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Alkall Monolayers on Transitlon Metal Surfaces:

Electronlc Promotion in Catalysis.

by Eric Garfunkel '

Department of Chemistry, Imiversity of Cal:!.f‘orxﬂa'
and
Materlals and Molecular Research Division, Iawrence Erkeley I:abora.toz'y
Berkeley, California 914720

‘APSTRACT

The chemlcal and physlcal properties of alkall metal monolayers
on transition metal surfaces were studled under both ultrahigh vacuum

(UHV) and atmospherdc pressure conditions to determine ow catalyst

* surfaces are affected by alkall additives. 'The interactions of alkall

adatams with the substrate, molecular coadsorbates, and other alkeli
atams were studied In UHV, In additlion, CO hydrogenation reactims
were carried out at ‘32 psig on well characterized transition metal
catalysts. - :

Potassium monolayers on the platimm (111) erystal surf:ace were
studied most extensiveiy. Ultraviolet photoelectron spectrdécopy
(UPS) showed a large decrease in the work i‘mct:lt_g'n of the s‘_j,‘i:rface when
potassium was adsorbed, Implying charge flow frun potassil'z'n into the
platimm surface. ‘he heat of desorption of potassium, as determined
by thermmal desorption spectroscopy (TDS), decreased significantly
with Inereasing coverage, due to demlarizgtién eff'ects. low energy
electron diffraction (LEED) showed that p¢.>1.:assiun forms hexagonal (close'

packed) overlayer structures.



The effects of potassium on the chemisorption of varlous small
molecules on Pt(111) were studled by a variety of surface sclence tech-
nigues, Oxygen and nitric oxide were readily adsorbed and dissociated
by potassium, forming stable potassimn—oxide complexes on the surface.
The heat of adsorption of carbon menoxide on Pt(111) increased signifi-
cantly with potassium coadsorption, as shown by TDS. High resolution
electron energy loss spectroscopy (HREELS) showed that the carbon-oxygen
bond of adsorbed carbon monoxide was weakened by potassium. The heé.t
of adsorpticn of benzene, however, was decreased by coadsorbed potassium.
A molecular orbltal explanatim;consistent with photoelectran results

was glven to explain the potassium induced behavior on molecular coad- .

sorbates. (nly adsorbates having orbital energles within about 2-3 eV
of the Ferml level of the transltion metal can be sigxigj'icaﬂtl;sr affected
by "electronie promotien.

00 hydrogenatisn reactions performed on metal folls showed that
the addition of alkali adlayers tends to decrease the overall rate
of reaction. Changes in selectivity were noted, shifting the product
distribution in favor of higher molecular welght specles and from
alkanes to alkenes, in agreement with known behavlior of industrial
catalysts. The shift in hydrocarbon chain length with alkall promotimn

was attfi'.buted to an increased probability for 00 dissoclative édsorption.'
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CHAPTER 1. INTRODUCTICMN AND QVFRVIEW,

1.1 Scientific and Technological Interest in Alkall Monolayers on

Transition Metal Surfaces,

In 1912, vhile trylng to comercialize an ammonia synthesis 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 catélyst additives be:lt_ng used in an Industrial
process. In additlon to ammonla synthesis, alkali metals are used to
promote the hydrogenation of carbon monoxide, commonly called.the
Fscher-Tropsch reactlon, and several other reactions such as cosl
gasification and ethylene oxidation. However, there is still no deij:l.ni—
tive model of how additives such as K30 work. There are only scattered -
papers on “promoters" considering elecf;ronic, structural and/or textural
effects. My graduate work has been directed toward contributing tc
the development of such a model by exploring th;e surface chenlstry of -
alkall metal additives. |

Several hypotheses have been put forward in the past few decades
attempting to explain the particular ability of alkalls to pramnote
chemical reactions. Some have argued that alkali metals keep tﬁe surface
clean of unreactlve carbon durdng CO hydrogenation., Others have.cla.ﬁned
that certain reactions which do not ocecur on the "act:i\re metal" component
(as distinct fram the catalyst support material and the additives) ‘
W11 take place on an alkell oxide or hydroxide island. A third possi-
bility is that the alkall 1siands help keep. the surface clean by acting '

as a sink to scavenge poisons such as chlorine or sulfur. 'The most
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ﬁdely held .view, however, 15 that the damlnant effect of alkalis is
to change the electronic properties of the metal surface, which then’
changed the reactivity. The results reported here support this last
proposltion, lending much eredence to the idea that alkali metals act
as "electronic" pramoters on transition metal catalysts.

In my thesis, surface modifier effects are classified as follows
(a2 more camplete account is given in Appendix A):

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

1s to change the electronic structure of the active transition metal
camponent of the catalyst surface. One can imagine several types of
. eiectron:.c interactlons which.vary.in the.strength and range...In. . .
addition, charge transfer to a molscular adsorbate from the additive

can occur via the transitlon metal substrate, while wit:.others, a
direct interactlon between the promoting addditive and the molecular

. adsorbate ocecurs.

b) Por 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 éeveral categorles. In the most simple

 case, the adatom merely blocks sites for adsorption. A samewhat

different phencmenon is the ensemble effect where it is presumed that

a glven chemical reaction requires 2 certain number of metal atams in

a cluster before the reaction becomes allowed. By alloying the active

metal with an inactive one, the number of enseibles (of same minimum

slze) can then be decreased. In a third type of structural effect the

adatam stabilizes a certain crystallpgraphic orientation of the metal

crystallites (on a supported catalyst). Other structural effects of .
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additives involve changes in the suppor-t which 1n turn affect the
degree of dispersion or the degree of phabe mixing between support and
metal.

| Scientific interest In alkall monolayers comes not only from

their catalytic applications, but also fram their unique photoelectron
and themionic properties. As early as 1923, Langmulr had shown that
adsorbed cesium greatly increased the electron emission from hot tungsten
surfaces because of the decreasé of the work function of the metal ('!:he '
minimum energy needed to extract an electrorf: fram the surface). 'This
finding has had many appliéyations in the design of thermionic converters
and photccathodes (Mayer, 1940}, - - ' |

1.2 Cverview of the Thesls.

Following the Introduction (Chapter 1) and Experimental Section -
(Chapter 2), the body of the thesls is organized into three general
ca.t-egories,. In Chagter 3, the properties of alkali metal and alksli
oi:ide monolayers on transition metal surfaces umder ultrahigh vacuum
(UHV) conditions are discu;ssed, concentrating on the system. studied in
most detall: potassium on the platirum (111) surface. GChapter 4 is
concerned with the way in which alkall adatams moaify the chemisorption
of various small molecuies on a metal surface (also 1n UHV). The systems

most extensively studied were carbon monoxide (CO), benzene (CgHg),

- and nitric oxide (NO) when coadsorbed with potassium on Pt(11l). In

Chapter 5, ‘results for high pressure CO hydrogenaticn reactions on
iron and rhenium foils are presented. The effects of alkalis, as well
as other additives, on the reaction rates and product distributions

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



studles done in -UI-IV (chapters 3 and 4), Five appendices are included
"which cover: A) A classification scheme of the macroscople and micro-
scoplc 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 ali@lis in catalysis (except for CO hydrogenation, i.e.
Chapter 5); and E) The use of the PET-Commodore computer for surface
science studies. In addltion to our studies on aikall effects, several
other papers have recently appeared In the literature on systems related
to those that e have studied. The results of these studies will be
discussed both in the appropriate chapters and in the appendices. 'The
rest of thé introductlion will be devoted to, symmarizing the results.

te-"8s ®»

1.3 Alkall monolayers.

The properties of potassium monolayers on the Pt(111) crystallographic
face were studled by thermal desorptilon spectroscopy (IDS), low energy
electron diffraction (LEED), Auger eiectron spectroscopy (AES), and
ultraviolet photoelectron speétroscopy (UPS). The results were presented
In Chapter 3. Qur resuits for potasslum on platinum were similar to
the those of alkall metals on most transitlon metal surfaces: see for
example the recent studies by Iee (1980) and Broden (1979). Pure
potasslun aﬁlayers assume a hexazonal structure on Pt(1il). FEecause
of thelr slze, the alkall atams are relatively moblle at roam temperature,
and displayed no LEED pattern until near monolayer coverages. ILower
coverage LEED structures have been observed by cooling the sample.
Orientational reordering of the alkall adlayers, simllar to the behavior
of noble gas overlayers, was observed by LEED, 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
0g=1, and 1is equal to a coverage of 5.4 x 101" atoms/an?. This
1s 36% the .atanic density of the Pt(ill) surface. Others define
saturation monolayer coverage to be Oy= ogsat/optsat = 0.3.
To convert my coverages to this other conventlon, one can divide by 3.)

