
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terraces.los’109

This and the different diffraction pattern on the
Pt—(ill) surface indicate that the formation of the carbon overlayer
is intimately associated with the steps. After several hours of
reaction time, the carbonaceous overlayer slowly disorders. Simultaneously,
the rate of production of cyclohexene increases while the rate of
benzene formation decreases until the product becomes predominantly
cyclohexene. As shown in Fig. 6-13 for the Pt(S)-[6(111)%(100)]
surface at 423°K, the initial 2:1 benzene to cyclohexene product ratio
typical for dehydrogenation on ordered carbonaceous overlayers becomes
1:3 on a disordered overlayer. Thus, for all practical purposes, the
dehydrogenation on disordered overlayers produces cyclohexene as further
dehydrogenation to benzene is poisoned.

A similar behavior for the rates of formation of Bz and CH= has
been observed on the Pt-(100) and the Pt(S)-[8(110)%2(100)] surfaces.
On the Pt-(001) surface the decrease in the rate of formation of
Bz occurred more slowly, the crossover point being reached in about
8 hr instead of 2-1/2 hr on the Pt(S)-[6(111)X%(100)] shown in Fig. 6-13.
The deactivation on the Pt(S)-[8(110)%2(100)] occurred on the same time

scale as on the (111) vicinal surface.

The Effect of oxygen on reaction rate. A small amount of oxyeen

on a stepped surface is an effective poison for dehydrogenation. If
the catalyst sample was not vacuum reduced at 1375°K after oxygen
cleaning, approximately 0.1 of a monolayer of oxygen (by AES) would
be left on the catalyst. This was enough to completely stop the
production of benzene and decrease the cyclohexene production by 50%

at 423°K on the Pt(S)-[6(111)x(100)]. The LEED features were the
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smae as seen in Fig. 4-4b, but the background intensity was higher.
The 0.1 monolayer coverage would be less than one oxygen atom per
step atom if all the oxygen was adsorbed at the steps. (However,
since the cyclohexene production, as well as the benzene production is
increased, there may be some oxygen on the terraces as well as at the
steps.) The oxygen was still present on the surface after 1 hr of
reaction at 423°K and standard pressure conditions of 4><10~8 Torr of
CH and 8x10™’ Torr of H..

2
6.4.1.4. The Dehydrogenation and Hydrogenolysis of Cyclohexene.

Effect of surface structure on reaction rate. The turnover number

for the dehydrogenation of cyclohexene to benzene is about two orders
of magnitude greater than for the dehydrogenation of cyclohexane. 1In
Fig. 6-15a, we plot the dehydrogenation rate as a function of step
density. The turnover number increases rapidly with step density
indicating that unlike the slower dehydrogenation reaction of cyclohexane,
this reaction is structure-sensitive. 1In Fig. 6-15b, the turnover
number is plotted as a function of kink density. Although there is a
small increase in the dehydrogenation rate, it may be considered
insignificant compared to the marked change of rate with step density
and within experimental error could be constant.

The rates of CH= dehydrogenation on the (001) vicinal surfaces
are about the same as on the Pt(s)-[6(111)X(100)}. Steps on the surface
do not seem to affect the rate of reaction. Since the (001) terrace
is active this will be more difficult to determine experimentally;
two points are not sufficient. The Pt(S)-[8(110)X(100)] is more active

than the (001) vicinal surfaces. A higher activity might be expected
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since the (011l) terrace may resemble a stepped surface of narrow
terraces.
The hydrogenolysis of CH= is small compared to the amount
of Bz which is produced. The only products which are produced in
a measurable quantity are E= and P=. From the (001) surface, the
mole ratio of Bz:P=:E= is 15:1:1, and is typical of the ratio from

"cleaner" than

most surfaces. The dehydrogenation of CH= is much
the dehydrogenation of CH. The hydrogenolysis products are made at
approximately the same rate from both reactants; the primary product

is produced much faster from CH= so the selectivity is higher.

The initial rate of CH= dehydrogenation to Bz has close to a first
order pressure dependence on the Pt(S)-[6(111)%x(100)]. This is in
contrast to approximately 2/3 order pressure dependence of the CH
dehydrogenation to Bz. This combined with the high probability of
reaction of CH= suggests that the dehydrogenation of CH= is rate limited
by the flux to the surface, while the cyclohexane dehydrogenation is

limited by a surface process.

Effect of carbonaceous overlayers on the reaction rate. Unlike

the dehydrogenation of cyclohexane, the cyclohexene dehydrogenation
reaction poisons rapidly on many catalyst surfaces. Using a hydrogen
to cyclohexene mixture of 20:1, the rate of dehydrogenation reaches

a maximum, then it decreases rapidly as poisoning occurs; the catalysts
lose approximately 1/2 of their activity in 10-12 min. Figure 6-16
shows a representative plot of the turnover number as a function

of time. On many catalyst surfaces, particularly on those with (111)

orientation terraces, a disordered carbonaceous overlayer forms which
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poisons further dehydrogenation of cyclohexene. The poisoning is
greatly decreased, however, if the carbonaceous overlayer is ordered.
The overlayer is disordered on (111) orientation terraced stepped
surfaces while the overlayer orders on surfaces with (100) orientation
terraces upon cyclohexene-hydrogen adsorption at 423°K. With an ordered
overlayer, the rate of dehydrogenation remains high and there is slower
deactivation of these catalysts. On both types of catalyst surfaces
the coverage is approximately 1.0 monolayer of carbon after the
induction period. The LEED pattern from the ordered CH= overlayer
formed at 4><10—8 Torr of CH= and 8><lO—7 Torr of H2 and a 150°C surface
temperature on the Pt(S)-[7(100)x(111)] is shown in Fig. 6—17. The
pattern consists of an approximate 1/2 order square, which gives a
lattice size of 5.6&. This is again too small a unit cell for the
CH= or,more likely,aromatic adsorbed species to be undissociated molecules.
The adsorption of Bz and CH= on the Pt—(OOl)l06 indicate that at 150°C
there is dissociation whereas at 25°C there may not be dissociation.
If the pressure of the CH= reactant is reduced to 4X10—9 Torr
and the H2 pressure is kept at 8><1O_7 Torr, the reaction behaves more
like the cyclohexane dehydrogenation on (111) vicinal surfaces.
Less than a complete monolayer of carbonaceous residue forms at 150°C,
and the reaction does not deactivate completely. Since the residue
formed is still disordered, deactivation occurs at the same rate; there

is just a partial reduction in rate.



238~

on

0,0)

0

(01
XBB 765-3884
Fig. 6-17. Photograph of the LEED pattern of an ordered

carbonaceous residue formed from CH™ at 150°C and
HZ:CH= ratio of 20:1 on the Pt(S)~[7(100)x(111)].
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6.4.2. Dehydrocyclization Reactions

6.4.2.1. Introduction. The dehydrocyclization of n-heptane (Hp)

to toluene (T) has been studied on stepped Pt surfaces by Lang,
Joyner, and Somorjai48 and Baron, Blakely and Somorjai.[‘9 By
studying a series of (111)%(100) stepped surfaces at low pressure,
it was found that the rate of T production when through a maximum

at a six atom wide terrace, Pt(s)-[6(111)%(100)]. 49 These results
are shown in Fig. 6-18. The intriguing part of these investigations
is that the rate of T formation was high on surfaces which formed
ordered carbonaceous deposits. The LEED pattern from these deposits
was similar to those shown in Fig. 6-14 for CH dehydrogenapion. On
a slightly wider terrace, Pt(S)-[9(111)%(100)], the rate of toluene

formation could be increased by raising the H_, pressure and simultaneously

2
forming an ordered carbonaceous overlayer like on the Pt(S)—(OII) the
adsorption and bonding character of these surfaces have been discussed
by Baron, Blakely and Somorjai.213 Whether the increased T production
is the cause or the effect of the ordering in the overlayer is not
known, but whenever T is produced tﬁere is also an ordered overlayer
present. These results have not been substantiated, but the
deactivation of the dehydrogenation reaction indicates a similar

behavior for the ordering of the carbonaceous overlayer in that system.

