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Alkall Monolayers on Transition Metal Surfaces:

Electronic Promotion in Catalysis.
by Eric Garfunkel

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

AESTRACT

The chemical and physical properties of alkall metal monolayers
on transition metal surfaces wef'e studied under both ultr'ahigh vacuum
(UHV) .and a’andspheric pressure conditions to determine how catalyst
surfaces are affected by alkall additives. The interactions of alkali
adatams with the substrate, molecular coadsorbates, and other alkali
atans were studied in UHV. In addition, CO hydrogenation reactions
were carried out at 32 psig on well characteriz_ed transition metal
catalysts.

Potassium monolayers on the platimum (111) crystal surface were
studied most extensively., Ultraviolet photoelectron spectroscopy
(UPS) showed a large decrease in the work function of the surface when
potassium was adsorbed, implying charge flow fram potassium into the
platimum surface. The heat of desorption of potassium, as determined |

by thermal desorption spectroscopy (’IDS), decreased significantly

with Increasing coverage, due to depolarization effects. Low energy

electron diffraction (LEED) showed that potassium forms hexagonal (close

packed) overlayer structures.
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The effects of potassium on‘ the chemisorption of various small
molecules on Pt(111) were studied by a variety of surface science tech-
niques. Oxygen and nitric oxlde were readlly adsorbed and dissoclated
by potassium, forming stable potassium-oxide complexes on the surface.
The heat of adsorption of carbon monoxide on Pt(111) increased signifi- -
cantly with potassium coadsorption, as shown by TDS. Highb resolution
electron energy loss spectroscopy (HREELS) showed that the carbon-oxygen
bond of adsorbed carbon monoxide was weakened by potassium. The heat
of adsorption of benzene, however, was decreased by coadsorbed potassium.
A molecular orbital explanation, consistent with photoelectron results
was given to explain the ﬁotassiun induced behavior on molecular coad-
sor'bates. Only adsorbates having -orbital energies within about 2-3 eV
of the Fermi level of the transition metal can be significantly affected
by "elec'troni‘c promoticn".

CO hydrogenation reactions performed on metal foils showed that
‘th.e addition of alkali adlayers tends to decrease the overall rate
of reaction. OChanges 1n selectlvity were noted, shifting the product
distribution in favor of higher molecular weight species and from
alkanes to alkenes, in agreement with known behavior of industrial
_catalysts. The shift in hydrocarbon chain length with alkali promotim

was attributed to an increased probability for (O dissociative adsorption.
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CHAPTFR 1. INTRODUCTION AND OVERVIEW.

1.1 Scientific and Technological Interest in Alkali Monolayers on

Transition Metal Surfaces.

In 1912, while trying to commercialize an ammonia synthesls pro-
cess, B.A.S.F. researchers found that the reaction rate increased when
they added potassium oxide (K20) to an iron catalyst. This was one
of the first examples of catalyst additives being used in an ipdﬁstrial
process. In addition to ammonia synthesls, alkali metals are used to
promote the hydroéenation of carbon monoxide, commonly called the
Fischer-Tropsch reactibn, and several other reaétions such as coal
gasification and ethylene oxidation. However, there 1s still no defini-
tive model of how additives such as KX0 work, There are only scattered
papers on "promoters" considering electronic, structural and/or textural
effects. My graduate work has been directed toward contributing to

the development of such a model by exploring the surface chemistry of

‘alkall metal additives.

Several hypotheses have been puﬁ forﬁard in the past few decades
attempting to explain the particular ability of alkalis to promdte
chemical reactions. Scme have argued that alkali metals keep the surface
clean of unreactivé carbon during CO hydrogenation. Others have claimed
that certéin reactions which do not occur on the "active metal" canﬁonent
(as distinct from the catalyst support material and the additives) |
wlll take place on an alkall oxide or hydroxide island. Arthird possi-
bility 1s that the alkali islands help keep the surface clean by acting

as a sink to scavenge poisons such as chlorine or sulfur. 'The most
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widely held view, however, is that the daminant effect of alkalis 15
to change the electronic properties of the metal surface, which then
éhanged the reactivity. The results reported here support this last
proposition, lending much credence to the idea that alkali metals act
as "electronic" pramoters on transition metal catalysts.
In my thesls, surface modifier effects are classifled as follows

(a more camplete account is given in Appendix A):

a) For an electronic effect, the important property of the additivé

1s to change the electronic structure of the active transition metal
component of the catalyst surface. (ne can lmagine several types of
electronic interactions which vary in the strength and range. In
addition, charge transfer to a moiecular adsorbate from the additive
can occur via the transition metal substrate, while with others, a
direct interaction between the promoting addditive and the molecular
adsorbate oceurs.

b) For a structural effect, the dominant change in reactivity can be

ascribed to a change in a structural parameter of the surface. Structural
effects can be subdivided in several categories. In the most simple

case, the adatom merely blocks sites for adsorption. A samewhat
different phenamenon is the ensemble effect where 1t is presumed that

a given chemical reaction requires a certain number of metal atams in

a cluster before the reaction becomes allowed. Ry alloying the active
metal with an inactive one, the number of ensembles (of same minimum
size) can then be decreased. In a third type of structural effect the
adatam stabilizes a certain crystallographic orientation of the metal

crystallites (on a supported catalyst). Other structural effects of
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additives involve changes in the support, which in turn affect the
degree of dispersion or the degree ofvphase mixing between support and
metal,

Scientific interest in alkall monolayers comes not only ffom
their catalytic applications, but also.fran their unigque photoelectron
and thermionic propertles. As early as 1923, Langmulr had shown that

~ adsorbed ceslum greatly increased the electron emission fram hot tungsten "

surfaces bécause of the decrease of the work function of the metal (the
minimum energy needed ﬁo extract an electron fram the surface). This
finding has had many applications in the design of thermlonic converters
and photocathodes (Mayer, 1940).

1.2 Overview of the Thesis.

~ Following the Introduction (Chapter 1) and Experimental Section
(Chapter 2), the body of the thesis 1s organized into three general
categories. In Chapter 3, the properties of alkali metal and alkali
oxlde monolayers on transitioﬁ metal surfaces undérsultrahigh vacuum
(UHV) conditions are discussed, concentrating on the system studied;in
most detail: potassium on the platinum (111) surface.' Chapter 4 is
concerned with the way in which alkalil adatoms modify the chemisorption
of various small molecules on a metal surface (also in UHV). The systems
most extensively studied were carbon monoxide (CO), benzene (CgHg),
and nitric oxide (NO) when coadsorbed with poiassium on Pt(111). In
Chapter 5, results for high pressure CO hydrogenation reactions on
iron and rhenium foils are presented. The effects of alkalis, as well
as other additives, on the reaction rates and product distribufions

are shown and discussed in the context of what was learned fram the



studies done in UHV (chapters 3 and 4). Five appendices are included
which cover: A) A classification scheme of the macroscopic and micro-
scopic role of additives; B) Thermal desorption theory and practice;

C) The role of sulfur as an additive/modifier; D) A literature review
of the use of alkalis in catalysis (except for CO hydrogenation, i.e.
Chapter 5); and E) The use of the PET-Commodore computer for surface
sclence studies, In addition to our studies on alkali effects, several
other papers have recently appeared in the literature on systems related
to those that we have studled. The results of these studies will be
discussed both in the appropriate chapters and in the appendices. The

rest of the introductlion will be devoted to sumarizing the results.

1.3 Alkall monolayers.

The properties of potassium monolayers on the Pt(111l) crystallographic
face were studied by thermal desorption spectroséopy (TDS), low energy
electron diffraction (LEED), Auger electron spectroscopy (AES), and
ultraviolet photoelectron spectroscopy (UPS). 'The results were presented
in Chapter 3. OQur results for potassium on platinum were similar to
the those of alkall metals on most transition metal surfaces: see for
example the recent studies by Lee (1980) and Broden (1979). Pure
potassium adlayers assume a hexagonal structure on Pt(111). Because
of thelr size, the alkall atams are relatively mobile at room tenperéture,
and displayed no LEED pattern until near monolayer coverages. Lower
coverage LEED structures have been observed by cooling the sample.
Orlentational reordering of the alkall adlayers, similar to the behavior
of noble gas overlayers, was observed by LFED, implying a relative

insensitivity to substrate potentlal variations. (Throughout this
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thesis, I use the convention that one monolayer of potassium defines
6g=1, and 1is equal to a coverage of S.u X 101” atans/cn2. This

is 36% the atomic density of the Pt(11l) surface. Others define
saturation monolayer coverage to be Og= ogsat/opgsat = 0.3.

- To convert my coverages'to fhis other convention, one can divide by 3.) -

We find from thermal desorption spectroscopy that potassium
desorbed with a broad peak, starting at about 300K for monolayer
coverages, and extending to 1100K at low coverages. This corresponds
to a decrease in heat of adsorption from 60 kcal/mole to 25 kcal/mole
as the coverage 1s Increased. This change, as with the change in work
function, can be understood by assuming that potassium is highly lonized
at low coverage, but becames depolarized at high coverage. The depolar-
ization results in a nonlinear drop-off in the work function and the
eventual attairment of a constant heat of desorption approximately
equal to the heat of sublimation of potassium.

UPS results on Pt(111) showed that potassium overlayers caused a
decrease in work function (as expected), a sharp drop in emission just
below Ep, and an increase in the secondary electron emission yleld.

We also noted the appearance of a peak at about 20 eV binding energy,
below the secbndary electron edge, vwhich should not cornventionally be
allowed. This feature is interpreted with a model of localized electro-
static potentials. |

When oxygen is added to the potasslum monolayer, a surface potassium .
oxide 1s formed. This oxide is quite stable campared to a pure potassium
. monolayer, and exhibits a whole series of new LEED patterns. The

stabilizing ability of oxygen i1s probably of importance on real catalyst



surfaces as discussed below.

1.4 Alkali coadsorption systems.

In Chapter U4, various coadsorption systems are analyzed. The
most important ones are carbbn monoxide, nitric oxide, and benzene
with potassium on Pt(111). The effects of potassium on these molecules
were the most dramatlc of the coadsorption systems examined.

The bonding of CO to metals involves a donation from the 5¢ CO
orbital into the metal; and a back-donation from the metal into the
2r CO orbitals (Flyholder, 1964). The major experimental findings
for the CO + K + Pt(111) system can be summarized as follows: the
‘addition of suhm@nolayer amounts of potassium continuously increased
thé heat of adstoption of CO on Ptklll)'from 25 kcal/mole for clean
Pt(111) to 36 kcal/mole for near monolayer coverages. Associatedeith-
the 1ncr¢ased heat of adsorption was a iarge decrease in the stretching
frequency of 00 from 2000 cm~l on clean Pt(111) to as low as 1400
an=1 with 0.6 monolayer of coadsorbed potassium. At a constant
potassium coverage, the O vibrational frequencies for both linear and
bridge adsorption sites decreased substantially with decreasing CO
coverage. (n the potassium-free Pt(111) surface, CO preferred to occupy
top adsorption sites, while on the potassium~covered surface, CO adsorbed
preferentially on bridged sites. The work function of the Pt(111)
surface decreased by about 4 eV upon the adsorption of about one-third
of a monolayer of potassium, but increased by as much as 1.5 eV when
CO was coadsorbed.

When potassium 1s adsorbed, it donates charge into the surface,

thereby lowering the work function. The changed electronic properties



at the surface make it a better electron donor (more basic), which-in
turn results in an increase in electron back-donation into the 2r (CO)
orbitals. The increase in 2n orbital occupancy strengthens the
metal - carbon bond as noted in the TDS study. It also weakeﬁs the
carbon - oxygen bond, and even leads to the dissociation of CO on most
other metal surfaces. (Platinum, palladium, and the group IB metals
are notoriously poorAat dissociating CO.) |

Nitric oxide was studied as an analog to CO. NO adsorbed molecularly
on the clean Pt(111) surface. NO dissociated with potassium on the ‘
surface, but only in an amount proportional to the potassium coverage.
It was not clear in this study if potassium interacted directly with
the NO causing it to be dissociated, or if the interaction was indirect,
mediated by the substfate, as was the case for CO. The dlssociation
products, as monitored by 1DS, were NyO, Np, and some form of a surface
potassium oxide, |

The benzene/potassium coadsorption system also showed interesting
behavior. Upon heating a benzene overlayer on cleanth(lll), samne of
the benzene desorbed 1ntact‘wh11e the rest decomposed, giving off
hydrogen and leaving a carbon residue. The benzene desorption temperature
was lowered significantly by coadsorbed potassium, and the amount of
beﬁzene which decanposed was decreased. Thus for benzene, a large
weakening of the benzene - metal bond was obsérved, Just the opposite
of what was observed for CO.‘

The desorption (or decomposition) temperature of other molecules
adsorbed on Pt(111), such as PF3, CyHg, CH3CN, and NH3, remained prac-

tically constant when potassium was coadsorbed. So, how can we predict
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whether or not the chemisorptive state of a molecule will be altered

by a given additive? The answer we offer 1s based on a qualitative
molecular orbital analysis. Our hypothesis 1s that only those
molecules with energy levéls within about 3 eV of the Fermi energy

(Ep) can be significantly affected by electronic pramotion in catalysis.
In the case of (0 (as noted above), the gas phase 2r* CO orbital
interacts with the metal d-orbitals at the surface, forming a conjugate
d-2n orbital lying about 2 eV below Ef. By lowering the work function,
we enable more charge to flow into the 2r orbital. The conjugate

d-2n level 1s "bonding" between the metal and carbon atoms, and
"antibonding" between the carbon and oxygen. For benzene, on the

other hand, the nearest level to Ee which could be fllled by a drop

in work function is.the elg orbital. This orbital 1s antibonding
between the metal and carbon ring. Thus the idea of potassium causing
a weakening of the benzene-metal bond 1s in agreement with a qualitative
molecular orbital analysis. A review of the literature shows that no
molecular orbital levels exist within 3eV of Ep for most of the other
molecules studied. The absence of an electronic effect therefore is

not surprising.

1.5 Q0 hydrogenation studies.

The effects of alkall metal and oxygen additives on iron and
rheniumn folls for CO hydrogenation reactions are presented in Chapter 5.
Iron showed greater activity and increased selectivity towards higher
molecular weight specles as campared to rhenium. The addition of
submonolayer amounts of alkali on both surfaces decreased the overall

rate of reaction, but caused a selectivity change from methane towards
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longer chain hydrocarbons and fram alkanes to alkenes. This agrees
with known industrial cétalytic behavior (Anderson, 1956). Oxidation
usually caused a higher selectivity towards methane, and a decreased
rate of carbon build-up, but the overall rate of methanation reméined
relatively constant, The increased selectivity towards longer chain
hydrocarbons (when potassium is added) is correlated with an increased
probability for CO dissociative adsorption, as noted in Chapter 4., We
also suggest that the alkane to alkene shift, with potassium addition,
results fran a lower heat of adsorption of the alkene, in analogy

to the benzene TDS shifts reported in Chapter 4.
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2.1 Apparatus.

The experiments described in this thesis have been performed by
me and various coworkers in four different ultrahigh vacuum chambers.
Although all chambers had a variety of available techniques, I will
discuss them according to their main function: 1) the TDS chamber, 2)
the HREELS chamber, 3) the photoelectron chamber, and 4) the catalysis
chamber. The TDS and catalysis chambers are shown in Figures 2.1 and
2.2. 'The TS chamber (base pressure 1 x 10-10 torr) was equipped with
a Physical Electronics (PHI) single-pass cylindrical mirror analyzer
(CMA) for Auger electron spectroscopy (AES), a PHI low energy electron
diffraction (LEED) optics system, a UTI quadrupole mass spectrometer
(QMS) interfaced to a PET-Commodore micro-camputer for thermal desorp-—
tion spectroscopy (TDS), and an argon ion sputtering gun for sample
cleaning. The design and use of the computer is described in Appendix
E. Alkali and sulfur guns were also mounted in this chamber as des-—
cribed below,

Details of the design of the HREFLS (high resolution electron
energy loss spectroscopy) chamber can be found in the thesis of John
Crowell (PhD, U.C. Berkeley, 1983). This chamber was equipped with an
ion pump providing pressures of 5 x 10-11 torr, with two levels of
instruments. The upper level contained a retarding field analyzer
(RFA) for LEFD and AES, a UTI QMS for TDS, an argon ion sputtering gun
for sample cleaning, and an alkali source. The lower level contalned
the HREELS spectrometer. In the results reported here, the resolution
was typically 85 an—l FWHM in the elastically scattered peak with

20,000 counts/s.
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lgure 2.1 The thermal desorption chamber.
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The photoelectron chamber (ion pumped, 10-20 torr) was equipped
with a @MS, a LEED system, an argon ion sputtering gun, ultraviolet
(UV) and x-ray sources, and a double pass (MA for AES, ultraviolet
photoelectron spectroscopy (UPS), and x-ray photoelectron spectroscopy
(XPS). The data were collected with the aid of the PET computer. The
catalysis chamber is shown in Figure 2.2. It was equipped as depicted
with both standard UHV instruments as well as an internal high pressure
cell. It contained a UTI QMS, and PHI double-pass CMA for AES (and
XPS), an argon ion sputtering gun, and an alkali source. In the high
pressure mode, the sample (held stationary) was enclosed in a reaction
cell mounted on stainless steel welded bellows and was opened and
closed with the aid of a hydraulic piston. The pressure in the reactor
cell was normally held near two atmospheres in the studies reported
here (although it could be pressurized up to 20 atmospheres). Gaseous
reaction products were injected into a gas chromatograph from a sampling

valve connected to the high pressure loop.

2.2 Methods.

The most common technique used in my studies was thermal desorption
spectroscopy (TDS). Appendix B 1s devoted to a detailed description of
the theory and practice of TDS; only a brief account is offered here.

In the thermal desorption experiment, one simply heats the sample and
monitors the desorbing species by some technique (usually mass spectro-
scopy) as a function of time or of temperature. By monitoring the
temperature of the maximum rate of desorption one can get some idea of
the heat of adsorption of the species on the surface, whether it is an

adsorbate molecule or a substrate atom. The most common experiment
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reported in my thesis involved the predeposition of a small amount of
potassium on a metal surface, and then noting how the desorption of a
small molecular adsorbate such as CO or benzene was changed by the
presence of potassium (see Chapter 4). Most of the discussion in
Chapters 3 and 4 can be understood with this simplified description of
the thermal desorption ekperiment, but the Interested reader is referred
to Appendix B for a more camplete treatment.

Auger electron spectroscopy (AES) has now become a standard technique
to monitor the atamlc camposition of surfaces (Ertl, 1974). The Auger
experiment (usually) involves a four electron process. First a high
energy electron beam (1-2 KeV) 1is directed onto the surface. One of
the several pathways for de-excitation involves the emission of a core
electron of a surface (or near surface) atom (Figure 2.3a). The resulting
exclted atom will usually relax by having an outer shell electron fall
into the core hole. In order to conserve energy, the atam must release
energy as the electron falls into the core. Two processes can now
occur: either an x-ray photon is emitted with a characteristic energy,
or, in the so-called Auger process, another electron (the Auger electron)
1s emitted as depicted in Figure 2.3b. Since the energy of this Auger
electron 1s determined by its original level in the atam as well as the
levels of the electron which dropped into the core hole, it is independent
of the exciting electron (or x-ray) and characteristic only of the
atam., The Auger transitions are relatively sharp in energy (a few eV)
and can be readily extracted from the large "secondary electron" back-
ground emission by taking the derivative spectrum (using a standard

modulated lock-in amplifier technique). Figure 2.3c shows a typical



%
e

-16-

AUGER ELECTRON EMISSION

)
NS

(@) EXCITATION

(b) ELECTRON

(C)

EMISSION

K

- 100 1
W)

o -
~ 80 |-
\V) -
= 60 +

g

>

i S
= 40

c

S -

S o L
> -

(@)

= I
<l

ELECTRON ENERGY (eV)

XBL 833-8537A

O
50 150 250 350 450 550 650 750

Figure 2.3 (a) and (b), the Auger Emission Process. (c) An
Auger spectrum of a promoted iron foll sample.



-17-

Auger spectrum of an iron sample pramoted with potassium. Many of the
Auger electrons have a kinetic energy of 50-1000 eV. Although the
high energy electron beam penetrates 50-100 angstrams into the solid,
the relatively short mean free péth of the analyzed electrons (5-20 A)
in a solid will ensure that the only electrons that reach the detector
are those which have been emitted fram the near surface region. In
fact, by varylng the incidence and collection angles one can roughly
determine the relative concentration of species not only at the surface
but just below it (5-10 A). Changes in Auger peak shape and position
can also occur due to the chemical envirorment, as noted for carbon in
Figure 5.8.

Low energy electron diffraction (LEED) is another, now standard,
UHV technique for single crystal surface analysis which has been regularly
used in this work. In the LEED experiment, a monochramatic beam of
electrons 1s directed onto a flat, single crystal surface. Same of
the electrons are back scattered and can be detected by any number of
techniques, Including a fluorescent screen. Due to their wave character,
some of the back-scattered electrons will be diffracted and will appear
as spots on the screen. The diffraction pattern gives a reciprocal
space representation of the two dimensional surface periodicity. The
(111) crystallographic face of an fcc crystal will give a hexagonal
diffraction pattern. If CO 1s then adsorbed on the surface such that
one CO molecule is adsorbed on every second substrate atam, then new
spots forming a (2 x 2) overlayer pattern will be observed by LEED.
In addition to the two dimensional periodicity of the surface, same

three dimensional information can be determined from an analysis of



-18-

the LEED spot intensities. Since electrons of 50-500 eV can penetrate
the first 2-3 layers of the surface, the intensity of the scattered
electron beams depends on thelr energy (wavelength). An analysis of
the LEED spot intensities versus electron energy can thus be used to
give information about distances normal to the surface, even for adsorb-
ates. This structural information 1s an invaluable counterpart to the
electronic and thermodynamic information given by other techniques.

Photoelectron spectroscopy 1s the most useful method for learning
about electronic properties of surfaces. A monochramatic beam of
photons (x-rays or ultraviolet) is focussed onto the sample and the
energles of the emitted electrons are analyzed. XPS studles of core
level electrons yleld information about the chemical state of the
surface atans. UPS probes the valence levels at the surface yielding
both the band structure of the substrate and the position of the valence
orbital levels of any adsorbate.

High resolution electron energy loss spectroscopy (HREELS) has
been used to determine the vibrational structure of adsorbates. A
camplete description of the spectrometer, theory, and practice of HREELS
can be found in Ibach (1982). A shorter description, as well as an in
depth analysis of the HREELS spectra used in thils study, can be found
in the thesis of my coworker John Crowell (PhD, U.C. Perkeley, 1983).
Briefly, the HRFELS experiment involves scattering a monochramatic
beam of low energy electrons (= 5 e€V) fran a sample and detecting
the intensity of the scattered electrons as a function of energy. By
scanning fram the energy of the elastically scattered peak, to about

500 meV below it, many of the adsorbate vibrations and surface phonons
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can be detected. PBecause of certain selection rules (Ibach, 1982)
vibrations normal to the surface are usually more easily detected than
ones parallel to it.

The high presSure cell shown in Figure 2.2 was used for all catalysis
experiments (Cabrera, 1982b). This design enables the user to determine
the surface composition and structure both before and following a high
pressure exposure such as would occur in a catalytic reaction. Following
sample preparation (see below), the high pressure chamber was closed
and high purity gases were introduced. A circulation pump was used
to provide a closed loop circulation rate of about 200 ml/min with a
total volume of 400 ml in the chamber. If the gases were introduced
sequentially, the self-mixing of the circulation system was such that
the gases were campletely mixed within several minutes. During operation
the pressure in the UHV chamber would rise to 10-8-10-7 torr (depending on
the age of the gasket). The leak enabled us to monitor, by mass spectro—
scopy, the concentration of the major gaseous components in the high
pressure chamber.

A Hewlett Packard HP 5720A gas chramatograph was cormected to the
catalysis loop through a gas sampling mechanism. Gases could also be
injected into the column through a standard injection system. Gaseous
catalysis products were separated on Chramosorb 102, 103 and Porapak PS
columns, and were then detected using a flame ilonization detector
(FID). The FID signal was amplified and sent to a "minigrator" to

determine retention time and peak areas.

2.3 Sample preparation.

Platinum, rhenium, iron, and palladium single crystals were used
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in this work, as well as a serles of transition metal foils. Four
different platinum crystals (99.998% purity) were used at various
stages. The other crystals were of unknown purity. All were cut and
polished using standard technliques, and checked for orientation by
Laue x-ray back-diffraction. Most of the samples ( = 1 cm2) were mounted
on platinum, tantalum, or palladium wire (0.015 - 0.030" diameter),
although other methods of mounting were used. BHeating was accomplished
by passing a current of up to 50 amps through the sample. To ensure
even heating, the sample shape and support length had to be varied. 'The
temperature of the sample was measured by a 5 mil wire thermocouple
(Pt-Pt/Fh or chramel-alumel). The TDS chamber manipulator was also
equlpped with a liquid nitrogen cooling system. Liquid nitrogen was
usually pulled, by an external vacuum through a tube to an electrically
isolated reservolr located 5-10 cm fram the sample. Copper braids were
then connected from the reservolrs to the sample support rods on the
manipulator. This method of cooling was reasonably efficient, allowing
a base temperature of near 100K, but was limited by the necessity of
the samewhat lengthy copper braid needed to permit movement of the "off
axis" manipulator. Other less effective methods of cooling were used
on the other chambers. Figure 2.4 shows the manipulator design.
Initial cleaning of all samples involved repeated cycles of argon
lon sputtering and annealing. Sputtering removed all of the major
impurities which segregated to the surface, such as Si, Ca, 0, Mg, S,
and P. Resldual carbon was removed with the aid of medium temperature
(500-800K) oxygen treatment, and the resultant oxygen was removed

elther by flashing to an appropriate temperature, or reducing in hydrogen.



5

—

XBB 810-1155%7

it

Figure 2.4 Manipulator with Pt(111) sample.



PP

The most troublesome impurities for platinum were Ca and Si. Thelr
removal was most easily accomplished by sputtering the surface at a
temperature between 800-1200K.

To clean impurities, it is helpful to find conditions where the
impurity 1s selectively drawn to the surface and sputtered away. The
enthalpy of mixing term for the crystal dictates that at equilibrium
same impurities should form a separate phase, perhaps an ordered alloy
or compound at the surface. The entropy term, which dominates at high
temperature, forces the system to mix as randomly as possible (i.e.,
not to segregate to the surface). These are the two thermodynamic
terms contributing to the free energy of the system. Thus, if one
wants impurities to be at the surface, presumably to be bombarded off,
the sample should be relatively cool. An equally important factor is
kinetics. If the sample 1s cool the impurities will not be mobile
enough to segregate to the surface; the system will be in a metastable
equilibrium. If possible, the most desirable situation is to find a
temperature where the impurity is relatively mobile, yet not so high a
temperature that the entropy term (causing equal mixing) dominates over
the enthalpy (of segregation) term. At this temperature, the surface
will have a high concentration of impurities which can be continually
bombarded. Of course, for same impurities, such a dynamic equilibrium
carnot be attained, and one must find other methods of sample cleaning.
Final cleanliness of metal samples can be determined by most UHV tech-
niques, including AES, LEED, XPS, HREELS, SIMS, etc. AES, however, is

most common.
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3.4 Dosing.
Several different methods of dosing (with potassium, sulfur, and

gaseous molecules) have been used in this work. Potassium was usually
deposited with an "SAES Getters" source mounited 3-5 am from the sample
surface. This source consisted of a powdered mixture of potassium chramate
and a zirconium-aluminum getter, enclosed in a tantalum "boat" (SAES).
By passing a current through the boat to heat it, the chramate decamposes,
giving off potassium and oxygen. The potassium migrates through the
powder and 1s emitted through a slit, while the oxygen reacts with the
Zr-Al getter. Initally Hp, Op, HoO, COp, and CO are emitted, but after
a sufficient induction period, most sources become pure. The behavior
of pure alkalil metal monolayers differs markedly fram that of alkali
oxldes in LEED, TDS, and UPS behavior. Hence a source which outgasses
is highly undesirable.

Two other types of alkall sources were tried. First, zeolite guns
were used which give off potassium ions, but also (unfortunately) a
falr amount of Op, Hp0, and COp». These gases readlly reacted with
potassium on the surface to form stable potassium suboxides. Pure
potassium was also tried as a source. Potassium, packed in glass under
argon, was Iinserted into a copper tube which was connected to vacuum
through a small valve. By breaking the glass inside vacuum, pumping
off the argon, and then heating the copper tube, potassium would vaporize
and travel through the small collimating tube to hit the sample. This
method was reasonably successful, but required a differentially pumped
ante-chamber.

Sulfur was deposited by three different techniques. The best,
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although most difficult, technique involved an electrochemical cell.
Detalls of this gun, also useful for halogen deposition, are available
in the literature (Wagner, 1953). PBriefly, the cell, Ag/AgI/Ag,S/Pt,
could be heated while a current was passed through i1t causing silver to
migrate and be reduced, giving off Sp. A second method of sulfur
deposition was to introduce HoS into the chamber. This method 1s
often used by others, but the maximum sulfur coverage usually cannot
exceed 0.5 monolayers, and one must contend with HyS being deposited
throughout the chamber. Multilayer deposition 1s faclle using the
electrochemical cell technique. A final, rather crude, technique for
putting sulfur on the surface was used for iron and rhenium. A new
crystal or foil, was heated to a high temperature, which upon cooling
would allow bulk sulfur impurity to segregate to the surface.
Molecular gas dosing was accomplished In most cases by opening a
leak valve fram the gas manifold into a .25" stainless steel tube (in
vacuum). The open end of the tube was positioned to within 1-2 cm of
the sample, allowing local pressures at the sample to be up to an
order of magnitude greater than the rest of the chamber. Exposures
were callbrated from various sources including ionization gauge,
thermal desorption, LEED and Auger behavior, as well as known sticking

coefficients.

2.5 Overview of techniques to study promoter effects in catalysis.

In giving an overview of the techniques used to study pramoter
effects and catalysls, it is useful to divide these topics first into
the more classical, high pressure methods, and then the modern ultrahigh

vacuum "surface science" tools. 'This choice is not rigorous. In
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fact, same of the most Informative approaches go beyond this distinction
and enable the researcher to study the sample under high pressure
conditions while still obtaining atamic level information. New "in
situ" techniques using neutrons, EXAFS, Raman, FTIR, and NMR probes

will be surveyed following a brief discussion of the classical and
modern UHV methods. 'There are several papers and books which give a
much more canplete description of the techniques used to study catalysts

and their reactivity (Thomas, 1980; Somorjai, 1981).

2.5.1 Classical Techniques.

For the most part the techniques originally used in catalysis did
not monitor the surface. The early researchers were mainly interested
in results: if an element or compound worked for catalyzing a given
reaction, it would be used until a better one was found. Although
performance under actual conditions 1s the best judge of a catalyst,
this method of analysis does not necessarily lead to a rational way of
predicting or designing new ones. A knowledge of chemical bonding and
reactlon behavior of certain elements can, however, be used in the
process of designing catalysts, even in the absence of microscopic
analysis (see Trimm 1980, for the best example of this).