We find frcm thermal desorption spectréscopy that "potassium
desorbed with a broad peak, starting at aboﬁt 300K for monolayer
coverages, and extending to 1100K at ]._ow coverages. 'This corresponds
to a decrease in heat of adsorption from 60 keal/mole to 25 keal/mole
as the coverage 1s increased. This change, as with the change in vork

- function, can be inderstood by assuming. that petassium is-highly lonized

at low coverage, but becames depolarizgd at .high coverage. The depola;-
ization results in a nonlinear drop-off in the work function and i:he
eventual attalmment of a constant heat of desorption approximately
equal to the heat of sublimation of potassium.

UPS results on Pt(111) showed tbat potassium overlayers caused a
decrease in work function (as expected), a sharp drop In emission just
below Er, 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 secondary electron edge, whilch should not conventionally be
allowed. This feature is interpreted with a model of localized electro-
statlic potentials.,

When oxygen is added to the potassium monolayer, a surface potassium
oxlide is formed. This oxide is quite stable campared to a pure potassium
monolayer, and exhibits a whole serles of new LEED patterns. The
staﬁﬂizing; abllity of oxygen i1s probably of importance on real catalyst



surfaces as discussed below.

1.4 Alkali coadsorption systems.

Tn Chapter 4, various coadsorptlon systems are analyzed. The
most important ones are carbon monoxide, nitric oxide, and benzene
with potassium on Pt(111). Tae effects of potassium on these molecules
were the most dramatic of the coadsorption systems examlned.

The bonding of €O to metals involves a donation from the 50 CO
orbital into the metal, and a back-donaticn from. the metal into the
2x CO orbitals (myholder 1964). The major experimental findings

for the co +K + P‘c(lll) system can be sumarized as follows: the

L d . & - e
«s 8 -

addition of sutmonolayer amounts of potassiun contiruously increased
the heat of adstoptlon of CO on Pt(111) from 25_kcal/mole for clean
Pt(111) to 36 keal/mole for near monolayer coverages. Asscclated with
the increased heat of adsorption was a large decrease in the stretching
frequency of (0 from-2000 anl on clean Pt(111) to as low as 1400
em~l with 0.6 mnolayer of coadsorbed potassium. At a constant
potassium coverage, the CO vibrational frequencies for both linear and
bridge adsorption sites decreased substantlally with decreasing CO
coverage. On the potassium-free Pt(111) surface, O preferTelG T OTTUDy -
top adsorption sites, while on the potassium-covered surface, CO adsorbed
preferentially on bridged sites. 'The work function of the PE(111)
surface decreased by about 4 eV upon the adsorption of about one-third
of a menolayer of potassium, but increased by as much as 1.5 eV when
CO was coadsorbed.

When potassium is adsorbed, 1t donates charge into the surface,

thereby lowering the work finction. The changed electronic propertles
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at the surface make 1t a better eiectron donor (more basie), which-in
turn results in an increase in electron back-donation into the 2n (CO)
orbitals. The increase in 2r orbltal Bccupancy strengthens the
metal - carbon bond as noted in the TDS study. It also weakens 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. poc.i‘ at dissociating C0.)

. Nitric oxide vas studivd ar an analog to CO. NO adsorbed molecularly
on the clean Pt(lll) su:-i'ace. No dissoclated with potassium on the
surface, but only in an amount proportional to the potasslum coverage.

It, w.as‘x‘xot ?lg’a?‘in_ thi_s. study u' potassiun interacted directly wlth
the NO causing it to be dissociaf:ed, or :Lf.' the :I.nteraction vaas inﬁirect
mediated by the substrate, as was the case for CO. The dissoclation
products, as monitored by IDS, ‘were N-O, Np, and some form of a surface
potassium oxide. \

The benzéne/potassilh coadsorption system also showed interesting
behavior. Upon heating a benzene overlayer on clean Pt(11l), same. of
‘the benzene desorbed intact while the rest decomposed, glving off
hydrogen and leaving a carbon residue, The benzene desorptlon temperature
was lowered significantly by coadsorbed potassium, and the amownt of =~ =~
benzene which decomposed was decreased. Tms for benzene, a large
weakening of the benzene - metal bond was observed, just the opposite
of what was observed for CO.

The desorption (of' decamposition) 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



whether or not the chemilsorptlve state of a molecule will be altered
by a given additive? The answer we offer ls based on.a qualitative
molecular orbitai analysis., Our hypothesls is that only those
molecules wlth energy ievels within about 3 eV of tlj:e Eenni energy
(Ep) can be significantly affected by electronic pramotion in catalysis.
In the case of 0 (as noted above), the gas phase 2n* C0 or'bita.'{.
+interacts with the metal d-orbitals at the surface, forming a conjugate
d-2r orbital lying about 2 €V below Ef. By.lowering the work function,
we enable more charge to flow intc the 2n orbital., The conjugate
(],d';a" level is "bonding" between the metal and ¢arbon atams, and

~‘:";';L_‘\!z:xxu::l.botu‘i:!.ng" between the carben and oxygen. F?rx bnger}e, on thf._-

‘ other hand, the ~earest level to Ep which could be f1lled by a drop
in work function 1s the e)g Orbital. This orbital 1s antibonding
between the metal and carbon-.-rd.ng. Thus the ldea of potassium causing
a weakening of the benzene-metal bond is in agreement with a qualitative
molecular orbital analysis. A review of the literature shows that no
molecular orbital levels exlst withln 3eV of Ep for most of the other

molecules studied, 'The absence of an electronic effect therefore is

not surprising,

1.5 (G hydrogenation studies.