6.4.2.2. Further Results. Some attempts have been made to

determine the distribution of products produced by the single crystal
catalysts simultaneously with the dehydrocyclization. This is much
more difficult than the determination of toluene because of the over-

lapping peaks in the mass spectral cracking patterns, as discussed in
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DEHYDROCYCLIZATION OF n-HEPTANE TO TOLUENE
ON PLATINUM STEPPED SURFACES

| [ ] 1 l \IQ L
» (&), ()} A ~
~ v B = Tz
5 o o © e
o, o o 9 e 2
=12 REACTION CONDITIONS =
o 350 °C
& O 2x10™* TORR TOTAL PRESSURE ]
2 5:1  Hp n-CqHig
kel
W 8 R
a
=
)
= 6l e
e
wl
>
CZ> 41— —
o
i |
|,_
2r— Polycrystalline
. > _Foil
T
ackground
5| DY P DR NS, N SR PO - . (... I
P 3 49 3 S 7 8 oo
o
TERRACE WIDTH (A)
XBL739 -1906

Fig. 6-18. Rate of production of toluene from n-heptane on Pt stepped

surface at 5x107° Torr of n-heptane in a batch reactor.
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Section 2.3.5. 1In several batch reactor runs with a Pt(S)-[6(111)%x(100)]
catalyst surface, the hydrogenolysis products are dominated by methane.
There was succeedingly less of each higher alkane; with no pentane
or hexane being detectable. The ratio of initial rates of the total
hydrogenolysis to aromatization is about 20:1 with methane being almost
half of the hydrogenolysis. The dehydrocyclization products dimethly-
cyclopentane (DMCP) and methlycyclohexane (MCH) were also detected.
The ratio of the initial rate of T:DMCP:MCH was 10:5:<1. This very
small quantity of MCH could be an intermediate to the production of
toluene, but considering rate of dehydrogenation of cyclohexane to
benzene the partial pressure of MCH would have to be lO3 higher to
be the sole source of the toluene. Paal and Tetenyi?lshave proposed
that the intermediate species in the dehydrocyclization reaction to
form toluene at low H2 pressures are the -ene, —-diene and -triene of
the starting n-alkane molecule, with the thermal cyclization of the
—triene to the armoatic. These unsaturated species could not be
detected with the mass spectrometer in the gas phase, but may very well
be surface intermediates. The DMCP is an intermediate in the formation
of iso-alkanes isomerization products. Methyl-hexanes could be detected
with great uncertainty and in very small amounts.

The initial rate of toluene‘formation was 8X10—5/sec, but the
reaction poisoned very quickly, dropping to zero after 2 to 3 min.
This is similar behavior to that found by Hagen and Somorjai92 on
polycrystalline foils. Lang, Joyner and SomorjaiA8 found the pressure

of toluene went through a maximum after 7 to 10 min of reaction on

surfaces which formed ordered carbonaceous overlayers. From the
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analysis of the data in Appendix A, it can be seen that for a true
catalytic reaction to take place (with the regeneration and reuse
of the active site), the ordered carbon layer is somehow important.

In a flow reactor, the n-heptane reaction was run on the (001)
catalyst surface with 1><10_7 Torr of Hp and 10~6 Torr of H2. The
reaction behavior parallel the cyclohexane dehydrogenation, with an
induction period upon heating where the uptake of n-heptane is high,
followed by a period of steady-state reaction. The (001) surface again
produced substantial quantities of ethlyene; propane and isomerization
products were also produced. The rate of toluene formation at 350°C
was 1#0.5x10" ' /sec and 2+0.5x107/ at 500°C. The ratio of E= to T
formation at 350°C is 400:1 and about 180:1 at 500°C. The E= desorption
to the gas phase decreases to almost zero during the induction as did
the toluene desorption. On the Pt(S)-[8(110)x2(100)] surface, the
n-heptane reaction produced ethylene, propylene, methane, ethane, and
butane as well as toluene. No isomerization was detectable, and no
toluene was formed at 350°C, while at 500°C the rate of production was
2.5i0.5X10—7/sec. Both E= and P= production were substantial on this
surface, but were desorbed at about 1/2 the rate on the (001) surface
under identical conditions.

6.4.3. Isomerization Reactions

The reactions of n-butane, methylpropane, and n-pentane have
been studied in both the batch and flow configuration reactors on
several different orientation surfaces in an attempt to determine
the isomerization rate. There is substantial hydrogenolysis of the

reactant; when the contribution of the hydrogenolysis products are
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removed from the mass spectra, there is not a consistent amount of
isomerization shown between the various mass peaks. The expected
rates of isomerization correspond to small changes in the mass peak
heights, only slightly larger than the measurement errors. Thus large
variations are expected in the data, and much more data is required
to obtain statistically confident rates.

These are an important class of reactions which are thought to
be structure insensitive, as is dehydrogenation. it, therefore, would
be of interest to determine if there is any structure sensitivity
on single crystals. The results of Hagen and Somorjai92 suggest that
no structure dependence will be found.

It might prove easier to measure the rate of isomerization of

the olefins, isobutene or isopentene. At sufficiently high H_, pressure,

2
the catalyst would not deactivate rapidly (as with cyclohexene) and
the reaction could proceed at a much higher rate from the ease of
adsorption of the alkene compared to the alkane. Carter, Cusumano,
and Sinfeltaoshowed that, at high pressure, the rate of skelatal
isomerization is the same for both the alkene and the alkane. The
conversion should be kept low so 1- to 2- isomerization of the butene
product would not be appreciable.

6.5. Discussion

6.5.1. Active Sites for C-H, H-H, and C-C Bond Breaking

Dehydrogenation of cyclohexane and cyclohexene to benzene occurs
readily at low pressures (less than 10—6 Torr) on stepped platinum
catalyst surfaces. This is in contrast with the very slow or

negligible dehydrogenation rate of these molecules on the Pt(111)



~244-

209
catalyst surface. Thus, C-H bond breaking takes place at atomic

steps, the same steps that are effective in breaking H-H bonds as
revealed in studies by Bernasek and Somorjai36 of the hydrogen-deuterium
exchange reaction at low pressures, using molecular beam scattering
techniques. Atomic steps on plaﬁinum surfaces appear to be the
active sites for C-H and H-H bond scissions.

Another active site has been identified by studying the ratio
of the dehydrogenation rate to hydrogenolysis rate of cyclohexane
to benzene and n-hexane, respectively. While the benzene:n-hexane
ratio is 3:1 on a stepped surface (with roughly 17% of the surface
atoms in step positions), the ratio decreases rapidly with increasing
kink density (Fig. 6-5b). Using a set of catalyst surfaces that were
cut to maintain the same terrace width (step density equal to
2.5X1014/cm2), but with variable kink density in the steps, it was
found that the hydrogenolysis rate increases linearly with kink
density while the dehydrogenation rate remains unaffected. On a
Pt(S)-[7(111)%x(310)] catalyst surface, approximately 307 of the atoms
in the step are in kink positions (in addition to the thermally
generated kinks). For this surface the benzene to n-hexane ratio
has reached unity. Thus, the microstructure of kinks in the steps
is effected in breaking C-C bonds in addition to C-H and H-H bonds.
The selectivity of these bond breaking processes at different atomic
surface sites on platinum is certainly significant in that the atomic
surface structure of platinum may be properly tailored to provide
selectivity in chemical reactions where C-H and C-C bond breaking

processes are to be separated.
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6.5.2. The Carbonaceous Overlayer

During dehydrogenatioﬁ of cyclohexane and cyclohexene, the platinum
crystal surfaces are always covered with a carbonaceous deposit of
0.1-1.0 monolayer judged Ey the carbon to platinum Auger peak intehsity
ratio. The coverage appears to ;ncrease ﬁith increasing reaction
temperature, but is ratﬂer independent of pressure as indicated by
recent high pressure studies on the Pt(S)-[6(111)x(100)] catalyst.
surfaces by Herz and Kahn.34 The overlayer coverage also depends
on the particular surface reaction: higher molecular weight reactants
and products (cyclohexene, benzene, n-heptane, toluene) yield greater
coverage than low molecular weight reactants and products»(cyclopropane;
propane, etc). Low molecular weight hydrocarbons (cyclopropané,
ethane) which do not form carbonaceous overlayers do not readily
react on platinum surfaces at low pressures. The build-up of adsorbates
during the induction period for cyclohexane and cyclohgxene dehydrogenation
to benzene indicates the need for the formation of a carbonaceous

overlayer to obtain the products. This is not a build-up of the

-product benzene since it will desorb at a two orders of magnitude

higher rate as evidenced by the rate of cyclohexene dehydrogenation and
the LEED pattern which is entirély different than those observed ffom.
benzene.