The classical method involves rumning a reaction in a.small batch
or flow reactor and analyzing product ylelds and distributions as a
function of variables such as time, pressure, and temperature. For this
process, one of the most important quantities used to characterize the
catalyst is the surface area. The various adsorption isotherm methods
(such as EET) help in determining the total surface area as well as

pore size and structure of a glven catalyst support material.



This 1s a necessary first step since a measure of reaction rates requires
a knowledge of the number of surface (or active) sites on the catalyst.
Once the number of active sites on a catalyst is known, a reaction can
be run, and rates and selectivities determined. In bench-scale reac-
tions, chromatographic methods (both G.C. and H.P.L.C.) have proven
most useful in determining product yields and distributions, while an
array of spectroscopic methods including IR, NMR, UV, and mass spectro-
metry have helped in the analysis of the various products. Of course
under actual industrial conditions other methods of product separation,
such as fractional distillation, are required. In fact, sometimes the
product separation and purification stages are more costly than the
catalytic reaction step itself.

To a first approximation, the rate of a reaction (-dN/dt) may be
expressed as:

-dN/dt = f(e)ve—Ea/RT

By monitoring the reaction rates at various temperatures, the activation
energy E5, for the reaction may be derlved fraom an Arrhenius expression.
If the surface area is also known, then the preexponential factor, v,
may be determined. Finally, by changing the partial pressures of the
components, the reaction order, f(6), can be determined. Pressure
dependence studies can, in principle, also give information on the
nature of the reaction mechanism. However, these methods do not

give direct information about the microscopic dynamics of the systems,
consequently, the assigmment of a reactlion mechanism and determination
of intermediates 1s difficult. This i1s especially true for heterogeneous

multicomponent-mul tiphase catalysts. This 1s precisely the point at



which the more modern surface science techniques attempt to prove a
certain proposed mechanism, or suggest another.

Another classical technique which has often been used to elucldate
mechanisms 1s isotopic labelling. Here, the results imply that certain
reactions could or could not have occured, and have led to the discounting
of proposed pathways. For example, Araki (1976) and others showed that
the enol-intermediate mechanism for Fischer-Tropsch reactions was not

correct.

2.5.2 Modern Ultrahigh Vacuum Techniques.

A qualitative change in our knowledge of pramoter effects, and
catalysis in general, was enabled by the development of the ultrahigh
vacuum (UHV) surface science techniques (Sandrjai, 1981). The main
advantage of these methods 1s that they allow a quantitative deter-
mination of surface conditions. Since particles (of moderate energy
<1 KeV) have very short mean free paths in solids, this makes many of
the UHV spectroscoples appropriate for the study of only the outer 2
or 3 layers of a surface.

We are now able to obtain surface composition (SIMS, XPS, AES),
surface structure (LEED, EXAFS), electronic structure (UPS, XPS),
vibrational frequencies (HREELS), etc. Thus, we can now solve simple
problems such as determining what is the stable configuration of CO or
No on a surface or how an additive such as sulfur or potassium will
affect the dissociation probability of NO. Thus, atamic level catalytic
information i1s now available for a large varlety of systems, a few of
which are discussed in this thesis.

The major disadvantages of these technigues is that they require
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UHV conditions, and they are usually static, meaning that one only
observes stéble surface species. A knowledge of stable surface specles
is Important, but an understanding of the microscopic reaction dynamics
of short-lived reactive intermediates is still missing. As for the
extremely low pressure requirement, the obJection is often ralsed that
these conditions are too far removed from actual catalytic conditions

to be of any use 1n understanding catalysis. The art 1s iIn knowing

when and how one can use information learned from UHV experiments to
understand high pressure systems. A pressure increase of 12 orders of
magnitude will certainly manifest itself In more rapid rates of exchange
of surface species. It will also assure that the surface is campletely
covered with adsorbates at all times. But, in most cases the chemisorption
bond itself should not change much. This has been demonstrated for cases
such as CO chemisorption where high pressure FTIR studies show similar
CO vibrational frequencies as are seen by HREELS at 10-10 torr on

single crystals.

2.5.3 Modern "in situ" Probes.

Several new in situ techniques are now being used to study catalysts
under actual catalytic conditions. In the extended x-ray absorption
fine structure (EXAFS) experiment, x-rays from a synchrotron source
are allowed to pass through a sample, for Instance a supported catalyst,
and an absorptlon spectrum 1s measured as a function of photon energy.
When the photon energy becames equal to the ionization energy of a
core electron, the absorption curve exhibits a sharp maximum. In the
energy region slightly greater than the maximum absorption, usually

called the absorption edge, a series of oscillations occur due to



interference as the photon scatters off atams neighboring the original
absorbing atamn. 'These Interference oscillations give information on

the interatamic distances, the coordination number, and the Debye-Waller
factor (Joyner, in Thomas, 1980).

Neutron scattering spectroscopy can also be used to give information
on crystallographic structure, as well as on surface dynamics. This
technique has the added advantage that neutrons can penetrate the
stainless steel walls of high pressure catalyst chambers. Of particular
relevance to the study of additives, both neutron scattering and EXAFS
can determine if the additive forms a separate phase, or 1s incorporated
as an Impurity (or alloy) into the active metal component of the catalyst.

Mossbauer and conversion electron Mossbauer spectroscopy have also
been used recently for iron catalyst characterization (W. Jones, in
Thamas, 1980). Mossbauer spectroscopy is normally bulk-sensitive, but
the use of high surface area catalysts and the conversion electron
process enable characterization of the surface and near surface, and
even adsorbate properties.

Recent developements in lasers and computers have made Raman and
infrared spectroscopy much more attractive for surface scientists.

For many cases, these methods can be used under both UHV and high
pressure conditions. The information they give about the vibrational
frequencies and certain electronic transitions of adsorbed species

is often useful in the study of catalysis. Poth can now be used to
study small area single crystals as well as high surface area supported
catalysts (Thamas, 1980).

Lastly, nuclear magnetic resonance (NMR) 1s now becoming more
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popular for catalysis studies. This technique is well suited for "in
situ" studies which have H, Ii, Cc13, Al, Si, or other elements with
appropriate nuclear magnetic properties. One disadvantage is that
samples of very high surface area, such as zeolites, are needed if
surface information 1s required, due to the inherent limitations in
sensitivity. Many interesting results have recently been confirmed by
NMR including studles on the effects that different supports have on
the electronic properties of small supported metal clusters, as well
as the changes in electronic structure that follow a change in cluster
size (De Menorval, 1981). NMR can also be used to give information

about atomic distances (positions).
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3.1 The Work Function.

The study of the alkall metal monolayers deposited on transition
metal surfaces has proven to be one of the most iIntriguing subjects
studied by surface scientists since the early work of Langmuir (1923,
1925, and 1933). The most noticeable change observed upon alkalil
adsorption is the large drop in work function of the metal surface.

The work function of a metal can be defined as the minimum amount
of energy needed to remove an electron from a surface (Holzl, 1979;
Ertl, 1974), see Figure 3.la. It 1s analogous to the ilonization poten—
tial of an atam or molecule. One can divide the work function of a

metal surface into two camponents:
¢ = _u/e + A¢w mn. 3.1

where u 1s the chemical potential, and A¢pp, the surface dipole term,
Is the difference in electrostatic potential between the inside of a
crystal and the region ~10—%em outside the surface.

The chemical potential of an electron in a transition metal should
stay practlcally constant when any adsorbate, such as an alkali metal
is put on the metal surface. But the second term, A¢pp will change.
For alkall metal adsorption, it is the large change in the surface
dipole term that causes the drop in work function. The surface dipole
term can be readily understood by examining Figures 3.1b, ¢, and d.

Inside the metal, all the ion cores are surrounded by an essentially
symmetric electron gas. At the surface, however, the electron orbitals
extend into the vacuum beyond the ion cores of the atams such that the

electron distribution at the surface 1s asymmetric, see Figure 3.1b.
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Because same of the charge extends into the vacuum, an electrostatic
dipole field 1is created at the surface, A¢pp(intrinsic). It can be
modeled in a simplified sense by a parallel plate capacitor (Figure
3.1c). Here, an electron in region A or C will experience no net field
fran the charges on the plates because they cancel each other, but in
region B, the electron will be accelerated towards the positive plate,
i.e., towards the metal., This 1s conslidered the intrinsic component of
the dipole term.

If we now place an adsorbate on the surface, which, upon adsorption,
results in charge transfer either to, or fram, the surface, we might
expect a change in the dipole field strength. For alkall metal atams
we expect that the alkall metal will donate charge readily into the
surface since its ionization energy (and electronegativity) is low
campared to that of transition metals. Although some electron density
will always extend beyond the alkali ion cores, a new component to the
dipole field 1s created, A¢pp(extrinsic), at the surface upon alkali
adsorption as represented in Figure 3.1d. The work function of the
surface will then decrease. (See Shustorovich, 1982, for a theoretical
discussion on some of these points).

In Figure 3.2 we show a typlcal plot of ¢ versus alkalil coverage
on a metal surface (Fehrs, 1971). The initial slope of the curve
yields the dipole field strength caused by alkall atams and is given by

the Helmholtz equation:
Ad = YmuN Fgn 3.2

where u 1s the dipole moment, and N is the coverage.
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Figure 3.2 Work function versus coverage for alkali adatoems
on transition metal surfaces, from Fehrs (1971).
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The figure also shows the decreasing ability of an alkali atam to lower
the work function with increasing coverage. This is attributable to
depolarization effects within the alkalil monolayer, and can be roughly

approximated by the Topping formula (1929):
¢ = UnuN/(1 + 9a(N)3/2) Ean 3.3

where a 1s the polarizability.

At low coverage, each alkall atamn can be significantly ionized
(polarized) without being influenced by neighboring alkali/image dipoles.
But, at higher coverages, repulsion between the dipoles becames important.
It is iImportant to notice that the work function does not drop uniformly
fram the value of the transition metal to that of the alkali metal,
but goes below both values at submonolayer coverages. This clearly
shows that the extrinsic surface dipole component (Figure 3.1d) between
potassium and its image 1is essential for understanding the total work
function. If A¢pp(extrinsic) did not exist, the minimum should not
have appeared. The importance of the drop in work function for catalysis
will became more obvious in the Chapter U4 where the coadsorption of

alkali atoms with small molecules is discussed.
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3.2 Pure Alkali Monolayers.

3.2.1 Thermodynamics: AES and TDS behavior.

The potassium Auger signal intensity is plotted against deposition
time on the Pt(111) crystal face in Figures 3.3, 3.4, and 3.5. At
platinum crystal temperatures slightly above 350 K (Fig. 3.3) the
curve, which was linear at first, leveled abruptly to a maximum. The
height of the maximum was determined by both the temperature of the
crystal and the potassium flux to the surface. At 350 K with a potassium
flux of about 0.2 monolayers/min, the potassium adsorption proceeded
until the potassium Auger signal was about one half the maximum intensity
from a cooled pure potassium multilayer. The growth of multilayer
potassium deposits is not observed at these temperatures. Figure 3.4
shows the AES uptake curve with the sample held at 270 K. Here, multi-
layer adsorption is occuring. The periodic fluctuation in the curve
may be the result of clustering; a critical coverage 1s reached which
then clusters in a periodic fashion (Gillet, 1980).

Platinum crystal surfaces cooled well below room temperature
showed smoother Auger uptake curves (Figure 3f5). There were slight
breaks at the positions corresponding to the first and second layers
and these were confirmed by TDS and LFED experiments (see below). The
deposition 1s shown in Figure 3.5 as the ratlo between the K 252 eV
and the Pt 64 eV Auger peak heights, with the crystal held at 250 K.
The first break occurred when the K(252 eV)/ Pt(64 eV) peak ratio was
1.1 (as monitored by our PHI single pass CMA). This was also the
coverage at which the most densely packed potassium monolayer LEED

pattern was visible (see below). We therefore define this potassium
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coverage (6x=1) to be one monolayer; as will be shown below, this
corresponds to 5.4 x 1014 x atans/cm2, or 36% of the surface atamic
density of the substrate Pt(111) face. 'The large difference between
the potassium and platinum surface density 1s due to the much larger
radius of metallic potassium.

The results for the tﬁennal desorption of potassium from the Pt(111)
surface are shown in Figure 3.6. At coverages of less than 0.1 monolayer,
the potassium binds tightly to the surface, desorbing at about 1000 K.

As the coverage 1s Increased, the temperature at which the desorption
rate is at a maximum decreases continuously, and at one monolayer the
desorption temperature is at 400 K. We believe that this shift is due

to repulsive lateral interactions between the (slightly ionized) potaSsium
atoms that weakens their bonds with the platinum surface. This is
similar to the behavior of alkall atams on other transition metal
surfaces (Gerlach, 1969; Lee, 1981; Proden, 1980). Assuming first

order desorption kinetics and a preexponential factor of 1 x 1013 s-1
that would be characteristic of a mobile atomic overlayer (Scmorjai,
1981), the variation of the desorption temperature peak with increasing
coverage corresponds to shifts in the heat of desorption from 60 to 25
kcal/mole. The heat of desorption of potassium as a function of coverage
calculated fram the TDS spectra is shown in Figure 3.7. If other
preexponentlal factors are assumed or derived, the magnitude of AHy4g
will change, but it will still exhibit the same general trend as a
function of potassium coverage. The large variation in binding energy
with coverage of alkali metals adsorbed on transition metals has been

observed by others. For example, Gerlach (1969) showed that the heat
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of desorption of potassium on Ni(110) drops from 58 to 28 kcal/mole as
the potassium coverage 1s increased fram near zero to 0.5 monolayers.
All of the models that were proposed to explain this behavior assumed
that the decrease in heat of desorption was due to the depolarization
of the surface dipoles at high coverages.

Another way to explain the binding energy shift 1s to consider an

alkali atam adsorption potential with two terms:

AHags = AHgyp + P(6) Eqn. 3.4

Here AHgyp 1s the heat of sublimation of pure potassium (=20
kcal/mole), while P(6) is a coverage dependent term, related to

the Topping formula (1927), that includes the ionic character of the
adsorbed potassium. The surface dipoles would not affect one another
at low coverages and P(6) would assume a high value. At high
coverages, the dipoles would have a significant depolarizing effect

on one another, decreasing P(6) and therefore AHyqg (see

Figure 3.7).

3.2.2 Structure: LEED studies.

Another interesting feature of alkall adatams is thelr spatial
position on the surface of transition metals. At low coverages and
temperatures the stable configuration for a surface alkali atom 1is
a three or four fold site (Hutchins, 1976; Van Hove, 1976). This
permits maximum coordination which 1s energetically favorablebif the
partially ionized alkall atam is to be well screened.

As the coverage increases, the alkali becomes slightly less ionized

and more weakly bound. Its effective radius increases and the potential
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variations along the substrate lattice became less noticeable. Due to
the strong repulsive interactions between neighboring alkali ataoms
(still partially ionized), the alkali may leave its high coordination
three and four fold site to maximize its distance from other atams.
This can be easily verified by LEED - see below, Fedorus (1970), or
Gerlach (1969 and 1970).

In Figures 3;839d we show the progression of LEED patterns obtained
from the pure potassium overlayers as the coverage is decreased (by
thermal desorption). The pattern in Figure 3.8a was obtained after
depositing a monolayer of potassium. For multilayer coverages the
LEED patterns became more diffuse.

The inner spots of the LEED pattern of Fig. 3.8a are indicative of
an incomensurate hexagonally close packed surface structure. Assuming
one potassium atom per unit cell, the potassium overlayer is calculated
to have a surface density of S.Mxlolu atoms cm2, in agreement
with results found on other surfaces (ILee, 1981). Others define the
overlayer coverage as the atomic density of the adlayer divided by the
substrate surface density; in our case, the coverage with respect to
the surface density of the Pt(111) substrate would be 0.36.

From the LEED pattern we see that the overlayer structure has its
axes aligned with the substrate but with an interatomic spacing of
4,6+0.12, 66% greater than that of the platinum interatomic distance
(2.78%), and slightly smaller than the known metallic potassium
Interatomic distance (4.702). The real space transformation matrix
for this structure is (%'66 9.66)°

As the coverage 1s decreased by desorption, orientational reor-
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dering of the overlayer occured. At first, ring-like patterns appeared.
Upon desorption, the ring transformed into well defined spot pairs,
(Figure 3.8b and c) each pair being split about the (1/3, 1/3) spot
position., After further desorption (by annealing the crystal to 400 K
and cooling), the split pairs eventually coalesced into the (1/3, 1/3)
spot positions, producing a (¥3 x/3)R30° surface structure (Figure
3.8d), at 6= 0.9. Lower coverages only resulted in the the loss of
the (¥3 x/3)R30° surface structure and in the appearance of higher
background intensity. It should be noted that the ordering behavior of
the potassium monolayer on Pt(111) is very similar both to weakly
adsorbed noble gases on metal and graphite surfaces as predicted by
Novaco and McTague (1977), and to the ordering behavior of halogen
monolayers on metals (Pardi, 1980). In many of these studies, the
adlayers were found to have hexagonal symmetry at a coverage of one
monolayer, regardless of the substrate symmetry.

Fran the thermal desorption results which indicate a higher degree
of polarization at low coverages, we would also expect lateral interactions
to favor hexagonal ordering at less than monolayer coverages. We do
not see any ordered structures at coverages less than éx = 0.9,
unless we use liquid nitrogen cooling. That these lower coverage,
ordered structures were not seen with the crystal held above 250 K is
probably due to a two dimensional liquid-like mobility of the potassium

overlayer in this temperature and coverage region.
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3.2.3 Electronic properties: UPS studies.

In ultraviolet photoelectron spectroscopy (UPS), valence electrons
are emitted from atams and molecules and are energy analyzed by an
appropriate electron spectrameter. When studylng solid surfaces, UPS
can give information about the band structure of the substrate, the
orbital energy levels of adsorbates, and the work function (see figure
3.9). The Einstein relation determines the energy of the emitted

electrons:

The work function (¢) is usually determined by subtracting the width
(Ey) of the emission spectrum from the photon energy. The electrons
emitted with the highest kinetic energy (Ey) came from the Fermi level
(Ef), while the less energetic electrons are those emitted fram states
with a "higher" binding energy (Ey).

The d-band in transition metals is usually located within 8 eV of
Ep. Emlssion below the d-band cames fram elther the broad s-p band, an
adsorbate level, or emission from "secondary electrons" (those resulting
fron multiple scattering de-excitation processes). The secondary
electron edge (SEE) is usually 2-3 eV wide and its position is determined
by drawing a line téngent to the inflectlon point and noting where it

intersects the baseline (see Figure 3.9).
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Figure 3.9 Typical ultraviolet photoemission (UPS) spectrum
using He(I) radiation,hv = 21.2 eV.
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The experiments were performed in the photoemission chamber (see
Chapter 2). In Figure 3.10 we show the UPS spectra obtained for potas-
sium on Pt(111) as a function of potassium coverage. (These spectra
are not drawn to scale; the secondary electron yield becomes very
large at high potassium coverage.) Several features should be noted.
First, there 1s a sharp drop in electron emlssion at Ep. This drop
1s observed for most adsorbates on Pt(111), as well as on other metals,
and 1s attributed to an interactlon between the surface d-band and the
adsorbate. Two other features observed upon alkall adsorption are an
Increase in the total secondary electron yileld and an increase in the
width (Ef - Eggg) of the spectrum. Thils is expected since a drop in
the work function should permit more secondary electrons to be emitted,
since the barrier they must pass through is lowered. Figure 3.11 shows
the work function vs. potassium AES signal (coverage). The curve did
not bend back up in this case (Figure 3.2) since only low coverage data
was obtained.

A fourth observation 1s the appearance of a peak at about 19 eV,
see Flgure 3.10. The peak shifts as it should with a change in sample
blas, confirming that 1t comes from the sample, not from the spectrameter
or elsewhere, This peak can be attributed to the K(3p) level, as noted
in He(II) studies (PBroden, 1979; Pirug, 1982). W®hat is interesting is
not that it exists, but rather that it appears before the SEE reaches
it. Figure 3.12 shows that it does not appear for very low potassium
coverages, but only after a threshold coverage is reached. The peak
moves closer to the Fermi level with increasing coverage. This shift

in position can be explained by an increase in final state screening,
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Figure 3.10 UPS spectra for potassium on Pt(111). The
different spectra are not drawn to scale.



Work Function (eV)

=-52-

Work function vs 6,0n Pt (111)

—

0 02 04 06 08 1.0

Potassium Coverage (6,)

XBL 838-3086

Figure 3.11



2l € aan3Tyg

UPS Intensity (relative)

Kon Pt (111)
20 eV peak intensity vs 6,

(o]

»

H

N

Qo

01 02 03 04 05

Potassium Coverage (6,)

XBL 838-3074

-E 9_



5l

The peak has also been observed by Pirug et al (1982). Thelr
explanation 1s that it results from the He(I) transition at hv = 23.1 eV.
This argument, however, 1s not correct since a higher energy photon
will shift the spectrum to higher kinetic energy. A new Fermil edge
would appear at 1.9eV higher kinetic energy, but the SEE should remain
constant. Another possible transition 1s the He¥* metastable transition,
as used in the metastable quenching experiment. But this, like other
rationales which attribute the peak to a different excitation energy,
should result in a shifted Fermli edge, not a lower SEE.

Several other possible explanations can be offered to account for
this observation. First, since Op, Hp0, and CO» impurities readily react
with the overlayer, we considered that small potassium oxide islands
could be formed. Such an island would probably have a low local work
function, and the UPS spectra would show a superposition of the two
spectra. This argument can be discounted because the feature is a
real peak, not a second SEE which would result if there were two
regions of differing work function.

Another explanation 1s that the electron emission from a potassium
atan on the surface is actually easier than emission from the bulk
because of atamic-scale electrostatic potential differences. As noted
above, a surface additive does not change the bulk chemical potential
term of the work function, but it does modify the surface dipole compo-
nent. The dipole layer for a metal exists within a few angstrams of
the surface. In our case the position of the adsorbate (potassium)
within the dipole layer might be determining the extent to which its

core electrons see the "full" work
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function upon ionization, see Figures 3.13 and 3.14. In other words,
an electron caming from the bulk would experiehce a different field
than an electron emitted fram a localized potassium core orbiltal which
is positioned half way through the dipole layer. Several problems
remain with this interpretation. Why would the K(3p) electron see a
smaller dipole field than other valence electrons on potassium? Why
wouldn't all electrons be emitted through the potassium if it is the
path of least resistance? We can rationalize these problems by noting
that the potassium U4s valence electrons are polarized towards and
delocalized throuéhout the metal, unlike the K(3p) electron. So, to be
emitted as secondaries, the K(Us) electrons may feel the full barrier
as represented in Figure 3.13. 'This plcture is in disagreement with
the conventional picture of potential barrlers at the surface.

We also coadsorbed CO and potassium on Pt(111), see section 4.2.4.
CO caused the work function to increase and the K(3p) signal intensity
to decrease, see Figure 3.15a, although there was no change in potassium
coverage., The same observation was made when benzene was coadsorbed
instead of CO, see Figure 3.15b. 'This Implies that some electronic
property, not Jjust the potassium coverage, is determining the intensity
of K(3p) emission. The potassium atams can work collectively to bring
down the local electrostatic potential around each potassium atam. A
threshold effect could explain why no K(3p) emission was seen at low
coverage.

A third possible interpretation is that the photoelectron iloniza-
tion cross-section changes with a change in work function. BHere,

the K(3p) peak position would be on the SEE tail, but because of some



—56—-

\\

unperturbed potential energy of metal and
potassium atom

----- perturbation dipole field created by partial
ionization of potassium at the surface

=—— final potential energy diagram
XBL 838-11076

Figure 3.13 The local electrostatic potential at a surface.
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Figure 3.15a K(3p) peak on CO covered surfaces.
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Figure 3.15b K(3p) peak on benzene covered Pt(111).
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resonance phenamenon, its cross-section 1s much higher than that for
secondary electron emission. It would thus appear as a peak beyond

the SEE, while in fact, it is only a resonance on the tail. (In the
previous - second - explanation, the photoelectron cross-section was
constant, but the photoelectrons once produced, were more easily emitted
from the surface as the work function dropped.) This third interpre-
tation 1s unlikely as the peak height should change much more sharply
with decreasing work function, instead of beilng a linear function of
potassium coverage as in Figure 3.12.

Other workers have also noted interesting local work function
properties. In the photoemission of adsorbed xenon (PAX) experiment,
performed by Wandelt et. al. (1981), xenon is adsorbed and the position
of the Xe(5p) electron level 1s measured by UPS. Changes in peak
position between metals and different crystallographic faces of the
same metal are noted and are correlated with the work functlion of the
surface under study. They also note that cooled xenon overlayers
preferentially occupy step and kink sites and can thus determine local
electronic (work function) properties of these defects, as well as
adsorbates. This experiment demonstrates nicely that charge i1s not
canpletely smoothed out along a real surface, but exhibits local inhomo-
geneities.

From this perspective, it becomes reasonable to consider that an
electron localized on potassium above the surface 1s more easily ionized
than a bulk electron of the same binding energy supporting our second
interpretation. Whatever the reason, the observation of this peak

below the secondary electron edge does imply that more serious attention
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should be given to studying the local electronic properties of surfaces.
Several problems still remain in our understanding of alkali-surface
interactions. Although much 1s known, the exact nature of the charge
transfer remains to be fully resolved. In particular, should it be
described as an ionization or polarization and what are the localized and
delocalized screening properties? 'The problem of understanding which
substrate orbitals interact with the adatoms, and what kind of rehybrid-
ization they undergo, is very Important for a complete analysis of .

alkalil monolayers.

3.3 Alkali oxides: K»0 on Pt(111).

3.3.1 Thermodynamics: TDS studies.

Metallic potassium on the Pt(11l) surface readily promotes the
adsorption of 0p. This is in sharp contrast to the low (defect-
sensitive) sticking coefficient of 0o an clean Pt(111), estimated
to be in the range of 10~2 to 10-6 (Monroe, 1980; Weinberg, 1972).

The potassium oxide overlayer thermal desorption spectra are given in
Figures 3.16 and 3.17. Potassium (mass 39) desorption, is recorded in
Figure 3.16 and oxygen (mass 32) desorption in Figure 3.17. The two
thermal desorption spectra overlap, indicating simultaneous desorption
of potassium and oxygen. While no noticeable desorption of potassium-
oxygen cluster could be detected by the mass spectrameter, it is known
that Ko0 can exist as a vapor species (Drowart, 1964). We must
therefore consider the possibility that any potassium oxide cluster
that may desorb 1s broken apart by the mass spectrameter lonizer. Our
results, however, only give evidence for the simultaneous detection of

k* and 02+. We camnot say with certainty whether the dissociation
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Figure 3.16 Potassium thermal desorption from a "potassium
oxide'" monolayer on Pt(111).
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Figure 3.17 Oxygen thermal desorption from '"potassium
oxide" overlayer. 10 Langmuir exposures.



64—

occurs at the surface or in the ionizer.

The potassium (mass 39) thermal desorption spectrum in Figure 3.16
indicates a slight decrease in heat of desorption as the coverage is
increased. Again, assuming first order desorption kinetlcs, the change
in desorption temperature corresponds to a heat of desorption shift
from 60 to 50 kcal/mole as coverage 1s increased from 0.1 to 3 layers.
This is much less than the 40 kcal/mole shift seen for pure potassium.
Here, the potassium coverages are reported in units of overlayer coverage
(6xp), where the K(252 eV)/ Pt(64 eV) Auger monolayer ratio is
1.9, compared to 1.1 for potassium adsorption alone. This means that
more potassium fits into a "potassium oxide" monolayer than in a pure
potassium monolayer. The desorption temperature for the multilayer
remains at about 810 K. We see by camparing the potassium desorption
spectra for the pure potassium and potassium oxide overlayers, that
for potassium coverages in excess of 0.2 monolayers, the oxygen
thermally stabilizes the overlayer. This factor may be of significance
under actual catalytic conditions. (Full oxidation of the potassium
however, decreases its ability to act as an electronic promoter; see
section 4.2.3 below.)

The oxygen thermal desorption spectra are shown in Figure 3.17.
After predepositing various amounts of potassium on the Pt(111) crystal
face, we exposed the surface to 10 L of Op. The first major peak to
develop in the thermal desorption spectrum appeared at 660 K. This peak
had a long tall and retained its position, shape, and intensity, up to
potassiun coverages 1n excess of one monolayer. The peak disappeared

at these high coverages. As we increased the potassium coverage above
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8ko = 0.2, a second oxygen peak appeared at 730 K, and then moved up
to 770 K as the potassium coverage was increased to a monolayer. At
higher coverages this peak also disappeared. A third peak then developed
at 900 K appearing at coverages of 6xp>0.5. It retalned 1ts position
and size, even in the multilayer. And lastly, a fourth peak appeared at
820 K, at the completion of the first monolayer. This was found to be
the dominant peak in the multilayer. We also note that at potassium
coverages between 0.5 and 1.0 monolayer, a low energy peak appeared at
500 K. This might be due to chemisorption of molecular oxygen.

At present we only wish to note that several forms of oxygen are
present on the surface, and that same of the oxygen desorbs simultaneously

with the potassium although not necessarily as a potassium oxide cluster.

3.3.2 Structure: LEFED studies.

Four stable and reproducible ordered potassium oxide surface
structures were seen by LEED at specific potassium and oxygen coverages.
These structures included three which were commensurate, (4x4),

(8x2), and (10x2) overlayer structures (Figures 3.18 and 3.19a)

and an incommensurate one (Figure 3.19a). The (4x4) surface structure
(Figure 3.18b) was generated by exposing a cooled Pt(111) crystal with
6x>1.5 to 10 L of Oy, and annealing the crystal at 650-680K for
several seconds. This, in effect, desorbed the oxygen assoclated with
the 650 K peak in the TDS spectrum of Figure 3.17. The pattern was
observed over a range of coverages for which K(252 eV)/Pt(64 eV) Auger
peak ratios of between 1.5 and 2.5 were found. The K(252 eV)/ 0(510
eV) peak height ratio was 5 * 0.2 for the (U4xl) surface structure,

for both relatively high and low total coverages. The fact that the
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same LEED pattern was observed over a range of "potassium oxide" total
coverages, yet where the potassium to oxygen stoichiometry stayed
constant, is indicative of ordered damains on the surface at less than
monolayer coverages.

After annealing to 700 K and cooling to roam temperature, an (8x2)
overlayer structure developed (Figure 3.18c). One of the most stable
structures was the (10x2) (Figure 3.18d) generated by annealing
the sample at 750 K for several seconds. This pattern was visible with
K(252 eV)/Pt(64 eV) Auger peak ratios of 1.25-1.6 and with a K(252
eV)/0(510 eV) peak ratio of 7.3*0.3. As Figure 3.19a shows, the
(10x2) surface structure could be induced to form one domain.