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

rate of reactlion, but caused a selectivity change from methane towards
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1onger:‘ chaln hyﬂmcarbons and fram alkanes to alkenes. _ﬂhis agrees
with }:nown Industrial catalytle behavior (Anderson, 1956). Oxidation
usua'i.ly caused a higher selectivity towards mei:hane, and a decreased
rat_e.: of carbon bulld-up, but the overall rate of methanation remained
réi:;tively constant. 'The inereased selectivity towards longer chain
hy::irocarbons (when potassium 1s added) 1s correiated with an increased
probability for CO dissociative adsorption, as noted in Chapter 4. We
aiso suggest that the allmne to alkene shift, with potassium addition,
results fram a lower heat of adsorption of the alkene, in analogy

to the benzene DS shifts reported in Chapter 4.
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2.1 Apparatus,

The experiments deseribed in thils thesls have been performed by
me and various coworkers in four different ultrahigh vacuun chambers.
Although all chambers had a variety of available technlgues, I will
dlscuss them according to thelr main function: 1) the ‘IDS chamber, 2)
the HREELS chamber, 3) the photoelectron chamber, and &) the catalysis
cha_mber. The mé and catalysis chambers are shown in Figures 2.1 and
2.2. 'The DS chamber (base pressure 1 x 10-10 torr) was equipped with
a Physical Electronics (PHI) single-pass cylindrical mirror analyzer
(G\:ZA) for Au‘ger. glec}:f;on s.pgc.tr"osr.:?pyl (.{QE.S)‘Lg‘ PHI low energy elgctyop
diffraction (LEED) optics system, a UTI quadrupole mass spectrometer
(QMS) interfaced to a PET-Commodore micro-computer for thermal desorp-

tlon spectroscopy (IDS), and an argon lon 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 chember as des-
crilbed 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 10-1l torr, with two levelé of
Instruments. The upper level contained a ‘retarding flelg analyzer
(RFA) for LEED and AES, a UTI QVS for TDS, an argon lon sputtering gun
for sample cleaning, and an alkall source. The lower level contained
the HREELS spectrometer. In the results reported here, the resolution
was typieally 85 em—l FWHM in the elastically scattered peak with
20,000 counts/s., |
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The photoelectron chamber (ion pumped, 10-10 torr) was equipped
with é. cﬂs, a LEFD system, an argon ion sputtering gun, ultraviolet
(OV) and x-ray sources, and a double pass Q¥A for AES, ultraviolet
photoelectron spectroscopy (UPS), and x-ray photoelectron spectroscopy
(XPS). The data were collected -,}dﬁ.th the 'aid of the PET computer. The
catalysis chamber is shown :Ln Flgure 2.‘2.- It was equipped as deplcted
with both standard UHV instruments as well as an intermal high pressure
cell, It contalned a UTI QMS, and PHI double-pass CMA for AES (and
XPS'}, an argon icn sputtering gun, and an alkall source. In the high
pressure mode, the. sample (held stationary). was enclosed in a reactilon. .
cell mounted on stalnless steel welded bellows and was opened and '
closed with the aid of a hydraullc piston. Tae pr;essuz'e In the reactor
cell was normally held near twc atmospheres in the studies reported
here (although it could be pressurized up to 20 amnépheres). Gaseous
reactq.on products were injJected into a gas chramatograph fro:ﬁ 2 sampling
valve commected to the high pressure loop.

2.2 Methods.

The most cammon technique used in my studies was thermal desorption
spectroscopy (TDS). Appendix B is devoted to a detalled description of
the theory and practice of ‘]DS, only a b;'ief account 1s offered here.

In the thermal desorption experiment, one simply heats the sample and
monitors the desorbing specles bﬁr some technique (usually mass spectro-
scopy) as a function of time or of temperature. By monitoring the
temperature of the maximum rate of desorptlon one can get some idea of

the heat of adsoription of the species on the surface, whether it is an

adsorbzte molecule or a substrate atam. The most common experiment
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reported In my thesls 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 Gzaptgr 4). ¥pst of the discussion in
Chapters 3 and 4 can be understood with thls simplified deseription of
the thermal desérption eipérimént, but the interested reader is referred
to Appendix B for a more camplete treatmenc.

Auger electron spectroscopy (AES) has now became a-standard technique
to monitor the atamlc campositlon ’of surfaces (Ertl, 1974). The Auger
experiment (usually) irnvolves a four electron process. First a higl'z s
energy electron beam (1-2 K'eV)~ 1s 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 -

excited 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 inté the core. TWo processes can now

oceur: either an x-ray photon 1s emitted with a characteristic energy,
or, in the so-called Auger process, another electron (the Auger electron)
is emitted as depicted in Figure 2.3b. Since the energy of this Auger
electron 1s determined by 1ts original level in the atar; as well as the
levels of the electron which dropped into the core hole, it is independent
of the exciting electron (or x-ray) arnd characteristic only of the

atan. 'The Auger fransit;pns are relativel; sharp in energy (a few eV)

and can be readily extra;.c'i':ed from the large "secondary electron" back-
ground emission by taking the dgrivative spectrum (using a standard

modulated lock-in amplifier technique). Flgure 2.3c shows a typical
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Auger spectrum of an lron sample pramoted with potassium. Many of the
Auger electrory‘s have a kinetic energy of 501000 eV. Although the
high energy elsctron beam penetrates 50-100 angstroms into the solid,
the relatively short mean free path of the analyzed electrons (5=cu A)
In a so0lld will ensure that the only electrons thet reach‘the detector
are those which have been emitted fram the near surface region. In
fact, by varylng the inecldence and collectlon angles one can rc;ughly
determine the relative concentration of specles not only at the surface
but just below 1t (5=10 A). Changes in Auger realk shape and position
can also occur due to the chemlcal envirorment, as noted for carbon in
Figure 5.8.

Iow energy electron diffraction (LEED) is another, now standard,
UHV technique for single crystal surface analysls which has been regularly
used in this work. In the IEED 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 th.eir 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 perdiodicity. The
(111) crystallographic face of an fec crystal will give a hexagonal
diffraction pattern. If CO is then adso;'bed on the surface such that
one CO molecule is adsorbed on every secénd substrate atdn, 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 fram an analysis of
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the LEED spot Intensities. Slnce electrons of 50-500 eV can'mnetrate
the first 2-3 layers of the surface, the Intensity of the scattered
electron beams depends on thelr energy (wavelength). An anzlysis of
the LEED spot intensities versus electron energy can thus be used to
glve information about distences normal to the surface, even for adsorb-
ates. This structural information is an invaluable cownterpart to the
electronic and lthemodynanic Information glven by other techniques.

Photcelectron spectroscopy is 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" thg emitted electrons are anaiyzed. XPS studles of core
level electrons yleld information about the chemical state of the
surface atans, UPS probes the valence levels at the surface ylelding
both the band structure of the substrate and the position of the valence
orbital levels of any adsorbate.

High resolutioﬁ electron energy loss spectroscopy: (HREELS) has
been used to determine the vibrational structure of adsorbates. A
canplete description of the spectrameter, theory, and practice of HREELS
can be found in Ibach (1982). A shorter description, as well as an In
depth anzlysis of the HREELS spectra used in this study, can be found
in the thesis of my coworker John Crowell (PhD, U.C. Ferkeley, 1983).
Briefly, the HREELS experiment involves scattering a monochramatic
beam of low energy electrons (» 5 V) from & sample and detecting
the intensity of the scattered electrons as a function of energy. By
scaming. 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. Because of certain selection rules (Ibach, 1982)
vibrations normal to the surface are usually more easily deté“cggg_j:pgq '
ones parallei to it. . . ' N

The high pressure cell shown in Figure 2.2 was used for all catalysls
experiments (Cabrera, 1982b). This design enables the user to determine
the surface camposition and structure both before and followi;xg a high
pressure exposure such as would occur 1n a catalytic reactlon. Fbliowing
sample preparation (see below), the high pressure chamber was ciosed
ané high purity gases were introduced. A clrculation pump was used
to provide a closed loop circulation rate of about 200 ml/min with a
total volume of %00 m) in the chamber. If the gases were introduced
sequentially, the self-mixing of the éirculation system was such that
the gases were campletely mixed wlthin several minutes. During operation
the pressure in the UHV chember 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 ST20A gas chramatograph was cormected to the
catalysis loop through a gas sampling mechanism. Gases could also be
injected into the colum through a standard injectlion system. Géseous
catalysis products ‘were separated on Chramosorb 102, 103 and Porapak gs
colums, and were then detected using a flame lonization detector
(FID). 'The FID signal was amplified and sent to a "minigrator" to

determine retention time and peak areas.