During the dehydrogenatidn of cyclohexane, the carbonaceous overlayer
is ofdered.initially. After a few hours of reaction at 423°K, the
overlayer becomes successively more.disordered as judged by ité LEED
pattern. The amount of carbon in the overlayer, however, remains

constant at approximately 0.3 monolayers as determined by AES.
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Simultaneously, the product distribution in the dehydrogenation

" reaction changes. While benzene is the dominant product in the presence

of the ordered overlayer,.cyclohexene becomes the major product of the
deh&drogenatién reaction in the presence oé the disordered overlayer.
This is shown in Fig. 6-13. Thus, the disordering of the carbonaceous
overlayer ﬁpisons the formation of benzene, i.e., the dehydrogenation
of cyclohexene, and under the reaction conditions the cyclohexene
intermediate becomes the final prodqct. It should be noted that the
turnover number for the cyclohexene-benzene reaction is two orders

of magnitude higher (approximately 10“3/sec) than for the cyclohexahe—

" benzene reaction (approximately 10—5/sec). Thus, the presence of the

diédrde;ed overlayers poisons the fast sgcond step, but not the first
slow step in the dehydrogenation of cyclohéxane to behzene.

The marked effect of the ordering characteristi¢s of the carbonaceous
deposit on the reaction rate is also clearly displayed by the dehydrogenation
of cyclohex;ne. As shown in Fig. 6-16, there is rapid poisoning of the
dehydrogenation rate within minutes as the disordered carbonaceous

overlayer forms. However, when the overlayer is ordered (on (100)

orientation terraced surfaces), the catalytic activity decreases much

more slowly. Again, the poisoning of benzene.production'is prevented

by the formation of an ordered overlayer. Since the platinum catalyst
surface is covered with a carbonaceous layer at low, as well as at
high pressures, we must consider this layer an important part of‘the
surface reaction.

éarbonaceous overlayers can have an important effect in ﬁotﬁ

the catalytic activity and selectivity of a metal surface. Weinberg,
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Deans, and Merril postulated that the carbonaceous overlayer is
the catalytic site for the hydrogenation of ethylene on the Pt(11l)

. . 217
surface and similarly, by Gardner and Hansen for tungsten stepped
o , 47 .

surfaces. Yasumori et al., . found preadsorbing acetylene prevents
poisoning or restores the activity of a palladium film for the
hydrogenation of ethylene. 1In all three cases, the structure of the
carbonaceous  overlayer has a marked effect on the catalytic activity
in a manner which is not simple site blockage poisoning.  Holbrook

.. 218 e . .
and Wise  found a specific pretreatment of their Pd catalyst which
involved oxygen activation and hydrocarbon preadsorption could markedly
affect the selectivity of an isomerization reaction. The rate of
dehydrocyclization of n-heptane, as well as the selectivity to
R . | 48,4
isomerization and hydrogenolysis, was observed to be dependent
on the ordering of the carbonaceous overlayer. These observations, in
addition to the data presented in_this thesis indicate that the
formation of the carbonaceous overlayer on the catalyst surface can
affect the selectivity as well as the activity of a catalytic reaction.
The presence of these effects at both atmospheric and low pressures
and on a variety of metals indicates the importance of the carbonaceous
overlayers and the need for their further characterization. This

leads to the conclusion that not all carbon on a catalyst surface'is

deleterious and only amorphous forms cause site blockage poisoning.

6.5.3. The Mechanism of the Dehydfogenation of
Cyclohexane and Cyclohexene.

In dispersed metal catalysts, the metal is dispersed into small
particles, the order of 5—500& in diameter, which are generally located

in the micropores (20—1000&) of a high surface area support. This



—248-

prov;des a 1arge metal surface area per gram for high, easily maasurable
reaction rates, but hidas much of the structural surface chemistry of
the catalygic reaction. The surface structure of the smafl particles
is unkno&ﬁ; only their mean diameter can'be measuredvand,the pore
structpre couid hide reacﬁive intermediates from characterization;
Soma of the same difficulties also hold fdr thin films. However, the
surface stracture of single crystal catalysts aan be acéuratel?
characterized and easily varied and reactive intermediates can be
readily measured in a low pressure reactor; both are prerequisites

for the mechanistic study of the catalysis on the atomic scale.

'4Two types of structural features of platinuﬁ surfaces have been
identified which influance the catalytia surface reactions:
(a)'atomic steps and kinks, i.e., sites of low metal coordination
number and (b) carbonaceous overlayers, ordered or disordered. The
surface reaction may be sensitive ;o one or both of these structural
features or‘it ﬁay be totally inaensitive to the surface structure.
The dehydrogenation of cyclohexane to cyclohexene appears to be a
structure-insensitive reaction. It takes place on the Pt(111)
crystal face that has a very low density of steps and proceeds even
in the presence of a disordered overlayer. The dehydrogenation of
cyclohexene to benzene is very structure-sensitive. It requires the
presence of atomic steps (does not occur on the Pt(111) crystal face)
and the presence of an ordered overlayer (it is poisoned‘by disorder).
Others have found the dehydrogenation of cyclchexane to benzene to
be a structure-insensitive 27-31 on dispersed metal catalysts.

On the single crystal catalyst surfaces which contain steps, this is
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also true,.but on the Pt(11l) catalyst surface, benzene formation
is mugﬁ slower. Dispersed particles‘of aﬁy size will always contain
many step-like atoms of low coordination; thereforé, the reaction
will display structure—insensitivity.

A complete mechénistic study has ﬁot'been performed, but based

on these findings, a mechanism may be written for these reactions by

ideﬁtifying the sequence of reaction steps:
C6H12(gas) C6H10(gas) C6H6(gas)

ordered or

disordered
overlayer
{ slow { steps
C6H12(ads) C6H10(ads) C6H6(ads)
ordered
overlayer

The slow step in the dehydrogenation of cyclohexane to benzeﬁe is the
prdduction of the cyclohéxene intermediate at these low pressures on
stepped sﬁrfaces. Cyclohexene dehydrogenates very rapidly at a EESE
to form benzene; approximately 1 in.every 3 collisions of a cyclohexene
molecule with an unpoisoned step results.in phe formation of a benzene
molecule. ﬁowever,bon the Pt(ill) sufface, which is practically

free of steps, the rate of dehydrogenation of cyclohexene had become
slow enough to be rate—limiting.ZO9 Sinfelt, Hurwitz and Shulman219
concluded the dehydrogenation of methylcyclohexahe to toluene, a
reaction parallel to cyclohexane dehydrogenation to benzene, was rate

limited by the desorption of toluene. Their arguments are equally

valid if the slow tep was the desorption of methycyclohexene, followed
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followed by its very rapid dehydrogenation to toluene which would be
hidden by the pore structure. This might also be limited by a different
step under their high pressure conditions. It is felt that Be desorption

is not the slow step in the dehydrogenation sequence at low pressure

because it will desorb at a rate two orders of magnitude higher in the

B

CHﬁ'dehydrogenation experiments from a surface which is aimost‘entirely
covered with a carbonageous deposit. After the induction.period, the
surface has a dynamic equilibrium carbon coverage and any.benzene forméd
at this point would be expected to desorb with the same elementary step
rate constant as when produced froerH=, i.e., fast compared to its

rate of production from CH.  Only a fraction of the carbon on the
surface is in the form‘of benzene molecules as estimated from the 1/100th
of a monolayer or less of Benzene which desorbs upon heaﬁing the
crystal. The LEED pattern of the carbbnaceous overlayer is not
characteristic of Bz as discussed earlier. If the desorption of Bz

was rate iimiting, the tempefature depéndence of the reaction should

be characteristic of a much higher activation energy. A Langmuir

isotherﬁ with a 22 kcai/mole heat of
of Bz at 150°C, much highef than the
monolayers. From the low activation
reactions, Fiés. 6-8 and 6-11, these
to a step which is also the probable

31
Maatman, et al., postulated the slow

desorption predicts 0.9 coverage
observed total coverage of 0.3

energy of the hydrogenolysis
reactions may be limited by diffusion
limiting step in the.dehydrogénation.

step, in agreement with these

220

results, as the formation of an intermediate species. Haensel, et al.,

have observed the intermediate cyclohexene species at very high'

(approximately 30,000 LHSV) space velocities. This indicates the
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intermediate is also found at atmospheric pressure reaction conditions
andvis véfy'reactive at the step and edge atoms which must exist
on the dispersed metal particles.

Between 25°C and 300°C the carbon coverage increases (Fig. 6-7)
énd the rate of Bz production decreases (Fig. 6-8), thus the carbonaceous
overlayer may not be as active for dehydrogenation as the metal.
Howéver, the carbonaceous overlayer always forms under the conditions
of the low pressure experiment§ therefore, it must be considered a
part of the catalytic process. Even thaugh the carbon coverage
increases to almost a complete monolayer at 450°C, the rate of benzene
production increases over that found at 300°C. Consequently, even an
almost completely carbon covered surface can still produce benzene
at an appreciable rate if the temperature is high enough.