This was accomplished by ion bombarding the surface at a slight angle
(about 5°) away from the surface normal during the cleaning stages.
The single domain pattern was then readily analyzed to yield the (10x2)
surface structure.

The pattern in Figure 3.19b was also generated by heating the
crystal to 750 K, but appeared to have slightly less oxygen incorporated
into the surface oxide than the (10x2) structure. The K(252 eV)/0(510
eV) Auger peak ratio was found to be 7.7+0.3. Upon close examination
of the LEED pattern in Figure 3.19b, one sees that the most intense of
the inner spots 1s not located in the exact half order spot locations,
which would imply a (2x2) surface structure. Instead they are
shifted slightly outward indicating an incommensurate overlayer. This
deviation from the half order spot position (and hence the deviation
from a (2x2) overlayer structure) is readily calculated from the

positions of the double diffraction spots. The extra spots yield a
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hexagonal o§er1ayer unit cell lattice constant of 4.T1R, a 15%
contraction from a (2x2) structure.

A likely stoichiometry that could account for this structure 1s
K20, in which each oxygen is hexaéonally surrounded by 6 coplanar
potassium atans and each potassium by 3 oxygen and 3 potassium atams.
Using the average ionic crystal radii for K* (1.332) and 0-2. ( 1.4A)
the Ko0 unit cell lattice parameter should be 4.69A, very close to
" the value, derived from the LEED pattern. To confirm this model; a more
exact LEED intensity analysis will have to be made of the overlayer,
and combined with the HREELS and photoelectron spectroscopy results.
- Triple layer models have been proposed (Broden, 1980; Pirug, 1982) for

alkall oxide overlayers, and carmnot be excluded.

3.3.3 Electronic properties.

Other changes occur, such as in the work function of the metal,

but these depend on the exact stoichiometry of the surface. The work
function 1s sometimes lowered below the alkali value if oxygen is
adsorbed before the alkali (or if the coadsorbed layer is annealed):
ane interpretation for this 1s that a-tfiple layer develops wlth
alkali on the Qutside, oxygen in the middle, and then bulk metal on the
ihside; However, if alkali is adsorbéd first, the wofk function can
be observed to 1ncrease upon O, adsorptlon (Papageorgopoulos, 1975).
- The low work function and relatively high stability of alkali oxides
is exploited 1n the design of thermionic and photoelectron devices
(Mayer, 1940).

In catalysis, it is still uhcleér to what degree the alkali is

oxidized during a catalytic reaction. Several studies have been made



using various probes including scanning Auger and electron microscopy
(Chen, 1973; Ertl, 1983; Hanji, 1981). Some of these have shown that
potassium 1s oxidized on iron catalysts used for fhe ammonia synthesis.
They also showed that most of the potassium oxide resides on the support
but that a certain fraction does envelop the aétive iron grains. In
other studies of potassium monolayers on nickel.methanation catalysts,
it was shown that the potassium was not oxidlzed during the reaction,
but "solvated" by water molecules on the surface (Campbell, 1982).

A1l of these studies, however, were on samples analyzed in vacuum
following a reaction and were not actual studies of the alkall made

while it was at high pressure.

3.4 Alkali adsorption on stepped surfaces.

We have also carried out the experiments described above on the
stepped Pt(755) [or 6(111)x(100)] surface and found only a few
minor differences. The thermal desorption spectra of both potassium
and potassium oxlde were very similar to that of the flat Pt(lil)
surface. The LEFD patterns of pure potassium monolayers were nbt visible,
but single domain patterns of (4x2), (8x2), and (10x2)
potassium oxide structures were all seen. Potassium was also found to
be distributed evenly among step and terrace sites when titrated with

00 (section 4.1.2).
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Very simple UHV experiments, such as thermal desorption spectroscopy,
can greatly increase our knowledge of alkall additive effects in
heterogeneous catalysis., In addition to our own work, several other
authors have recently published papers about the effects of alkalil
metal monolayers on ~var':Lous molecular and atomic coadsorbates. A
variety of techniques have been used including TDS, UPS, XPS, HREELS,
~ work function measurements, and surface penning ionization electron
spectroscopy (SPIES). In .this chapter, we will first discuss our
results for the 00 + alkall coadsorbate syétan in detaill, then review
the main features of the studles that we have performed on other alkalil
- molecular coadsorbate systems (NO, benzene, etc.), and end by r'eviéw:mg

the literature on related systems.

4,1 Carbon monoxide adsorption on potassium-dosed Pt(111).

4.1.1 ©O bonding to metals.

Hlyholder (1964) suggested that the bonding of CO to a metal
involved not only a 50 CO orbital overlapping with metal s and p
orbitals, but also d-orbitals from the metal backbonding into the 2r CO
orbital. 'Ihis» type of bonding is shown in Figure 4.la. This model of
metal-carbonyl camplexing has came under same criticlsm, but there is
now reasonable agreement concerning 1ts general validity. There does,
. however, appear to be. some disagreement about which metal orbiltals
play the most important role both in the acceptor and donor functions.
For instance, same theorists have used the d-orbitals of the metal as
acceptors for the 5¢ donation, instead of the metal s and p orbitals
suggested by others. ‘Nbr'eover, a recent molecular orbital calculation

of CO on a lithium cluster has shown significant backdonation from the
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Figure 4.1 (a) important orbitals involved in.CO bonding
to a metal. (b) diagram of electron flow in
coadsorbed K + CO system.



~Th

I1 2s and 2p levels into the 2n CO orbital, i.e. no metal d-orbitals
were required for backdonation (Post, 1981). It is becoming clearer
that more rigorous ab initio calculations are needed because significant
rehybridization 1s taking place, and that approximate treatments have
only limited applicability. For most metal-CO systems, the electron
orb}tai levels can be represented as in Figure 4.2.

The adsorption of CO on Pt(111) has been extensively studied;
(Steininger, 1982; Campbell, 1981; Crossley, 1980; Winicur, 1981;
Norton, 1979; Baro, 1979; Froitzheim, 1977; Ertl, 1977). Figures 4.3
and 4.4 show our TDS and HREELS spectra for several (0 coverages on
Pt(111). These spectra agree well with other studies. The thermal
desorption spectra show thepe is one desorption peak whose maximum
shifts to lower temperature and bfoadens with increasing coverage.
Assuming the recently derived preexponential factor of 1013 s-1,
for CO adsorption on the flat Pt(111) surface (Winicur, 1981), the
heat of adsorption decreases with coverage from 1ts low coverage
value of 32 kcal/mole to 27 kcal/mole at saturation. It is now generally
agreed that CO bonds'with the carbon end toward the surface. The
vibrational spectra show that CO adsorbs molecularly on the platinum
surface in both 1linear (2100 am—l) and bridge-bonded (1870 cam—l)
configurations. The corresponding Pt-C stretches occur at 475 enrl
and 355 an~l respectively. Furthermore, CO is only linearly bonded
at low coverages, while with increasing coverage the bridged position
becames partlally occupled. Finally, the vibrational frequency of the
linearly bonded species increases by 30-40 ecm~l as the O coverage

Increases.
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4,1.2 TDS studies.

Substantial changes in the TDS, HREELS, and UPS spectra occured
when potassium was co-adsorbed with CO on Pt(111). No ordered LFED
patterns were observed with the co—édsorbed system.

Thermal desorption spectra for various CO exposures on Pt(111) at
a constant potassium coverage are shown in Figures 4.5, 4.6, and 4.7.
| We see, in Figure 4.5 (with 0x=0.1) that at low CO exposures (< 0.1L)
the desorption peak is centered around 490K, shifted up by about 50K
from clean Pt(111). The peak shifts to lower temperature and broadens
as the CO coverage 1s increased. After > 5L exposure, the full width
at half maximum (FWHM) of the desorption peak increases to = 120K, and
the peak 1s asymmetric. This trend of shifting peak and increasing
FWHM becames more apparent és the potassium coverage 1is increased.

At eg=0.2 (Figure 4.6) the low exposure (< 0.1L) peak is centered
around 520K while it broadens to a FWHM of ~ 160K at saturation CO
coverage. At 0x=0.3 (Figure 4.7) the peak has shifted as far as

590K for CO exposures less than 0.1L, and the saturation coverage
desorption curve has broadened out considerably with the FWHM expanding
to 200K. In these figures, it 1s evident that the desorption peak
broadens continuously with both Increasing CO exposure and increasing
potassium coverage (up to 0x=0.5). The mechanism giving rise to

the broad desorption peak wlll be discussed below.

Figure 4.8 shows the thermal desorption spectra for saturation CO
coverages on the Pt(111) surface at various potassium coverages. We
see the pronounced effect that potassium has on the heat of desorptidn
of CO. At 0g=0.05, the CO desorption peak maximum has already shifted
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toward higher temperatures fram the 4OOK peak maximum for clean platinum.
This shift toward higher temperature continues for 0x=0.2 cambined
with substantial peak broadening on the high temperature side. By 0x=0.3,
the FWHM is 200K and the peak has shifted to nearly 600K. Above ©g=0.5
the maximun CO coverage decreased markedly as determined by TDS peak
area, but the CO desorption peak remained at 610K. No CO adsorbed on
pétassium multilayers., A small amount of residual CO desorption (=57%
of saturation) centered at H26K, which was shown to be due to crystal
back, edge, and/or support effects, has been subtracted from all of
the spectra. Again, assuning a preexponential factor of 1013 s‘l,
and first-order desorption kinetles, an 1ncréase from 400K to 610K in
desorption rate maximum corresponds to a heat of adsorption 1ncreaée
from about 25 to 36 kcal/ mole. Finally, no significant irreversible
CO dissociation was evident since no carbén'or oxygen remained on the |
surface as detenninea by AES after heating to 650K.

We have also plotted the CO coverage vs. potassium covérage for 10L
CO exposure in Figufe 4.9. For room temperature exposure, the maximum
coverage of CO increases slightly at first, then decreases at high
potassium coverages. This is the result of the competing effects of
an increase in CO binding energy due to potassium coadsorption, as
well as a blocking of sites by the potassium. At low potassium
coverage, thé increase in CO binding energy allows for tighter CO
packing. 'This offsets the decrease due to the blocking of exposed Pt
surface sites, that daminates at high K coverages.

Figure 4.10 shows the 00 thermal desorption spectra from a

stepped platinum surface with coadsorbed potassium. The increase in
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desorption temperature of both terrace and stepped CO peaks implies
that the potassium is not localized on either site, but is positioned
samewhat evenly across the surface. This should be expected fram

their strong repulsive interactions (see Chapter 3).

4.3.2 High Resolution Electron Energy lLoss Spectroscopy Studies

The effect of potassium on the vibrational spectrum of CO is
1llustrated in Figures 4.11 and 4.12. Figure 4.11 shows the room
temperature HREELS vibrational spectrum for saturation exposures
(> 10L) of CO as a function of potassium coverage. Potassium coverages
were achleved by depbsit'ing a monolayer or more of potassium, then
heating the surface to achleve the desired coverage by desorption.

The potassium coverages weré determined by TDS and AES calibrations,
as described in (hapter 3. One should remember that one potassium
monolayer, 0x=1, has about one-third the atamic density of a Pt(111)
’ sur'facé layer.

Figure 4,12 shows the changes in the vibrational spectrum as the
CO coverage 1s varied at a constant potassium coverage. In these
figures the reported temperatures indicate those at which the crystal
was annealed for several seconds prior to recording the spectra; all
spectra were obtained at 300K. This annealing process is used to
vary the CO coverage: the higher the annealing temperature, the lower
the 00 coverage (although the actual coverage was not determined).
Since the partial monolayer potassium coverages were obtained by
annealing a monolayer of potassium to at least 700K (e.g. annealing to
TOOK produced 0g=0.3), no noticeable potassiuxﬁ desorption was

detected using this process to vary CO coverage.
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In Figuré 4,12a we show the vibrational spectra as CO coverage is
varied ex= 0.07. In the spectra taken at room temperature, both peaks
are shifted slightly from the clean CO saturation coverage valueé (see
Figure 4.4)., Only small variations occur Until 400K, where the linear
stretching frequency 1s decreased subsfantially. At 410K, both the

linear and bridged species have the same peak height. Note that on
clean Pt(111) at this temperature, only the higher frequency species 1is
| present (see Figure 4.4), while here both species are present. As the
coverage 1s decreased, the peak height of the linear specles continues
to decrease faster than the bridged species., The position of the
stretching vibration, however, has decreased more substantially for the
bridged site than for the linear site (115 anrl vs. 25 anl).

At a potassium coveraée of 0g=0.05, lower than that shown in
Figure 4.12a, similar trends occur with 00 coverage as discussed above,
however both peaks decrease in height at nearly fhe.same rate, becaning
equal only at a very low coverage very near total desorption (425K).
The frequency shif'ts are similar to those shown in Figure M.léa, with
aﬁ average frequency shift ~ 20 an‘l‘leés than at 0¢=0.07.

The trend of deéreasing stretching freQuency and higher occupation
~of the bridge site continues for 6x=0.10 (not shown). In this case
however, the linear and bridged peak helghts are nearly the same at
saturation CO coverage. The bridged site dominétes at CO coverages:
less than saturation. The stretching vibration decreases to a low of
1715 em~l for the'bridged position with no linear specieé present
after annealing to 435 K.

Figure 4.12b shows the HREELS spectra for 0x=0.3. At this potas-
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siun coverage we see that most of the CO adsorbs in bridge bonded
sites, with a small amount of adsorption occuring in the linear site
only at high CO exposures. Both stretching frequencles are strongly
affected by the potassium. The bridged 00 stretching frequéncy at
1725 an-l, already shifted substantially at saturation coverage,
continues to shift to lower frequency as the CO coverage decreases.
Notice that this shif't 1s continuous with increasing temperature,

but that the desorption process occurs over a broad temperature range
~ as was evident in the corresponding TDS curves in Figure 4.7. No
spectra were taken on samples heated above 525K yvhere further decreases
on CO vibrational frequency might occur. The weakest CO stretching |
frequency we recorded occurs at 1400 am—l.

We note that the éxisténce of bridge bonded CO with a vibrational
frequency of 1400 an—l calls into question the conventional assigrment
of 1300-1500 am~! vibrational peaks as being due to carbonates and
formates. (n real catalysts they may instead be the result of multipiy
bonded CO adsorption on pramoted sites. Also the large 470 el
~ decrease in the bridge bonded CO stretching frequency ralses the question
of the nature of the C-O bond. The 1400 em~1 CO frequency we observe
for the 00/K coadsorbed system on platinum is characteristic of a
molecule with a bond order of 1.2-1.5 (Pauling, 1960), campared with a
bond order of 2.4 for free (0. Thus, the CO bond appears greatly
stretched without dissociation of the adsorbed CO species. (Note: a
‘more complete description of these HREELS spectra can be found in the

PhD thesis of my coworker, John Crowell, Berkeley 1983.)
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4.1.4 Ultraviolet Photoelectron Spectroscopy Studies.

In Figures 4.13-4.16 we show .the UPS spectra and their.dif‘ference
spectra for CO adsorbed on Pt(111) with various coverages of potassium.
On the clean Pt(111) surface, Figure 4.13, the a.dsorption of CO 1is |
accdnpanied by several changes in the UPS spectra. As with K, CO
caused a drop in emission from the peak, lying just below Ep. This is
accampanied by the growth of two features located at 5.3 and 9.5 eV
binding energy. For low CO coverages, there is also a peak at 12 eV.
This peak becames lost in the difference spectra at higher coverages
because a large peak f'esulting from a change in the wdrk function
appears at 14.5 eV. When CO is coadsorbed with potassium, Figures 4.14
and 4,15, the main features of the spectra seem to be the cambination
of the results for clean pofaséium and clean CO overlayers. The peak
at 5.3 eV appears not to shift,.although by ok = 0.65 it has disappeared
in the difference spectra. The peak at 9.4 eV broé.dens further into a |
doublet at 8.5 and 9.8 eV. 'The peak at 12.3 eV shifts to about 13 eV,
see Figures 4.16a and b, but becames lost in the large change in the
secondary electrons. The work function change decreases slightly with
00 exposure on clean Pt(lll); while it increases for higher potassium
coverages, see Figure 4,17. In Figure U4.18 are UPS spectra taken
several years earlier to those shown in Figures 4.13-4.16. This also
shows the_ broad 5¢ - 1r level. A more gcmplete.ver'sion of these results

will appear elsewhere.
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4,1.,5 Discussion.

The preadsorption of potassium has marked effects on the adsorption
of CO on Pt(111). 'The major experimental findings can be sumarized as
follows: |
1) The addition of submonolayer amounts of potassium continuously
increases the heét of adsorption of CO on Pt(lll)‘from 25 keal/mole
for clean Pt(lll) to 36 kcal/mole for neaf monolayer covefages.

11) Associated with the increase in heat of adsorption is a 310 em-1
decrease in the stretching frequency of the bridge bonded CO molecules
from 1870 an~l on clean Pt(111) to~1560 en~l with 0.6 monolayers

of coadsorbed potassium.

111) The OO thermal desorption peak broadens continuously to a maximum
of 200K (FWHM) at saturatioﬁ CO coverages as the potassium coverage is
increased.

iv) At a fixed potassium coverage, the CO vibrational frequencies fof
both linear and bridge adsorption sites decrease substantially with
decreasing CO coverage.

v) On the potassium-free Pt(111) surface, CO prefers to occupy top
adsorption sites while on the potassium-covered surface, CO adsorbs
preferentially on bridged sites.

vl) Thé work function of the Pt(111) surface decreases by U4-4.5 eV
upon thé adsorption of one third of a monolayer of potassium, but
increases by 1.5 eV when 00 1s coadsorbed.

vii) The lUo CO orbital energy shifts down, and the 5¢ - 1lr level

splits when potassium is coadsorbed.
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These results can be 1hterpreted by examining the electron acceptor
character of CO and the changes in charge density at the platinum surface
as potassium 1s adsorbed.

The bonding of carbon monoxide to metal atams involves a simul-
taneous electron transfer fram the highest occupied molecular"brbitals
of €O (5¢) to the metal and backdonation of metal electrons into
the lowest unoccupied molecular orbital (21:*) of CO (Elyholder, 1964;
Doyen, 1974). The backdonation of metal electrons into the 2"30
orbital leads to a simultaneous strengthening of the M-C bond and a
weakening of the OO bond, as seen in Figure 4.1, where the dpt -

'2néo orbitals are in phase (bonding) between Pt and C, while
being out of phase (antibonding) between C and O.

In our experiment, changes in backdonation to CO are induced by
using an electron donbr, potassium. Charge is transferred from the
potassium to the platinum, wiﬁh electrostatic screening of the resultant .
positive charge on the potassium‘by hetal electrons. This polérization
is displayed by the large drop in work function upon potassium adsorp-
tion. Then, upon CO coadsorption, an enhancement (relative to clean
Pt) of backdonation into the CO occurs as a result of changes in surface

. charge dehsity induced by potassium. |

Two similar explanations have beeh used to understand backdonation
- in similar systems énd can be applied here. The first proposes that

a potassium-induced change in the platinum surface valence band
occupancy and a shifting of the CO molecular levels permits a greater
occupancy of the conjugate dPt - 2“20 orbitals. The second

explanation assumes that'a conjugate dpy - 2";0 orbital becomes
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fully occupled upon adsorption, but that the surface dipole cdnponent
of the work function determines the relative occupation of the metal-
and 2n20 orbitals, i.e. the spatial distribution of éharge

within the conjJugate orbital. In the potassium-free, high work function
case, most of the electrons in the orbital would be localized on the
platinum atans. n the potassium covered, low work function surface,
however, the electrons in the dpy - 2“20 orbital would

become less localized on the Pt, shifting their charge density more
onto the C and O atamic positions, giving the conjugate orbital more
2"20 character. Both models would account for the observed

results of an increased Pt-C binding energy and decreased C-O vibrational
frequency.

The UPS experiment offers us the best deﬁennination of the energy
levels of adsorbed CO in the absence of a more exact determination of
energy and relative occupancy. If, by decreasing the surface dipole
field we bring the 27 gas phase level closer to the Fermi level, then
the overlap between the 2r level and the metal orbitals should increase.
In this extreme plcture, the molecular orbitals of the adsorbate (at
least the 2w.1evel) are not "pimned" to the Fermi level. They do not
track the Ferml level as one changes the work function - but rather are
at constant energy with respect to the vacuum level. This argument is
sometimes invoked to explain the energy level shifts of physisorbed
specles.

At the other extreme, all of the orbital energy levels of a
chemisorbed species are sald to be "pinned" to the Ferml level. In

this case, however, 1t is more difficult to reconcile the large changes
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in CO chemisorption observed as the work function is changed (i.e.
when potassium is added.) If all the electron energy levels moved .
with changes in work function such that they remained at constant
position with respect-to the Fermi level, then no changes in bonding
should necessarily occur. Wé see experimentally, however, that this
argument 1s wrong slnce large changes in chemisorption properties do
occur when CO (or benzene see below) is coadsorbed with potassium. A
more intermediate situation probably,exists where the levels (in parti-
Eular the 00 2n level) follow néither the Fermi nor vacuum levels”
exactly.

In the UPS difference épectra we note a peak at 5.3 eV, This
does not correspond to any molecular CO level. This feature has been
observed by others for adsorbates on platinum (Helms, 1976) as well as
other metals, and is thought to be due to subtle changes 1In the d-band.
The 0O 2n level exists about 2 eV below Ef, but 1is not clearly observed
by UPS. Its position and océupancy has recently been analyzed by Ebsco
(1983). 'The first (in order of decreasing energy) molecular orbitals
of CO that are detectable, are the lv and 5¢ levels which appear as
overlapping peaks at 9.4 eV. As potassium is added, the peak broadens
and a shoulder .develops at 8.5 eV? This feature has been observed by
others, and is thought to result from a shift in the 1lr level towards
lower binding energy. 'The lo level, on the other hand, appears to
move from 12 to almost 13 eV. 'This means that the 4o - 1 spacing
increases. From a molecular orbital point of view, the 1ﬁcrease in the

1n level position can be expected. Since backdonation into the 2r
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level wlll increase the distance between the carbon and oxygen atoms,
the 1n bonding level should be destablized, moving it up in energy.

The decrease in position of the UYo level is somewhat harder to inter-
pret, because it is a nonbonding level. Since the 0O molecule has more
negative charge on it (in the 2n level) the Uo level (as well as the
other core levels) may be screened better, as observed for the core
O(2s)'and C(28) levels (Kiskinova, 1983), but this should cause a shift
in the other direction. n the other hand, an initial state shift (to
higher binding energy) of the CO core levels should also result from the
potassium induced change in local electrostatic filelds.

For high potassium coverages, the work function was found to increase
with Increasing OO exposure, while on the potasslum free surface, CO
caused the Pt(111) work function to decrease. This behavior can be
understood from the donor-acceptor model of CO. ‘The main bonding
mechanism, on the clean Pt(111l) surface, is a 5¢ bonding donation
into the metal. On the lower work function potassium covered surface,
electrons can be backdonated more easlly into the 2r level. CO then

becames an acceptor as well as a donor.

Theoretlical calculations are required to determine which of these
effects, or others, is dominant in determining the observed results.
Recent extended Huckel calculations performed by Anderson (1983) have

shown that our results are in agreement with their theoretical predictions.
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In that study, the valence state ionization potential (VSIP) of Aa
platinumn cluster was decreased by potassium. A second calculation for
C0 on the cluéter'showed that when the VSIP was decreased (mimicking
the potassium effect), the CO moved from a linear to a bridged and even
three fold site, and the metal-carbon bonding became stronger due to
increased backdonation into the 2r orbital. Van Santen (1983), however,
has shown that direct eiectr'ostati'c interactions can be important.
Other calculatibns of CO adsorbed on nickel (Rosen, 1979) and lithium
(Post, 1981) clusters have shown that the Zn& orbital can also
conjugate with 8 and p metal | orbitals of the proper symmetry, and that
00 vibrational frequencies below 1500 an~l can be predicted.

The 11 kcal/mole 1ncr'e_ase in adsorption energy of CO (upon potassium
coadsorption) supports the model of enhanced electron backdonation. In
‘addition ﬁo strengthening the metal-carbon bond , backdonation should
also weaken the carbon-oxygen bond as noted above, lowering its vibra-
tional frequency. This indeed occurs since the vibrational frequency
of bridge bonded CO at saturation coverage decreases by 310 an-l as
the potassium cover'agé is increased to 0.6 monolayers. The ther'mo-
dynamic changes can be represented by Figure 4.19. Here both the mole-
cular adsorption energy and the probability for dissociation increase
with potassium coverage (state #1).

Another effect of the platinum mediated potassium-CO interaction
is the continuous ‘-and large decrease in both top and bridged site
vibrational frequehcies as the CO coverage 1s decreased at constant
potassium coverage (see Figure ‘4.12). This observation has its thermal
desorption analog in the continuous broadening of the desor'p‘cion_'peaks
in the €x=0.3 TDS spectra (Figure 4.8). If one considers the CO
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- molecules at various coverages to be in campetition for the excess
charge on the platinum provided by a fixed number of potassium atams,
then both the IDS and HREELS obserVations support the model of electron
backdonation. When fewer CO molecules are chemisorbed at a fixed
potassium coverage, the larger amount of backdonation per CO molecule
leads to an increased adsorption energy and decreased vibrational
frequency. |

The change in (0 adsorption site from linear to bridged with
increasing potassium coverage is striking. Nieuwenhuys (1981) has
shown that the degree of electron backdonation increases with the
lowering of the work function of a metal surface. Our results riot
- only indicate an increased heat of adsorption and decreased vibrational
frequency due to the decreased work function, but also a change in
CO site location. E& continuously lowering the work function of the
Pt surface by the adsorption of pétassiun, we are changing the most
energetically favorable site location from top to bridged. This tendency
has also been noted by Gonzales (1982) in high préssure supported
catalyst studiés. It must be noted that we cannot rule out the existence
of the threefold site CO molecule when the stretching frequencies
decrease to their low coverage values.

Dipole-dipole interactlions have been postulated for the CO-CO
interaction on clean Pt(111), aé well as on many other surfaces. As.
discussed by Crossley and King (1980), the 40 eam~l increase of CO
stretching frequency as the CO coveraée is increased on clean Pt(111)
i1s due to dynamic dipole-dipole coupling interactions. The corresponding

contribution cannot be readily determined for the K-CO coadsorbed

?
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system, but we believe increased backdonation 1s the daminant conﬁribution
accounting for the 325 an—l decrease in the bridge bonded vibrational
frequency as the CO coverage is decreased at 0x=0.3.

The idea of charge interactions has been proposed for other systems,
for instance, to explain the promoting effect of potassium for the
catalyzed hydrogenation of 00 (Dry, 1969; Benziger, 1980; Broden, 1979)
and for the ammonia synthesis (Ozaki, 1979; Ertl, 1979) over iron, and
for CO interactions with alkall covered Ni(100) (Broden, 1980). This,
however, 1s the fifst study that allows one to monitor significant
changes in the magnitude of the backbonding effect without other
complicating surface reactions occurring, such as dissociation.

The possibility of direct bonding (either covalent or ionic)
between K and CO on platinum cah be ruled out by our observations.

Figure 4,12 shows that for a fixed potassium coverage, the CO stretching
frequency merely increases gradually with increasing CO coverage. If
direct K-CO interactions daminated, one would expect different vibrational
frequencles for the molecﬁles depending on their proximity to potassium
adatdms. Once all CO sites closest to potassium atams are occupiled,

the subsequently adsorbed CO molecules will find only clean platinum
adsorption sites. This would give rise to multiple CO stretching peaks
with wide variations in frequency. Although we do see same peak broadening,
it is not enough to indicate significant bonding interactions.

Similarly, if direct K-CO interactions occurred, at low potassium
coverages, the CO ‘thermal desorption spectra shogld show two peaks, one
at 600K for the K-CO species and one at 4OOK representative of potassium-

free adsorption on Pt(111). This does not occur; we see a continuous
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increase in the high temperature TDS tail with increasing potassium
coverage. Within the range studied, CO molecules on the surface are'
Seeing approximately the same "altered" substrate, regardless of their
proximity to the K atams. Thus the K-CO interaction appeafs not to be
direct or locallzed, but delocalized over at least two or three inter-
atanic distances.

Although the Pt(111)/K system studiedlhere is different from the
multicamponent surfaces used on actual industrial catalysts, the cata-
lytic implications of our results are significant, especlally with
respect to CO hydrogenation reéctions. The increase in backdonation
strengthens the M-C bond and weakens the C-0 bond, thus increasing the
- probability of diésociation_and hydrogenation (Campbell, 1982). Further-
more, the increased binding energy means that the surface residence time
of adsorbed CO will increase.. Both these consequences should lead to
the formation of longer chain hydrocarbons, as will be discussed in

thapter 5.
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4.2 PBenzene adsorption on potassium-dosed Pt(111).

4.2.1 Thermal desorption spectroscopy studies.

The thermal desorptlon spectra for molecular benzene adsorbed on
a clean Pt(111) crystal held at room temperature are shown in Figure
4,20. For higher coverages, these spectra are in reasonably good
agreement with previously reported results (Tsai, 1982). They show
two overlapping desorption peaks centered at approximately 375 and
US0K. (At lowér coverages Tsal shows two peaks filling simultaneously;
our spectra show the peaks f1lling sequentially.) Generally, 2 L expo-
sures are required to achleve saturation coverage. The benzene thermal
desorption peak shoulder in Figure 4.20 extends to roam temperature
at high exposures. Figure 4.21 shows the benzene desorption spectra
when the crystal was cooled with liquid nitrogen. Several new features
arise. Most noticeable 1s that at least two or three more desorption
peaks appear whose temperature of descrption (180-250K) is above that
of multilayer condensed benzene, yet considerably less than that of
the more strongly adsorbed benzene.

The benzene thermal desorption spectra for 1 L exposures (following
room temperature exposure) at several potassium coverages are shown in
Flgure 4.22, As potassium pre-coverage 1s increased, we see a decrease
in the temperature of the maximum benzene desorption rate. This decrease
i1s at first displayed by a broadening on the low temperature side of
the peak. Then, at moderate K coverages, the high temperature edge
also shifts down. At higher coverages, 0x>.4, benzene could no
longer be adsorbed at 300K. We show in Figure 4.23 the thermal

desorption spectrum of benzene on a liquid nitrogen cooled sample.
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Figure 4.20 Benzene thermal desor'ptioh following
room temperature exposure to Pt(111).
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Figure 4.21 Benzene thermal desorption following low

temperature exposure.
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Figure 4.22 Benzene thermal desorption from K/Pt(111)
following room temperature exposure.
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BENZENE THERMAL DESORPTION FROM Pt (111)
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Benzene thermal desorption from K/Pt(111)
following low temperature exposure.
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The same trends are seen as in Figure 4.22, but now the benzene desorp-
.tion edge maximum is seen to decrease by as much as 200K at high potas—
sium coverages. In Figure 4,24 is shown the benzene thermal desorption
spectra from clean, potassium covered, and oxidized-potassium covered
Pt(111). It is interesting to note that ﬁhe oxygen appears to cancel

the effect of potassium on benzene.