2.3 Sample preparation:

Platinmum, rhenium, iron, and ralladium single crystals were used
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in this work, as well as a series of transition metal folls. 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 techniques, and checked for orientation by
Lave x-ray back-diffraction. Most of the samples ( ~ 1 cm?) were mounted
on platinum, tantalum, or palladium wire (0.015 - 0.030" diemeter),
although other methods of mounting were used, Heating was accomplished
by passing a current of up to 50 amps through the sample. To ensurs
even heatling, the sample shape and support iength had to be varled. The
temperature of the sample was measured by 2 5 mil wire thermocouple
(Pt=Pt/Fh or chromel-alumel). ‘'The TDS chamber manipulator was also
equipped with a llquid nitrogen cooling system. ILiquid nitrogen was
usually pulled, by an external vacuum through a tube to an electrically
1solated reservolr located 5-10 an fram the sample. Copper braids were
then connected I"rcm the reservolrs to the sample support rcds on the
manipulator, This method of cooling was reascnably efficlent,: alluwing
a base temperature of near 100K, but was limited by the nercessity 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 othe;' chambers. Flgure 2.4 shows the manipulator design.

Initial cleaning of all samples involved repeated cycles of argon

ion sputtering and armealing. Sputtering removed all of the major
impurities which segregated to the su_rface, such as 81, Ca, O, Mg, S,
and P. Residual 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.
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The most troublescme 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 1s helpful to find conditions where the
impurity 1s selectively drawn to the surface and sputtered away. The
erithalpy of mixing_ term for the crystal dictates that i:;at equiilibrium
same impurities should form a separate phase, perhaps(‘g@ ordered alloy
or canpound at the surface. 'The entropy term, which daninates at high
temperature, forces the system to mix as randomly as possible (1.e.) . ’
not to segr;egate 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. 4An equally important factor is
kinetlcs. If the sample is cool the Impurities will not be moblle
enough to ségr'egate to the surface; the system will be in a metastable
equilibrium. If possible, the most deslrable sltuation is to find &
temperature where the impurity 1s relatively mobile, yet not so high a
temperature that the entropy term (causing equal nd;dng) dominates over
tﬁe enthalpy (of segregation) term. At this ‘ll',anper'ature » the surface
will have a high concentration of impurities "‘which can be continually
bambarded. Of course, for same impur'i’éies » such a dynamic equilibrium
cannot 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, IEED, XPS, HREELS, SIMS, etc. AES, however, is

most comon.
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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 uéually
deposited with an "SAES Getters" source mounted 3-5 om fram the sample
surface. This source consisted of &powdered mixture of"potassit"m chranate
and a zirconium-alumimm getter, enc;.osed in a tantalum "boat" (SAES).

By passing a c&mnt through the boat to heat 1t,,_‘ the chramate decamposes,
giving ‘off potassium and oxygen. ‘The potassium migrates through the
powder and 1s enitted through a slit, while the oxygen reacts with the
Zr- getter. Initally Hp, Op, Ho0, COp, and 0O are emitted, but after
a sufficient induction period, most sources become pure. ‘The behavior

of pure alkali metal monolayers differs markedly fram that of alkall
oxldes in LFFD, TDS, and UPS behavior. Hence a source which outgasses

1s highly undesirable,

Two other types of alkall sources were tried. First, zeolite guns
were used which give off potassium lons, but also (unfortinately) a
fair amount of Og, Ho0, and CO0». ‘These gases readily reacted wifh
potassium on the surface to form stable potassium suboxides. Pure
potassium was also tried as a source. Potassiun,.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, pump:lng
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 differentlally pumped
ante-chanmber. "

Sulfur was deﬁosited 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 avallable
in the literature (Wagner, 1953). [Eriefly, the cell, A/Ael/AzoS/Pt,
could be heated whlle a current was passed through‘it causing silver to
migrate and be reduced, giving off Sp. A second method of sulfur
deposition was to Introduce HpS into the chamber. Thls method 1s
oftten used by others, but the maximm sulfur coverage usually camnot
exceed 0.5 monolayers, and one must contend with HoS belng depssited.
throughout the chamber, Multilayer deposition 1s faclle using ‘f:he
electrochemlcal cell technique. A flnal, rether crude, technigue for
putting sulfur on the surface was used for iron and rhenlum, A new
erystal or foil, was heated to a high temperature, which upon cooling
would allow bulk sulfur Impurity to ségregate to the surface.

Molecular gas dosing was acecomplished 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
t?he sample, al}ovd.ng Jlocal pressures at the sample to be up to an
order of magnitude greater than the rest of the chamber. Exposures
vere callbrated fram varlous sources including ionlzation gauge,

thermal desorption, LEED and Auger behavior, as well as lmown sticking
coefficlents,

2.5 Overview of techmiques to study promoter effects in catalysis.

In glving an overview of the techniques used to study promoter
effects and catalysis, it is useful to divide these toples first into
the more classical, high pressure methods, and then the modern ultrahigh

vacuum "surface sclence™ tools. This cholce is not rigorous. In
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fact, sare 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. RNew "in
situ" techniques using neutrons, EXAFS, Raman, FTIR, and NMR probes
will be Sur'veyed followlng & brief discussicn of the classlical a.ﬁd
modern UHV methods. There are several papers and books which give é
much more camplete deseription of the tecpniques used to study catalysts
and their reactivity (Thamas, 1980;. Somor.jéai, 3981).

2.5.1 Classical ‘I\echniques.'

For the most part the techniques originally used in catalysis did
not monitor the surface. The early researchers were mainly mcerested
in results: if an element or compound worked for catalyzing a given
reaction, 1t would be used until a better cne was found. Although -
performance, under actual conditions 1s the best Judge of a catalyst,
this method of analysils does not necescarﬂy lead to a raticnal way of
predlcting or dezigning new ones.‘ A knowledge of chemlcal bonding and
reaction behavior of certain elements can, however, be used in the
process of desligning catalysts, even in the absence of microscopic _
analysis (see Trimm 1980, for the best example of this). |

i 'The elassical method involves ruming a reaction in a-small batch
or ,-:flow reactor and analyzing product ylelds and distributlons as a
function of variables such as time, pressure, and temperature. For this
process, one of the most important quantitles 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 given catalyst support material.
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This is a2 necessary I'lrst step since a measure of reactlon rates requlres
a knowledge of the mmber of surface (or active) sites on the catalyst.
Once the number of actlve sltes on a catalyst Is known, a reaction can
be run, and rates and selectivities determined. In bench-scale reac-
tions, chrematographic methods (both G.C. and H.P.L.C.) have proven
most useful in determining product yields and distributions, while an
array of spectgg;copic methods mcludihg IR, MMR, UV, and mass spectro-
metry have helgéd in the analysis of the various products. Of course
under actual industrial conditlons other methods of product separation,
such as fractional distlllation, are required. In fact, sometimés 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 = £(e)ve-Ea/RT

By monitoring the reactlon rates at various temperatures, the activation
energy E, for the reaction may be derived fram an Arrhenlus ¢xpression.
If the surface area 1s also known, then the preexponential fa:'q.j:op, v,
may be determined. Finally, by changing the partial pressures: of the
camponents, the reactlon order, £(8), can be determined. Pressure
dependence studles ;:an, in prinelple, also give informatiom on the
nature of the reaction mechanism, Bowever, these metheds do rot

glve direct information about the microscopic dynamies of the systems,
consequently, the assigmment of a reactlon mechanlsm and determination
of intermediates 1s difficult. 'This is especlally true for heterogeneous
multicomponent-mul tiphase catalysts. This 1s precisely the point at
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which the more modern surface sclence techniques attempt to prove a
certain proposed mechanism, or suggest another.