In addition to dehydrogenation reactions, hydrogenolysis is also
taking place on the platinuﬁ surfaces. By monitoring the benzene to
n-hexane ratio on the variéus catalysts as a function of surface
structure, steps are identified as primarily responsible for C-H
and H-H bond breaking and kinks break C-C bonds in addition to C-H
and H-H bonds. , Thus, hydrogenolysis is initiated at kinks in the
atomic steps. Since specific surface sites are needed  for hydrogenolysis
to occur, this is also a structure-sensitive reaction. However,
hydrogenolysis is insensitive to the state of ordering of the
carbonaceous overlayer; it proceeds whethér the carbonaceous overlayer

is ordered or disordered.
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6.5.4. Expanded Classification of Reactions According
"to their Structure Sensitivity

It appears that the classification of structure-sensitive

. 23
reactions

should be expanded to separate those reactions that
exhibit step (or kink) sensitivity into one group and those that

are alsd sensitive to the structure of the overlayer into another
group. These expanded classification is shown in Table 6-8. 1In
addition to the dehydrogenation and hydrdgenolysis reactions described
in tﬁis thesis one other reaction that was studied recently is

included? %221

Ttwould be of great value to include in this classification
several other hydrocarbon reactions (isomerization, hydrogenation,
exchange). More reactions are presently being studied by others to
expénd these results on well characterized surfaces. Monogue and
Katzer25 have proposed a subdivision of structure-sensitive (demanding)
reactions along very similar lines. "Primary structure-sensitivity"

is the ‘effect of changing particlé size or step and kink density.

Their "secondary structure—sensitivity" includes effecﬁs of self-
poisoning and oxygen impurity on regction rate. The self-poisoning
phenomena is, for hydrocarbon reactions on platinum, at least at low
pressure, the sensitivity of a reaction of the order in the carbonaceous
overlayer. However, caution must be exercised in studies of
structure-sensitivity as the reaction mechanism or the surface
structure may change markedly with préssure, temperature, and

reactant ratio. Most of the surface structure-sensitivity of various
catalytic reactions was derived from the particle size dependence

of the reaction rate on dispersed metal catalyst systems. Although

there is excellent agreement between the classifications of the various



Table 6-8. C(Classification of reactions by step density and carbonaceous overlayer dependence. .

Surface Structure-Sensitive

Surface Structure-Insensitive

Overlayer Structure Overlayer Structure
Sensitive Insensitive

Overlayer Structure Overlayer Structure
Sensitive Insensitive

Cyclohexene - Benzene Cyclohexane - n-~hexane

n-heptane - Toluene Cyclohexane ~ Ethylene

Cyclohexane = Cyclohexene

Cyclopropane - Propane

-£6¢C-

-

0 G
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reactions based .on studies using supporte& metal catalysts with
variable particle size and these studies using various single crystal
surfaces, thié may not be the case for all reactions. Perhaps the
step density_or.the kink density is proportioﬁal to particle size
while the ordering characteristics of the carbonaceops overlayer may
or may not be affected by changes of particle size. 1In addition,v
studies similar to those‘reported on platinum must be carried out using
crystal surfaces of other transition metals to éscertain that these
artuments are more broadly applicable to describe the catalytic
chemistry of transition elements. There is evidence that the heat
of adsorption of hydrogen on palladium crystal surfaces varies
markedly with step density190 while gold crystal surfaces exhibit
cheﬁisorption behavior that is ‘independent of step demnsity.

The discovery that kink sites in>steps are effective in breaking
C-C bonds in addition to C-H and H-H bonds, thereby initiating
hydrdgenolyéis reactions, may also‘explain the effect of trace
impurities or second component metals that introduce selectivity.
Since these kink sites have fewer nearest neighbors than step or
terrace sites, they are likely to bind impurities or other metal
atoms with stronger chemical bonds. Thus, these sites are readily
blocked by impurities. As a result,‘sélective "poisoning" of
hydrogenolysis may be obtained by minute concentrations of well-chosen

impurities or another metal component.
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6.5.5. A Descriptive Model of Hydrocarbon Catalysis
on Platinum Surfaces

Studies ‘to correlate the reactivity and the surface structure
and composition of platinum surfaces indicate that the active platinum
crystal surface must bé heterogeneous. The heterogeneity involves the
presence of various atomic sites that are distinguishable by their
number of nearest neighbors (atoms in terraces, in steps and in kinks),
and also variation in surface chemical composition. The variation
in surfacé chémical composition may bé asz important as, if not more
impértant than, the variation in geometric structure for the ability
to perform a chemical reaction selectively..

The same catalytic reactions when performed in é high pressure
of Hé are much "cleaner" in ghat far fewer hydrogenolysis products‘
are formed. This is not a thermodynamic_equilibrigm effect since
hydrogenolysis of an alkape has no total pressure-dependence. Therefore,
the H2 must be.performing the samé‘function at high pressure as the
carbonaceous overlayer is performiﬁg at the low pressures bf the
experiments described in this thesis. This'function is to saturate
the excess bénding power of the surface. At low pressure theré is

not enough H, on the surface to reduce the bonding power of the

2
surface to the point where it leaves the reactant molecules whole and

a carbonaceous overlayer forms from the decomposed hydrocarbons.

The carbonaceous overlayer coverage stops increasing when.the excess

valency is tied up. The two species of Bz that were found on the

“single crystal catalysts illustrates this point; the first benzene

which adsorbs is very strongly bound. The aromaticity in the ring
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may be lost increasing the bond strength to the metal surface, while

the reversibl& held Bz may adsorb atop the other benzene (fragments),

or té the metal with the wéaker bonds which are left. In either case,
the weakly held Bz can diffuse on ‘the ;urface to a site favorable

to ﬁydrogenation, exchange, etc. This may demonstrate the effect of
ordering of the carbonaceous overlayer on the reaction rate; a disordered
surface does not allow the diffusion of the reactant or product to or>

away from the actual site of the reaction. At high H, pressure, the

2
equivalent can take place, only the strong surface bonds'ére saturated
. o : 36 .

with H instead of C bonds. Using the results of Bernasek for the

. . -2 . o -
residence time (10 sec) and sticking coefficient at low coverage

-2 : 22 : 2 X .
(10 7), a flux of 107" molecules of H2/sec/cm is necessary to maintain
an 0.97 surface coverage at elevated temperéture, which corresponds
to about 10 Torr pressure. At these conditions, the selectivity for
Hydrogenolysis is reduced to a level equivalent to high pressure
(20 atm) industrial reaction conditions. The carbonaceous overlayer
which.is formed at low pressures is hydrogenated off as low molecular
weight products, such as methane and ethylene. The rate of turnover
of the carbon in the carbonaceous overlayer could easily be measured

; . 13 , : , 14 . .

with either C mass spectrometrically or with C radioactively.

With high H, pressure, there is very little carbon on the surface in

2

a decomposed state (i.e., strongly bound), so little carbon is

available for hydrogenation to low molecular weight species. Since
larger metal particles (>100R), exhibit higher hydrogenolysis rates
and- faster deactivation,z7 they must contain areas of lower H2

concentration which permit carbon deposition and subsequent hydrogenation
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to hydrogenolysis products. A possiﬁle explanation could be the
dominance of the {111} planes on large crystallites (thermodynamically
most stab1e plane). Bernasék?6 has demonstrated that the (111)

surface is muéh less active for H2—D2 exchange and there probabiy

is a lower concentration of H atoms on a terrace than at a step,

even if the H atoms diffuse from the steps onto the plane. On small
meﬁal particles, either the steps are closer together or the predominant
éurface.plane is different, hence there is a higher H atom concentration
onrall.surfaces of the crystallite. .The lower rate of hydrogenolysis
and the slower poisoning on the (001) surfaces at low pressure; may

be indicative of a change in the predominant plane on the small metal
particles. This could be easily jusfified by changes in the surface
stress as thevparticle becomes small (see Eq. (D-3)).

Using this model, some otherwise tenuously explained observations
may be readily interpreted. The large difference in the rates ofﬁ
hydrogenolysis observed with the'éame reactions and the same catalysis
at low (l><,10_4 Torr) and hifﬂglz (>10 Torr) pressures have already
been explained. The strong poisoning_effect of olefﬁmgzzris caused
by their ability to adéorb more strongly than an associated alkane;
therefore, they can break into the H saturation and become s;rongly
adsorbed dissociatively and inhibit the reaction. This has been
confirmed at low pressures with the CH= dehydrogenation reaction.