4 ,2.2 Photoemission studies.

Figures 4,25 - 4.28 show the UPS speétra for benzene coadsorbed
with various coveqageslof potassium on Pt(111). Penzene adsorbed on
clean platinum causes a lafge decrease in emission from the peak Just
below Ef (Figure 4.25), similar to what is observed with carbon monoxide
ahd pbtassium. FThree other overlapping features grow in between 3 and
10 eV, labeled #1, #2, and #3 in Figures 4.26 and 4.27. The peaks are
also observed for benzene on other metals and can be associated with
the = énd o levels of gas phase benzene, as described in the discussion.
Also note the large decrease in work function wlth increasing benzene
exposure on the clean Pt(111) surface, supporting the idea that benzene
is a donor on metals (Kotz, 1977). Several interesting changes oceur
as potassium i1s added. Peaks #1 and #3 shift to higher binding energy,
see Figure 4.28. fThere are also.changes in their relative heights: for
high potassium coverages the peak heights for #1 and #3 grow much
larger than peak #2.
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4.,2.3 Discussion.

Upon heating a benzene overlayer on clean Pt(11l), a fraction of the
beﬁzene will desorb molecularly at temperatures below SQO K , while the
remainder dissoclates giving off a broad Ho désorption peak between
400 and 750K. This behavior 1s also seen on other transition metals
and crystéllographic faces, but the Pt(111) surface appears unique in
its iow activity: for C-C and C-H bond-breaking (Samorjai, 1981).

It has been proposed that dissoclation of benzene occurs at steps
or other defect sites because of geametric (steric) and/or electronic
varlations at these sites. We found that all of the adsorbed benzene
dissociated upon heating for exposures of up to = .4 L, and most of the
additional beniene desorbed intact up to exposures>of 2 L., Por expo-
sures greater than 2 L at réan temperature, the sticking coefficient
‘became zero; presﬁmably the first monolayer was saturated at this
point, Thus, our results imply that benzene molecules on the flat
Pt(111) terraces can readily dissociate upon heating (as well as at
step/defect sites) éince the amount dissociated 1is much in excess of
the.estﬂnated defect site concentration (<5%).

On Pt(111), that fraction of benzene that desorbs molecularly above
rooan temperature ylelds two peaks in the thermal desorption spectrum at
approximately 375 and 450 K. ,The appearance of these peaks is not yet
fully understood although severai 1nterpfetations are possible to
explain their origin: lateral interactions at high coverages, different
su:face structures (as revealed by LEFD), different sites being occupied
(presumably top or threefold), etc. (Lehwald, 1978; Lin, 1983).

Much more of the benzene desorbed intact upon heating when the Pt
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surface was pre-dosed with potassium: this 1s seen both from the larger
thermal desorption peak area as well as the smaller fraction of carbon
that remains on the surface (as detected by AES) after heating, In
addition, we observed a lower temperature for the benzene desorption
rate maximun as we added potassium. Desorption and decamposition
should be viewed as competing reaction pathways: however, only the
desorption energy (and pathway) is strongly affected by potassium
coadsorption.

Both the decrease in desorption temperature and the lncreased
amount of molecular desorptlon imply that the benzene-platinum bond
strength is weakened when potassium is present. Several explanations
can be proposed. Benzene 1s thought to be an electron donor in tran-
sition metal complexes, with the w-orbital often involved in a symmetric
coordination with the metal atom or ion (Kotz, 1977; Muetterties, 1983).
So, one might expect that if the platinum surface is already "electron-
rich" due to charge transfer from potassium, the benzene might not be
able to donate charge, hence bond, as strongly.

This type of explanation however, is probably too simplistic, and
a more canplete understanding of the electron energy levels is required
to develop even a qualitative model of the potassium 1nduced'changes of
adsorption, Figure 4,29 shows the molecular orbital dilagram for benzene-
chranium (based on Kotz, 1977, and Muetterties, 1983). Of interest
here are the molecular orbitals involved near the "Ferml level," 1.e.
the highest occupied and lowest unoccupled molecular orbitals. All of
the filled orbitals invthe benzene chranium bond are either bonding or

non-bonding between the benzene n-ring and chramium d-orbltals. The
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Valence Orbitals of Benzene -Cr: Energy levels are approximate
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lowest unoccupied level, however, is "antibonding" between the benzene
and chnahiuﬁ-orbitals. Consequently, if one electron were added to
the system, this electron would fill the elébantibonding level,
weakening the metal-benzene interaction.

Of course there 1s.quite a difference between a chranlum atom and
a platinun surface, but the general character of the bonding 1s the
same., Thisvhas been confirmed by recent angularly resolved and photon
polarization UPS studles (Nyberg, 1979; Hofmann, 1981; Fischer, 1978;
and Netzer, 1983.) In both the gas phase and adsorbed cases, there is
a symmetric coordination to the metal atom(s) and benzene can be considered
primarily as an electron donor. Two interesting features appeared in
our UPS studies. First, the shift to higher binding energy of the
benzene peaks #1 and #3 with potassium is consistent with the 1dea that
.the benzene levels, or more precisely the benzene vacuum reference
level (Luftman, 1983), is moving'down’relative'to the potassium free
case, This, it should be remembered, 1s an initial state effect, since
added final state screening by potassium should shif't the peaks the
other way. That the peaks move to higher binding energy also implies
that the e;} level should now be closer to the Ferml level. The
orbital levels are broad ehough when adsorbed on the surface that it is
reasonable to consider partial occupation, it is not necessary to
require that the levels be elther fully occupled or empty. Thus, a
continuous decrease 1n the work function could lead to an increasing
occupation of the e;§ level. This would then result in a contlnuous
weakening of the metal-benzene bond as was observed by TDS.

The second observation 1s that peaks #1 and #3 show an increase in
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1nten$ity relative to peak #2, Peak #1 1s the benzene ey (v) orbital
and peak #3 contains contributions from U4 different levels, one of
which is the ap; () orbital while the other three are o-type orbitals.
Peak #2vrépresents the eég (o) level. It is tempting to suggesﬁ that
the n derived orbital peaks might be the only ones which are enhanced
by potassium adsorption, while the o levels remain constant. This
wouid be surprising since the benzene bond is being weakened. (The
data are inconclusive on this point, and require angularly resolved and
polarized radiation studies.) '

Another complementary effect would be the inability of benzene to
donate charge into the metal if the population of the 6s Pt level was
increased due to the.potassium;' We think, however, that this is a
minor perturbation in canparison to donation into the.elé antl-bonding
level, because the analogous effect of bond weakening was not seen for
C0. Recent calculations by Anderson (1983) show that changes in the
occupation of the benzene e1g antibonding level cause changes in the
bending of the hydrogen atams on benzene toward or away fram the surface.
Sﬁch calculations, however, yleld information mainly on the hybridization
of the carbon orbitals, not on the ease Qf C-H bond sciséion.

The apparent "screening" of the potassium by oxygen was also an
1ntere§ting observation. KQO'is a promoter of both the ammonia synthesis
and CO hydrogenation reactions on iron. OQur result, however, implies
that electronic pranotion might not occur if the potassium is fully
oxidized. We suggest that under the reducing conditions of both reac-
tions, the potassium is not fully oxidized, since it 1s still capable

of causing significant electronic promotion effects. It 1s also
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interesting to note that this "screening" ability of oxygen was less
noticeable on (0 (our work) and No (Paal, 1981).

4,3 Nitric Oxide (NO) adsorption on potassium-dosed Pt(111).

4.,3.1 Thermal desorption studies.

The NO (mass 30) thermal desorption spectra (see Figure 4.30) are
in agreement with previous work'(Gland, 1980). 'Two sequentially filled
states at 430 and 340 K are observed in the spectra. ‘In addition,
small amounts of N> (Figure 4.31) and traces of N0 (Figure 4.32) were
also desorbed. The relative distributions of nitrogen containing
species which desorb are shown in Figure 4.33. After each experiment,
AES and LEED analysis of the surface showed the presence of small
amounts of platinum oxide, see Chapter 3. This decamposition of NO is
-attributable to the presence §f defect sites (Gland, 1980) on the (111)
surface plane estimated to be < 5% of monolayer coverage. Sharp (2x2)
overlayer LEFED patterns were observed for NO exposures of > 1 L.

Figures 4.34, 4.35, and 4.36 show the desorption spectra for NO,
N> and NoO obtained by varying the initial 6x and dosing the surface with
1 L NO. The general feature observed with increasing potassium coverage
1s an increased yleld of No and N>O in the desorption spectra indicating
that NO was dissoclated by potassium. As 6k 1s Increased, the intensities
of the 340 and 430 K NO desorption peaks rapidly decrease and a broad
desorption peak appears between 600 and 700 K, due to recombination of
surface nitrogen and oxygen. No significant shifts in desorption
temperatures of the peaks occur for the 340 and 430 K desorption states.
Figure 4,37 presents the integrated distributions of N atcms among the

NO, Mo, and NoO species observed desorbing from the surface. The
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intensity of the NO desorption peak decreasés steadlly with increasing oy.
Figures 4.38-4.41 show the desorption spectra and integrated

distributions for 6x = 0.5 and NO doses of between 0.1 and 1 L. NO

does not become the,dominant desorbing species until the initial NO

dose 1s greater than 0.5 L. This coincides with the appearance of the

of the 340 K desorption state in the NO desorption spectra, (see Figure

4,38). In Figure 4.42 is shown the potassium desorption spectra following

NO exposure to a potassium adlayer.

4.,3.2 Discussion.

The general features of assoclative NO and CO adsorption on metals
are similar. The major difference is that the gas phase NO molecule has
ane electron in the 2n* antibonding orbital, while CO does not. NO was
also'foundvto}react directly with potassium multilayers; hence potassium
induced Pt-NO changes could not be verified.

Cur data 1ndi¢ate, however, that NO was dissociated in an amount
proportional to the potassium covérage on the surface., As seen in
Figures 4.34 and 4.38 the dissociated NO adsorption state(s) filled .
first, followed by adsorpt;on into the 340 and 430 K assoclatively |
adsorbed states. The undissoclated states were not significantly
altered in the presence of adsorbed potassium since their peak position
remained essentially unchanged. On potassium, NO dissoclates predominantly
to No, with same NoO.
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4.4 Phosphorus triflouride (PF3), acetonitrile (CH2CN), and butene

(CyHg) adsorption.

4.4.1  Thermal desorption studies.

The thermal desorption Specfra of PF3 on clean Pt(111) are -
-shown in Figure 4,43, FF3 exhibits first order desorption kinetics
with a peak temperature of ~ 500 K and a FWHM of about 70 K, consistent
with results published previously (Nitschke, 1981). Fgure 4.44 shows
the effect of various potassium coverages on the PF3 desorption specfra».,
The amount of adsorbed PF3 decreases with increasing vpotassiur'x coverage.
The blockiné of sites by potassium was such that by ox=0.5 (i.e.

50% of saturation covérage)’: no more PF3. could be adsorbed. There
o 'al’sd appears to be a slight-decféase. in the desor'p'cionv peak temperature

(~ 2K), as weil as an 1r'1crea.s_e- in the FWHEM of the peaks from 70 to.

- 130 K with increasing potassium coverage. PF3 does not appear to

~ adsorb on, or react with, a potassiun multiléyer. This 1s indicated
both by the negligible amouﬁt of PF3 adsor;bed on K nmltﬂayérs (as
evidenced both in AES and mS) ‘and the K desorption spectra, found
to be almost identical to that of clean K overlayers.

CH3CN desorbed mostly intact from Pt(111) as has been observed in
previous studies (Friend, 1981). Some dissociation occurred upon
heating, as was monitored by AES following the thermal desorption
cycle. Preadsorbed pofassium was found to effectively block sites for
acetonitfile adsorption, as was observed for PF3 and butene, but no
shifts in desorption peak temperature or width were detected.

The Hp desorption spectrum following room temperature adsorption
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of 1-butene on clean Pt(lll), 1s identical to that of 2-butene (Salmeron,
1982). Both spectré afe thought to result from.the rapid formation of
the stable butylidyhe species upon adsorption (Koestner, 1983). No
carboﬁ containing specles were observed in the desorption spectra. For
a given exposure of l-butene, much less 1s adsorbed onto the platinum
surfacé if it is pre-dosed with potassium (see Figure 4.45). This
decrease In coverage is not simply proportional to the potassium co§erage;
small potassium coverages have a large effect. For example, a pdtassium
coverage of .5 monolayers (corresponding to an atamic ratio K/Pt of

°16). reduces the butene adsorption by'a-factor.of 5 following 10 L
exposures; ‘The drop in édsorption is due to physical blocking; not
synply a change in the'sticking coefficient. - The second peak in the Hp
A curves for the potassium éprséd surface. appears slightly broadened.

and shifted to lower temperatures.

b.4,2 Discussiqn.' |

Adsorbed phosphorous trifluoride was found to desorb intact at about
500 K fram both clean surfaces and surfaces partially covered with
"potassium. 'The thermal desorption spectra also showed some peak broadening,
and a slight decrease in desorption maximum temperature with potassium.
The lack of a large effect was at first surprising, since we hadvexpected
to observe effects similar to those seen for the K+CO+Pt(11l) system,
i.e. a 200K increase in desorption temperature. But by examing the
relavant molecular orbitals,. this behavior can be understood.

For PF3 bound to a metal, the o-donor energy level 1s located well
below Ef at = 8eV, while the 2r acceptor level is split into two levels

(Nitschke, 1981) one located 4.5 eV below Egp and the other at 4 eV above
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Ef (see Figure 4.46)., The absence 6f significant potassium induced
chemisorption changes in PF3‘can be explaihed by assuﬁihg that the ¢
donor levels and the bonding 2n-aéceptor levels are fully occupied
prior to potassium coadsorption, and that the nearest unoccupied}PF3
level 1s too far above Er to accept electrons fram the metal, even upon
potassium coadsorption. . (ne explanation for the slight drop in PF3
desorption temperature 1s that there could be a decrease in'50 (PF3)

to s-band (Pt) overlap, resulting fram a filling of the 6s Pt band when
potassium is adsorbed as mentioned above (Nitschke, 1981; Itoh, 1979).

For CO, which exhibits a large change in bonding yhen co—-adsorbed
with potassium, the 2r bonding orbital is located only =0.6-2.0 eV
below Er (Koel, 1983; Bosco, 1983). Here, the potassium is able to
enhance the d-2n overlap, wﬁich strengthens the M-C bond and weakens
the C-0 bond (since the 2n level is antibonding between‘the Cand O
atoms), see Figures 4.1 and 4.2. OO0 is therefore more sensitive to
changes 1n surface electron density.

Acetonitrile 1is known to be o-bonded to metals via the lone pair
'orbital of its nitrogen (Friend, 1981). Bb accessible back-bonding
levels are located near Ep, so there 1s no possibility of additiénal
charge transfer between the metal and the unoccupied molecular orbitals.
Therefore no significant changes in bonding were expected and none were
found upon coadsorption of this molecule with potassium.

The stable structure of alkenes adsorbed on the Pt(111) surface at
300K is thought to be a R-C-M species (Koestner, 1983). Thus one does
not expect any accessible adsorbate energy levels to exist near Ep

since the highest o-bonded levels are usually 5-15 eV below Er.
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The similar shape of the Hp thermal desorption profiles following
butene exposures with and without potassium pre-deposition 1is therefore
expected, assuming that metal carbon bonding has an effect on the
hydrogen desor'p_tion temperature. 'The changes induced in the second Hp
desorption peak are difficult to interpret and will require more infor-

mation on the nature of the CHp fragments believed to be present at

these temperatures.
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4.5 Literature Review of alkali coadsorption studies.

In this section I review the literature about alkali - molecular
‘coadsorption systems. Most of the studies have involved CO, with the
exception of the dinitrogen studles of Ertl and coworkers., The papers

are discussed in chronological order.

4,5.1 00 + alkali promoter + Fe catalyst.

The effécts of surface basicity on Fischer-Tropsch catalysts were
discussed by Dry et al (1969). They reported that KoO promoters on an
iron catalyst, caused a 5>kca1/mole increase in the heat of adsorption
-of CO as measured by calorimetry. These authors suggested thét the
alkall atans‘induced electronic changes at the surface which enabled
stronger CO adsorption. They weﬁt on to-postulate that a stronger M-C
bond implied a weaker C-O bond which could then be hydrogenated more
easily. At that time it was thought that the first step in CO hydrogen—
ation was the formation of a'surface enol intermediate H-(-CH . More
recently, the enol-intermediate mechanism has been discred?ted, but
thelr main observation of increased heat of desorption, and weakened

carbon-oxygen bond, 1s still thought to be correct.

Broden et al (1979) published a paper discussing 00 + K coadsorp-
tion on Fe(110). Using TDS, they also observed an increase in the heat
of adsorption of 00 when K was coadsorbed. By using UPS and XPS, they
were also able to monitor the dissoclation of CO. Upon heating, the
dissociation probability was enhanced if pétassium was coadsorbed.

The authors showed, however, that the energy of dissoclation was not



-148-

necessarily lowered by potassium. They argue instead that the increased
CO dissociation ﬁas due to increased heat of adsorption, i.e. CO was
adsorbed on the sﬁrface at a tenperature more than 100 K higher than in
the absence of pétassium. At the higher temperature, dissociation
becomes favored over desorption. Fran other evidence, they clailmed that
the potassium induced a localized effect on CO adsorption. By following
‘ the 0(1s) levei by XPS, they recorded the CO uptake as function of CO
exposure. They found that CO coverage reaéhed satﬁraﬁion rapidly on

the cleah Fe(110) surface, but that saturation was not reached until
exposures of >400 L on the potassium covered surface. Thus, they
élabhed a large decrease in sticking coefficlent with potassium. We
believe fhat thé stickdng coefficlent does go to zero, but that this is
due instead to a real blocking of surface sites by potassium. Only by
displacing potassium can 00 be adsorbed on the "potassium covered“-

surface.

4.5.3 00 + K + Fe(100).

Benziger and Madix (1980) published a paper about several surface
coadsorptiqn systems on Fe(100). The aim of thelr research was to
understand the effects of a variety 6f additives'on CO hydrogenation.

We review here only a small part of thelir effort, namely the interaction
of 0 and XK on Fb(iOO).. Their reéults were in quantitative agreement
with those published by Broden (1979) on the Fe(110) surface: the
dominant effect of K was to increase the binding energy of CO and to
induce 1ts dissociation. However, since the Benziger study involved
>TDS, XPS, and LCAO Calculations, different types of information were

obtalned.
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They also showed thé effect of increasing potassium coverage on
the CO thermal desorption spectra peak position. Increasing potassium
coverage clearly caused an increase in the average temperature of
desorption of the molecularly adsorbed CO, while at the same time

increasing the fraction of diséociatively adsorbed CO. The dissocia-
tively adsorbed peak showed a bond order between 1 and 2, 1mp1ying
limited mobility of the surface specles. Contrary to Erodeh's study,
-Ebnziger cohcluded that the sticking coefficlent remained constant up
to 1 monolayer. Thelr XPS results showed two distinet states for CO
_ adsorption, attributable to associati&ely and dissoclatively adsorbed
CO. They also concluded that the potaséiun effect 1s localized since
the high temperature sites fillled first. _
- In'their LCAO calculations on small iron clusters, Benziger letl

the Fe 3d electrons interact with the 5¢ and 2r (O levels, and the

K Us electron. They found'that by donating the Us electron ihto the
d-band of Fe, potassium erhanced the backdonation into the CO 2n
level. This accounted for the observed effects of increased heat of
desorption and increased dissociatién. They also showed that because
of the lérge size of the atam, potassium could donate into the 2n CO
level directly, thereby increasing these effects.

4,5.4 00 + alkali + Ni(100).

Kiskinova and coworkers have also performed a séries of experiments
involving alkall adsorption, coadsorption, and catalysis on nickel
surfaces, They published a’paper (Kiskihova, 1981) about OO adsorption
on alkall covered Ni(100). On this surface, as with the iron surfaces,

coadsorbed alkali (Na, K, and Cs) caused both an increase in the adsorption
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energy of molecularly adsorbed CO, and an increase in the fraction of

CO which dissociates. 'They concluded from their observatlons that the
sticking coefficient dropped fram .68 on the clean surface, to .3 at

one monolayer alkali coverage. They nofed the difference in C and O
Auger ‘lineshapes of molecularly and dissociatively adsorbed CO. The
amount of CO which dissociated was proportional to the alkali coverage
and to the electronegativity of the particular alkali used. The electro-
negativity decreases down the periodic table, thus Cs showed a greater
effect than K or Na. We might add, however, that the larger effect

could also be due to the Increased size of CS. They also noted that

same disproportionation took place (2C0 + 0o + C)..

4,5.5 CO + KOy + FeO.

Keleman et al (1982) published a paper discussing CO adsorption
on iron oxide in the presence of potassium. FeQ is difficult to synthe-
size 1n a controlled way. According to the authors, however, once it
is synthesized, it is relatively stable up to 650K. To oxidize the
iron, they heated an iron single crystal to 700K in 2 x 10~7 torr 0, for
14 hours. The surface prepared this way was FeO (wustite), as confirmed
by XPS, UPS, and AES.

CO adsorbed on this surface with a relatively high sticking coef-
ficient and desorbed intact with a peak maximum temperature at or below
LOOK. They did not observe CO disproportionation. Because of problems
in interpretation of the UPS spectra, there is same ambigulty about
whether or not the 0 remained molecularly adsorbed with the carbon end

down, as it does on most clean transition metals. Oxygen could be
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adsorbed on theAclean FeO surface, but was readily removed by heating
to 600K. Oxygen preadsorption blocked the surface sites for 00 adsorption.

CO adsorption was also studied with potassium coadsorbed on the
- surface, Potassium was vapor deposited from a KOH pellet and was
shown (by UPS) td be adsorbed as KOH on the surface. HEatihg-this KCH
overlayer to SSOK resulted in significaht amounts of Hy0 desorption,
and the authors suggest that a monolayer of K + O remained adsorbed.
This K + O overlayer appeared to have a stiochiometry of 2 to 1, but
" they claimed that it was not "K»0".

When CO was adsorbed on this potassium covered surface, UPS showed
it to be adsorbed molecularly as witﬁ the clean FeQ surface. Curlously,
the UPS peak positions appear within .1 eV of the same energy for both
CO and KOH. Heating to 475 K caused CO to dissociate (as seen by the
absence of the CO UPS peaks.) Further heating allowed the adsorbed
carbon and oxygen to recambine and overcame the activation energy for
desorption. The thermal desorption peak maximum increased to 625K

with the potaséium oVerlayer, from 400K on clean FeO.

4.5.6 Penning Ionization Studies of K/CO/Ni(11ll).

A series of surface Penning ionization electron speétroscopy
(SPIES) experiments have recently been performed by Metiu and coworkers
on the K/CO/Ni(111) system (Lee, 1983). In SPIES, a beam of metastable
helium (or neon) atams impinges upon the surface. If the surface is
covered by a molecular adsorbate, the helium atam transfers its excitation
“energy to the molecule. This will then cause electron emission from
the molecular orbital levels within the range of the excitation energy.

SPIES is thus analogous to UPS, but has the added advantage that is
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sees only the surface layer, while UPS probes 10-20 A 1into the metal.

In lee's experiment, the 2n%, (ln +50), and 4o molecular orbital
peaks of (O shifted to higher binding energy when potassium was coad-
sorbed. They also noted a significant increase in the intensity of the
conjugate d - 2v level (relative to the other levels) with potassium.
This is thus in good agreement with our result showing a decreased CO
stretching vibrational frequency induced by potassium. Somewhat harder
to understand is the shift to higher binding energy of the 4o and
(17 + 50) levels. It is generally thought that the 1ln level should be
destabilized when the 2r% O level is filled, leading to a lower binding
energy. An increase in final state screenling should also cause the
levels to move to lower binding energy (i.e. higher kinetic energy).

The initlal state energy levels are normally considered pinned to
the Ferml level, but as discussed above, this rule may break down if
‘the local electrostatic potential is significantly changed. One final
problem worth noting is that the position of the Fermi level is hard to
determine in the SPIES experiment. Therefore the appearance of increased
binding energy for all the levels may have arisen fram a problem of
referencing of Ef;

A temperature dependence study of the SPIES signal was also per-
forméd by Lee et al for the CO/K/Ni(11l) system. They note that the
CO signal decreased before the CO desorbed. This implied that disso-
ciation was occurring upon heating to 600-640 K. This was confirmed by
isotoplc exchange thermal desorption studies which showed that exchange
occurred at moderate to high potassium coverages, and at temperatures

above 600K.
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4.5.7 Electron Energy Loss Study of the CO/K/Ni(100) System.

Luftman and White (1983) are also currently studying the CO/K/Ni(100)
systém. Their thermal desorption studies show the same general béhavior
of most of the other alkali - CO systems; the heat of CO desorption
increases with potassiun coverage and a (presumably dissociated) CO
state appears ét aboﬁt TO00K. 'They also ﬁote that potassium is stabilized
by CO analogous to what 1is observed for Hp0O or Oo. They have also
perfonnedielectron energy loss speétroscopy (EELS, not HREELS) and
noted a decrease in the 2r (bonding) - 2= (antibonding) separation.

They offer a moré complete (qualitative) molecular orbital analysis
than is reportedbelsewhere to account for the observed changes in TDS
and EELS behavior. The essence of thelr argument is that potassium
lowefs the "site" electrostétic pdtential (what I have less rigérously
.called the "local work function"), causing thev2nAgas phase reference
level to be brought closer to the "dn" level (the bonding metal |
~orbitals/band). By bringing them closer in energy, increased mixing
will occur. Also the final state 2n (bonding) - 2r (anti-bonding)
separation should decrease (assuming the overlap integral remains
constant). They further argue that the dm metal level should go to .
‘lower binding energy because of electron correlation effects, which
will‘cause a further increase in the mixing.

At "press time" the author 1s aware of two additional studies:

F. Hoffmamn is studying the CO/K/Ru system by HREELS and has found
similar vibrational behavior to what we have reported, but with additional
features implylng direct Interactions. Kiskinova, Pirug, and Bonzel

are studying the CO/K/Pt(lll) systém by XPS and UPS, and have offered

a new interpretation of the potassium Induced effects on that surface.
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4,4.8 Fe + K + N»o.

The potassium and nitrogen on iron coadsorption system has been
studied by Ertl et al (1979). This system is of diréct relevance to
the ammonia synthesis as the dissoclative adsorption of nitrogen is
thought to be the first and rate limiting step in the reaction. The
industrial ammonia synthesis catalyst is in fact performed on a reduced
iron catalyst which contains K0 promoters, as well as same AlgO3
and S10».

In their study, Ertl and coworkers showed that at 430K, the rate
of dissociative nitrogen adsorption increased by at least two orders of
magnitude when submonolayer amounts of potassium were present. They
also showed that this was a result of both an increase in the heat of
adsorption of molecularly adsorbed nitrogen from less than 9 kcal/mole
to more than 11 kcal/mole, and a decrease in the activation barrier for
dissociation.

From work function measurements, they showed that the enhanced
dissoclative adsorption was not simply correlated to the macroscopic
work function, but was more likely related to the microscopic electronic
structure in the immediate vicinity of the adsorbed potassium. Thus,
the promoting action was localized as was observed for the Fe + K + CO
systems dissussed previously, where dissoclative CO adsorption occurred.
Somewhat surprisingly, they also observed a c¢(2x2) nitrogen overlayer
LEED pattern even with potassium coadsorption.

They also studied the Fe + K + O + N system (Paal, 1981) as it
was previously shown that oxygen is required to thermally stabilize

the potassium under reaction conditions. Coadsorbed oxygen blocked
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nitrogen adsorption sites, lowering both the sticking coefficient and
the total amount of nitrogen adsérbed on the Fe + K systém. But the
modified K + O overlayer was still able to dissoclate Na as with the
clean potassium overlayer.

Their interpretation of the potassium enhanced dissoclation ability
1s similar to that given for CO. By lowering the energy spacing between
the . Ferml and vacuuﬁ levels, the normally unoccupied n* N2 orbital
can be populated by backdonation fram metal d-electrons, decreasing the

activation barrier for dissociation.

4.6 Conclusion.

The general model which can be de?eloped is that potassium (or
any alkall) causes a change in the local electronic structure and
flelds at the surface of a transition metal, which then alters the
chemisorption behavior of molecules such as CO or benzene. By lowering
the surface dipole component of the work function, potassium enables
the molecular orbitals lying near to Ep to interact more>strongly with
the metal. In the case of adsorbed CO, potassium causes the 2r orbital
to increase 1ts occupancy. This results in a strengthened carbon-metal
bond, and a weakened carbon—oxygen‘bond. An added result 1s the change
in site occupancy fram top to bridged. "This results from a campetitive
effect: for the high work function surface, the 50 orbital daminates
the bonding and preferentially chooses linear bonding to a single metal
atom (top site). For the lower work function surface, back-bonding
becomes more feasible, and CO moves to the higher coordination site to
increase metal-2n overlap (i.e., the off diagonal overlap integral term
in the Hamiltonian). |
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Adsorbed potassium caused a weakening of the benzene-metal bond.
This is attributed to a decrease in the work function, which then allows
the elg benzene level to be filled. This level 1is "anti-bonding"
between the metal and carbon ring, and should cause a weakening of the
bond. - |

The absence of significant potassium induced electronic effects on
other systems studied can be attributed to the position of thelr molecular
orbital levels. This type of analysis should be valid for most adsorption

systems where a knowledge of "electronic pramotion" is desired..
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Chapter 5. The Use of Alkalls as Promoters: CO Hydrogenation Reactions

In.this chapter, I report on éur studies of CO hydrogenation per-
formed on rhenium and iron foils. Rhenium has recently been shown to
‘be a very active ammonia synthesis catalyst (Spencer, 1982b). Given
the similar nature of the ammonia synthesis to CO hydrogenation, we had
hoped to observe aétive and perhaps unique behavior for rhenium catalysts.
' Following a presentation of our results.(sectigns 5.2=5.4), I review
the recent literature on the subject of promoters for CO hydrogenation
énd offer some general conclusions (section 5.5). _

The general changes we observe in product rates and selectivities
when submonolayers of alkali are present on both rhenium and iron
surfaces are qualltatively the same as are noted above for industrial
catalysts. Decreased overall rates and produdt selectivity changes
foward higher molecular.weighﬁ species are observed on both surfaces.
This is correlated with changes in CO dissociation. We offer a new
interpretation of the catalytic role of alkalis on the carbonaceous
layer that is formed as the'reaction proceeds. We have also studied
these surfaces following oxidation. As the degree of'catalyst oxidation
was increased, the active lifetime Increased and the selectivity changed
towards lower molecular weight specles. Sulfur, on the other hand,

poisoned the reaction.