Another classigal technique which has often been used to elucldate
mechanisms 1s isotoplc lal?elling. Eere, the results imply that certain
reactions could or could not have occured, and have led to the discounting
of proposed pathways. For example, -Arakl (1976) and others showed that
the enol~ifitermedlate mechanism for Flscher-Tropsch reactions was not

correct.,

2.5.2 Modern Ultrahigh Vacium Techrilques.

A qualitative change in our knowledge of pi'anoter effects, and
catalysls in géneral, was enabled by the development of the ultréhigh
vacuum (UHV) surface science technigues (Samorjal, 1981). The main
advantage of these methods is that they ailcw a quantitative deter-
mination of surface conditions. Since particles (of mode:;ate energy
<1 KeV) have very short mean free paths In solids, this makes many of
the UHV spectroscoples aprropriate for the study of only the outer 2
or 3 layers of a surface.

We are now able to obtain surface camposltion .(SIMS, XPS, AES),
surface structure (LEED, EXAFS), electronic structure (UPS, XFS),
vibrational fregquencles (HREELS), etc. Thus, we can now solve simple
problems such as determining what 1s the stakle configuration of CO or
Mo on a surface or how an additive such as sulfur or potassium will
affect the dissoclation probability of NO. Thus, atamlc level catalytic *

.
N\

information is now avallable for a large variety of systems, a few of
which are discussed in this thesis.
The major disadvantages of these techniques is that they require -
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‘ UHV condlitlons, and they are usually statlc, meaning that one only

observes stéble surface specles. A lknowledge of stable surface specles

is important, but an understanding of the mlcroscople reactlon dynamies

of shert-lived reactive intermedlates 1s still missing. As for the

extramely low pressure requirement, the objection is often ralsed that

these conditlions are too fzr removed from actual catalytlc conditions .
to pe of any use in understanding catalysis. The art is In knowlng
“vhen 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 specles, 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 €0 chemisorption where high pressure FTIR studies show similar
CO vibrational frequencles as are seen by HREELS at 10-10 tor~ on
single crystals.

2.5.3 Modern "In situ" Probes.

Several new in situ techniques are now being used to study catalysts
under actual catalytlc 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 absorption spectrum 1s measured as a fumetion of photon energy.
Wnen the photon energy becames equal to the lonization energy of a
core electron, the absorption curve exhibits a sharp maximum. In the

energy reglon slightly greater than the maximun absorpticn, usually

called the absorption edge, a serles of osclillatlons occur due to
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interference as the-:photon scatters off atams neighboring the original
absorbing atam. 'Jh":ese interference. osclllations give information on
the interatamic distances, the coordination number, and the Debye-Waller
factor (Joyner, in"Thanas, 1980) |

Neutron scattering spectroscopy can also be used to glve :Lnformation
on crystallographic structure, as well as on surface dynamics. This
technique has the added advantage that neutrons can penetrate fhe
stainless steel wails of high pressure ca.talyst chambers, Of particular
relevance to the study of’ additives, both neu'crcn scattering and EXAFS
can determine if 1..he additlive forms a separ"*.:e rhase, or is incorporated
as an impurity (or alloy) into the .active metal component of the catalyst.

Mossbauer alnd corversion electron Mossbauer spectroscopy have also
been used recenfgf:ly for iron catalyst !characterization (W, Jones, in
'lhcmas,‘ 1980) . tv’bssbauer spectroscopy 1s normally bulk-sensitive, but

“the use of high surface area catalysts and the converslon electron

process enable characterization of the surface and near surface, and
even adscrbate properties. T '

Recent éevelopemerits in 1asers, and computers have made Raman and
infrared spectroscopy much more attractix'e for surface scientists‘.
For many cases, these methods can b. used under both, UHV and high
pressure conditions. The Information they glve about the vibratiorial
frequencies and certain electronic transitions of adsorbed :species
is of'ten useful in the study of catalysis. Both can now be: used to
study small area single crystals as well as high surface are:. supported
catalysts (Thanas; 1980).

Iastly, nuclear maghetic resonance (NMR)} is now becoming.more



popular for catalysis studies. This technigue 1is well sulted for "in
situ" studies vhich have H, 14, 1013, Al, 81, 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 is_ required, due to the inherent limitations in
sensitivity. Many Interesting results have recently been confirmed by
N'R including studles on the effects that different supports have on
the electronic propertles of small supported metal clusters, as well
as the changes In electroriic structure that follow a change in cluster
size (De Menorval, 1981). MNYR can also be used to give information
about atamic distances (positions).
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3.1 ‘The Work Function.

The study of the alkeli metal monolayers deposited on transition
metal surfaces has proven to be one of the most Intriguing subjects
studied by surface sclentists since the early work of Iangmuir (1923,
1925, and 1933). The most noticeable change observed upon alkall
adsorption is the large drop in work ﬁm.ction of the metal surface.

The work fimction 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 is analogous to the lonlzation poten-
tial of an atam or molecule. (ne c¢an dividé the work function of a

metal surface into two components:
¢ = -p/e + Adpp Ean. 3.1

where u is the chemical potentlal, and A¢pp, the surface dipole term,
1s the difference in electrostatic potentlal between the Inside of a
erystal and the region =10=Yen cutside the surface.

The chamlcal potential of an electron in a transitlon metal should
stay practlcally constant when any adsorbate, such as an alkali‘metal
is put on the metal surface. PBut the second term, A¢pp will change.
For alkali 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 lcn cores are surrounded by an essentially
symetric electron gas. At the surface, however, the electron orbitals
ex_tend into the vacuum beyond the ion cores of the atams such that the

electren distribution at the surface 1s asymmetrie, see Figure 3.1b.
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Because same of the charge extends into the vacuum, an electrostatic
dipole field is created at the surrace\,{'lww(intr-insic). It ean be
modeled in a sinplified sense by a parallel plate capacitor (Figure
3.1c). Here, ar electron in region A or C wlll experience no net fleld
fran the charges on the plates because they cancel each other, but in
reglon B, the electron wlll be accelerated towards the positive plate,
i.e., towards the metal. This is consideréd the intrinsic camponent of
the dipole term.

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

In Figure 3.2 we show 2 typlcal plot of ¢ versus alkall coverage
on a metal surface (Fehrs, 1971). The initial slope of the curve

ylelds the dipole field strength caused by alkall atams and is given by
the Belmholtz equatlon:

A$ = HwuN Ean 3.2

vhere p 1s the dipole mament, and N is the coverage.
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The figure also shows the decreasing ability of an alkall atam to lower
the work functlon with Increasing coverage. 'This is attributable to
depolarization ef‘fects within the alkall mcnolayer, and can be roughlf
approximated by the Topping formula (1929):

& = B/ (1 + 9a(1)3/2) Eqn 3.3

where a 1s the polarizabillty.

At low coverage, each alliall atam can be slignificantly lonlzed
(polarized) without belng influenced by neighboring aikali/ilmage dipoles.
Rut, at higher coverages, repulsion between the dipoles beccmes important.
It 1s important to notlice that the work function does not drop wniformly
fram the value of the transition metal to that of the alkall meéal,
but goes below both values at submonolayer coverages. ‘This clearly
shows that the extrinslc surface dipole =amponent (Figure 3.1d) between
potassium and 1ts Image 1s essentlal for understandlng the total work
functian, If A¢pp(extrinsic) did not exist, the minimm.should not
have appeared.. The importance of the drop in wﬁrk function for catalysis
will beccme more obvious in the Chapter 4 where the coadsorption of .
alkall atoms with small molecules 1s discussed.
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3.2 Pure Alkall Monolayers.