With l><10_6 Torr of H2 and 1X10_8 Torr of CH=, the reaction poisons

rapidly on the (111) vicinal surfaces. However, if the CH= pressure

9

is lowered to 4x10 , the surface does not saturate with a carbonaceous

22
overlayer and complete deactivation does not occur. Benke 3has found
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1

that there is a residiial activity after thé cyclopropane hydrogenolysis
reaction haé "poisoned". This poisoning is the formation of the
carbonacéous overlayer which apparently stops at 0;9 coverage

(residual activity of 107 on small particles and 5% on large particles)
under the high pressuré conditioné of his experiment. The partial
coverage corresponds to the partiai coverages of the surfaces in this
study of the CH reaction. Cyclopropane is almost an olefin, so
equiiibrium coverages might be expecte@ to be higher than with analkane.
It has been found that Ir is a better dehydrocyclization éatalyst at

low pressure than is Pt9,2’224

this is surprising since Ir does not
form'toluene at high pressures.8 -At low pressures Ir-(111) planes
ﬁave a partial, well ordered carbonaceous overlayerzzawhich allows

the n-heptane to remain whole and form toluene. On an
Ir(S)—[6(lll)X(lOO)] surface, there is little order in the carbonaceous
overlayer and the decomposition of the reactant occurs with little

may "saturate" the surface,

8

T‘formation.224 At high pressures, the H2
but it does not prevent rapid singlé_hydrogenolysis of the reactant.
While on Pt at low pressure, the entire surface becomes covered with
carbonaceous residues and at high pressure, the HZ protects the
reactantvmolecules from hydrogenolysis because of different intrinsic
bonding ability.

Consequently, the effects of the carbonaceous overlayer at low
pressure and ofexcessﬁydrogen at high pressures are seen to be one
and the same. They saturate the excess surface valency of the metal.

With the strong bonding ability saturated, the hydrocarbon molecule

to metal surface bonds of the reactant are of the proper strength



~259~

to dehydrogenate, exchange, isomerize or dehydrocyclize the reactant
without a large amount of hydrogenolysis. These are the exact conditions

necessary for a selective efficient catalyst.

I3
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APPENDIX A. AN INTERPRETATION OF BATCE REACTOR DATA

In the work of Hagen and Somorjai;92 Lang, Joyner and Somorjai48
and unpublishéd data of Béron, Blakeley and Sdmorjaiag' catalytic
reaétioﬁs were run on single crystals at ;6@ pressures using a
bétch féaétor configuration (see.SectiQﬂfZ.A.l). The reactants were
introduced to the reaction chamber wgéh the catalyst well below tﬁe
reaction teﬁperature. To start the reaction, the catalyst was
heatéd rapidly to the reaction temperature, and the pressure changes
followed. The data followed the form shéwn in Fig. A-1l.

Since the activity is very short lived, a few minutes, for all
reactions.on Pt except CH4 formation, and since the reaction rate
is measurable over a very narrow range of temperature with a definite
maximum, it is questionable whether this is a true catalytic reaction

(the catalyst returned to its original form after each cycle) or

a.Pt assisted thermal decomposition of the hydrocarbon which was

adsorbed at low temperature. The Ir data may represent a true catalytic

reaction. The following model explains the data based on the second

proposal.

©) 973—’1’%

\
@ M,

®

The gas phase reactant species, Rg’ saturates the surface, probably

dissociatively although not necessarily at the low temperatures of
*

adsorption, to form the surface species A. The hydrocarbon reactant

was generally put in the reaction chamber before the H, for ease of

2
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"Fig. A-1l. Data of Hagen and Somorjai92 for studies of reactions at
low pressure in a batch reactor, (a) rate of production
with time and (b) rate of‘production with temperature.
(c) Shows predicted rate of production using Eq. (A-4) as
described in text.
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pressure measurement in the work of Hagen and Somqrjai.92 This wduld
cbmplefely saturate the surface withvhydrocarbon (see Section 6.4.1.1).
The amount of hydrocarbon removed by the introdgction of H2 g; low
temperature is not known, but is probably small. The surface species
A have the potential of desorbing as isomeric or dehydrogenative
products, P. There is also undoubtedly a small amount of hydrogen

adsorbed on the surface, depending on the H, pressure and catalyst

2
temperature.' When the surface is heated to the reaction temperature,
the adsorbed species, A, either decompose to a carbonaceous residue

which can be hydrogenated to methaﬁe, or rearrange to fdrm B which

desorbs as product P. Possible rate equations for each step are:

r, = ka[1--(6A + GB + SR)] PR
Ty T k0, -8y
or k,8,£(0 )
kleA 1'A"'H
2
l+KHeH+K6A
r, = kZGA :
r3 = k36B considered small for simplification
rg = k4%
*n = kO

The peak temperature is usually around 600°K, peak'rate approximately

10—4/sec. A balance on species A yields

do

__ A
kaPR[l - (eA_+ eB + eR)] - [kleAf(eH) + kzeA] = 4 ¢ (1)
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If tﬁe deéorption rate constant,.kd, can be written as |

k, = 1013 exp(—ZS,OOO/kT), a reasonable pre-exponential factor and

heat of desorption for é éimple step, GB at 600;K is very small,

6 = rd/kd ~_10—8. At >10_5 Torr, the bare metal area on the surface
will rapidly readsorb another hydrocarbon so thét the rate of adsorption

is approximately equal to the rate of desorption of product kzeA = kdeB'

Therefore Eq. (1) becomes

dGA
kOaF O = 5¢
which integrates to
-k, f(+0 )t
6, = 6, e 1 H , ()
' initial

v

assuming GH is constant and small. The rate of production'of_product P

is
-k, £f(0.) t
= 4P _ - - 1°YH
RP = 3t kSSGB kzseA kZSGA, e | (3
in v
. . 15 -2 .
where S is the total number of sites (10 cm ). This gives
SO
p_p = X2 __Ain [} - e_klf(eﬂ) t} (4)
0 kl f(GH)
Y . . o ~ _4 —l . . .
From Eq. (3) it is seen at 600°K, k., = 10 sec from the initial

2

reaction rate; Eq. (4) gives the time constant klf(GH) z'10_2 sec“l

to match Fig. A-1l. With an assumed Ea for the rearrangement of

' 22
Ea = 20 kcal (reasonable for isomerization > or dehydrogenationzlg)
2

and Ea = 40 kcal for residue formation (higher than Ea2 from poisoning
1

22
studies 6), the pre-exponentials were calculated as A, = 3><1012 and

1
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A2 = 1.5X103. Justificaﬁion for the pre—exponentials cannot be
given since their assumed values are dépendent oh the selected
actiﬁation energies. The experimental results can now be readily
expiaiﬁed. Table A-1 and Fig. A-lc give the models predictions at
various temperatures. At the peak temperature (600°K), the pressure
of P rises readily to about 5><10-'8 Torr (1013 molecules/15 &) within
a.few minutes, as this was a force fit of the data. At 500°K,
3X1014 molecules become product but the rate is slower by a factor
of 33 which would be difficult to measure. At 700°K the rate of
production is fast, but the rate to carbonaceous residues has become
even faster; so only a 5><10—9 Torr (1012 molecules) pressure increase
is observed. From 5_><10—5 Torr reactant pressure, this is 1 part
in 104 and probably not detectable. Methane production which comes
from the residue increases with T and HZ pressure.

For the steady state production of ﬁroduct in the flow reactor,

.the same reaction scheme would hold. However, the lower pressures
used would affect the adsorption equilibria and cause less hydrocérﬁon.
buildup and more H2 adsorption. The rate of hydrogenolysis of the
residue to methane would be comparable to the rate of adsorption of

hydrocarbon so the surface would be kept partially free of reéidues and

be continually renewed as in a true catalytic reaction.’ More than

one monolayer (1015 molecules) of product has been formed in the flow

reactor configuration with the cyclohexane dehydrogenation reaction.

In a batch reactor cénfiguration the cyclohexane dehydrogenation had

the same behavior as the other reactions and produced only a fraction

of a monolayer of product, benzene.
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Table A-1. Prediction of observed temp-
erature dependence.