5.1 Introduction

The hydrogenation of carbon monoxide 1s now being exten§ively

studied as a substitute for conventional fuel sources (Vannice, 1976).
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The reactions of CO and Ho can be classified according to the products
desired, as shown 1n Figure 5.1. The first is called the methanation
reaction, and i1s normally carried out over a nickel catalyst. The
second set of reactions is directed towards producing higher molecular
welght hydrocarbon fuels such as gasoline, and is called the Fischer-
Tropsch reaction. In the past it has often been carried out over promoted
iron catalysts (Vannice, 1976). The final class of reactions which

lead to desirable products (also sometimes called Fischer-~Tropsch
reactions) are those that produce oxygenated species such as ketones,
alcohols, aldehydes, and carboxylic acids. For instance, both palladium
(Hicks, 1983) and Zn-Cr-Cu (Natta, 1955) catalysts can produce methanol
with high selectivity, while Rhy03 and LaRhOy prbmoted with K50 produce
aldehydes and acids as well (Watson, 1982).

The conventional iron Fischeb—Tropsch catalyst for producing
higher molecular welght specles 1s promoted with K0 and Al203 (Anderson,
1956). Alp03 is found mostly at the grain boundaries of the iron par-
ticles and 1s therefore considered a structural promoter. Potassium,
on the other hand, 1s observed on the surface of both the Al;03 and the
active iron phases, and 1s generally thought to act as an electronic
promoter,

.CO bonds molecularly in many transition metals at roam temperature,
as noted in Chapter 4. On the other hand, Hp 1s found to adsorb dissocia-
tively on most metals with only a very small activation energy of
dissociation. It was originally thought that molecular CO was first
hydrogenated to form an enol, M-CH(OH), weakening the C-O bond, and

eventually leading to C-O dissociation and/or chain growth (Storch,

]
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Reaction Mechanisms for the Hydrogenation of Carbon Monoxide
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1951). More~recently;.it has been_demonstratédithat CO dissocilates
before hydnogenation takes plaoe,.and that the activation energy_fbr
dissociation 15 lowest at miltiply coordinated sites (Ponec, 1978).
There 1s considerable evidence for a favorable interaction between
molecularvco and hydrogen on metal surfaces (Koel, 1983), but this
1ntetaction'isvprobably not of majorkimportance in @ hydrogenation
reactions. Once diSsociated, the various pathways that the surface - N
carbon can follow are represented 1nvFigure 5.1. For hydrogenation,
atomic oérbon and hydrogsn combline stepwise to produoe the various
hydrocarbons. The production of oxygenated species follows a somewhat
different pathway. The product distribution will depend on many parameters
of both the catalyst composition and the reaction conditions. For
instance, nickel catalysts do not dissoclate as much CO as do iron
catalysts. Uhder reaction conditions nickel is thought to have only
about 10% of the surface covered with atomic carbon (Campbell, 1982),
while on iron the active catalyst seems to be an iron carbide (Arakawa,
1983). large differences in product distribution are observed between
these two catalysts, perhaps resulting from fheir different reactivity
towards CO.

Thermodynamics tells us two things about CO hydrogenation., First,
since most of the desired reactions are exothermic, they are favored
by lower temperatures - usually temperatures of 500-7T00K are used in
order to optimize the rate of product formation. Secondly, from le
Chatélier's principle, higher pressures are needed, since more moles of
gas are consumed than are produced, especially when longer-chain hydro-

carbon products are desired. Since our reactions were normally run at
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about 32 psig, lower molecular weight products were expected to daninafe.
Several characteristic changes are observed when alkali promoters
are added to CO.hydrogenation catalysts. These Include selectivity
changes to higher molecular weight species, higher alkene to alkane
ratios, and more oxygenatedvspecies (Anderson, 1956). Most researchers
also note an increased rate of carbon build-up, a lowering of the rate
of methane formation, and changes in the active metal dispersion; see
for instance, Arakawa (1983), Campbell (1982), and Gonzales (1982).
In addition, several ultrahigh vacuun studies have recentiy been per-
formed on the surface properties of alkalis when coadsorbed with CO
~ and other small.molecules. The main observations for the alkali + CO
sysfems are: increased heatrof adsorption,. increased probabllity for
- dissociation, and a chahge in site occupancy fram top to muitiply |
coordinated. It is usually concluded that the changes in éelectivity
observed during CO hydrogenation are a result of the increased fraction
of dissociated 0. This, in turn, is a result of greater backdonation

into the CO 2n orbital.

5.2 Experimental

All work was performed in the cambined ultrahigh vacuum - high
pressure catalysis chémber described in Chapter 2. Following standérd
cleaning procedures (see,section 2.3) a final heating was necessary to
give an atomically smooth surface. Several reactions were run on surfaces
which had not been amnealed, and initial methanation rates were found
to be as much as an order of magnitude greater than those from the flat
surface, Sulfur and potassium were deposited as described in section

2.4, Oxygen was introduced at ca. 1 x 10-6 torr to oxidize both the
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samples and the alkall adlayers. Oxidation could also be achieved by
introducing water into the reaction cell before or during the reaction.
The alkalis were readily oxidized at ambient temperature, while the
clean iron and rhenium samples were heated at 400-500 and 800-900 C
respectively to enhance the rate of low pressure oxidation. Water in
the gas phase was much more effective in ensuring continued oxidation
during the reactions. The "surface" iron oxides prepared by low pressure
oxidation were reduced during the reactions.

Once the surface was prepared, the catalysis chamber was closed
and a mixture of (O and Hy gases was introduced. The CO:Hp ratio was
1:4 with a total pressure of 32 psig except as noted. The sample was
rapidly heated from roam temperature to a given temperature (as monitored
by a Pt/PtRh thermocouple wire) and samples were periodically introduced
into the gas chromatograph by a gas sampling valve. Followling a run,
(usually fram 1-5 hours) the catalysis chamber was evacuated. Then the
sample was exposed to UHV, and AES and TDS wereAused to examine the

surface.

5.3 Results

In Figure 5.2 we show an example of the results of methane accumu-
lation versus time for a pre-oxidized iron foil. The runs were charac-
terized by a brief induction time, followed by a long stable period,
which would eventually decay after several hours. As discussed below,
this decay is attributable to the slow bulld-up of a carbonaceous layer
which polsoned the surface.

From the rate of methane production at various temperatures we

were able to construct Arrhenius plots. In Figure 5.3 we show
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Arrhenius plots for various runs on rhenium foil. This type of plot
allowed us to determine the activation energy of the reaction, and the
temperature at which surface polsoning began - where the linear Arrhenius
curve started bending over (Goodman, 1980). Methane was the dominant
product on most samples studied, but higher molecular weight alkanes

and alkenes were also monitored. |

The activation energies and the selectivities of Re and Fe foils
are displayed in Figure 5.4. The turnover frequencies (molecules/slte/sec)
used are the maximum values reached by the cétalyst following an induction
period (usually <20 minutés after initiation). The turnover frequencies
were calculated assuming an active number of surface sites of 1015 over
which the catalyst was uniformly heated. (This number is hard to know
accurately for several reaéons. We belleve, however, that it 1s correct:
to within 50%, because our results are 1n‘good agreement with the
behavior of indusfrial iron Fischer-Tropsch catalysts at similar temper-
atures. In any case, it is the relative values, not so much the absolute
»cnes, which are needed to discuss promoter effects.)

Figure 5.5 shows how the selectivities change as a function of
temperature. As noted in Figure 5.4, the activation energy for ethylene
1s lower than that for methane. Thus methane production should be
favored by higher temperatures, as 1s observed.

The main types of Fischer Tropsch catalyst polsoning are thought
to be carbon or sulfur build-up. In Figure 5.6a we show an iron foil
dN(e) AES spectrum before a catalyst run. Figure 5.6b shows a
close-up of the carbon AES peak after two different reactions. The

amount of carbon on the surface after a given run was a function of
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catalyst pretreatment, reaction temperature, and reaction time. Partial
CO and Hp pressures are also important in determining poisoning time.

Another type of poisoning was observed when sulfur was present
on the surface. Sulfur changed the selectivity (towards methane), and
it poisoned the surface, as-observed in Figure 5.3, presumably by
decreasing the number of acti&e sites.

In Figure 5.7 and 5.8 we show the selectivities for the Re and Fe
'surfaces following oxygen and alkali promotion. The general pattern
observed with alkalil promoters was a change in selectivity towards
higher molecular weight products as well as a decrease in the rate of
methanation. The effect was more marked with fhenium than with iron,
since clean iron already produces a large fraction of higher molecular
welght species. In Figure 5.9 we show an Auger spectrum for a "clean"
éample, and a samplé following a reaction.‘ In Figure 5.9b note the
disappearance of the substrate metal peak with the continued appearance
of the carbon, oxygen and alkall peaks. Thermal desorption of the
overlayers following reactlions showed significant amounts of Hp, Ho0O,
CO, CO», and various small hydrocarbons.

Preoxidation of the surface caused an opposite effect to what was
observed with potassium addition: a higher selectivity towards methane.
The rate changes with oxidation varied significantly with the extent
of oxidation. A major problem occurred here concerning the number of
active sites to be used in calculating turnover numbers. Oxidation
tends to increase the surface area of the catalyst, even if the oxidation
reaches only 10-20A into the surface. A second, more complicating

factor is that the degree of oxidation is not only a function of catalyst
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pre-treatment, but 1s'constant1y changing throughout the reaction as a
function of catalyst temperature, reaction time, and partial pressures.
Higher temperatures favor less oxygen incorporation in vacuum. Under
high CO pressures (>1 atm), however, this is possibly compensated for
‘by an increased rate of CO dissociation and subsequent oxygen incorpor-
ation. Thus the rates cited are the best values we could deduce from a
knowledge of pre- and post-reaction surfaces. AES and TDS were used to
help in this determination. In our runs with potassium the final rate
and selectivify depended uponvthe exact extent of oxidatibn.

Gold, platinum and palladium, originally used as blanks as they
are notoriously poor Fischer-Tropsch catalysts (Vannice, 1976), showed
much lower activities than iron and rhenium. Palladium did prove
interesting in that we were able to produce methanol (also note Poutsma,
1978; Fajula, 1982). We believe that palladium's ability to hold large
amounts of hydrogen in the bulk is related to its unique ability of
hydrogenating CO directly.  Platinum and gold produce methane with >977%

selectivity, but at rates two orders of magnitude slower than iron.

5.4 Discuésion

The>behavior of rhenium foll for OO0 hydrogenation was different
from that of iron foil. Using initially clean surfaces,‘iron'gave both
faster rates and better selectivities towards higher molecular weight
species. Because of the canpleXity of the mechanism, it 1s very hard
to determine why some metals gilve faster rates than others, or what
controls selectivity. Periodic prends show that the ability of a
metal to dissociate (OO0 decreases down or to the right in the periodic

“table. If CO hydrogenation activity were merely a function of the
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ability of a metal to dissociate CO, perhaps Cr or Mo would be better
catalysts than iron. In fact, poisohing by the buildup of carbonaceous
deposits often determines the total yield of a particular catalyst
sample; thus the metal which best dissoclates CO may show the shortest
active lifetime. |

Carbon poisoning (coking), however, 1s not the same for all metals.
Supported iron particles, for instance, seem to be quite reactive even
after a bulk iron carbide is formed (Arakawé, 1983). n nickel methan-
-ation catalysts, on the othér hand, no significant amount of carbon
dissolves into the bulk, yet one monolayer of "graphitic" surface
carbon is enough to poison the reaction (Goodman, 1980). This implies
that the reaction can still run as long as some active metal 1is accessible
at the surface.

On our samples, the degree of carbon build-up is measured by AES.
This type of determination is of limited use because AES only sees the
first few atanic layers. Since we could not vary the CMA detection
angle in a systematic way, we cannot say with certainty whether the
carbon we observed following a reaction is on the surface or in it.
We can, however, distinguish between an active carbidic carbon, and an
inactive graphitic one (see Figure 5.6). This classification has been
discussed extensively by other authors and results from a camparison of
the post reactiocn carbon AES peak shape with known peak shapes of
metal-carbide and graphite surfaces. Our overlayers also contained
large amounts of adsofbed (or trapped) oxygen and hydrogen, as was
noticed in thermal desorption following the reaction. "Carbidic"

carbon was the dominant surface species observed following low temper-
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ature, short feaction time runs. "Graphitic" carbon was dominant
following high temperature runs, or after flashing any post-reaction
surface to >700K. .

In genéral, alkalls on the surface accelerated the rate of carbon
build-up, excebt if a reasonably high partial pressure of HpO was in
the gas phase. The increased carbon build-up is attributed, to the
abllity of potassium to accelerate the dissoclation of CO. By lowering
the work funct%on, potassium enables the metal to more easiiy backdonate
into the C0 2r antibonding orbital (Nieuwenhuys, 1981), which then
can readily dissoclate at reaction temperatures.

On several runs, we also noted that only potassium (or sodium),
oxygen, and carbon (i.e., not Fe or Re) were visible in the Auger
spectra following a rgaction. This was also observed by Ebnéel and
Krebs (1981), and they suggested that é potassium oxide layer was
floating on tbp of a carbonéceous layer. We further suggest that the
potassium oxide (or suboxide) layer can itself play an important role |
in the catalytic reaction. Alkalis have long been known to be used as
catalysts in the steam gasification of carbon sources. Thus we must
consider'the:possibility that the build-up of the carbonaceous layer 1is
being hindered by the ability of alkali's to catalyze the reaction of
water with carbon, In this model, potassium increases both the rate of
0 dissociation (hence carbon build-up) and the rate of removal of the
carbonaceous layer, once formed.

Another related reaction which has recently been discussed in
the literature is CO hydrogenation over alkali-graphite Intercalation

compounds (Wen, 1980). ' Transforming this to our situation, if the
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alkali metal atané~weré’inside the -carbonaceous layer, then the alkali-
carbon layer can itself become an active Fischer-Tropsch catalyst.

We also note that potassium caused a slight change in selectivity
from alkanes fo'oiefins, but the'effect was less dramatic than was
observed by Gonzalés'(1982). In Chapter h,vit was shown that the
benzehe—metal bond strength was decreased by cdadsorbed potassium, and
much’less of the benzene dissociated upon heating. For CO hydrogenation,
~ if the olefin (1ike benzene) were more weakly bound due to the presence
of potassiUm, then 1ts rate of desorption should be increased relative
~ to that of the alkanes. 'The alkane to olefin'selectivity change 1s
therefore understandable since the olefin can desorb more easily once.

produced,;instead'of‘remaining adsorbed until fully hydrogenated. -

The effegt of oxidation on the iron and rhenium surfaces depended
ﬁpon several parameters including: the degree to which the surface was
_ oxidized, the temperature and time of the reactlon, and the presenbe.of
sulfur or potassium on the surface. The extent of catalyst oxidation
grew when water was introduced into the gas phase, enabling the surface
to stéy clean of the carbon build-up so apparent in most of the runs.
Although the initial reaction rates did not increase, the rate of
poisoniﬁg waé slower‘for oxidized surfaces. As noted by Trimm (1980),
the methanation activity of the metal can be roughly correlated with
the héat of adsorption of oxygeh. Qurfaces that bond oxygén too strongly

require higher temperatures to initiate methanation.
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Another significant change induced by oxidatioﬁ was the change in
selectivity towards lower molecular welght species. By reducing both
the amount of surface carbon and the number of adjacent metal atams,
the oxide surface does not permit extensive C-C bond formation. Thus
the selectivity change can be rationalized by the decreased ability of
C-C bonding. Finally we note that no significant amounts of oxygenates

were detected over our low surface area rhenium and iron foils.

5.5 Literature Review.

Recently, Arakawa and Bell (1983), completed é study on the effects
of potassium promoters on alumina subported iron catalysts for CO
hydrogenation. Noting the decrease in both 00 and Hy uptake following
reactions on potassium pramoted ¢atalysts, the authors concluded that
potassium lowered the dispersion of iron on the éurface. From isothermal _
desorption studies, they observed that potassium decreases the Hp
adsorption energy, while it increases the adsorption energy of CO. At
very low potassium loadings, the overall rate of (0 hydrogenation
ingreases slightly, but decreases substantia;ly with higher potassium
concentrations. They also noted an increase in the ratio of Co+ products
canpared to methane with an increasing K/Fe ratio, and a concomitant
Increase in the olefin to paraffin ratioc. In thelr study, the ethanol
yield was enhanced by 1ncreasing the K/Fe ratio, but the methanol |
yield nanainéd unchanged. Increasiﬁg temperature on ﬁnppamoted surfaces,
generally increased the methane selecti&ity and the paraffin to olefin
ratios, but these temperature dependant changes were much less notice-

able‘on potassium promoted surfaces,
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Arakawa also noted that the rate of the water-gas shift reaction
was increased proportionally with the potassium loading. Analysis of
catalysts showed that potasslium significantly increased the initial
rate of carburization, while the final C/Fe ratio increased from .47
for unpromoted Fe, to .75 for K/Fe=0.2. This carbonaceous deposit
could be removéd by hydrogenation. This hydrogenation produced only
paraffins on unpromoted samples, buf equivalent amounts of olefins and
paraffins on promoted iron (although at a slower rate). Curiously,
carbon deposition from gaseous 00 occured more rapldly when Hy was
present in the gas phase.

Gonzales and Miura (1982) studied the affects of alkali on (O
hydrogenation over a silica supported ruthenium catalyst. They also
claim that they observed a decrease in the rate of all hydrocarbon
formation with potassium co-impregnation (the methane rates being
slowed more than the rates of higher molecular weight products).
However, contrary to Arakawa's iron study, they observed an increase
in Ru dispersion from 13 to 19%. They claim that the activation energy
from methanation was increased by potassium, while Campbell (1982)
observed no changes in the activation energy on nickel. Gonzales
also showed a two order of magnitude increase in olefin to paraffin
ratio at 220C with potassium loaded to 10%. As noted in Arakawa's
study, they showed that the change in space velocity (or contact time)
only changed the olefin to paraffin ratlio, not the C; to Co ratios.
In a very interesting in situ infra-red experiment, Gonzales also
showed that only top site (0 was observed on potassium free Ru, under

reaction conditions, but both top and bridged CO appeared on potassium
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loaded Ru. This is in agreement with our UHV study on Pt, where potas-
sium coadsorption caused a change in CO site occupancy from top to
bridged. They went on to show that it was the bridged CO which was
the most reactive.

Of course, one of the main problems encountered with studies on
supported catalysts is that the support itself may play an important
role in some part of the reaction. This can be remedied by using low
surface area powders, folls, or single crystals. On foils and single
crystals, one has the added advantage that a surface can be examined
in UHV both prior to, and fbllowihg,.a reaction (see section 2 above).
This type of study has been cérried out for 00 hydrogenation by several
workers including Bonzel and Krebs on iron, Cmnpbeil and Goodman on
nickel, and in our group on iron and rhenium. |

Campbell and Goodman (1982) monitored the changes in CO hydrogenation
over nickel which occured with potassium deposition. By observing HQO
desorption during a post-reaction flash to 600K, they claim that potassium.
is present during the reaction as a "solvated" species. This observation |
should be contrasted to the claim of Ertl and coworkers (1983) that
potassium 1s coadsorbed with oxygen on iron catalysts under ammonia
synthesls conditions.

As in the supported metal studies, Campbell shows that potaséium
decreases the methanation rate by a factor of 2 for 0.1 monolayer |
potassium. But they did not observe a change in activation énérgy.

One of thelr interesting observations was an increase in the steady
state carbon coverage from .1 to .3 monolayers when potassium was

added to .1 monolayers.
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This "carbidic" carbon was still active and did not show graphiti-
zation polsoning until over 700K. Contrary to some high pressure
results seen on supported iron, they claim that potassium does in fact
increase fhe rate of production of higher molecular weight species on
nickel, i.e., it 1s not Just a selective polson but an actual rate
promoter. They conclude from their study, that since CO 1s more tightly
bound with coadsorbed potassium, and since CO has a higher dissociation.
probability (and steady state carbon coverage), that C-C bond formaﬁion-
becomes favored -over hydrogenation. They further conclude, in agreement
with others, that hydrogenation must be the slow step as the CHy
activation energy was not changed by potassium, only its rate of
formation. .

" In the Bonzel and Krebs (1980) study of KxCO3 deposited on an
iron foil, the authors claim that KO3 probably decamposed into a
KOH like species under reaction conditions. They also observed an
increased rate of carbon deposition (in agreement with Arakawa),
decreased rates of methanation, and selectivity changes toward higher
molecular weight specles. Their most interesting observation was that
the pOtassium and oxygen XPS signal remained relatively constant during
the reaction, but the Fe substrate signal was replaced by a carbon
signal on surfaces examined after a reaction. Tﬁey thus postulate
that a potassium salt is "floating" on top of a carbonaceous overlayer.
We have also observed this behavior under certain conditions. This
behavior lends support to a second interpretation for the role of
alkall pramoters for CO hydrogenation. On nickel, it is relatively

clear from the Campbell study that carbon does not form an unreactive
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graphitic overlayer at temperatures below 7COK. Thus the major role

of potassium here seems to be an an electronic promoter té facilitate
the dissociation of CO. With iron (or rhenium) " on the other
hand CO dissociates much more easlly, and infact, enables graphitizétion
and the formation of carbides in the near surface region under reaction
conditions. In thls case, one must consider the poésible role of .
alkalis as facilitaﬁing the removal of carbonaceous overlayers (although
not the dissolved carbon). In this type of model, the metal substrate
does the CO dissociation (or disspr'dpor'tionation), while the alkall
overlayer helps hydrogenate the carbonacecus overlayer. This alkalil
induced hydrogenation could proceed as in steam gasification (see

Appendix D).
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Appendix A. Categories of Additives for Metal and Oxide Catalysts.

A.l1 Introduction.

Catalyst components may be roughly divided into three groups: the
activé camponent (often a transition metal),~the support (such as
sllicon oxide or aluninum oxide), and the additives (such as promoters
or selective inhibitors). Certain camponents may serve more than one
structural or functional purpose, but these general distinctions should
be useful.

Ih.choosing a catalyst, excluding econamic considerations, one is
usually interested in finding a cambination of camponents which will
opthnize: 1) overall rate, 2) selectivity, and 3) lifetime of the
catalyst for any given reaction. TheSe‘three factors of rate, select-
1vity, and lifetime are operational ﬁarameters which can be readily
measured from prodﬁct ylelds and distibutions.

In developing a classification scheme for catalyst additives, it

is Important to first operationally classify them in terms of their

macroscopic effects. nce this is achieved, a more fundamental classi;
fication scheme is required to define the way in which the additive
interacts on‘the microscopic level with the reactants and intermediates,
as well as the active metal camponent of the catalyst.

We propose the following four fundamental catagories of additives
to distinguish between their microscopic properties: electronic
(chemical), surface structural,_support/texturél, and bifunctional.
Although many of these properties have been discuséed in the literature
recently, it is iImportant to bring them together to begin developing a

camplete model of pramoter action in catalysis. Some useful papers are:
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Burch (1982), Ponec (1979), Sachtler (1982), Vickerman (1981), Yatesb
(1981), Ponec (1979), Stair (1982), Stoop (1982), Fischer (1981),
Halachev (1982), and Benziger (1980). The rest of this section will
be devoted to defining both the operational and fundamental categories,

Methods of catalyst preparation or regeneration will not be discussed.

A.2 Operational (Macroscopic) Categories of Catalyst Additives.

1) The overall rate is gererally consldered to be the rate of conversion

‘of reactants to products. Any additive which Increases the rate of

reaction can therefore be considered a rate promoter. The overall

rate of a catalytic reaction can be increased in a number of ways.
Standard techniques include increasing the sﬁrfece area of the active
component and optimizing temperature, pressure, mass transport, and
other reaction conditions.

2) Given the difficulty and expense of separation techniques, a major
interest of the chenicai industry is not the total_rate of conversion of
reactants to products, but the selective conversion to (a) specific
product(s). The selectivity of the catalyst 1s a measure of the relative
rates of competing reaction pathways. Additives are now routinely used
both to pramote the conversion to desired products, as well as to sup-

press undesirable reaction pathways. In general, any additive which

induces a desirable change in selectivity can be considered a selectivity

promoter.
3) Most catalysts have a definite lifetime for a given reaction

after which they became inactive. This may range fram several hours
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for sertain supported platinum catalysts to several months for same
iron catalysts. 'The loss of activity may be the result of surface
poisoning, such as an inactive carbon or sulfur adlayer, or a loss of
particle dispersion by sintering. Any additive which increases the
useful lifetime of a catalyst, whether it be by maintaining dispersion
(textural promoter) or reducing coking and poisohing, can be called a’

lifetime promoter.

A.3 Fundamental (Microscopic) Categories of Catalyst Additives.

Many hypotheses have been developed over the past fifty years
concerning reaction dynamics on catalytic surfaces, but it was not
until very recently that conclusive evidence could be given‘to verify
one or another microscopic model of a catalytic reaction. The atamnic
level techniques involve the study of adsorbed species on solid surfaces
under ultrahigh vacuum conditions, and actual in situ studies of cata-
lytic surfaces by infrared spectroscopy and and electron microscopy
(see section 2.5.3). |
| Iniaddition to the rélatively simple systems which have recently
been studied (using single crystal metal surfaces as model catalysts
with adsorbates such as Hp, Np, CO, NO, Op, and CoHy), researchers -
in various labofatories are also probing the microscopic state and
function of catalyst additives and alloys. We now define ths four
fundamental categories of the known (and possible) functions that
additives have at the atamic level
1. An electronic promoter 1s an additive that interacts directly

with the active camponent of the catalyst and modifies its surface
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electronic properties. The electronic pramoter itself 1s not the
catalyst but only modifies an existing active Catalyst. This may, but
not necessarily, involve a change 1n oxidation state of the active
component. Electronic promoters'are usually of two general types:

a) The first type changes the oxidation state of the substrate metal,
but still permits adsorption. Examples of this are the oxidizing and
sane sulfiding pretreatment additives.

b) The second type does not change the oxidation state, but modifies
the electronic properties of the active camponent. 'This category of

additive function 1s commonly called the ligand effect, and can be

further subdivided into those additives which affect the surface over
a relatively long range (perhaps by donating or withdrawing electrons
fram the delocalized s-bands of the metal), and those which exhibit
‘only nearest neighbor effects (presumably by modifying the localized d-

orbitals).

2. A structural additive of the active metal surface 1s one whose
daninant effect is to change same properties of the metal surface by
altering the structure (or camposition) of the region surrounding the
active metal atoms. Electroﬁic effects on the metal centers are con-
sidered secondary here. Two‘impobtant types of structural additives

are the ensemble size and face-selective addlitives,

a) An ensemble size additive is one in which the active metal component
of the catalyst 1s diluted 1n a matrix of inactive atams. Several alloy
systems are belleved to belong to this class of additives. For example,
the group IB elements Cu, Ag, and Au, when alloyed with the platinum

group metals sometimes exhibit this behavior. In practice, however, it
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“1s difficult to distinguish between the enserble effect and a'weakly
perturbing ligand effect. |

By diluting the active metal in an "inert" matrix, bridged and
multiple bonding sites may disappear, as well as those sites important
for bond-breaking. This aspect of adsorbates 1s varlously referred to
as geametric, structural, tehplate, or coordination effects in the surface .
sclence literature. The exact role that the ensemble effect has in
catalysis, of course, differs fram one reaction or surface to another.

b) A face-selective additive stabilizes a certain crystallographic

‘orientation of small supported metal clusters. For example, fhe Ni(111)
crystallographic surface is known to reorient to a (100) orientation

in the,presence of sulfur;'also the Pt(100) to (111) (ie. 5x20) transi-
.tion is known to bé'stabilized by the presence of potassium.n Different
'faces of the same metal have been shown to exhibit remarkably varied
catalytic behavior. The most striking exémple of this has been in the
amonia synthesis, where Fe(1ll) was shown to produce ammonia at 418

times the rate of Fe(100), Spencer (1982).

3. Support (or fextural) additives have long‘been used in the construc-
tion of catalysts. BHere, the additive interacts most directly with

the support, not the active metal camponent. Perhaps the most common
function for sﬁch additives 1s to stabilize a high surface area of the
actlive camponent, preventing sintering. MgO and CaO, when added to

iron éétalysts, afe thought to function in this way. Another class of
additive is believed to block certain support sites which are undesirable
for tﬁe synthesis. A third type of additive provides a "sink" to

which impurities segregate, keeping the active camponent clean.
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One of the more interesting, although controversial, support
effects 1s the recent observation of "strong metal support interactions"
(SMSI) (Tauster, 1981). One reaction where SMSI is observed is in the
hydrogenation of CO on rhodium catalysts. Fh on TiO, catalysts, aften
high temperature reduction, shows little sign of hydrogen or CO adsorp-
tion, and its catalytic activity changes dramatically relative to that
observed for reduction of rhodium on SiOp. One of the daminant inter-
pretations (as put forth in Tauster, et al) is that for high dispersion,
T10, donates electrons into the Fh, filling up its d-shell, making
it more like Ag, Au, or Pt in its catalytic activity. [We believe
that this interpretation 1s wrong and that what 1s observed is due to
encapsulation or a new thTiyOZ phase.]

Nevertheless, the idea of support induced electronic interactions
should, in principle, be considered. A related observation 1s that
particle size appears crucial in determining electronic properties. In
a very interesting set of NMR experiments, DeMonorval (1981) showed that
the édsorbed hydrogen signal (for Ho on a platinum catalyst) shif'ted
significantly when catalyst particles of less than a 30 A diameter were
prepared. For large metal clusters, however, significant charge transfers

fram or to the support are unlikely from electrostatic considerations.

by, A bifunctional (or trifunctional) additive does not promote the

active camponent, but adds a second catalytic surface. For example, the
Pt-Pd-Fh auto emissions catalyst where NOy 1s reduced on the Rh surface,
while CO and unburned hyrocarbons are oxidized on the Pt surface.

The bifunctional additive thus énables the dual catalySt to perform

two (or more) separate reactions on the different surfaces.
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Appendix B. Thermal Desorption Spectroscopy:

Theoretical and Practical Aspects

The desorption of atoms and molecules from a solid surface can be
achieved by any of several means, including thermal desorption, photo-
desorption, electron (and ion) stimulated desorption, and field
desorption. In this section, I will discuss the theory and practice
of thermal desorption spectroscopy (TDS, also known as temperature
programmed desorption (TPD), with special reference to experiments
performed in ultrabigh vacuum. Although TDS can in principle offer
quantitative information on a great variety of thermodynamic and
kinetic aspects of adsorption and desorption phencmena, it has been my
experiencé that it is very difficult to get accurate ''numbers'' out.
The new molecular beam surface scattering techniques offer a more
quantitative analysis of thesevsurface phenomena, but at a great cost
-in time and money. The great advantage of TDS is that it is a
relatively simple way of getting semi-quantitative thermodynamic data,
and is especially appropriate for understanding trends in chemisorp-
tion, of the type discussed in this thesis;

This appendix is outlined as follows: 1) brief review of
statistical mechanical theory of rate processes, 2) the derivation of
the thermal desorption eduations, 3) the thermal desorption experiment,
‘and 4) experimental and theoretical problems in analysis. Several
excellent introductions to thermal desorption can be found in the
literature, including: King (1979), Peterman (1972), Redhead (1962),
Ertl (1979a), Tompkins (1978), Somorjai (1981), Roberts (1978), Gorte
(1976) , and Yates (1983).
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‘B.1 Theory of Rate Processes

From quantun mechanics the pbtenfial energy of any reacting species
can be determined as a function of bond distance (see Figure B.la).
By taking the classical path of lowest energy through the saddle, can
plot the ''reaction coordinate' an energy profile of the reaction,
Figure B.1lb.