3.2.1 Thermodynamics: AES and TDS behavior.

The potassium Auger signal Intensity 1s 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 maximm 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 menolayers/min, the potassium adsorptlon proceeded
until the potassium A‘ilger signal was about one half the maximum intensity
fram a cooled pure potassium multilayer. 'The growth of multilayer
potassilum deposits 1s not observed at these temperatures. Fisure 3.4
shows the AES uptake curve with the sample held at 270 K. Here, multl-
layer adsorption 1s occuring. The periodic fluetuation in the curve
may be the result of clustering; a critical coverage is reached which
then clusters in a periodic fashion (GLllet, 1980). -

Platimm crystal @faws cooled well below room temperature
showed smoother Auger uptake curves (Figure 3.5). There were slight
breaks at the positions corresponding to the first and second layers
and these were confirmed by TDS and LEED 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(6l 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 visiblé (see below). We therefore define this potassium
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coverage (8x=1) to be one monolayer; as will be shown below, this
corresponds to 5.4 x 103 K atams/cm?, or 36% of the surface atamic
density of the substrate Pt(lll)k face. ‘The large difference between
the potass;.un and platinum s*;rfacg density 1s due to the much larger
radius of metalllc potassium.

The results for the thermal 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 ét about 1000 K.

As the coverage is increased, the temperature at which the desorption
rate 1s at a maximum decreases continuously, and at one monolayer the
desorption temperature is at 400 K. We belleve that this, shift is Gue
to repulsive: lateral interactions between the (slightly ionized) potasslum
atoms that weakens their bonds with the platinum surface. This is
similar to the behavior of alkali atams on other transitlon metal
surfaces (Gerlach, 1969; Iee, 1981; Proden, 1980). Assuming first

order desorption kinetics and a preexponential factor of 1 x 1013 s~1
that would be characteristic of a moblle atamlc overlayer (Samorjai,
1981), the variation of the desorpticn temperature peak with lncreasing
coverage corresponds to shifts in the heat of desorptién from 60’ to )
keal/mole. 'The heat of desorption of potassium as a functlon of coverage
calculated fram the TDS spectra is shown in Figure 3.7. If other
preexponentlal factors are assumed or derived, the magnitude of AHggs
will change, but 1t will still exhibit the same general trend as a
function of potassium coverage. The large variation in binding energy
with coverage of alkall metals adsorbed on transition metals has been
observed by others. TFor example, Gerlach (1969) showed that the heat
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of desorptlon of potassium on Ni(110) drops from 58 to 28 keal/mole as
the potassium coverage i1s increased fram near zero to 0.5 monolayers.
A1l 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 bindiﬁg energy shift iIs to consider an
alkall atam adsorption potentlal with two terms:

AHa4g » AHgyp + P(6) Emm. 3.4

Here AHgyp 1s the heat of sublimation or‘pure potassium (~20
keal/mole) , while P(9) is a coverage dependent term, related to

the Topping formula (1927), that includes the icnic character of the
adsorbed potassium. The surface dipoles would not affect one ancther
at low coverages and P(98) would assume a high value. At high
coverages, the dipoles would-have a significant depolarizing effect
on cne another, decreasing P(6) and therefore Al g5 (see

Figure 3.7).

2.2.2 Structure: IFED studies.

Another interesting feature of alkall adatams is their spatial
position on the surface of transition metals. At low coverages and
temperatures the stable configuration for a surface alkali atom is
2 three or four fold site (Hutchins, 1976; Van Hove, 1976). 'This
permits maximum coordination which is energetically favorable' if the
partially ionized alkall atom 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 become less noticeable, Due to
the strong repulsive interactions between neighboring alkali atans‘
(st1ll partially ionized), the alkali.may leave its high c?orgination
three and four fold sité to maximize 1ts distanee from other atoms.
This can be easily verified by LEED - see below, Fedorus (1970), or
Gerlach (1969 and 1970). _ |

In Figures 3.8a-3 we show the progression of LEED patterns obtained
fran the pure potassium overiayers as the coverage 1s decreased (by
thermal desorption). The p«;zttem in Figure.3.8a was obtained after
depositing a monolayer of ‘pofassiun. For multilayer covez"ages.the
LEED patterns became more diffuse. - |

The inner spots of the. LEED pattern of Flg. 3.8a are indicative of
an Incammensurate hexagonally close packed surface structure. Aésuming
one potassium atam per unit cell, the pofassiumroverlayer 1is calculated
to have a surface density of 5.4x101% atams cm@, in agreement
with results found on othér surfaces (Lee, 198;). Others define the
overlayer coverags as the atomic density of the’*adlayer divided by the
substrate surface density; in our case, the gove;‘,age with respect to
the surface density of the Pt(111) substrate would be 0.36.

From the LEED pattern we see that the overlayé; structure has its
axes aligned with the substrate but with an mtemt&gic spacing of
4,620,1R, 66% greater than that of the platimm integﬁtunic distance
(2.788), and slightly smaller than the known metallic ";ptassimn
interatamic distance (4.70R), The real space transformation matrix
for this structure is (%’66 2.66)' | |

As the coverage 1s decreased by desoyption, orlentatinonal reor-
/ .
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dering of the overlayer occured. At first, ring-like patterns api:eared.
Upon desorption, the ring transformed into well defined spot pairs,
(Flgure 3.8b and ¢) each pair being split about the (1/3, 1/3) spot
position. After further desorption (by annealing the crystal to I-IOQ K
and ccoling), the split pairs eventually coalesced into the (1/3, 1/3)
spot positions, producing a (V3 x/3)R30° surface structure (Figure
3.8d), at éx= 0.9. Iower coverages only resulted in the the loss of
the (v¥3 xv¥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(111l) 1s very similar both to weakly
adsorbed noble gases on metal and graphite surfaces as predieted by
Novaco and McTague (1977), and to the ordering behévior of halogen‘
monolayers on metals (Bardi, 1980). In many of these studies, f.t;e
adlayers were found to have hexagonal symmetry at a coverage of one
menolayer, regardless of the supstrate symmetry.

Fran the thermal desorption results which Indlicate a higher degree

of'polarization at low coverages, we would also expect lateral interactions

. to favor hexagonal ordering at less than monolayer covérages. We do

not see any ordered structures at coverages less than éx = 0.9,

unless we use liquild nitrogen coollng. That these lower coverage,
ordered structures were not seen wifh the crystal held above 250 K is
probably due to a two dimensional liquid-like mobility of the potassium

over-layér in this temperature and coverage region.
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3.2.3 Electronic properties: UPS studies.

In ultlra.violet,photoeleetron spectroscopy (UPS), valence electrons
are emitted from atoms and molecules and are energy analyzed by an
appropriate electron spectrameter. Wen studylng solid 'sqrfaqes, UES
can glve information about the band structure of the substrate, the
orbital energy levels of adsorbates, and the work function (see figure
3.9). 'The Elnstein relation detemmines the energy of the emitted

electrons:

hv = [Exl + ¢ + Ey (vhere Ep = Epeasured— Ef) Egqn. 3.5

The work function ($) is usually determined by subt:écting the width
(Ey) of the emisslon spectrum from the photon energy. The electrons
emitted with the highest kinetic energy (Eyx) come from the Fermi level
(Ef), vwhile the less energetic electrons are those emitted fram states
with a "higher" binding energy (Ep).