- :
Kk K, P
-5 -6 14 ~1077¢
500 10 3x10 ~3x10" (1 - e )
o "
600 1072 107% ~103@0 - 10

700 1.2 1073 ~10M% 1 - &7h
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This model explains the general trends of the batch reaction data

and can justify the differences between the batch and flow experiment'é

deactivation of the catalyst. A more accurate fit of the data could
reédily be obtained by adding more parameters to the model, however,
neither the data nof the model justify more accuracy. If this model

is éorrect, in principal, then what has been measured in the batch
experiments is not representative of a true catalytic reaction where

the catalytic site is used many. times. The deactivation of the

catalys; occurs rapidly and will greatly effect the product distribution
as well‘as the reaction rate. The product production rate is analogus
to an isothermal desorption, an exponential decay in the rate of
desofption, But the amount available for desorption decreases with
inéreasing temperature. The poisoning or residue formation increases
more rapidly with temperature than the conversion to the desired product,
P, causing the maximum in the measured rate and the decrease in the
number desorbed. Thus, thé carboﬂaceéus residue formation is the
cbntrolling factbr throughout the measurable range instead of the
product forma;ion kinetics.

The Ir catalysts appear better uander the batch experiment conditions
because the residure formation kinetics are different and allow
conversion to dominate. It is intefesting that the Ir catalysts
when heated in the batch reactor caﬁée a rise in the reactant pressure,
particularly with n-heptane. On the other hand when the Pt catalysts
are heated under the same experimental conditions, the reactant pressure
decreases rapidlvaithout a concomitant increase in the desorbed

products. Apparently the hydrocarbon fragments occupy less area on the
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Pt éﬁrface than the relatively whole molecules, and upon heating more

hydrocarbon molecules can be adsorbed and decomposed on the Pt

catalysts. Iridium does ﬂot bond the hydrocarbon molgcules in a similar

manner to Pt and some of the rgactant molecules can desorb before

they decompose and leave bare metal surface. The bare metal can ‘then

adsorb H2 and become an efficient>catalyst, as discussed in Section 6.6.
In conclusion, the batch experiments performed with the Pt

catalysts have béen shown to not be truly representative of the catalytic

reactions on Pt, but are representative of the ability of Pt to

decompose organic molecules to stable residues.
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APPENDIX B. DESIGN OF HIGH PRESSURE SYSTEMS FOR UHV STUDY

B.1l. Design Criteria

There are several criteria which should be met to have a useful
high pressure volume in a UHV system.

B.1.1. Essential Criteria

1.. The most obvious is that the high pressqre»chamber must be -
vacﬁum compatable. The materials of construction and gaskets should
not outgas, the pressurized volume should easily pump down to.UHV
conditions and not leak to UHV when §Fessurized.

2. The high pressure appératus; when open to ultra-high vacuum,
must not interfere with the UHV instruments. If the sample is to
be sputter cleaned, no sample material should be deposited on the
areas which are exposed to high pressure. These could and probably
would become catalytically active ana cause very high background rates.

3. The surface area‘egposed to high pressures and later pumped
to UHV must be kept a minimum. There isrélow reversible physical
adsorption of most hydrocarbons on the stainless steel walls. These
molecules will slowly desorb under UHV conditions causing a high
(510“8 Torr) levei of hydrocarboné in,the'background for a considerable
time. This could cause uncertainties with the UHV measurements. This
was discussed in Section 2-4 with respect to low pressure reactions.

4. The gases and vapors in the high pressure reactor and -the

" inlet lines must be well mixed and there must be provision for withdrawing

a representative sample of the gas. Without mechanical mixing, diffusion

can be a major problem, particularly with sampling.
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5. A system is needed to measure gas compositions at both high
and low pressures. A mass spectrométer is used at low pressures and
a gas chromatograph af high pressures with a connection to the mass
speétromgtef to help in compound identification. A capillary column
in the gas chromatograph allows complete separation and identification
of all reaction products but reqﬁires small sample size. A larger
sample (containing more product) can be used with a standard column
which has less separation.

6. The ratio of high pressure volume to catalyst surface area
should be kept as low‘aé péssible for ease in measuring the reaction
rate. The product isvproduced at a rate in the range of 100 to 10_4
molequles, surface atom/sec, the more interesting reactions being
in fﬁe range of 1 to 10f2/sec. wWith 1.0 cm2 of catalyst surface
(typical for a single crystal slice is 0.7 to 1.0 cmz) the rate is lO13
to'lO15 molecules/sec. In one liter at atmospheric pressure there
are approximately 3><1022 moleculés{ the ﬁydrocarbon reactant com-
promising 0.1 to 0.0l of this. In the worst cast, the product is
produced at a rate of 1 molecule per 3><10+8 reactant molecules per
secona. The limit of sensitivity on‘a gas chromatograph with a flame
ionization detector is 21 ppm or 10—12 amp/sec, which ever is larger.
Thus it requires 300 sec (5 min) before product can be detected
(10_2 sec—l, 12 total volume, 0.5 ml sample size). 1If the volume is
reduced by 90%, the time, before product can be detected, is dropped
to 30 sec. This is because there is only 1/10 the dilution of the

product in the reactant gases. (The sample size, the maximum possible

for use with a capillary column, is 0.57% of the total volume, a
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satisfactory level. A capillary column allows separation and

identification of all reaction productg.) The most satisfactory

size appears to be 25 to 50 ml with a 0.1 ml sémple size. ‘
j .

7. Heating of the catalyst sample is req&ired at both low and'.
high pressures. Resistively heating the singlé crystal samples. is
attractive if an inert support material can be found.. Tantalum is
inert catalytically but becomes embrittled by hydrogen at high pressures
(ZOO‘Torr and 400°C). Mosf other catalytically inert metals have
high vapor pressures and/or low surface tensions énd would contaminate
the catalyst. Radiation heating might provide insufficient power
to a metallic sample at atmospheric pressure to overcome conduction
losses to the gases. Heatiﬁg the gas in the reactor and manifold to
reaction temperature at high pressure is poséible, but 450°C is too
high for valves and the gas circulating device.

8. The temperature of the cétalyst must be measurable. A
thefmocouple-is of course the best way to measure the temperature of a
metal sample; with a non—conductive sample the gas temperature can

be measured.

B.1.2. Convient Criteria -

Some features which are useful to incorporate into the design are:

1. The ability to pressurize quickly and return to ultra high
vacuum fast is handy. A second or 10 min are both long on the
molecular time scale of 10“12 sec, but the reversibly held

(AE ~ 10 to 20 kcal/mole) molecules desorb for several minutes. They

des
probably are measurable with a few second pump out time, but might

be completely desorbed in 10 min. For the strongly held residues this

is not a problem.
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2. The reactor should be pressurizable to at least near thel
industrial conditions of the reaction beiﬂg studied. This requires
about 100 atm.for NH3 synthesis, Fischer—Trgpsch synthesis and coal
liquification, but only 1 to 5 atm is acceptable for hydrocarbon
reforming on Pt metals.

3. The catalyst sample should be mobile-at low pressure to
facilitate énalysis and assure the uniformity of the surface.

.4. The entire gas manifold and reactor should be bakeable to
a 100°C to allow condensable hydrocarbqqs to be used at pressures
greater than their room temperature vapor preésures (20 Torr or lower).
A small oven outside and probably eléctron bombardment in the vécuum
are the easiest‘methods.of éccompliéhing this.

5. Liquid phase work can be done if phe system is designed for

liquid drainage-and N, gas flushing. This might be useful in coal

2

liquification and dehydrosulfurization studies. Since iiquid phase

diffusivities are much lower than gas phase the circulating gas (H2)

should be bubbled up through the liquid to provide sufficient mixing.
6. It is also necessary to decide if the high pressure chamber-

should be inside the experimental area of the high vacuum chamber

or attached as én appendage in order to not tie up the equipment. The

first approach has been taken in this iaboraﬁory for the fundamental

investigations undertaken. However, if actual catalysts were

being studied where extended (several days) treatments are common or

the machine is very expensive (i.e., an X-Ray Photoelectron Spectrometer)

an'appendage chamber would be advantageous.
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B.2. Experimental High Pressure Systems

Thelsystems used in this laboratory héve progressed from a-
very simple add-on chambef to the recent additions of a custom buiit
high-low pressure syétem and an adaptor for a Varian LEED chamber.
They'have also progressed in usefulness.

B.2.1. Early Models

.

The first chamber for atmospheric pressure work was a long
belléws placed between.thevmanipulator and a gate valve attached
to the chamber..,The crystal was moved uﬁ into the bellows and the
gate valve sﬁut. It is shoﬁn in Fig. B-1. its purpose was to do
aaSOfption studies of oxygen and fluorine at pressures near atmospheric.
It had many disadvantages: high volume, high wall surface area, no
provision for mixing gases; and several minutes to position the crystal
in front of the LEED optics. 1t was, however, easy to build and
readily attached to any of the LEED systems.