For any giéen case, one can define the equilibrium constant, K.

as:

_ concentration in final state Eq. B.1
¢ concentration in initial state .

(constant V; N = number of molecules)

zlz
rh

i

|

(F = molar partition function)

ry

[

f
=~f£ (f = the atomic partition function)
i

The atomic partition function, f, is give by

-ey /KT th
f = z:gp (where g is the degeneracy of the i~ level)
i

Since the system is quantized, the reaction coordinate for any two
states can be depicted by Figure B.2a,

where T (where € is the zero point energy difference).

o
The total equilibrium constant is then:

K =.F_f.
(o] F.
1
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where

e /KT —e /KT =e /T
Fe =) ge fv =e ° g e t

=
1

(and Fi = L.e)e

 The "absolute rate theory" (or "transition state theory') assumes that

an "activated complex'' exists and is in quasi-equilibrium with the

initial state. The transition state model is shown in Figure B.2b.
One can define an equilibrium constant between the initial and

activated states as:

+
(@]

=
]

Egn. B.2

=
O

From the kinetic theory of gases, the mean velocity of an atom or

molecule passing through the barrier is

k. T
<g§0 = 7%;; (where m* is the effective mass of the complex).

The average time, 1, for crossing through the barrier is

T = %-Ei where § is the width of the barrier.

If we then assume that every atom or molecule which has enough
energy to reach the barrier passes through it, then the rate of

reaction can be expressed as
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¥ kT
-dN_C _ .+ /b 1 _
a-E—T-—C /THIF s =k ]iICi.. Egn. B.3

where F*'' and F*' are the partition function for the activated complex
with and‘without the (molar) zero point energy included.

We now make the further assumption that one of the vibrational
degrees of freedom (along the reaction coordinate) should be "frozen

out'" and converted into a translational degree of freedom:

’¢ s . 2Hm*k5T
F =Fftr=F —h—-—--cS

Thus, we have:

-l

“h IF

<where 2 ~10" at RT) . Eqn. B.4

i

Since (quantum mechanically) we must consider that the complex will not
necessarily go through the final state but may fall back into the
initial state fram the activated state, we add the transmission
coefficient (a).

k. T : + -E /RT
k = fE— aK# where K# = e ©

"

1

I
%
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This can be reexpressed in somewhat more useful thermodynamic terms as:

. :
-AG = RTan* (free energy of activation) Eqn. B.5

ka

k, T + *'
50k =a-2 b -AH /RT AS'/R

4
o-1G /RT=a_ﬁ__e

but, we usually measure the energy, E, at constant volume or pressure;

— * —
E,=RT+4H =E,

KT %
so k = qe -%— e E:a/RT eAS /R
-E_/RT
or more simply k =ve = Eqn. B.6
: K. T ¥
where v = qe D AR is called the pre-exponential factor.

h
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B.2 The Thermal Desorption Equations
For adsOrptien (as distinctvfram a gas phase process), the

potential energy diagram is somewhat different than the biomolecular
reaction case expressed in Figure B.1b. Instead, the reaction
ceordinate will resemble Figure B.3a or B.3b.

 The distance along the reaction coordinate needed to reach the
barrier is infinite (unless there exists an activation energy for
adsorption). In practice we assume that it is finite (~2-54) and
pefform the calculation accordingly. It is useful at this point to
distinguish between the two types of adsorption described in
Figures B.3a and B.3b. In Figure B.3a, level B is eonsidered a
physiéorbed state (also sametimes called a precursor state), while F
Fig.vB;Ba and b is the chemisorbed state shown wieh and without an
activation energy of adsorption. The physisorbed or precursor state
can be roughly defined as a state with a heat of adsorption of less
' than 10 Kcal/mole. 1In Figure B.3b, dissociatve chemisorption is
shoﬁn,'in this case with a large activation energy for dissociation.
Note the difference between the heat of chemisorption (A-B), and the
heat of desorption (C-B), the difference being the activation energy
for dissocation (A-C).

Returning now to our rate expresion we have

_ -E_/RT
kT ¥ -E_/RT _ a
k = qe E GAST/RT | "a™™" =ve

To find the rate of desorption, -dNa/dt, from a surface we merely

multiply by the concentration (for first order desorption):
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XBL 838-11078

Figure B.3  (from Tompkins)
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'-dNa ' ‘Ed/RT .
1t— = cha = \)oNa e Eqn- B.7

where Ed-= activation energy of desorption

Vv, = preexponential factor, ~1013 sec”!

N, = concentration of adsorbate
In general, for nt? order desorption we have
dNa _ er -Ed/RT
I - NaVe

In the thermal desorption experiment one usually measures the
pressure as a function of time (or temperature). In general, the
change in pressure is proportional to the rate of desorption, minus
the pumping speed (above steady state). In most UHV chambers it is
now reasonable to assume that the pumping speed is fast compared to

the ''characteristic time' for desorption, and we have:

—HEE = ZE_T AP - where S = pumping speed
b

A = surface area of sample

AP = change in pressure

For a linear heating rate of the sample, T = T #Bt, where 8 = dT/dt,
i.e. the heating rate. If we assume that v and Ed are coverage
independent, then we can solve our equation to find the temperature at

which the desorption rate is a maximum:
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2 _ _
Q_% = 0, (for desorption rate maximum)

T

Q,

or

B

‘tearranging we get:

(%) R
13 -1

For first order desorption with v = 107" s ~ and

= 102-10° K/s) we get
Ed = .06 (TP) in kcal/mole.

For n = 2 we get

- - -E,/RT E
G g T

)

p

Eqn. B.9

Egn. B.10

Egn. B.1ll
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2n -E./RT ,
(—g’i>e d =€.<&i.z> | g Eqn. B.12
> |

where %no = np which ié the coverage at T = Tp’

For first order desorption, the peak position should be
independeht of coverage. First order desorption kinetics are typical
for physisorption and associative chemisorption. Here the Tp and
FWHM are coverage independent. For second order desorption, the peak
position should decrease with increasing coverage. Adsorbed hydrogen
exhibits second order desorption behavior as it is dissociatively
adsorbed. For zeroth order desorption kinetics the peak position
should increase with increasing coverage (or temperature). Examples
of zeroth order kinetics are metal and metal oxide (i.e. multilayer)
desorption.

In same instances, several states will exist oh the surface,

giving rise to several peaks. The most simple solution is:

dN, dN, dN,
= = %: —3¢ (where —3¢ is the total desorption distribution from

i states) -

Usually, however, one does not find ideal desorption behavior. Often
Ead and/or Vv are coverage dependent. Also, precursor states modify
desorption kinetics as discussed in Section B.4.

Before discussing the thermal desorption experiment, it is worth

comenting briefly on an added complication of desorption phenomena.
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If an atom or molecule is relatively free to move along the surface
then the partition Fads'(Fi in Eqn. B.4) should be relatively

large as in a 2-D gas. F ~ 1010 per degree of translational

trans
freedom. On the other hand, if the molecule is confined to a certain

site on the surface Fads will be smaller: F (immobile)

ads
<F4s (mobile). Since Fqg is larger for the 2-D gas, the rate
constant, k(mobile), will become smaller than k(immobile). This can
be visualized graphically as follows: consider a metal surface onto
which is placed an adatom such as sulfur which does not bond strongly
with a molecule such as CO or H,. The potential energy of an
adsorbate on the clean and modified surfaces can be represented as in
Figure B.4a. A chaﬁge in the potential energy contour for an
adsorbate along the surface will cause a change in mobility of the
adsorbate. This will become manifest in a change in the
preexponential factor (i.e., the surface entropy component) of an
Arrhenius type desorption equation (Eqn. 4). In terms of the thermal
desorption experiment this means that (all other things being equal)
the temperature of the maximum rate of desorption will be lower for an
immobile layer than a mobile one. A change in the preexponential
factor by three orders of magnitude would cause a change in peak-
temperature by about 50 K for adsorbed CO or benzene. (N.B. This
argument assumes that F*, the partition function in the activated
camplex, does not change much.)

1f, on the other hand, the surface additive affects the depth of

the chemisorption potential well and not the diffusion energy along
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the surface, then the dominant change will occur with the E, (or

AH

ads) term, and not with the preexponential factor. This is

depicted in Figure B.4b. In this extreme, the structural effects as
well as changes in transition staﬁe geametry are excluded, and the
variations in desorption are due to a change in the ability of the
metal substrate to bond with an adsorbate, i.e. the depth of the
potential well. I believe that this type of discussion is necessary

to enable an understanding our ‘coadsorption systems as well as others.
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B.3 Aspects of the Thermal Desorption Experiment

besorption fran single crystals is the most common method now used
to determine heats of adsorption; the interpretation of desorbtion
from polycrystalline wires and foil becomes much more complicated
- because of multiple adsorption states. Once cut and polished, the
crystal can be mounted in one of serveral manners. The thermal
desorption experiment requires a sample mount and heating design such
that the desorption signal defected comes from the sample, and not the
support. ‘Wire supports, such as Ta, W, or Pt are often used because
of their small surface area. Passing a current through the wires
causes them to heat up, which in turn heats the sample by conduction.
Electron bambardment heating is also possible, but often causes
‘thermal and electron stimulated desorption from surfaces other than
the desired one. The problems of desorption from undesirable surfaces
should be minimized by mounting the sample such that only line of
sight desorption reaches the detector (usually a quadrupole mass
spectrdmeter).

The choice of power supply.can also be important: DC currents are
preferred since AC heating can cause unwanted 60 cycle noise in the
desorption spectra. Computer controlled ramping with feedback
circuitry is the most desirable method of heating, enabling variations
in heating rates and curves (linear, logarithmic, etc.). More
primitive methods without feedback suffice, if the heating curve can
be aécurately reproduced between runs. This yields less quantitative

results, but all of the trends should be apparent.



-213-

Finally, it should be noted that if quantitative measures of
coverage are desired, other methods of calibration must be used in
conjunction with TDS peak measurements. These can include LEED,
structure/coverage determination, Auger uptake curves, radio tracer
techﬁiques, or molecuiar beam methods.

Before explaining all of the problems associated with thermal
deso;ption, it is worth digressing for a moment to discuss
adsorption. Although several different definitions are used, the
concept of a sticking coefficient is a useful one. The sticking
coefficient So (at zero coverage) can be defined as the probability
that an incident gas molecule will become trapped in a chemisorbed
state. The cqndensation coefficient (@) refers to the probability
that the incident molecule will be trapped‘ih) a physisorbed
(precursor or chemisorbed) state. By-definition 0< So <a<1.

To a first approximation, for sticking with precursor states we
have:

v 3

So e V=&

a
e
\)a

where E a refers to the activation energy for going fram the
physisorbed to the chemisorbed state. For low T, So — a, and for
high T,S, — a (l+vy/v) "

The sticking probability also sometimes defined as:
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-E_/RT
S(6,T) =S _(l-6)e a

. If we neglect the exponential term we can display the most common

types of sticking probability behavior as follows:

S = So(1-6) Langmuir behavior
2) S = So(1-0)" n«l Sticking with
S| » (or others see below) precursor states
e
S
3) S = 50(1-6)2 Dissociative
adsorption with no
precursor states.
Two sites needed.




4)

5)
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reconstructions or
ordered phases.

Island growth with
strong attractive
lateral interactions.
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B.4 Problems in Thermal Desorption Analysis

There are many probiems with both the experimental and theoretical
aspects of thermal desorption. At the experimental level, we know
that we can rarely exclude edge,»support, pumping speed, and wall
effects fram coﬁtributihg to the desorption spectra from a single
crystal surface.'.TheSe.all have a tendency to broaden the peak.
However, in experiments such as those reported in Chapter 4 of this
thesis, these effects are minor compared to the major changes in
chemisorptive strength induced by the coadsorption of alkali atoms.
AlthoUgh a quantitative analysis is somewhat difficult, qualitative
trends are preserved. It is desirable, nevertheless, to minimize the
various experimental sources of error by usihg a molecular doser and a
line of site-desorption shield around the detector. 'Wall effects'' can
lead to a misinterpretation of the order of a reaction (first order
desorption will resemble zeroth order desorption) and to spurious
peaks (from displacement). We have minimized these by using an off
axis manipulator where the crystal is placed =2 cm from the QMS
ionizer. One should also be careful to ensure that the detector
responds linearly over the region studied if peak areas are to be
used. Finally, it is imperative that the surface be heated in a
uniform.ﬁay and be clean and flat--impurities and or roughness can
cause drastically different thermal desofptiOn behavior.

In addition to experimental difficulties, several theoretical
problems arise in describing simple desorption processes. As noted
before, a molecule or atom may adsorb by first entering into a

physisorbed or precursor state, and then falling into a chemisorbed
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state. The reverse can happen for desorption, and this leads to a
change in the desorption equation.

'The importance of the precursor state in TDS is.that'only a
fraction, W, of the molecules which go from the chemisorbed to the
precursor state will desorb. The energy imparted to the desorbing
species may cause lateral motion in the precursor state, not motion
normal to the surface needed for desorption. The rate to go from the

chemisorbed to the precursor state is:

-E/RT

- g%-= vNe (1st order)

And if only a fraction, W, go on to desorb:

dN _ -E/Rt
~ &t - WvNSee | Egqn. B.13

where 6 is the fractional coverage, and where W, to a first

approximation, can be represented as

F=fy+f P-(1+gyl[1-%%rq

where:
fa = probability of becoming chemisorbed from a precurser state.
f, = scattered into gas phase from unoccupied site.
fd = scattered into gas phase from occupied site.
f = probability of hopping to nearest neighbor fram unoccupied

site.

K = fé/(fa+fd)
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The f values an be approximated from sticking profiles. As W is
decreased the spectrum broadens and Tp goes up in température. Oﬁe
must be careful here: for first order desorption, Tp decreases with
increasing coverage if a precursor state exists, giving the appearance
of second order kinetics.

For molecularly adsorbed CO on Pt(111l) the peak temperature
decreases by at least 50K with increasing coverage, as well as
broadening the FWHM. This can be explained by 1) precursor states,

2) two overlapping states (i.e. top and bridge), 3) lateral
interactions causing Ead (or v) to vary with coverage, 4) second
order desorption, etc. The TDS experiment is inclusive here; one must
go to other methods, such as UPS, HREELS, or molecular beam techniques
to help resolve»the discrepancy.

Another problem is that of ''lateral interactions': The thermal
desorption spectrum is not only a result of substrate-adsorbate
interactions, but of adsorbate-adsorbate ones as well. These may be
attractive and/or repulsive, and will vary with coverage, temperature,
and composition. In general this can be solved by modifying the
exponential term to include coverage dependence.

dN -[E4(0) + zwf(6) ]/RT
- at— = \)Nae . Eqn. B.14

where: 2z desribes the lattice type
w is an interaction potential

and f(8) is a function of coverage
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With lateral interactions, curious spectra often result. For
example, two peaks may appear in the desorption spectrum, where the
first is due to chemisorption with strong repulsive nearest neighbor
interactions, and the second is due to '"normal" first or second order
behavior. Less confusing, but still troublesome, is the downward
shift in desorption concentration with increasing coverage which may
lead one to assume second order desorption, instead of first order
desorption with repulsive lateral interactions (see Chapter 3).

A more basic problem is that the theory assumes that the
transition state model is applicable to the surface. Thus, all the
questionable assumptions of gas phase transition state theory (and
.unre) deserve attention. For instance, should all the degrees of
" freedom of the desorption complex be weighted the same as in the gas
phase, and are they in equilibrium?

Another problem of transition state theory is how to determine the
transmission coefficient, a, noted earlier. By definition, a, is a
function of témperature and may be very small yielding small
preexponentials 102-10° sec™l. Some add an additional tunneling
term.

Finally, we note that Goddard and coworkers‘(Redondo, 1983) have
shown that a simple rate expression can be derived from a classical
stochastic diffﬁsion theory. They claim that their theory gives much
better correspondence with experimental data than that obtained by
transition state theory.

Despite all these objections, thermal desorption should, and will,
continue to be useful for obtaining information about the

thermodynamic and kinetic phenomena occurring at surfaces.
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Appendix C. A Comparison of Sulfur and Potassium Additive Effects.

C.1 Introduction.

Submonolayer coverages of various atomic additives (modifiers)
have recently been studied on many transition metal surfaces to help
understand promoting and polsoning effects in catalysls (see. Appendix
A). Same investigators have argued that the daminant effect of certain
additives 1s to physically block or dllute the catalytically active
metal camponent for adsorption or reaction (see for example Sachtler,
1976). This is also called an ensemble or structural effect. Others
have: pointed to the changes in heat of adsorption of CO or Hy and
conclude that these results are due to electronic interactions between
the additive and the metal atamns. 'This 1is called.a chemical, ligand,
or electronic effect. Other conventions have also been employed such
as surface acidity or basicity to describe electronic effects (Stair,
1982). In fact, a constant source of confusion in the recent literature
on surface additives can be traced back to the lack of agreement 1n
terminology. We will use the idea of structural énd electronic effects
as developed in Appendix A.

In this section we report about the chemical properties of carbon
monoxide and benzene when coadsorbed with sulfur on the Pt(111) surface,
and compare the éulfur behavior with that of potassium which was presented
in Chapter 4. For the purpose of discussion, some of the results
reported earlier are recounted here. For potassium, it was shown that
an electronic effect is the daninant cause of the observed changes in
desorption of C0 and benzene. Wlth sulfur coadsorption, on the other

hand, "structural" effects might be more important than electronic ones
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in altering the desorption behavior of these molecules.

C.2 Experlmental.

A Pt(111) sample was mounted 1n the TDS chamber described in
section 2.1. To achieve the desired coverages, sulfur was elther
deposited at a constaht rate for a certain time and then monitored by
AES, or the surface was saturated with sulfur and then heated, desorbing
sulfur, until a desired coverage was reached, For the CO and sulfur
coadsorption system we were interested in four coverage regimes: clean
Pt(111), eg= 0.25, og= 0.33, and 6g> 0.5, (vwhere 0g 1s the
sulfur coverage relative to the platinum monolayer atamic dénsity).
After sufficient sulfur deposition on a clean Pt(lil) surface, an

ordered (/3x/3)ﬁ30° sulfur overlayer structure could be obtained
| by heating to 700~900K. A second lower coverage, (2x2) sulfur overléyer
structure was obtained by heating to 1000-1150K. No other LEED patterns
were visible at higher or lower coverages, consistent with previously
reported results (Heegemann, 1975). Since sulfur is generally believed
to occupy the highest coordination site available on metal surfaces,
the two overlayer LEED patterns are most likely due to the sulfur
overlayers depicted in Figures C.la and C.1lb.

The potassium deposition tedhniques and overlayer behavior on
Pt(111) has been described in detail in Chapters 2 and 3 ébove. 0 and
benzene exposures were accamplished using a needle doser in front of
the sample. Heating rates for the thermal desorption spectra were

= 30 K s-1,

-
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C.3 Results

C.3.1 Chemiéorbed carbon monoxide.

Carbon monoxide adsorbed oant(lll) has been extensively studied

by many researchers (see Steininger, 1982, and references therein). At

low coverages, CO adsorbs on top sites on platinum, while at higher
coverages bridged sites’becane4occupied. Al though there has been same
disagreement in the literature, it is now thought that the top and
bridge sites are the only ones occupled, although same tilting may
occur (Biberian, 1983). | '

With the Pt(111) sample held at 170K, a OO expoéure of greater
than 1 langmir (1L =1 x 1076 torr s) was sufficient to yield a c(4x2)
overlayer LFFD pattern.. LEED and’ HREELS analyses (Biberian, 1983) have
shown thls pattern to correspond to.a real space representation described
in Figure C.lc, and a coverage of é o = 0.5. In Figures C.2a and C.2b
we show the CO thermal‘desorption spectra following 1L and 0.4L exposures.
Note the increase in peak area and concomitant decrease in temperature
of the peak maximum for the higher exposure. This effect 1s thought to
be due tp repulsive lateral interactions between the C0 molecules.

‘Figure 4.8 shows the saturation coverage CO thermal desorption
Spegtré as a function of potassium coverage on the Pt(11l) surface. Of
importance here 1s to note the large increase in heat of adsorption
with increasing potassium coverage. Also, the changé in heat of adsorp»
tion was a contlnuous function of both CO and K Coverage, as shown in
Figures 4.5, 4.6 and 4.7.

The p(2x2) sulfur overlayer structure on Pt(111) allowed significant

o adsorption following a 0.4 L exposure as can be observed in figure
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Figure C.2

Carbon monoxide thermal desorption from Pt(111) (a) + (b)
and Pt(111) + sulfur (c) + (d).
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C.2c. In addition, the desorption peak temperature was shifted by about
65K from a 0.4 L exposure on clean Pt(111), Figure C.2b. Higher CO
exposures on the p(2x2) sulfur overlayer resulted in no additional
adsorption. In Figure C.2d we show the CO thermal desorption following
a 0.4 L CO exposure on the Pt(111) + (¥3x ¥3)R30° sulfur surface. .
Similar spectra, showing little or no (O desorption, were observed for
higher CO exposufes as well as for higher sulfur coverages. No new,
or altered, LEED patterns were observed following CO exposure. The CO
thermal desorption peak area for the Pt(111) + p(2x2) sulfur + 0.4 L
CO overlayer (Flgure C.2c) was = 1/2 that of the Pt(111) + c(i4x2) CO
overlayer (Figure C.2a).

In Figure C.1ld, we show what we believe is the real space representa-
tion of a the p(2x2) overlayer structure with coadsorbed CO and S.
With a p(2x2) overlayer array of sulfur atams sitting in hollow sites,
there exists another (2x2) mesh of single platinum atam sites with no
coordinated sulfur atams, where CO could be adsorbed. This model of
coadsorption 1s consistent with the observations that the (2x2) sulfur
overlayer LEFED pattern was not changed when OO was adsorbed and the
the CO thermal desorption peak area for the c(4x2) CO structure on
clean Pt(111) (with a known coverage of 9@y = 0.5) was twice that of
the p(232) S + CO overlayer structure, with 0g0.25 and 0x=0.25.
Assuning that this model is correct, each sulfur atom blocks three
platinum substrate atams from adsorption. This is also seen from the
virtually camplete blocking of CO adsorptien on the(¥3xv¥3)R30°
sulfur overlayer surface where 6<0.33, Figure C.2d.

This p(2x2) overlayer structure with one platinum atom and one CO
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molecule per unit cell is ideally suited for ardynamical LEFD intensity
analysis due to the small size of the unit cell. Such an analysis
might yleld valuable information concerning bond length distortions in

coadsorption systems.

C.3.2 Chemisorbed benzene.

The thermal desorption spectrum of benzene on Pt(111) was shown
in Figure 4.21., For low ekposures, most of the benzene decomposes upon
heating, with hydrogen being the maln specles monitored in the desorptibn
spectrum, while for higher exposures, same of the benzene desorbs
intact.

In Figure 4.23 was shown the thermal desorption spectra for benzene
desorbing from Pt(111) with various coverages of potassium. Here we
can see that a 200K decrease in benzéne desorption edge maximum with |
potassium coadsorption, the opposite of what was observed for CO.

In Figure 4.24 we contrasted the effect that adsorbed potassium
has on benzene desorption with the effect that is seen with potaésiun
oxide. In the potassium oxlde case, potassium was first deposited
to ex = 0.3, then the surface was exposed to 5 L oxygen. Oxldation
of the potassium made the effect on benzene practically disappear.

The effect of sulfur on the desorption of benzene is shown in B
Figure C.3. The damlnant features are a slight drop in temperature
of the desorption rate maximum, and an effective blocking of adsorption
sites. A more thorough understanding of the adsorption states would be
required to claim that one state is blocked, while another is filling

in.
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C.4 Discussion

We chose to study CO and benzene and their interaction with sulfur
(following low temperature exposure) on Pt(111) beéause both molecules
had shown large chahges wheh coadsorbed with potasSium in éarlierr
studles. Because of the different electronegativities of potassium
and sulfur, we expected différent effects on the chemisorption of
these molecules. Our reSﬁlts show that on Pﬁ(lli).coadsorbed potassium
cauéed a 200K increase in the temperature 6fbdésorption of 00, and a
200K decrease in the maximum temperature of desorption of benzeﬁe.
Adsorbéd sulfur, on fhe»other hand, caused a deCreaségin the desorption

temperature of both CO and benzene.

C.b.1 The effect of potassium.

. The lérge potassium 1ndﬁced change in deéorption temperature of
both CO and benzene seems to be due to a strong substrate mediated
electronic interactién.. For 0O, 1f site blécking (structural) effects
were important, the thermal desorrtion peak should have moved down in
temperature, not up, as explained in Appendix B. More evidence supporting
an electronic interpretation comes fram the TDS, photoemission, and
-high resolution electron energy loss (HREELS) results (see chapter 4).
The results also indlcate that the electronic interactlon is mediated
by the substrate (i.e. it is‘not a direct interaction) and is effective
over at least several interatamic spacings.

By coadsorbing oxygen, the effect of potassium on the chemisorption
Qf_benzene almost disappeared, as we show in Figure 4.24. This further

supports the model of an-electronic effect for the potassium induced
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éhanges. If structural effects occurred, we would have expected the
oxidation to cause an even greater change in thermal desorption peak

tenperatube.

C.5.2 The Effect of Sulfur.

| The interpretation of the effect of coadsorbed sulfur on CO and
bénzehe is less clear. We observed a_decrease in the temperature of

0 desorption from Pt(111l) when sulfur (an electronegative species)

was added (figure C.3c). This might be expected sincé coadsorbed
potassium (electropositive) caused a large increase in thé 00 desorption
temperature, Surprisingly; analogous effects were not seen for benzene
adsorptioﬁ: both potassium and sulfﬁr caused a decrease in the benzene
desorpﬁion temperature.

In Figure 4.29 we show a molecular orbital diagram for a‘metal-:
benzene system analogous to our surface. What i1s of interest here is -
the elg level lying Just above Ep. If potassium on the surface can._
lower this level enough to be populated, it shoula weaken the benzene-
metal interaction (as we observe). Our UPS results show a slight
“Increase in binding energy of the loﬁer lying beniene levels suggest
that the elg level may also be lowered. Thus the interpretation of\
potassiun as inducing substrate mediated electronic interactions for
the chemisorption of both benzene and CO is consistent.

But why then did sulfur cause a decrease in desorption temperature
of benzene as well as CO? Recent work on "electron acceptors" shows
that the work function of a metal does not behave in a simple manner
(Shustorovich, 1982). From the point of view of adding an electron

acceptor (such as sulfur) to the surface, the dipole created between
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the atans and their image charge should increase the work function.

But with adsbrbed chlorine, for instance, sometimes a decrease in work
function is observed. This can be ratlionalized by noting that the
adsorbate-image dipole is not the only dipole .camponent of the work
function (see Figure 3.1). A second, and perhaps more hnportant; dipole
component comes from the bulk electron spillover into the vacuum. The
changes in wavefunction spillover character due to adsorbates can thus
overcompensate the adsorbate—imagé dipole component.

To follow this argument to its logical conclusion, we would say
that with sulfur, as with potassium, a decrease in work function causes
the bénzene 31; level to be populated, decreasing the benzene-substrate
bond energy. However similar reasoning shoﬁld lead us to predict that
potassium and sulfur should have the same effect on coadsorbed CO.

This was not observed: potassiun and sulfur showed opposite effects on
the CO desorption tenperature.. We are therefore led to discount the
work function model as detennining the sulfur-benzene coadsorption
system.

We can, however, explain the decrease in CO and benzene desorption
temperature (when sulfur 1s coadsorbed) as being due to a structural
effect. This would result from a change in the preexponential factor
(v) as described in Appendix B. By blocking the mobility of CO or
benzene along the surface, the preexponential factor in the desorption
equation should increase, which (for constant AHy35) will cause
a decrease in peak temperature in the thermal desorption spectrum.
Since this is consistent with the data, we tend to favor structural

effects as dominating. desorption behavior for the sulfur coadsorption
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Systens. Certainly electronlic effects will exist, as evidenced by the

slight increase in vibrational frequency of CO when other electron

acceptors; such as chlorine or oxygen, are coadsorbed with CO on supported

platinum (Primet, 1973), but we believe these are not the dominant

effect.
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Appendix D. Review of Related Uses of Alkall Additives in Catalysis.

This section contains a brief literature review of the use of
alkall promoters for carbon gasification and ammonia synthesis.
A review of alkali promoters for CO hydrogenation was given in section
5.5 above, For carbon gasification, alkalls are actually the catalyst,
not simply a promoter of another metal. Nevertheless, the simllarities
between the various reactions warrents consideration here of the use of

alkalls for gasification.

D.1l Carbon Gasification.

The gasification of coal or any other carbon source to produce
Ho and OO (syngas) is a necessary first step in the synthetic fuels
industry (Kugler, 1978). The resultant CO and Ho can be further
reacted over a methanation or Fischer-Tropsch catalyst to give useful
products such as methane, alcohols, or long chain hydrocarbons (e.g.
gasoline).

The steam gasification of carbon usually requires high temperatures

(>1000K), since it is a highly endothermic reaction.
(1) C + HO » Hy, + AH = 431 kcal/mole

Several other simple reactions which can take place under

gasification conditions are represented below:

(2) 2¢ + 0o » 20 AH = <53 kcal/mole

(3 C + 0y > 20 AH = +l41 kcal/mole

(4) 0 + HXO » Wy + Hp AH =10 kcal/mole
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(5) C + 2Hy » CHy ’ S AH = <18 kcal/mole
(6) 00 + 3Hp » CHy + HO AH = 49 keal/mole

In éddition to these reactions, similar reactions can occur in the

gasifiication of crude hydrocarbon sources:

(7)  =CHp= +HLO » O + 2Hp AH = 436 keal/mole
(8)  =CHy- +1/20p » O + Hp 8H = -22 keal/mole

In several of the industrial gasification processes, no.catalyst'
1s used. However others, such as the Exxon and Kellog processés do
employ alkall carbonates or hydroxides to catalyze the reaction. In
fact, alkall and alkaline earth metals ha&e been known for over 100
years to be active gasification catalysts (Motay, 1867). The recent
awareness in energy conservation has renewed interest in trying to
understand the basic science of alkall catalyzed coal gasification;
The most readily observed catalytic consequence of adding alkali salts
is that the gasification rates increase (at constant temperature) and
the agglomeration (caking) of the carbon source is decreased. |

SeVeral mechanistic pathways have been’postulated for the various
alkalil catalyzed gasification reactions, of which we will bbiefly
discuss three. Veraa and Bell (1978) have proposed a sequence of

reaction steps to explain the catalytic gasification cycle:

(9)  Mp03 +2C » 2M +.300

(10) 2M + 2H0 + MOH + Hp
(where M = an alkall metal)
(11) 00 +H0 + (0p + Hp -
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(12) 2MOH + (@Cp » My003 + FpO

(13) C+HxO + Ho+ 0

McKee and Chatterji (1975) offer a slightly different reaction

sequence where equations 11 and 12 are replaced by:
(14) 2MOH + CO » - M2003 + Hp
However, the overall reaction 1s still represented by equatiocn 13.