The d-band in transition metals is usually located within 8 -eV of
Ef. Bnission below the d-band cames fram elther the broad s-p band, an
adsorbate level, or émission from "secondary electrons" (those resulting
fran multiple scattering de-excitatlon processes). The secondary
electron edge (SEE) 1s usually 2-3 eV wide arid 1ts position is determined

by drawing a line tangent to the inflection polnt and noting where it
intersects the baseline (see Figure 3.9).
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Flgure 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 photoanission. chamber (see
thapter 2). In Fgure 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 yleld becomes very
large at high potassium coverage.) Several features should be noted.
First, there 1s a sharp drop in electron emission at Ep. This drop
1s observed for most adsorbates on Pt(11l), as well as on other metals,
and is attributed to an interaction between the surface d-band and the
adsorbate. Two other features observed upon‘ aikall adsorption are an
increase in the total secondary electron yleld and an lncreasé 1n the
width (Ep - Eggg) of the spectrum. This is expected since a drop In
the work function should permit more secondary electrons to be emitted,
since the barrier they must pass through 1s lowered. Figure 3.11 shows
the work functilon vs. potassium AES signal (coverage)}. ‘The curve did
not dend back up in this case (Flgure 3.2) since only low coverage data
was obtalned. _

A fourth observation is 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 it comes from t;hé sample, not from the spectrameter
or elsevhere. This peak can be attributed to the X(3p) level, as noted
in He(II) studies (Proden, 1979; Firug, 1982). What 1s interesting is
not that it exists, but rather that it appears before the SEE reaches
it. Fgure 3.12 shows that 1t does not appear for very low potassium
coverages, but only after a threshold coverage 1s reached. The peak
moves closer to the Ferml level with increasing coverage. 'This shift
in nosition can be explalned 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.
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The peak has also been observed by Pirug 'et al (1682). ‘heir
explanation 1s that it results from the He(Il) transition at hv = 23.1 V.
This argument, however, 1s not correct since a higher energy photon
will shift the spectrum to higher kilnetlc energy. A new Fermnl edge
would appear at 1.9eV higher kinetic energy, but the SEE should remain
constant. Another possible transitlon is the He* metastable tmitim,
as used¢ In the metastable gquenching experiment. PRut thils, like other
rationales which attribute the peak to a different excitation energy,
should result in a shifted Ferml edge, not a lower SEE.

Several other poésible explanations can be offered to account for
thls observation. First, since Oz, Hy0, and COp impurities readily react
wilth 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 pesk, not a second SFE which would result if there were two
reglons of differing work function.

Another explanation is that the electron emission from a potassium
atam on the surface 1s actually easiepr than emission fram 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 functlon, but it does modify the surface dipole compo-
nent. The dipole layer for a metal exists within a few angstroms 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 lonization, see Figures 3,13 and 3.14.- In other words,
en electron coming fram the bulk would experience a different field
than an electm em:l.tlted frcgl a locallized potasslum core orbital whilch
is positioned half way through the dipole layer. Sever;} problems
remain with this interpretation. Why would the K(3p) eiectmn see a
smaller dipole field than other valence electmﬁs on potassium? Wy
wouldn't all electrons be emitted through the potassium if 1t 1s the
path of leasi: resistance? We can rationalize these problems by noting
that the potassium 4s valence electrons are polarized towards and
delocalized throughout the metal, willke the K(3p) electron. S, to be
emitted as secondaries, the K(4s) electrons may feel the full barrier
as represented in Figure 3.13. This picture is in disagreement with
the corventlonal plcture of potential barrders at the surface. |

We also coadsorbed 00 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 potasslum
coverage. The same observation was made when benzene was coadsorbed
Instead of 00, see Figure 3.15b. This implies that same electronic
property, not just 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 ﬁhy no K(3p) emission was seen at low
coverage. |

A third possible interpretation i1s that the photoelectron ioniza-
tion cross-section changes with a change in work function. Here,
the X(3p)- peak position would be on the SEE tall, but because of some
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Figure 3.15a2 X(3p) peak on CO covered surfaces.
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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 tall. (In the
previous - second - explanation, the photoelectron cross-section was
constant, but the photoelectrons once produced, were more easily emitted
fram the surface as thé work fimetion dropped.) This third interpre-
tation 1s unlikely as the peak height-should change much more sharply
with decreasing work ﬂmctipn, instead of being a linear function of
potassium coverage as in Flgure 3.12. .

Other workers have also noted interesting local work function
properties. In the photoemission of adsorbed xenon (PAX) experdment,
performed by Wandelt et, al. (1981), xenon is adsorbed and the position
of the Xe(Sp) electron level is 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 function of the
surface wnder study. ey also note that cooled xenon overlayers
preferentially occupy step and kink sites and can tlus determine local
electronic (work function) properties of these defects, as well as
adsorbates. This experiment demonstrates nicely that charge is not
canplgtely smoothed out along a real surface, but exhibits local inhomo-
geneitles,

| From this perspective, 1t becomes reasonable to consider that an
electron localized on potassium above the surface 1s more easiiy lonized
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 studylng the local electromic properties of surfaces.
Several problems still remain in ocur understanding of alkali—sur-:f'ace"
interactions. Although much is nown, the exact mature of the charge
transTer remalns to be fully resolved. In particular, should it be
described as an icnization or polarization and what are the localized and
delocalized screening properties? ‘The problem of mdefstanding which
substrate orbitals interact with the adatams s and what kind of r*eﬁybrid—
izatlon they undergo, 1s very important for a canplete analysis of
alkali monolayers. ‘

3.3 Alkall oxides: K»0 on Pt(111).

3.3.0 Thermodynamics: TD§ studles.

Metallic potassium on the Pt(111) surface readily promotes the
adsorption of 0. ‘Tis is in sharp contrast to the low (defect-
sensitive) sticking coefficient of 0s an clean Pt(11l), 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 1n
Figures 3.16 and 3.17. Potassiim (rﬁass 39) desorptiocn, 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. Wnile no noticeable desorpticn of potassium-

_oxygen cluster could be detected by the mass spectrameter, it is known

that K>0 can exist as a vapor species (Drowart, 1964). VW must
therefore consider the possibility that any potassium oxide c1ustér-
that may desorb is bro_ken apart by the mass spectrameter ionizer. Our
results, however, ohly give evidence for the simultaneous detection of

K and 0%, We cannot say with certainty whether the dissociation
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oceurs at the surface or in the ionlzer.

'Ihg potassiun (mass 39) thermal desorption spectrum in Flgure 3.16
Indicates a slight decreése in heat of desorption as the coverage is
Increased. Again, assuming first order desorption Kdnetles, the change
in desorptlon temperature corresponds to a heat of desorption shift
from 60 to 50 keal/mole as coverage is increased f‘z'om 0.1 to 3 layers.
This is much less than the 40 keal/mole shift seen for pure potassium.
Here, the potasslum 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 oxlde" monolayer than In a pure
potassium monolayer. The desorption tanperatime 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 stabﬂizes the overlayer. ‘This factor may be of slgnificance
under actual catalytlc cmditioné. (Full oxidation of the potassium
however, decreases its abllity to act as an electronlc promoter; see
section 4.2.3 below.)