The second high pressure system was built around the high
pressure cup. its design.has been descfibed'by Kahn88 and Kahn,
Petersen and Somorjai221 and is shown in Fig. 5—2. The 0.75% cup
encloses the crystal and support rods,; but its_placemént makes it
difficultvto do Auger electron spectroscopy and impossible to do LEED.
Auger Electron Spectroscppy is performe& with a glancing incidence gun
and a retarding potential analyzer which is centered at an angle of
40° té the surface normal and collect only /2 steradian. The crystal is
fixed but this is not a loss since LEED is not done. The surface
area exposed to high pressure is low but the volume is still too high.

The high pressure to UHV seal is a 4-1/2 in. diameter gold "O" ring
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which sets against "knife edges". ' If used carefully the O ring will

- seal over 100 times. Gas mixing ahd sampling are readily accomplished
by a stainless'steel welded bellows pumped‘and circulation loop. This
reactor has been useful in studying high reactivity feactions, such

as cyclopropane ring opening and cyclohexane dehydrogenation to benzene.
It has also been used to study n-heptane dehydrocyclization on single
crystals. A large sample volume was necessary which prevented the

use of a capillary chromatpgraphic column. Thus accurate determinations
of all the reaction products are difficult. The catalyst sample is
easily heated resiétively-by mounting on Ta rods.

B.2.2. Recent Designs

' Recently, two more useful chambers have been designed and constructed.
One which is a specially constructea ﬁacuum éhamber is used to study
reactions which are run industrially at high pressures (greater than
50 atm). Typical reactions in this class are éﬁmonia synthesié,
Fischef—Tropsch syntﬁesis and coal hydrogenation. The second newly
designed reaction chamber will Bolt into a Varian LEED chamber with
no modifications to the chamber or instruments. Both these high
pressure chambers have low'vqlume (about 25 cm3 total in high pressure
gas loop) and low sﬁrfacé area exposed to high pressure, and when opened
do ﬁot interfere wifh fhe surface characterization and cleaning instrﬁments.

B.2.2.1. High Pressure System. The very high pressure apparatus

has a hydraulic pressure mechanism, as shown in Fig. B-3, to seal the
gasket. This also prevents over compression of the gasket from thermal
expansion of the reactor. The gasket is a standard "mini" flange Cu

gasket which was softened by annealing at 650°C in a hydrogen furnace.
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The present gasket has 10 closures and when pressurized with 100 atm of H2
the background pressure is not raised. Cdpper was chosen because
Au might flow at the 100 atm pfessure and 450°C temperatures. The
seal is made with two "knife-edges'; 100 atms hydraulic pressure of
the cup is necessary to maintain the seal at 100 atm of Hé internal
pressure. There are two arrangments for heating the samples. If
the sample is metallic, it is heated resistively and mounted as depicted
in B-3 The rotary motion is a conventional high pressure teflon
packing gland valve. This system allbws about 180° rotation of the
samﬁles but no X—Y motion. For non-metallic samples, such as pieces
of coal or the unreduced commercial synfhesis catalysts, radiation heating
is used in vacuo and the entire high pressure chamber is heated by
external electron bombardment. If the inlet gas line.- is also heated,
the Sample temperature is very close to the wali temperature as
determiﬁed on a metal sample with the gas circulating. The sample can
be mounted on the rotary motion manipulagor or mounted rigidly as shown
in Fig. B-3; however, this device was conceived for the possibility
of performing liquid-phase hydrogenation (liquification) of coal. It
is designed for liquid to drain out the bottom with minimum hold-up
and gas flushing réquired before opening.to ﬁHV. A 1liquid phase
experiment has not been performed to test the design.

The chamber is pumped by a Ti sublimation pump and by an 8 in.
0il diffusion pump (Octoil pump o0il) equipped Qith an LN cooled
cheveron baffled cold trap. This gives the system the very high

pumping speed necessary for fast pump down from high pressure with

the coal samples. The mass spectrometer shows no more hydrocarbon
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contamination than is found in an ion pumped system after similar
: . -9
use. The system base pressure is 5X%10 Torr. The pump down

time from an atmospheric pressure mixture of CO and H, in the high

2
pressure chamber to l><10_8 Torr is about 2 min with a slow decrease

(;1 to 2 hr) to the ultimate base pressure. With coal pyrolysis
expériments the pump down time would be slower due to the high molecular
weight hydrbcarbons; however, experience with the 0.75% cup»indicates
that the times will not more than double. With liquid phase experiments
there would be a significant increasé'in the pump down time. The gases
are mixed apd circula?ed by a bellé&s_pump enclosed in a pressurizable
cylinder to allow its use above atmospﬁeric pressure. The gases enter
the high pressure cup from the bottom and leave at the top, stirring

the liquid, if present, to remove diffusional 1imitations. The absence
of diffusional limitation in the gas phase in an unstirred cup has

been demonstrated by Kahn.88 However, in the liquid phase the
diffusivity is five orders of magnitude smaller and tﬁe rate would

be Severely limited by diffusion without the stifring provided by‘the
gas bubbling through Fhe liquid.

B.2.2.2. Atmospheric Pressure System. The atmospheric high'pressure

reaction chamber currently under construction will be used to study
reaction of hydrocarbons on transition metals single crystals. The design
is similar to that shown in Fig. B-3. The sample is mounted beneath the high
pressure cup cap which is mounted on a normal sample manipulator. The X-Y
motion of the manipulator is restricted to 2 cm by the yoke. The

rotation of the manipulator is limited to 195° by the electrical feed-

throughs mounted on the side of the cap. These are used for resistive
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heating of the sample and thermocouple temperature measurement. In

closinglthe cuﬁ; the cap and sample are raised by the manipulator about

7 mm into the centering yoke which supports the closure stress. The

.cup is then raised enclosing the sample and sealing to the cap. The

seal is made by a twé "knife-edge" and a gold "O-ring". The fléxible

gas inlet lines and cup wélls are heatable to ~150°C by electron

bombardment; the gés lines exterﬁal to the chamber are in a 150°C

oven. This heating allows atmospheric pressures of C, and smaller

8

hydrocarbons to be used without condensation in the lines. Pump down

v

time should be quite fast since the heated walls reduce physisorption
of_hydfocarbons. |

The two recently designed and éonstructed high pressure chambers
‘should prove to be very useful, veréatile research tools. Practically
all heterogeneous catalytic hydrocafbon reactions, hydrogenative or
oxidative, may be studied at pressures up to 100 atm on well
characterized surfaces. This willvbe very useful in understanding
the effect of the surface structure and composition on the cétalytic
reactiqn rates; and Ehe effect of industrially used high pressures

and temperatures on surface structure and composition.
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APPENDIX C. THE GLIDE SYMMETRY IN LEED PATTERNS
‘The phenomena of missing beams in LEED expériments has caused
considerable difficulty in interﬁrefation of the patterns. It has
recently been observed that the general symmetry of the system affects
 the intensities of the beams and ﬁayvcause come to vanish.

Lambert227 odd

has shown ﬁhat the missing {1/2 h ~ ,0} beams from CO
adsorbed on the (110) faces of Ni, Pd, Pt and Ir may be caused.by
theAglide symmetry in thevdimensional point group plgl. The position
of the CO molecules is a zigzag pattefn in the trough with one molecule
per Pt atom in the top layer. The glide line is along the top of the
ridges. It should be mentioned that Taylor and Erstrup127.observed

very dim {1/2 hOdd

,0} spots for CO on Ni(110). Ni(llO) is the surface
with the most steric hinderance for pécking CO molecules in the required
positions and apparently the symmetry breaks down, probably with
out plane positions of some molgcules.

Another recent work in‘which'a éet of missing diffraction beams
caused a mis-interpretation of thelpattern is the study of napthalene

212 '
on a Pt(111l) surface. The diffraction pattern is shown in Fig. C-la.