One problem with ﬁhese two postulated pathways, as pointed out
byAWén_(1980) 1s that from a thermodynamic point of view the 11thium
salt should be the least active, but in actual experiments it displayed
the highest reacﬁivity. Wen argﬁes that the actlve catalyst is not an
alkali salt, bﬁt rather an intercalated alkali-graphite or alkali-
~amorphous carbon compound. He shows how the Fermi level of graphite
 (a semi-metal) 1$feffectively shifted to higher energy when an alkali
metal enters thé space between the graphite'layers, making 1t-more
metallic,-and a better electron donor. One lmportant consequence of
the metallic character of alkali intercalation is that the modified
graphite (or aramatic carbon chain) can easily adsorb hydrogen. For
instance the followlng class of organic salts are readily hydrogenated,

while the neutral organic molecules are relatively stable.
(15)

> HH
(2M+) +H2—+(M)+‘ + MH
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These camplexes also adsorb CO and can therefore be used as CO
hydrogenation catalysts.
Wen postulates the following mechanism for steam gasification of

carbon sources.

(16) MpCO3 +2C +» M + 300

(17) 2M+2nC » 2GM

(18) 2C M + 2H0 + 2nC + 2MOH + Hp
(19) 2MOH + CO » MpCO3 + Hp

(20) C+HO » 00 +Hy

A similar mechanism would hold for MCH as the starting material
instead of M2003. He also notes that the diffusion of alkali metals
through the carbonaceous material should be relatively faclle elther
as M(g) or as MOH. The main difference between this mechanism, and
the ones proposed by Veraa (1978) and McKee (1975), is that the Wen
mechanism presumes that the alkall metal 1s intercalated when it reacts
with H0, while the other two state merely that atomic alkali atams
react with HoO without specifying the location of the alkali. The
Veraa and McKee mechanisms are therefore, more generai.

Other reactions are known to take place on alkali - graphite
intercalation compounds. In addition to CO hydrogenation, these
include the hydrogenation of the carbon substrate to form light hydro-
carbons, as well as the hydrogenation of benzene-to cyclohexane.

The third mechanism which has been postulated is called the

phenolate mechanism and is supported by the work of Mims (1983) as
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well as the work done 1n our laboratory (Delamney, 1983). The key
intermediate shown in these étudies is the phenolate specles

as represented in equation 21.

13 | PO '
+ CH:,,I —_ -@—0 CH3 + K]

The exlstence of this spéciés has been demonstrated indirectly

(21)

by an ion exchange surface methylation technique (Mims), and from
stoichiometric arguments (Delammey). In the methylation experiment, 13C
enriched CH31 is added to a carbon source Iimpregnated with potassium
carbonate (sphérocar'b) and the resultant methylated solid is characterized
by 13¢ rmr. |

In the Mims study, it was shown that a carbon sample with KOH
impregnation, followed by methylation form a stable intermediate. The
intermediates formed at 970K by heating the sample in He or by initiating
gasification are the same. This methylated intermedlate demonstrates
the prior existence of the phenoclate.

Delanney et al have recently shown that KOH on a graphite powder
reacts with steam in two successive stages. In the first stage, hydrogen
and hydrocarbons are evolved at a high rate, but no CO or COs 1s
detected. This staée ceases after the equlvalent of 0.5 molecules Hp
per potassium atom are produced. This is attributed to the dissociative
adsor'ption.of water to form -C-H and -C-OH (phenol) groups. The phenol .
group then reacts readily with KOH to form C-O-K (phenolate) species.

The existen_ce of the phenolate 1s strongly supported by the obsem)ation

that 0.5 moiecules Ho are produced per potassium atom. This species
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is found to form at an appreciable rate between 800-950K. By 950K,
most of the initial potassium salt wili be converted to C-0-K.

During the second stage of the reaction (at temperatures between
950-1000K) the gasification proceeds more slowly. It will, however,
preceed indefinitely, and the rate can be increased by further increasing
the temperature. Here, we also note the production of one Hr molecule
per equivalent CO molecule. We believe that this stage results from
the decomposition of the phenolate specles to give CO, K50, and metallic
potassium. Then, K20 and metallic potassium combine with Hgb to
produce Hy and KOH again., For a real catélyst, polsoning occurs by
alkall complexation with Impurities such as silicon or various metals.

- Once CO and Hp are made by steam gasification, their further
reaction to form methane and water is exothermic, and is normally
carried out on a nickel catalyst at 600K. Because of the high cost of
the heating required for steam gasification, it would be desirable to
convert the carbon source directly to methane or other hydrocarbons.

For instance the following reaction is virtually thermoneutral:
(22) 2C + 2HO » CHy + COp AH = 3.6 kcal/mole

Alkalis are able to induce this reaction. In addition, higher molecular
welght specles were produced'(which are known to be produced over
alkall intercalated graphite). The formation of the stable phenolate
intermediate seems however to result in these reactions being stoichio-
metric at temperatures below 800-900CK.

What is needed (from the point of view of a phenolate mechanistic

scheme) 1is a metal which can aid in the dissociative adsorption of a
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significant amount of strongly bound water on the carbon. At the same
time the metal must not be so strongly bound that the formation of a
stable phenolate-like intermediate freezes out the reaction, requiring

excessively high temperatures to camplete the catalytic éycle.

D.2 The Ammonla Synthesis.

The cammerclal developnent of the direct synﬁhesis of ammonia
occured in the first two decades of the twentieth century (Haber, 1910).
The catalyst was (and still 1s) formed from Fe3Oy (magnetite), with
© Al03 and K0 additives. The catalyst powder is first reduced
unde-f hydrogen to fdr'm,meltallic iron particles, which contain a small
amount of* K and O on the surface. Studies have shown that the Al303
is located between the iron particles, presumably as a structural
promoter. 'Ihennodynamic and kinetlc constraints require that the reaction
be run at moderate temperatures (500C) and high pressures (>100 atm.)

It was shown as early as 1934 that nitrogen adsorption was the
r'ate_limiting step in the overall synthesis (Hmmett, 1934). More

recently it has been shown that the dissociative adsorption of nitrogen

1s the slow step, while molecular adsorptionvis the weakly bound precursor
state (Erti, 1976). The dissoclative adsorption of hydrogen is facile

on iron at reaction temperatures. It is also found that the (111)
crystallographic face is much more active for dissociating nitrogen,

while the (110) face is the least active (Ertl, 1980). Very similar

face selectivitles were observed for the ammonia synthesis, where the
(111) face was found to be 418 times more active than the (110) face.
Although the energetics are different, thé molecular mechanism of

ammonia synthesls is analogous to the methanation reaction:
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(23) Ny (g) == Np (ads) == 2N (ads)

(24) Hp (g) == 2H (ads)

(25) N (ads) + H (ads) == NH (ads)

(26) NH (ads) + H (ads) == NH (ads)

(27) NHp (ads) + H (ads) == NH3 (ads) = NH3 (g)

However, in the methanation reaction, it is the final hydrogenation
of the surface CH3 specles which is thought to be rate limiting,
while in the ammonla synthesis the dissociation of Ny 1is rate

limiting.

The function and state of potassium in the ammonia synthesis is
still under investigation, but the pilcture which has emerged can be
described as follows. Potassium and oxygen are coadsérbed both on
the actlve iron and on the A103 phase. The iron, reduced from its
Fe30y starting form, appears to contain a significant amount of
nitr'ogeri dissolved in it, pér'haps forming a nitride in the near
 surface region. As noted above in section 5.9, the surface potassium
helps both to 1lncrease the N adsorption energy and to decrease the
activation energy for its dissociation, This effect is more
pronounced on the Fe(110) and (100) planes, which are noﬁnally very
poor at dissoclating nitrogen campared to the (111) face (Ertl, 1980).
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APPENDIX E
The Use of the PET-Commodore Computer for Surface Science Studies

E.1 Introduction

- Most modern microcomputers, when cambined with an appropriate
“interface, can be used to control and/or monitor scientific
instruments. We are currently using the PET-Commodore 2001, 32K
Personal Computer to facilitate several different types of surface
science studies, inéluding: 1) multichannel thermal desorption
spectroscopy (TDS monitors;the-gaseous species desorbed from asurface
as it is heéted), 2) Auger electron spectroscopy (AEé monitors surface
atomic'canposition),band'3) photoeléctronvspectroscopy (which measure
electrdns emitted fran‘both the_vaiénce-UPS- and core-XPS, regions).
Othervreseéféhers in the UC Berkeley Chemistry Department, with the
help of the Electronics Shop, have used the PET-tobmonitor gas
. chromatography, and gas phase 1aser.spectro$copy.

With thé development of a series of software programs, the main
advantages to be gained by using the computer over conventional
techniques are: permanent storage of data on diskettes, and post
processing of the data to integrate, differtiate, signal average, or
"zoam-in'" on data. The computer can also accurately control the
electronic pdwer supplies and analyzers used td collect data, and eVeﬁ
saves money in the case of Auger and photoelectron spectroscopy since
nov"System Control" or multichannel analyzer is needed (with the PHI

system).
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The programs are self explanatory in that once a program is loaded
and running the screen prampts the user with a series of simple
questions. An overview of each of the programs is given in the
following pages and some directions/commands are explained where
| needed. Should changes be desired, the reader is referred to Osborne
(1980) for an introduction about the computer and BASIC programming.
Steve Smiriga and Henry Chan of the U.C. B. Chemistry Electronics shop
can be consulted for more substantial changes in hardware or machine
language programming.

A schematic diagram of our computer, instrumentation, and

interface is given in Figure E.l. The interface includes a 12 bit A/D
_converter, a 16 bit D/A converter, an 8 channel multiplexer, a 32 bit
upcounter, and a voltage to frequency converter with a hardware

timer. The computer has a 6502 (8 bit) microprocessor with 32K RAM.
This is sufficient for most of our needs. Programming is»done in
BASIC for the-interactive parts, while machine language is used for
data collecting (because speed is important). [On a few occasions it
would have been bgtter to have had 64K or 128K RAM. Since 16 bit
microprocessors are becoming more popular, we would recommend the
larger size for someone who does not already have a 32K computer. ]

E.2 Computer Controlled Thermal Desorption Spectroscopy

Using the current software, the computer is capable of scanning
and monitoring the intensities of up to 8 different mass channels on a
. )
UTI 100C mass spectrometer, and one temperature, at a maximum rate of

about 20 per second. The computer, program, and interface should work
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equally well on any quadrupole mass spectrometer which can take a
0-10V mass programiﬁg input sigﬁai and give a 0~10V output for
intensity. The program and interface have been designed to enable the
user to change the electrameter gain; however, some undesirable noise
appears using this option with the UTI 100C. The‘software consists of
two programs, both of which are ioadedvfram the disk into the PET RAM
(active memory) by pressing the SHIFT/RUN key with the diskette in
disk drive 0. The first program combines an interactive ''parameter
set-up" section with a post-processing graphics routine, while the
second contains a series of machine language subroutines enabling fast
data collection, storage, and retrieval. A>listing'6f the two
 programs is giving in Table E.l.

In Figure E.2 is shown an interactive flow chart describing the
prompting questions and their functidn. In the post-processing part,
the temperature scale must be normalizgd_before meaningful plots are
made. This is usually accamplished by creating peaks of any gas (with
leak value) at two different temperatures, and then using the scaling
factdrs and offsets to center the display. Nonlinear thermocouple
behavior can be corrected for either in the computer or by changing
the temperature scale of the plot. |

E.3 Computer Control for Photoelectron and Auger Spectroscopy

The "ESCA" Programs for Auger, ESCA (XPS) and UPS include a set of
4 programs; an interactive BASIC program and a machine language
program for taking data, and two more for post-processing. The

programs are listed in Table E.2. The main interactive program
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enables data to be taken, stored, and for spectra to be subtracted
from each other. 1In Figure E.3 is shown the flow diagram for this

program.
E.4 Auger ESCA Display Program

When using the Auger /ESCA Display program, all files to be
displayed.must have been stored previously while'within the main
Auger /ESCA data collection program. The Auger/ESCA Display program
operates in two input modes, the Command Mode and the Display Mode.

In the Command Mode, the program will ask for a "COMMAND *" and await

input from the keyboard followed by a carriage return. In general
this mode used to recall data from the diskvandldisplay it. The
Display mode interacts with the user by merely hitting keys to affect
' the display: neither the "COMMAND" prampt, nor the keys‘ hit will
appear on the screen. Both modes work on data which has been placed
into a buffer in the PET memory; the original data on the disk remains
intact. Note that in the descriptions below, parentheses denote
shifted keys, i.e. (S) means shift S.

First a few remarks about the end points of the display. When a
data file is first read in from disk 1; the x-axis endpoints are set
to those of the "raw" data as entered in the main ESCA program, VI and
VF. The Y axis is set to run fram O to 100K counts, but only a
portion is displayed by the "'Autoscaler'. VI and VF can be changed in
the command mode, i.e. if the spectra were miscalibrated, via the "X"
. command. This will not change the data, but on the voltages displayed

on the x-axis. More often, however, one would wish to simply change
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the displayed initial and final voltages DVI and DVF, to zoom in on a

peak.

For intance, in changing DVI and DVF all the data remains the

same in the PET memory, the only real change is that fraction of

memory which is displayed. In general most Display mode commands use

and modify DVI and DVF. The one exception is ngn (smoothing) within

the Display mode which changes the intensities of only that fraction

of the spectra displayed.

COMMAND MODE: -

o

< P> x X I

Q

Get data from disk in drive 1, wipes existing data in buffer.

Displays the data with dots between VI and BF and cause the
program to enter display mode.

Displays the data with lines coﬁnecting the dots.

Plots latest displayed data on EPSON plotter

Sets VI and VF to desired values. Does not alter data.

Resets VI and VF to their original value as stored on diskette.
Autoscales the data between DVI and DVF.

Set Counts for top and bottom limits, as opposed to being
autoscaled.

Smoothes data with 3 point smoothing routine, and redisplays
it.

Integrates displayed data and re-enters display mode.
Differentiates data.

Quit ESCA Display program and return to main data collection
program.

Subtracts a given baseline from all data.

Clears the screen.
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DISPLAY MODE:

A, H, S, L and D are the same as in Command Mode.

(D) - Re-displays data using present cursor points.

(U) - Turns on.the cursor (to zoom in).

(V) - Turns off the cursor.

( - Moves the cursor left.

) - Moves the cursor right.

z - Turns on the repeat mode, so you don't have to press the

cursor keys over and over.

(2) - Turns off the repeat mode.

(() - Sets the left cursor point.

()) - Sets the right cursor point.

E - Puts cursor position in eV on screen.

R - Returns to the command mode.

B - Replaces the data between cursor points with a straight
(2) - Contracts along Y axis.

(8) - Expands along Y axis.

line.
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170

180
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200

210

220

230
240
230
260
<70
280
<70
200

210
320
330
A0
350
360
Z70
380
3920
400
410
420
430
440
450
470
480
490
500
S10
S20
330
340
955G
560
570
330
3%0
&0
610
6200
&L
&40
650
[Y-1¢)
CY4Y
OHHO
[ 4K

2o

o
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-

o

REM sUTI YDS3I"

POKE 48893, 38

FOKE 491%0, 13POKE. 53,40

DIM MS%Z(6),GN%(8) ,DA(8) ,DS%(4)

FOKE 35939, 128:FPOKE 35943,14S

POKE 35937,253:FOKE 35936, 255

POKE 35923, 146:FOKE 33922,6°

POKE 35911, 128:1FUKE 35907,128
FRINTEXPERIMENT, OR DATA RECALL"
INFUTKS

IFK$~"D"THEN1430

IFK$="E"THEN230 !

GOT0180

GOSUB 810

DA=DA (1) :GOSUB 14201POKE 35922,GN% (1)
POLE %3,40:PUKE 1,0:POKE 2,40
FRINT"CHECK GAIN SWITCH, DAMPER CONTROL.,
INFUT "GO “3K$iIF K$<>*Y"THEN 270
POKE 49875,38:1SYS(24352) s POKE 49151,3

TEMP AHP,.AND CRYSTAL POSITION®

POEE 24321,0:1POKE ‘24322, 031 POKE243235, 11 POKE 24326,0

POLE 20504,0:FOKE 20507,0
FRINT"QUOO $“DT%“MS INTO EXPERIMENT"
PRINT"O SCREEN PASS"
PRINT"MASS"DS% (1)

AL AL ALALLL L LA L LLLA ALY, "

FPRINT"

PRXN"“ .llIII.II.IIIl.'llll............'.....'“
FRINT*RASSTOETY
ﬁleT"r‘Aég"db"}(‘f'.............'....."......-
PRINT"*; "

FRINT wd

§YS (20704)

PRINT" "1 POKE 49150, 1
PRINT“REPEAT,SAVE,OR DATA PROCESS"
INPUT K$

IF K$="R*THEN GOSUB 1240:60T0250

IF K$="S*THEN GOSUB 520:G0OT0440
IFK$="D" THENGI=21 GOT0O1470

PRINT**1GOTO 440

END

REMS SAVE DATA ON DISK3

PRINT“SAVE DATA ON DISK"

PRINT*PLACE DISK I[N DRIVE #1"

INPUT “0.K. ";K$

IF K$<>"Y" THEN S50

OPEN 1,8, 1S1PRINTH1, " “I1*

INPUT#1,A$

IF VAL (A$)<>0 THEN FRINT"DISK INITIALIZE ERROR;
INFUT “FILE NAME";FMs$

FL3="11 "+FM3+", SEQ, WRITE"

OFEN 2,8.4,FL$

INFUTHL,AS,0$,C8,D%

IF VAL (AS) =0 THEN_670

FPRINT"ERROR "A$,B3%,C$,D$

PRINT"TRY AGAIN"3;CLOSEZ2:CLOSEL1GOTOSSO
FRINT“COMMENT "5 INFUT CMs

FRINI®Z, CH$

FE 150 1HG DATA; PLEASE WALT"

I F T T A .

TRY AGAIN"3;CLOSE1:160TOSS

“710

720
730
740
750

760

770

. 780

790
800
810
820
aso
840
850
860
870
es0
890
900
910
920
930
940
930
960
970

. 980

i

- 990

1000

-1010

1020
1030
1049
1050
1060
1070
1080
1090
1500
1110
1120
1130
1140
1150
£160
1170
1180
1190
1200
1205
1206
1207
1208
1210

1220

1230
1240

. 1250

1260
1270
1280
1290
1300
1310
1320

FOR [=1 TO NP%
PRINTH2,MS% (1) 1 NEXT

FOR I=t TO NP%
PRINT#2,6N%Z (1) sNEXT
PRINTH#2,DTZiPRINTH2,TT%
FRINTH#2,FS%

MF%=INT (FS%/254) s LFA=FSY%~256¥MF ",
POKE3?, LF%Z1 FOKE38,MF%3 §YS (22268)
PRINT “DQNE":CLOSE 231CLOSE 1
RETURN

REM %3 PARAMETER SETUP 13
INPUT "NUMBER OF PEAKS WITH MAX UF 8"jNP%
IF NP%>8 THEN GOTO 820

FOR I=1 TO NPY

PRINT “"MASS"Ij3 INPUTMSZ (1) sNEXT

'3 FIdVl

PRINT"MASSES OFEN FOR D TO A ADJUSTMENT

PRINT"USE THE KEY 'S’ FOR COARSE UP"

PRINT" *4® FOR COARSE DOWN"

PRINT" *2' FOR FINE UP“

PRINT® *3’ FOR FINE DOWN"

PRINT“USE "RETURN’ TO REGISTER THE MASS" - )
DA=4S5S38:1FOR I=1 TO NP%Z

IF PEEK(151)=27 THEN 930

PRINT “FOR MABS #"MS%(I);

A“PEEK (15Y)

IF A=34 THEN GOSUB 1340

IF A=41 THEN GOSUB 1340

IF A=18 THEN GOSUB 1400

IF A=25 THEN GOSUB 1380

IF A<>27 THEN 950

POKE 158,0

PRINT DA1DA(I)=DAIPOKE1SB, 01GN% (1) =1sNEXT
FOR 1=20528 TO 205331 POKE I,0:1NEXT
PRINT"CHOOSE UP TO 4 MASSES FOR SCREEN DISPLAY"™
PRINT"AVAILIABLE MASSES ARE"
FOR I=1 TO NP%sPRINTMS%Z(I)*,
RJ=1

PRINT “AUTO-SCALING?"j31 INFUT G$

IF G$="Y" THEN TB%=2000;RJ=2

FOR I=1 TO NPY%

PRINT"DISPLAY"I"IS MASS": INPUT DS%(I) 1K=l

IF MS%Z(K)=DE%(I) THEN 1150

Ke=K+11IF KONP%Z THEN PRINT"MASS" DS%(I)“NOT FOUND":GOI0 11310
GOTO 1120

IF RJ=2 THEN L=01 GOTO1170

PRINT “TOP SCALE (1 TO 5376 IN BINARY STEPS)"IINPUT 155040
IF(2°L) #42u> TS% THEN 1190

L=L.+11GOTO 1170

POKE (20528+K-1) ,L #8+1

IF. 1=4 GOT01206

NEXT :

INPUT "DELAY COUNT (8~25S)"};DC%

IF (DC%<B) QR (DC%>25%) THEN1206

POKE 21089, DC%s POKE 21093,DC%

PRINT“DWELL TIME, MINIMUM OF SO MSEC*

INFUT MT%sDT%aMT%/.256s IF- DT%<180 THEN 1210

K=INT (DT%/256) ¢ POKE 20482,K+11POKE 20481, DT%-K 4256

FRINT "TOTAL TIME OF EXPERIMENT IN SEC."

INPUT TT%1TR%=TT%/ (DT%%.000256)

PRINT"TOTAL # OF SCAN IS" TR%

IF (TRZ& (NPZ+1)) >5056 THEN PRINT "NOYT ENOUGH STORAGE anLE“'bOTG 1240
FS/=TRAY (NPZ+1) ¥2+10240

K INT (FS%/254) 1 POKE20486, K1 POKE20485, FS%~K$256

POKE 20501,NPXtFOR I=1 TO NF%

-6%2-

“]lNEXTlPRINT:PRINT

K*INT(DA(I)/”Sé)IPDKE(20544*(I 1) %3) , Ky POKE (20544+ (1-1) 85+1) , Déc § )~k alSe

FOKE (205444 (1-1) §3+2) ,GN% (1) -



1330
1340
1350
1369
1370
1380
1390
1400
1410

1420
1430

1440
1450

14460
1470
1480
1490
1500
1510
1520
1530
1540
1350
1560
1570
1580
1390
1600
1610
1620
1630
1630
1650
14660
1670
1680
1469Q
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
16820
1830
1840
1850
1860
1870
1680
1890
1960
1910
1920
1930
1940
1950

1960
1970

I3

NthnREIURN

IF DA>65436 THEN RETURN

DA=DA+100:30TO 1420

IF DAC100 THEN RETURN

DA=DA-100;GOTO 1420

IF DA>6SS535 THEN RETURN

DAaDA+1:50TO 1420

IF DA{1 THEN RETURN

D=DA-1:GOTO 1420

K=INT(DA/256)

FOKE 35937,K:1POKE 359346, DA-K3254

RETURN

PETMEM:GI=1

L=01G1 a0t XFeO1 HmOtHI =03 H2=0

REM #3 VISIBLE MEMOURY PLOTTING ROUTINE FOR THERMAL DESORPTION %
REM 83 PLOY AND LABEL AXES #%

INFUT "TEMP. RANGE"j;TR

INFUT “INIT. TEMP";T1

UN Gl GOTO1730,1970

CLEARIVISMEM

GMODE 13 DT=93FORY=OTO100STER1O

MOVE 12,Y81.8+13:CHAR STR$(Y)

NEXTY

HMOVE 10,5031 CHROT 131 CHAR"RELAT IVE lNTENSITV":cHROTO

MOVE 80, 0:1CHAR * TEMPERATURE (K) "

LINE 40,20,305,20

LINE 40.20,40,200

FOR Y=OTQ208TEP2

Y1i=sYSDYV+20

LINE 38,Y1,40,VY1

NEXT Y

TS=TR/200

DX=263/T8

FOR X=0 TO 78

X1=X8DX+40

LINE X1,18,X1,20

SaT1+X5200

MOVE X1-15, 101CHAR STR$(5)-

NEXT X

RETURN

INFUTH2, Ks:SQ-VAL(Ks);RETURN

REM 38 INPUT FILE DATA %3

OFEN 1,0, 1531 XP=0

INPUT"DIRECTORY"jK$

IFK$="Y"THEN DIRECTORY

PRINT"PUT DATA DISKETTE IN DISK DRIVE #1*

INPUT “FILENAME"jFM$
FLS=" 13 “+FMe+" ,BEQ, READ"
OFEN2, 8, 4,FLs
INFUTH1,A%,Bs,Cs,De

IF VAL (As$)=0 THEN 1860
FRINT"ERROR "As$,Bs,Cs,Ds
FRINT “TRY AGAIN"iCLOSEZ2:CLOSEL
INFUT#2,CM$: FRINT"COMMENT:s "CM$
FRINT"LOADING DATA, PLEASE WAIT"

180701750

-GOSUBL730:NPL=SQ

REM %% INPUT MASS NUMBERS %»

FOR I~1TONPZ3sGOSUB17303MS%(1)=S5Q:NEXT

REM % INPUT GAIN(S) &%

FOR I1=1TO NP%:GOSUB17303GN%Z (1) =SQsNEXT

REM %% INFUT DMWELL TIME, TOTAL TIME, AND TOTAL # OF DATA POINTS %x
GOSUB1730: DTL=SQ|GOSUBI730|TTL=SQ!GOSUBl730:FSA-SD

SYS(22432) :CLOSE 21CLOSEL

FSL=FEEK(2) $256+FEEK (1) ~1

FRINT"THERE ARE"WPY" MASSES"

Froy 10T NPY%

1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290

- 2300

2310

‘2320

2330
2340
2350
2360
2370
2380
2390

. .2400

24410
2420 A
2430
2440
2430
2440
2470
2480
2490
2500
2810
2320
2530
<540
2530
2540
2570

- 2580

2590
2600

2610

2620
2630
2640

PRINT"MASS"“1" IS“MS%CI)" WITH GAIN"GN:(1)s MEXT
PRINT “DWELL TIME IS"DT%
PRINT “TOTAL TIME OF EXPERIMENT IS"TTL"SECONDS*"
FRINT “TOTAL NUMBER OF DATA POINTS IS“INT((FS%-10240) /NE%/ )
INPUT"WHICH MASS"iMS%1Ke=]

IE MSZ () =MS% THEN 2070 :
KHN*illF KINPATHENPRINT"MASS"MSZ" NOT FOUND": GOV} Jii0
GOTO 2040
INFUT*SCALING FACTORS"3FX,FY

INPUT"X,Y OFFSET VALUES";0X,0Y
Be40+0X
INPUT"NQ.OF POINTS TRIMMED";PT
INPUT" INTEGRATION" e
TUR300s.TV=15)
IF [s="N" THEN 2230
INFUT*TEMP. BOUNDARIES FOR INTEGRATION"jOA, Ok, ol , 00
TA=40+265% (RA-T1) /TR
TB=4Q4246%% (QP-T1} /IR
TC=R0+265% (QC-T1) /TR
TD=40+265%(QD~T1) /TR

INPUT*UPPER TEMP. OF PLOT";QU
TU=40+24658 (QU-T1) /TR

INPUT"CENTER TEMP. OF PLOT Qv
TV=40+2638 (QY-T1) /TR

INPUT "NUMBEI OF FOINTS TO BE SMOOTHED";NG%

IF (NSX<1) OR § (NSZEFX) >127)OR (INS%EFY) >127) OR (NS% > 15 1HEM 0
POKE 1,0:POKE 2,40 :
POKE O,Kt2|POK520640,NSZ
POKE 20643, (NP%+1) 382
POKE 20642, INT (NB%ZIFX)
POKE 20644, INT (NSZSFY)
POKE20649, PT+1:POK520650 B:FNKE243328, 0i POKE24324,0
MF 7= lNT(FS//?ub):LFL-FSA-MFA‘“S&
POKE20647, L.F%: POKE20648, MF

TJ-10240#(NPZ*l)t2tPT )
TI=(PEEK(TJ) $256+PEEK(TJI+1)) /FX
POKE20451, 131 POKE20652, 0
AL=INT (TU/256) s BZ= TU~A%E256& "
POKE20644, BX1 POKE2066%, A%
AL=INT(TV/256) 1 BYU=TV-A%E256
POKE20672, B%1 FOKE20473, A%
AZ=INT (TA/256) 1 B4=TA-A%Z K254

POKE20674, B41POKE204675, A%

A-INT(TB/256)|BA=TB Altzse

POKE20&74, B%s POKE20677, A%
AZ-INT(TC/ZSb)lBZﬂTC-AXl256
POKE20678, BY%: POKE204679, A%
NA=INT(TD/256) 1 B%=TD-A%E254

-062-

POKE20680, B%: POKE20681 ,A%

INFUT"CLEAR OLD PLOT “jK$:1IFK$="Y"“THEN GOSUB 1520
VISMEM

8Y6(22048)

T0=FEEK (204645)

HaPEEK (20651) +PEEK (204652) ¥256

IM=PEEK (20446)

HM=FEEK (20682) +PEEK (204683) %256

HA=PEEK (20684) +PEEK (20685) k258
HB=FEEK (20686) +PEEK (20607) 3256
HC=FEEK (20688) +PEEK (20689) 256
HD=PEEK (20650) +PEEK (2049 1) $256
H2=PEEK (20692) +PEEK (20693) 256
H1=PEEK (20694) +PEEK (20495) ¥258
A2=FEEK (20696) +PEEK (20697) 256
A1=PEEK (20698) +PEEK (204699) X256
AT=FEEK (20701) +FPEEK (20702) ¥256
IN=FEEK (204653) .



al

2650
2644
2670
2680
26%0
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
2800
2810
2820
2830
2840
2850
2840
2870
2880
2890
2900
2919
2920
2930
2940
2950
2960
2970
2980
2990
3000
I010
3020
3030
3040
3980
3060
3070
3080
J090
3100

_251;

IFHD< >0 THEN2570 .