It can be readily seen that this pattern is composed of three

6 3 odd odd
03

beams missing and other beams dimmer. This readily follows from a

,0} and {0,k } diffraction

rectangular domains of l with the {h
4 molecular basis set with a plg2 point group glide symmetriés are
required along both the axes. The brighter beams occur where the

3 domains overlap and the dimmer beams are from 1 domain. If the molecules
and the unit cell are put in the positions shown in Fig. C-1b the

overlayer and first layer of Pt atoms have the. correct general symmetry.
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Fig, C~1. Photograph of LEED pattern of napthalene on th(lll)‘12 is shown

in (a).  (b) is one domain of the diffraction indicating missing spots
(+) and (c) shows proposed interpretation of the diffraction pattern with
two glide axes, one parallel to each unit cell vector.
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The positions for the molecules are (;x,—y), (1/2+x,_1/2+y); (1/2-x,y)
and (x,1/2-y) based on (Z,E) where x and y are arbitrary displacements.
The molecular positions are almost identical with the (001) (Z,g) plane
of crystalline nepthalene.188 In solid napthalene (001) plane there is
one glide axis and one screw axis. However,va screw axis in two
dimensions appears as a glide axis and causes the same beamg to vanish,
therefore, the adsorbed layer oflnapthalene may have the same positions

and symmetry as bulk napthalene.
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APPENDIX.D. THE SURFACE TENSION OF CRYSTAL SURFACES

D.1. Surface Free Energy

The atoms on a surface of a solid or liquid have an excess free
s . 129 . .
energy, G , over atoms in the bulk.” It is this excess free energy
or potential to do work which contracts liquid drops into balls and

causes faceting on crystals. The work done in producing a surface of

>
area A and orientation n at constant temperature and pressure is

5 > o : .
G.WT,P = y(n) dA s (D-1)

> .

which defines y(n), the surface tension of a material. For a liquid
Y is independent of orientation, but in a crystalline solid Yy is
anisotropic. From the thermodynamics reversible work of producing

surface is the change in free energy

o s
oWy p = (%f;i) da = [3<NG = A)] dA (D-2)
’ T,P Cdre

where G° is the free energy of an atom in the bulk and N the number
of atoms. Since NG°, the free energy if all the atoms were in the bdlk,

is independent of surface are A, Eq. (D-2) becomes

8y, p = [GS + A<%> ] da . : (D-3)
’ T,P -
s ' pleks '
Since G is a function of n, <5X_> can be written as a tensor, which

TP
is called the surface stress tensor. In single component systems with

particle size larger than ~10_5 cm, the stress tensor generally becomes
negligibly small. Therefore, equating Egs. (D-1) and (D-3)

Y@ = 65 (m) | (D-4)
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defines surface tension for a macroscopic, single component system.

D.2. Stability of a Surface

Any system trys to minimize its free energy. At constant T and
P, NG° is fixed and the total surface energy must be minimized to obtain
the equilibrium configuration. Since Y is orientation dependent, this

integral which must be minimized is of the form

Y@y da . | (D-5)

On small particles, of the order of 1 to 10 microns in size, the
samplé can move eﬁough atoms to obtainvits ultimate equilibrium shape
“minimum total free energy. This geometric shape can be determined by
the Wulff constfuction}l6’228'At each point on the polar plot of Yy with
crystallographic orientation, a perpéndicular to the radius is constructed.
The volume which does not cross any of these lines is geometrically
similar to the ultimate equilibrium shape. This is demonstrated
in Fig. D-1.

‘On large crystal, such as used in_LEED experiments, the crystal
does not obtain its equilibrium shape, but the.surface may take on a
microséopic hill and valley structure to lower its free energy, i.e.,
mihimize Eq. (D-5). This hill and valley structure, or a faceted

surféce,~will occur in preference to the plane surface if the rhs of

Eq. (D-6) is smaller than the 1hs; In Eq. (D-6)
= ' —
YPAP = Yvo + YcAc (D-6)

Y, Y and y and A , A and A are the surface tensions and‘areas of
P o] e o] o c

the plane surface, low Miller Index cusp and complex plane, respectively
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as shown in Fig. D-2. Given a Y plot such as Fig. D-1, the stability

of a surface with respect to faceting may be readily determined.

.Herringll6 has shown that for a plane surface to be stable, it must

lie on a portion of the Wulff construction which coincides with the
Y-plot; in other words all surfaces in Fig. D-1 facet to a hill and
valley structure. This also says unless the Y-plot is spherical, there
is a region near the low index pole cusps in which the surface always

facets. This has not been observed experimentally either by LEED or

groove techniques to angles as small as 2° from the low index cusp.

' ' 229
It has been pointed out by Meijering that it is easier to use

the 1/y-plot to détermine the stability of a surface. In Fig. D-2 a
plane surface AB, with normal, Ké, is shown with two possible facet
planes, AC with normél ;o and BC with normal g. An auxiliary line, AD,
is constructed in Fig. D-2 such that LCDA is equal to £QSO in the
1/y-plot, Fig. D-3. Now AACD and A0SQ, and ABCD and ASRO are similar

triangles, so that

Ac _ AD
0Q 0S
and ' (D-7)
BC _ BD
RO 0S

The two equations in Eq. (D-7) are added to give Eq. (D-8)

AC . BC _ AD , BD _ AB
—_— — o + = . —
oq "Ro " 0s T os T oS (D-8)

From the definitions of Figs. D-2 and D-3 , Eq. (D-8) is

formally eQuivalent to Eq. (D-6). Since 1/y must be maximized, the
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XBL 763-6616

Fig., D-2. Possible faceting for a stepped surface defining the
various surfaces. :
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surface will facet if 0S, the reciprocal of the effective surface
tension,_Yef%, of the hill and valley structure, is greater than 0P,

the reciprocal of the plane surface tension,.Yp. In thercase shown

in Fig. D-3, 0S > OP (Yeff < Yp) and the surface would facet. quever,

it is obvious that a still larger 1/Yeff can be produced by the orientations
OQ.and OT. As seen the double tangent line QT produces the largest

l/Yeff not only at orientation OPS, but at all orientations between

OT and 0Q. Thus all orientations whose 1/y plot lies inside a double

tangent line (or touching at a cusp) are unstable with respect to a hill

and valley structure consisting of planes whose.orientation is at the

tangent points. A concave 1/y will always cause faceting while a

convex 1/y plot will not cause faceting. If a surface has a 1/y plot
composed of straight segments, it will be thermodynamically stable
in any configuration; its ultimate shape will be controlled by kinetics.

D.3. The Twin Boundary Groove Method

This technique can be used to measufe the relative surface tension
of an annealing object. McLean and Mykura121 have used the_groove
technique117 to measure the surface free.energy anistropy of Pt. In
this technique the energy of a twin plane is used to roughen the
surface‘df the sample with the local surface free energy acting to smooth
the surface as shown in Fig. D-4. Since a metal alwaYs twins on the same
plane, the energy of the twin boundary is constant. On different
grains the twins will make different angleé with the macroscopic normal,
each_ﬁaving a different dihedral angle, 6. Therefore, using a large

number of twin boundary groove angles for various orientations allows -

the surface free energy anisotropy to be plotted.
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Fig. D-4. The effect of a pair of twins on the smoothness of a
macroscopic surface (from Ref. 117).
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APPENDIX E. DETERMINATION OF HYDROGENOLYSIS
STANDARD DEVIATION

Since there'is a large measurement error associated with the
determination of the rate of hydrogenolysis of CH to Hx, a statistical
analysis was‘deamed appropriate. The test chosen was the F test. The
F-statistic is the ratio of the standard deviation between means to
the standard deviation of points within each mean. For a given
number of points in each mean, the F;statistic must be larger than a
number which can be looked up in a table,210 if the two means compared
are significantly different from each other at a given confidence level.
The standard deviation of the means must be larger than can be explained
by the random error in the individual points.

The data for hydrogenolysié rate with H, to hydrocarbon ratio was

2
used. This allows an increased number of data points to be used to

calculate the value of the rate at 300 to 1 H, to hydrocarbon ratio.

2
The slope of the line is calculated with a zero rate at 20 to 1 ratio
(determined from the equilibrium constant). The residual standard
deviation from this procedure (linear regression) is used as the

standard deviation of the individual points within the mean. The

F-statistic is the calculated from the formula

(In,) -1
i m -2
| — % (ui - W
Fm - 1, (Iny) - 2) =~ : (E-1)
? (ni -1 Si

(Zni) -2
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where n, is the number of individual data points in mean i,'ui is

the value of the mean at 300 to 1 ratio, u is the average of the means,
Si is the standard deviation of the individual mean i, and m is the
number of means to be compared. The values of the F statistic calculated
with Eq. (E-1) ére given in Table E-1 along with the 95% confidence

level value of F. As seen there is a significant difference between

the values of hydrogenolysis rate for the various stepped surfaces.

TN
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Table E-1. F-statistic for hydrogenolysis rate.

Cataiyst Compared My Si Fcalc F(l,n)table a

7(111)%(310) 11.1 1.9 29.6 4.96 10
6(111)x(610) 5.6 0.53

6(111)%(610) 5.6 0.53 9.3 5.1 9
6(111)x(100) 5.1 0.23

6(111)%(100) 5.1 . 0.23 18 4.67 13

3(111)x(100) 6.6 0.79
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