HD=FEEK (2066 1 1 $2S6+PEEK (20660) +Bt ID=FEEK ( 2066211 R2S6+FEEK (20662) s TD=HD
IF Is="N* THEN 2720

SL=CID=TM) 7 tHD-HM)
Al=A1~H1 2 (ID+SLE (HA/2+HB/2~HD) )
AZ=A2-H2% (ID+SL% (HC/2+HD/2~HD) )
AT=AT-HD& (ID- SL&HD/2)

MOVE 230, 150: CHARFM3

MOVE 190, 180: CHARGMS

MOVE 255, 170: CHAR"MASS: “; STRS (MS%)

MOVE 240,0:CHAR"X,Y: ";STRS (FX)  STRS (FY)

MOVE 230, 160: CHAR"SMOOTHING: *; STRS (NS%)

MOVE 190,150

CHAR“OFFSET VALUES: ";STRS (0X) ; STRS (INT(10))
IF Ism="N" THEN 2930

LINE TA,2S,TA,28

MOVE TA+10,2S

CHAR STR$(INT(A1))

LINE T8,25,7TB,28 ° N
LINE TC,25, TC.28 .
MOVE TC+10,25 ' :
CHAR STRS$ (INT(A2))

LINE TD,25,7D, 28

MOVE 210, 140 :

CHAR*TOTAL AREA:"-STR‘(INT(AT))

poTL 2,2

LINE TJ+B, ID-SL$HD-1G+50, 10, ID-T 0+30

pOTL 2,0 .

GET K$:IF K$=*"THENZ?30

PETMEM: INPUT “DUMP ON EPSON?"jKS$-
IFK$<>"Y " THEN1970

PRINT “TURN ON EPSON; WHEN READY TYPE ANY KEY"
GETKS: IFK$=""THEN 2970

OPEN 4,4 :

EG$=CHRS (27) +CHR$ (751 +CHR$ (144) +CHRS (1)
PRINT#4,CHRS (27) 1 "A" ; CHRS (8)

FOR 1=44824 TO 44863

PRINT#4, BGS;

MB%=INT (1/256) : LB%=1-2563¥MB%

ROKE1,LB%: FOKE2, MBY

POKE&S2, 74: POKE 453, 741 POKESSS, 743POKESSS, 7
SYS(640) :PRINT#4,CHRS (10)

RRINT#4,BG$;

POKE 1, LBY%: POKE2, MBY

POKES52, 2341 POKE6SS, 2341 POKESS4S, 2341 POKESSS, 234
SYS(640) 1 PRINT#4, CHRS (10) :NEXT:1CLOSE4: GOTOI970



690 POKE20306, (LB%+1) AND25S51 FOKER0S07, (MB%+1 ) AND2SS
700 VE=4SSI5-VI (0) 20 1MR%=V5/ 254 LELaVS~MDZ 3256
710 POKEZOSOH, L% POKEZOS09, MEY
720 VE=VC(0) 330: MB%=VH/ 2563 LB%2VS~ME%LE2S6
730 POKE2US10, LELIFORER0S511, MBY
740 PORE20514, 103 FOKERNS1S,0
o0 BEME S e 4EDCH ERUBKAM - UFInVIED HY WG /835K 730 INFUT “READY ";K3
g FGEE IR LTI R IVE VLS IEY PATY . 760 IF R$I"YUIHEN 7S0
LA PUEE A, 145 770 GOSUB26&20:REMSAX[SE
; 543 ] 780 PRINT"USE <’ TO ABURT;  "C’ TO STOF SCAN"
790 FOKE491%0,3
800 MB%A=QGN%/ 2861 LEY%=0N%-ME%E254

FOLERF4 235, 196:REM #INITIAL1ZE B2SSRUN 810 ﬁgi@?gg;g'97“55g‘52553?0?4ﬂ§:?’9. s PORE20495. ¢
DIM FS® (1), NS (1), VICL},VF (1) ,NC%(1),VEC1), TCC1),ADC1) ,NSL (1) ,MX (1), M <9 EZ0490, 0: POREZO49 1, 08 FUKE20492, 03 PUKE20493, 0
AD1O) =6 s nbe ’ ’ ’ ’ ’ ’ PRRALIL XL NG g0 POKETS, Lists FOKETS, MEv.s SYS (206081

ADLL) =708 25 B840 NSZ(Q) =PEEK (20-182) 8 TS4+FEEK (204131)

AEH 890 MX (0) =PEEK (20574) 1056+FEEK (20535)
(W] ) . : N 860 MN(0) =FEEK(205I8) $256+FEEK (20539)
FE U e bug® - 870 IFFEEK(20480) ANDETHENGOSUE 1830
SEeet *EXFER LMEMT " . 880 IFFEEK(20480) ANDATHENFRINY*DATA OVERFLOW"
P40 FE INT T DATA BFRLCESS 890 1FPEEK (20480) AND3IZ I HENFRINT"SCAN # OVERFLOW"
50 FRINTmDJUST SWEEF YOLTAGE® 900 FRINT"FINISH SCAN FINISHED: TYPE ANY KEY TO CONTINUE“:LEi: b
26U INFUT "ENTER CHUICE"“;rs , 910 GETK$1 IFK$=""THENF10
279 ESLEFT (K, 1) 920 POKE 49150,1
JBU IF K$="E"THENGOSUE330: GOTO310 930 REMS® AFTER ‘EXPERIMENTS
290 IF Ki="D"THENGCSUB1 100: GOTO310 730 PRINTEXPERIMENT IS DUNE®
00 IF k$="A"THENGOSUB1230:GOTOI10 930 PRINT® *-
310 GOTO 220 - : 960 PRINT“REPEAT EXPERIMENT"
310 REM 970 PRINTYINCREASE # OF SCAN“
330 REMIEXAFERIMENT DRIVERS 780 PRINT"SAVE DATA ON DISK" |
340 FRINTYRUN EXPERIMENT® SR ¥70-PRINT"NEW EXPERIMENT* {g
S0 FRINV*ENIEF" 1600 PRINT"DATA FROCESS" )
THO 1 U UFS, AFS, OR AUGER" ;PSS 1010 INFUT"ENTER CHOICE“jKs )
TG IS8 U THENPSS (0) = "UFS " 3 SFm 1, 551 GOTO400 E 1020 IFK$="R"THEN GOSUR 1440:GIT0540 o
330 IFFEE= X" THENPSS (0) =" XFGY s SF=1.827: 6070400 1030 IFKES<CO "I THENLOG6O
390 1FESS="A" THENFSS (0) = "AUGER "1 SF=1 » 551 GOT0400 1040 GUSUB1440:EM=0: INFUT“# OF ADDITIONAL SCANS" ;i
4un INFUT"INITIAL o FINAL VOLTAGE"3VI,VF3VI (0) =VI/6F =31 VF (0) =VF /SF~3 1050 NS%=NSZ(0) +AS%: GOTOS80 .
410 IF (V150) OR (VF>2000) OR ¢ VF<VI) THENGOSUB14101 PRINT* " 3 1 GOT0400 1060 1FK$="S"THEN GOSUR 1520:G0TO1090
A20 INFUT"# OF CHANNELS" ; NIL% s NC% (O) sNC% ) 1070 IFK$="N"THEN GUSUBIB30:GOTO400
430 IFNCY 21000 THENGOSUES30: PRINT " * ) 1 GOTO420 . L1080 IFK$="D"THEN GUID 1100
440 Y= (VF=-VI) / INCL(O) 1) : VC (D) =V /SF 1090 GOTO 930
B0 LF (VC< 1) OR CINT (VE310) 1 »VC810) THENGOSUB14105 PRINT * 5 1 GOT0420 1100 REMSDATA PROCESS DR1VERY
460 FOLENCY/ 3060+ 1110 PRINT"DATA FROCESS" 3
470 INFUT“TIME (SEC.) ON EACH CHANNEL®TC3TC(0)=TC : 1120 PRINT" » EE
480 IF (TC=.0LIOR(1C=. 1) OR(TC=1) OR(TC=10) THENSOO - 1130 PRINT"EXCHANGE HUFFERS (A<+>B) "
490 GUSUE1310: PRIMT "5 s BOTV470 1140 FRINT"SUBTRACT B FROM AY E;
SO0 IFTC=, 01 THENC | =60 1150 PRINT"LUOAD DATA FROM DISK 10 BUFFER -}
S10 [FTC=. 1 THENG M=o ] : 1160 PRINT"BUFFER D1SCRIFTION" =
S20 [FTC=1THENCTY =67 1170 PRINT"DISPLAY AND FOSTPROCESSING® o
SI0 IFTC=10THENCT %283 1180 PRINT"NEW EXPERIMENT"
540 GOSUB 1830 1190 INPUT"ENTER CHOICE";K$
S80O PRINT“# OF SCANS"; ' a 1200 IFK$="E"“THENGUSUB1520:G0OTOIZ40
S60 INFUT -NS% 1210 IF K$="S“THENGO3UBZ7201 GOT01260
570 REM 1220 IFK$="L " THENGOSUB2080: 30TO1260
580 KEMSSKESETUP FOR EXFERIMENT UNTIL BOOX$ss 1230 IFk$="B"THENGOSUB23501GOTO1240
S90 MBZ=AD () /25461 LB%=AD (0) ~MBL ¥ 258, 1240 IFK$=2"D"THENGOSUB2S510:GOTO1260
600 FOKERO4E3Z, LE%: FUKE20434 , MBY 1250 IFK$="N" THENRE TURN
610 POFE20496,EM 1260 GOTO1100
620G MEBUL=NSY/256: LEL=NSL-MOL K256 : 1270 REM
670 20497, LB%3s FOKE20498, MBY 1280 REMXALIGNMENT DRIVERR
680 MEL=0CL/ 16 LBY =00 % -ME%L ¥ 256 1290 PRINT"ADJUSTMENT OF SWEEP VOLTAGE"
6% FOPESO%0L L B FOEEZOSO T MBY 1300 FRINTYENTER 'E’ TU EXIT THIS MODE®
nel Bl €050, 01T 1310 INPUT “ENTER VOLTAGE (0-2000 V.)";K$3VT=VAL (K$) /1, 55-1. %
S ORI 0S5, 0, 1320 IFK$="E"THEN 1390
L R A XS B AR NI YA 2N T T MBS . ) : 1330 DA=4SSIS-30KVT: IF DACO THEN 1360

1240 KeINT(DA/LS6) s FORESSTE7, K FOKEIS936 » DA-K2X256

SO S | TSR o 4 e




A3 FWINT YOS FUOK THE RIGHT VOLTAGE”
1380 PRIMYSTYFE &Y KRV TQ COnNYINUE®
1270 GETKE: [Ft $=" " THENL2 7D
130 GUIU | 3Ye
1300 RETURN
1400 REH
1410 REFAERASE LAST LINER
Laso FRIpr. "
1450 LETURN
1440 FEMSFRINT EXFP, PARAMETERS
1450 PRINT"EXFERIMENT"
1450 PRINYPSS (D))" "NM3(Q)
1470 PRINT"FROM"VIY TO “VF'* EV"
1430 FRINT"WITH “NC%(0) " CHANNELS"
1490 PRINT“VOLTAGE INCREMENT OF"VC" EV"
ES0G FRINY*VTIME ON EACH CH. IS"rC(0)“SEC."
1910 RETURN
150 REMASAVE TO D1SKs
1530 PRINT*SAVE BUFFER A TO DISK®
1540 FRINT"PUT DISK IN DRIVE # 1"
t8H0 INFUT“WANT DIRECTORY";K$
1560 [FLE< >V THENIS90
1570 DIRECTORY D1 )
1980 [FVAL (DS$) - 2OTHENFRINT " DS3:1 60701540
1590 INFUT"FILE NAME “;FM$
1600 (NFUT *COMMENT" 3 NS (O)
1510 DOFENNZ, (FM$) ,D1,W
1o LFVAL(DSS) CCOTHENPRINT *DS$:160T0OL340
le sy FIRINVTSAVING DATAS FLEASE WAIT®
14640 PRINTHZ,FPS$(0)
1650 FRINTH2, N (0)
165G FRINTH#2,VI0)
17 PRININZ, VF Q)
1680 PRINTHZ,NC(O0)
1690 FRINTRZ, VC (D)
1700 PRINTH2, TC(O)
1710 PRIMIS2,NS% (O)
1720 FRINTH2, MX (0)
S0 FRINTH2, MND) .
TA4G ME%=AD0) /2563LBY%=AD (0) -MBY% 8256 |
1750 FPOKEL,ILB%: FOKEZ yMBY
17600 ENSAD(Q) PMCZ(U) 621
1770 PRZZEMN/ 2563 LB%=EN-MBZL 8254
1780 FUKE3Y, L% POKE38, MBY
1790 §ySUreL68)
1800 DOLOSEHRZ
1010 RETUHN
326 1EM >
18..0 FEMsERnsSE BUFFER A%
18:0 MBraAD (0) /2541 LBYU=AD (0) ~MBZE256
150 FOreEL B4 FORE2 ,MBA .
18460 SYS(21440) :REMSZERO BUFFERS
1870 POKEZO481,0:F0KE20482,0
1840 POK520485,0:POK520486,0
1890 FOMEZ20L16,48:FO0KE20517,48:FOKE20516, 481 POKE20519,48
14500 SYS(;4352):REH8CLEAR V18MEMS
1910 RETURN
1920 REMXEXCHANGE BUFFER A<->B%
1970 FPRINI"EXCHANGE BUFFERS A<~ >B"tTRaTI+40
1940 PUS=FS3 (V) ;PSS (U)=PS$(1):FSS(1)=PSES
750 NMS=NME (0) s NMD (0) =NMS (1) sNM$ (1) sNMs
19460 VIaVI (M VIO =VI(L1):VI(1)=V]
19070 VERYF (O sWF (Q) =VF (1) s VF (1) =VF
1478300 NC4=NCY%4 (0) sNCZ (0) =NC4 (1) s NCZ (1) =sNCZ
1950 YEaVC(O) :VC (D) =VC(1)sVLC (1) =VC
2000 TC=TC(QI1TCM =TC(1)3TC(1)=TC

2080

2020
2030
2040
2080
2060
2070
4080
2090
2100
2110
2120
2130
2140
2130

. 2160

2170
2180
2199
2200
2210
2220
2230
2240

¢ 2250

2260
2270
2280
2290
2300
2310
2320

- 2330

2340
2350
2380
2370
2380
2390
2400
2410
2420
243

2450
2460
2470
2480
2490
2500

‘2510

2320
2330
2540
2550

. 285460

2570
2580
2590
2600
2610
2620
2630
2640
2650
2660

&
L

AD=AD (G TAD (I =AD (17 sAD (1) =AD

HMXMX CO) s MXCO) IMX (1) ¢ MX (1) «MX
MH=MNCO) s MNC(O) sMNCL) sMN (L) =N
NS%=NSZ(0) 1NS% (0) aNSZ (1) sNS% (1) =NS%
IF T IS TRTHEN2OS

RETURN

REM .
REMXLOA FROM DISH TG BUFFER A% )
FRINT'LOAD DATA FROM.-DISK TO BUFFER A"
PRINT"PUY DISK IN DRIVE # 1"
INFUT"WANT DIRECTORY “jiK$

IFK$< > VU THEN21S0

DIRECTORY Di '
IFVAL(D:s)(>UTHENPRINT""u“t:bDTOZluu
INPUT"FILE NAME “j;FM$

DOPEN#2, (FM$) , D1
xFVAL(Dss)<>orHCNPRxNT""nssxborozxoo
INPUTHZ, P53 (O)

xnvu1n2 Ni1$ (0)

:NPurnz;vxxO)

INPUTH2, VF (O)

INPUT#2,NC% (O)

INFUT#2,VC(0) SR .
INPUT#2, TG (O)

INFUT#2, NS% (Q)

INPUTHZ, MX (0)

INPUT#H2Z, 4N ()
MB%=AD(0) /256 LE%L=AD (0) ~MBZE2S6
PRINT"LUADING DATA; FLEASE WAIT®
POKE1 ,LB%s FOKE2,MBZ -~

5YS (224:52)

DCLOSE#2 .

RETURN

REM

REMSDUFFER DISCRIPTIONX
PRINT"BUFFER DISCRIPTION®

FOR 1=0 7O 1

PRINT"BUFFER “CHR$(65+1)" STARTS AT PAGE"AD(I) /254

PRINT“EXPERINENT "FSS(I)" “NMS (1)
PRINT“FROM“VI(I) " YO “VF(I)" EV"
PRINT“WITH “NC%(I)" CHANNELS"
PRINT"VOLYAGE INCREMENT OF“VL(1)" EV"

O FRINT“TIME ON EACH CH. IS"TC(I)“SEC."
‘2440

PRINT"# OF SCAN'IS*NS%(I)
PRINT"MAX. IS"MX(I)"; MIN. IS*MN(I)
PRINT"*sNEXT

PRINI*TYFE ANY KEY 7O CONTINUE"
GETKS$: IFK$=""THEN2480

RETURN

REM _
REMYDISPLAY DATA ON VISMEMx

FRINT"THE DISPLAY ROUTINE ONLY WORKS ON DISK DATA*“
INPUT “WANT TO SAVE DATA 10 DISK EEFORE IT I8

IFK$="Y"THENGOSUB 1520

C$=CHR$ (34) tPRINT“PUKESS, 95: DLOAD"C$“RDISP $S5F~60"Cs

PRINT“NEW" . .

PRINT“DLOAD "Ct"RICKDISPLAY"CS
PRINT"RUN®"

POKEL158, 4

FOR1-6°370629:P0rhx 13INEXTI
END

REMEDISFLAY AXISH

PRINT""

PRINT") "s PRINT"§ "

FORYC=1T04: PRINT" CsPRINTQ "t PRINTYB " s PRINT "R "z PRI

FRINT n"MIDS (GTRS VL), 2) "V, "

-£Ge-

OBL ITERAIED" jK 4



270 Rbs4dNCL PO/ SU0-LEN(SIRS (VF) ) - § T
2660 lFxb\(LEN(STkt(Vl))+2)THENXB=LFN(STR‘(VI))*3 -
S670 IFAE>TH-LENCSTRS (VF) ) THENXB=R6~LEN(STRS (VF) ) '

2200 FRINITAB(xB)HlDO(STRt(VF),4)"V "y
2710 KETURN

2780 FRINTHUHECK FOR MIN AND MAX “sTR=T1+90 N .

2740 1S« INT (AD(0) /256) 1L8=AD (0) ANDZSS N R
£750 FOKEL, LS1POKE2, MS 100 REM 48 DISFLAY PRUGRAM ¥8 UFDATED JuLy nvaz EY &G

2760 Hb=lNT((Nbl—l)/Zub)sz=lNCZ 1) AND2SS 110 PRINT"MORGAN ESCA DISFLAY PROGRAM"

2770 FUKE21664,L81 PUKE21665 120 As=" 12345678501 23456709012345" 1 AS=AL+AS+ARASLAL+ASIAS+AS
2760 MS=INT(AD(1) /2 6)tLS-AD(l:AN0255 130 Be=t  “iLLY=CHRS (15} 4" "+ " 4 LT 100t BYS(256497)

2790 FOKE S, 181 FOIE S6,M5 ’ 140 OPEN 144, 41FPKILTH144, CHRS (27) 3 "A" § CHIF$ (B) 3 BMODE L

2600 $Y5(T1696) T 180 Hewt - “+CHRS (150 onn
SHOZ HNSPEEK (21669) +FEEK (21670) $256- (PEEK(21671) ANDL) 8 (2°16) 160 DIM DL(1100),P(2,0) | ‘

2804 MX=FEEK (21672) +FEEK(21673) $256- (FEEK(21674) AND1 ) 8 (2~16) 170 vz-xooooo:v1-v2:vs-;ao/yz :

2810 FRINFMIN AND MAX IN DIFFERENCE SFECTRUM ARE":PRINTMN, MX 180 BGS=CHRS (27) +CHRS (75) +CHKS (205) +CHRS (255) +CHKS (D) +CHitS (1)
2830 MN(O) =03 NX(0) =MX-MN 190 FOR I=748TO7963READ AT1POKE T, ArNEXT

ZBau MS=INT (AD (D) /294) sLE=40 () ANDZSS 200 SV-PEEK(42)+2'56tF'EEK(43)'

2050 FULEL, LS1FOKE2, Mg 210 DATA 182,200,173,0,0, 157,0,0,202,208,1,96

2860 MS= INT INE%-1) /256) 1 LS= (NC%-1 ) AND25S 220 DATA 149,40,24,109,3,3,144,3,238,4,3, 131,3,3,76,2,3

2870 FOIE21664,L8:FOKE2166S, M 230 PRINT"*

2280 Hb=lNT(AD(l)/25&):LS=AD(1)AN02 240 PRINT “COMMAND % (SEE LIST OF COMMANDS)"jLL$53PETHEM: LHFUTCS
28087 POKEZS,LS:FOKESS,MS

250 PRINT" ' "IC4=LEFYTS(CS, 1)
260 IFC$=a"A“THEN BOSUB 6901G0T0240
270 IFC$="G" GOTO 1410
280 {FC$="Q" GOTO iB80O
290 IF Cs="L" G0Td340
300 IFC$="H" THENBOSUB 410:GOTD 240
310 IFCs="1" GOTO 463999
320 lFCi-“a" GOFO 1540
. 330 IFCs$="H" GOTO &30
340 IFC$="R" GOTO &10
350 IFCs="8* THEN PRINT*™j3PETMEMIGOTO 240
360 IFCs=*¥*THENGOTOS20
370 IFCs="Y" GOTQ 840
380 IF C$="D" GOTO 1600
390 IF Cs="S" GO0TO16880
) 400 PRINT"INVALID COMMAND":BOTO 240
410 BOSUB 650
420 HS= (WR-WL) /403 NT=CT&INT (. 9999+(NL/CT)):HH=H5/7 99
430 FOR I=1 TO 403VM=]+34863: W=WL+HS% ]
440 MBY=INT (VM/256) 1 LB%=Vi-2564MB%s POKE77 1, LB%: POKE772, ME
450 POKE 774,PEEK(SV+3)-11POKE 775, FEEK (SY+4)
440 PR1N10144;SVS(769)
470 IF WINT GOTO 480

2690 S5vy (”ldﬂd)
Y00 (FT1 IRTHENZ9OO
2910 RETURN

... AB0 PRINT#144," “5 BG3§CHRS (0)  CHRS (O) §
490 PRINT#144,CHRS$(235) jasp -
500 NEXT I °

. .510 RETURN

520 PRINT"EV INIT.",WisLL %51 INPUTWI

530 PRINT"EV FINAL",W2;31L$3 3 INPUTW216GOTO240
S40 uWl L-NlINR-WZIPVMEﬂlDrﬂl:XFFLGO

550 IF DF THEN GOSUB 650

S60 XS=265/(X2—Xl):x0--Xl‘XS+40

570 I=X131M I!XS*XO DZ (1) 3Y8+Y0

580 FORI=X1+1 TO X2

590 1D 1%XS+X0,DA(I)XYS+Y0

600 NEXTIg GDTO?OU

610 Wi=F11W2=F2sbilaWl s WR=W2187=F 731 GOTO240

620 REM 3% ADD VARIABLE EASELINE ROUTINE HERE
630 INFUT"BASELINE COUNT TO SUBTRACT";T

640 FOR T1=X1 TO X2 :DA(I)=DL(I;-T:NEX1I

650 X1=INT ((WL-F1)/WS) 1 IF X1<O THEN X1a0

640 X2=INT (. 99+ (WR-F1) /WS) 1 IF X2>F7 THEN X2=F7
670 WL=F14+X1$WSt WR=F 1 +X25WS1 RETURN

680 FRINT ““3Be3 B INT(YE) j -3 INT(YT) ; "COUNTS " : RETURN
690 GOSUB 450

& o 8 ‘

T



T
210
220
750
7-402
790
T
770
711
799
guw
a10
80
(B3
equ
HSO
8&0
870
&30
8720
Q00
910
20
Q.20
40
G350
L0
70
280
50

FRINIAUTOSCHLING, FLEASE WaT)®
YI=UY%XL)sYiaYL

H"\I&llolll)l SRETIFAE §)

VT . YZTHENY ZaY

TF U Y UIHERY =1

MES

RETHRIY

GOSUB 650

XS=26%5/ (X2-K1) t XUa~X1 §XS+40

FOR 1=X1 TO X2

IH TNTOLEXS+X0) , INTAD% (1) $YS+Y0) t WRPIX
NEAT 13 RETURN .

FRINYMAX COUNT", v2,LL$1 INFUTY2
PRINT*MIN CUUNT",Y1,LL$§s INPUTYIL
BOSUB 7601 GUT0240
WL=W1 1 WR=W2: XFFLGO

LF =) .

1# DF THEN GOSUB 799

GOSUB 4803 PVMENM

GET C$:IF ZM AND(C$="") THEN C$=LC$:160TQ 940
IF Cs="" GOTO 910

FRINT® "

LC$=C$: IFC$="S"GOTO10
IFCE="R*GOT0240

1FC$=" ¢"GOTO1 190
[FC$=""e"GOT01200
IFCs="%*GOTO1360

IFC$=") "GOTO1340

1600 LC$="8"y [FC$="A%GOTO 1250

1010 1FC$="D"GOTOEE0

102) [FC$="8 “THEN CLEAR3DF=0:GOTO 910 °

1020 IFCs="MGoT0240 *
1040 jFcsa+f*coTo1300

1030 IFCs=MGOTA1:330

1060 IFCs="K gaT01280

1070 IFCs=" MGOTO1270

1086 chc-"E"GoTaaseo

1090 [(FCe="

*GATO L1880

110G IFCes9B*GOTOY 220
1110 [FC8=", “GOTO1290
1120 IFC%="f"THEN IM=13POKE33767,154:GOTO 910
1130 lFC$=“E“THEN IM=031 POKE33767,32:1GOTC 910

1140 IFCsa*

"GATASS0

1150 IFCe="E“GOTOL1260
1160 1FC$="d“THENGOSUBS20:BOT0910

11740 IFCs="

"THENGOSUB4103GOTOILO

1180 FRINT”INVALID COMMAND":1GOTQ 910

1190 T=3/YS: YT=YT-T:YRaYB+T: YS=YS¥1. 11GOTO 890
1200 1=1/YE; YT=YT+T:1 YBaVB~T3 YS2Y54. 91 GOTO 890
1210 IFCL=CRTHENPRINT“CURSOR ERROR":GOTO910
1220 T=(DZ(CR)-DZ(CL) ) /(CR-CL) s NT=D%Z (CL)-CL&T
1230 FORI=CL TO CR:D%(I)=NT+I18TsNEXT

1240

1250 GOSus 69!.0'!.10]’0 890

124 GRACSRKS 1M CXx¥XS+x0, 168:]A"f";STRt(lNT(CC));"q"IEOTDISZO

1270 1A"L":1CL=CA:GOTO 910
1280 JA"R"1CRaCX:60TO 910

1290

X1=CL1 X2=CR1 BGOSUB 6703 RG=1:GOSUB !610!GOSUBBOOxGDTD910

1300 CX=INT ((X1+X2)/2)

1310 CC=ITL+WSKCXsPRINTHS; "

Xa“3CC; " Y=";D%(CX)

1320 11 CX#XS+X0,D%Z(CX) kYS+Y01 GRACSKR: GOTO910

1430
1540

BRACSRIGOSUEB 6303 GATO 910
1 Cr=x2 6070 910

1 () A+ L RRBCESFGUTO 1310

JL CL¥X3+X0, D% (CL) $YS+YQ, CREXS+X0, D% (CR) $YS+Y0: GOTO 910

1360
$370

.~.1380

1390 §
1400
14190
1420
1420
1432
1440
1450
1460
1470
1480
1490
1500
1510
1512
1520
1330
1540

T 1850

1560
1370
1560

L1899

1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1779
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1910
1920
1930

IF CX=X1 GOTO 910

CX=CX-13BKACSR GOTO 13510

PRINT144, "Xe"jFI+WSICKS " Yy DZ(CX) sPRINTN1A4, * “350F0 910 -
S7=INT((W2-W1) /WS~ 99) 3 IFST<wOTHENPRINT "ERROR:  BAD ENDPOTNIS" 60102480

REM %& INFUT DATA

INFPUT DISKIL FlLENAHE";Ft:lFF'-“-“b010240
DOFEMNNG, (F$) , D1

IF DSCs0 THEN PRINY 0S$:CLOSEO:1GO0TO 240

PRINT"ILUADING DATA; PLEASE WAIT*
INPUTHE, D1$s INFUTHE, TT$s INPUTHE, W1
INPUTHE, W21 INFUTHS, s7.x~rurue w3
INFUTHE, TPt INFUTH8, SW1 JNPUTHB, Y2t INFUTHE, Y11 SPa 13 1LPs-0Tbs LIS 10

Fx-wx:Fz-uzxr7-s7bu-ws.wL=w1wa-w.

MS=INT (87/256) 1 LS=57AND2SS

PUKE 24%76,L8:1FOKE 24577,M5

PDKE24591.o:svs<at4o9b+2«1a)'

IFFPEEIC(24578) 30 THEN 1520

PRINT"ARRAY NOT FOUND"

[F DS<»0 THEN PRINT“GET ERKOR"

CLOSEB:1GUTO 240

Tel/WS

FOR I=X{+1T0 x2

DACI-1) = (D%(I)-D%(I-1)) 8T

NEXT I S

TTen"DL( +TTS+") "

BOTO 1250

REM ¥% PLOT AND LABEL AXES'

CLEARS VISMEM

GMODE 1¢DT=931FOR Y=0TO100 STEP 10

MOVEL2,Y$1.8+15:CHAR. STRS (Y) sNEXTY

MQVE 10 » 503 CHROT13CHAR"RELATIVE COUNTS8"s CHROTO

MOVESO OICHAR"ELECTRON ENERGY (EV) "

LINE4O, 20,305, 201 L INE40, 20, 40, 200

FOR Y-OTozo sTEpzavxuv:nT+2o

LINE 30,Y1,40,Y1sNEXTY

IF (WR-WL)<11 THENDVZ=1:GOTO1750

IF (WR-WL)<S1 THENDV%=S:;GOTO17S0

IF (WR-WL)<101 THENDV%=10:G0TO1750

IF (WR-WL) <301 THENDV%Z=25:G0TO1750

IF (WR-WL) <1001 THENDV%=1003GOTO1750

IF (WR-WL) <2001 THENDV%=300:G0TO1750

TS« (WR-WL) /DV%1 DXw265/TS

FOR B=0 TO TSiXAapEDX+40 )

LINEXA, 18, XA, 205 S=WL+BRDVX

MOVE XA-IS,IOICHAR STR$(8) 1NEXTB1 1IFRG=1 THEN RGw=O1RETURN

RG=0160T0B70

PRINT#144:CLOSEL44

C#=CHR® (34) : PRINT"POKES3, 623 DLOAD"C$"ESCA1B $50-360"Cs

PRINT“NEW"

PRINT”DLOAD"CS"ESCA1“CS -

PRINT"RUN"

POKE158, 4

FOR1=423T06293FOKEL, 13sNEXTI

END

D%A(S7+1)=aD%(87)1 D%(S7+2)=D% (87)

MS=INT(S7/256) 1L.8=S7AND25S

POKE24576, .81 POKE24S577, MS

POKE24591, l:SYS(b!4096+2llo)

GOTO1600 -
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