The oxygen thermal desorption Spectra are shown in Figure 3.17.
After predepositing varlous amounts of potaésiun' on the Pt(111) crystal
face, we exposed the surface to 10 L of 0. The first major peak to
develop in the thermal desorption spectrum appeared at 660 X, This peak
had a long tall and retained its position, shape, and intemsf-ity, up to
potassium coverages :Lna_excess of one moﬁolayer. The peak dilsappeared

at these hlgh coverages. As we increased the potassium coverage above
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8xo = 0.2, a second oxygen peak appeared at 730 K, and then moved up

to 770 X as the potassium coverage was increased to a monolayer. At

higher coversges thls peak also disappeared. A thiré peak then developed
at. 900 X appearing at cbirerages of 6gp>0.5. It retained 1ts positicn
a.ﬁd 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 daminant peak in the multilayer., We zlso 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 chaﬂisorption of molecular’ oxygen. .
At present we only wish to note t:hat several forms of oxygen are

present on the surface s and that same of the oxygen desorbs simultaneously

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

3.3.2 Structure: LFFD studies.

Fqur stable and reproducible ordered potassium oxlde surface
structures were seen by LEED at specific potassiun and oxygen coverages.
These structures included three vhich were conmeﬁSurate, (li;xl;),

(8x2), and (10x2) overlayer structures (F.’Lgures'3.18var’1d 3.192)

and an j_.ncomensurate one (Figure 3.19a) .. The (lxbl) sﬁrface structure
(Figure 3.18b) was generated by exposing a cooled'Pﬁ(lil) e;'ystal with
6g>1.5 to 10 L of Op, and ammealing the crystal at 650-680K for
several seconds. This , in effect, 'des'orbec.i’ the oxygen associaﬁed with
the 650 K peak in the DS spectrum of Figure 3.17. - The .pattem was

observed over a range of coverages for which K(252 eV)/Pt(6l4 eV) Auger

.peak ratios of between 1.5 and 2.5 were found. 'The K(252 eV)/ 0(510

2.%or the (U4x4) surface structure,

eV) peak height ratio was 5 % /

for both relatlvely high and low total coverages. The fact that the
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same L;ZED pattern was observed aver a range of“'potassiun oxide" total
coverages, yet where the potassium to oxygen stoichiametry saned
constant, 1s indicative of ordered domains on the surface at less than
monolayer coverages.

After armealing to 700 X and cooling to roam temperature, an (8x2)
overlayer structure developed -(Fj.gure 3.18¢). One of the most stable
structures was the (10x2) (Figure 3.1838) generated by annealing
the sample at 750 K for several seconds. This pattern was visible with
K(252 eV)/Pt(64 V) 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 accompllshed by lon bombarding the surface at a slight angle

(about 5°) away fram the surface normal during the cleaning stages.
The single domain pattern was then readlly analyzed to yleld 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 ratlio was found to be 7.7%0.3. Upon close examination
of the LFFD pattern in Figure 3.19b, one sees that the most intense of
the Inner spots is not located In the exact half order spot locatloms,
vhich would imply a (2x2) surface structur"e. {._Instead they are
shifted slightly outward lndicating an mcaul;'énsurate overlayer. '‘This
deviation from the half order spot position (and hence the deviation
from a (2x2) overlayer structure) is readily calculated fram the

positions of the double diffractlon spots. The extra spots yleld a
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hexagohal overlayer unit cell lattice constant of 4.71R, a 15%
contraction from a (2x2) structure. '

| A likely stolchicmetry that could account for this struci:ure is
Kp0, in which each oxygen is hexagonally surrounded by 6 coplanar
potassium atams and each potassium by 3 oxygen and 3 potassium atcmé.
Using the average lonic crystal radii for Kt (1.33R) and o-2t( 1.48)
the Ko0 urdt cell lattice parameter should be 4.69&, very close to
the value derived fram the LEED pattern. To confirm this model; a more
exact LEED intensity analysié will have to be made of the overlayer,
and combined with the HREELS and photoelectron spectroscopy results.
Tripie layer models have been proposed (Froden, 1980 3 Pirﬁé, 1982) for

alkall oxide overlayers, and cannot be excluded.

3.3.3 Electronic properties.

Other changes cccur, such as in the work function of the metal,
but these depend on the exact stolchlametry of the surface. The work "
function is sometimes lowered below the alka_‘li value if oxygen l1s
adsorbed before the alkall (or if the coadsorbed layer is amealed).:
ane interpretation for this is that a trii:le layer develops with
alkall on the outslde, oxygen in the middle,‘and then bull;: metal on the
inside. However, if alkali is adsorbed first, the work functlon can
be observed to increase upon O adsorption (Papageorgopoulosv, 1975).
Te low work function and relatively high stability of alkall oxides
is exploited in the design of thermionle and photoelectron devlices
(Mayer, 1940).

| In catalysis., it 1Is Still unclear to what degree the alkalil is
oxidized during a catalytic reaction, Several studies have been made
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using various probes including scarning Auger and electron microscopy
(Chen, 1973; Ertl, 1983; Hanji, 1981). Some of these have shown that
potassium is oxldized on iron catalysts used for the ammonla synthesis,
They also showed that most of the potassium oxide resides on the support
but that a certain fractlon does envelop the acti've iron grains., In
other studies of potassium monolayers on nickel methanation catalysts,
it was shown that the potassium was not oxlidlzed during the reaction,
but "solvated" by water molecules on the surface (Campbell, 1982).

A1) of these studles, however, wefe on sémples_' anaiyzed In vacuum
following_a reaction and were not actual sfudies-.of the alkall made
vhile it was at high pressure.

3.4 Alkm1l adsorption on stepped surfaces.

We have also carried out the experiments described above on the
stepped Pt(755) [or 6(111)=(100)] surface and found only a few
minor differences. The thermal desorption spectra of both potassium
and potassium oxide were very similar to that of the flat Pt(lil)
. surface, The LEFD patterns of pure pqtassium monolayers were not visible,
but single damaln patterns of (4x2), {8x2), and (10x2)
potassium oxlde structures were all seen. Potassium was also found to

be distributed evenly among step and terrace sites when titrated with
0 (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 effeects in
heterogeneous catalysls. In addition to our own work, several other
authors have recently published papers about the effects of alkail
metal monolayers on.vaz-ious molecular and atamic coadsorbates. A
varlety of technlques h_ave besn used Including TDS, UPS, XPS, HREELS,
work functlon measurements, and surfzce penning lonizatlon electron
spectroscopy (SPIES). In this chapter, we will first discuss our
results for the 00 + alkali ‘coadsorba.te system in detall, then review

- the main features of -the studles that we have performed on other alkali
- molecular coadsorbate systems (NO, benzene, etc.), and end by reviewing

the literature on related systems,

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

4.1.1 CO bonding to metals.

Elyholder (1964) suggested that the bonding of €O 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 2x (C
orbital. This type of bonding 1s shown in Figure 4.la. 'This model of
metal-carbonyl camplexing has came under scme criticlsm, but there is
now reascnable agreement concerning its general velidity. 'There does,
however, appear to be some disagreement about which metal orbitals
play the most Important role both in the acceptor and doncr functions.
For instance, some theorists have used the d-orbitals of the metal as
acceptors for the 5o donation, instead of the metal s and p orbitals
suggested by others. Moreover, a recent molecular orbital calculation

of CO on a 1lithlum cluster has shown significant backdonation fram the
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Figure 4.1 (a) important drbitals involved in CO bonding
to a metal. (b) diagram of electron flow in
coadsorbed K + CO system.
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Ii 2s and 2p levels into the 2¢ CO orbital, i.e. no metal d-orbitals
were required for backdonation (Post, 1981). It 1s becaming clearer
that more rigorous ab inltlo calculatlons are needed because significant
rehybridization is talkdng place, and that approximate treatments have
only limited applicability. For most metal-CO systems, the electron
orbital levels can be represented ac in Figure h,2,

The adsorption of CO on Pt(11l) has been extensively studied;
(Steininger, 1982; Campbell, 1981; Crossley, 1980; Winicur, 1981;
Norten, 1979; Baro, 1979; Froltzhelm, 1977; Ertl, 1977). Figures 4.3
and 4.4 show our IDS and HREELS spectra for several (0 coverages on
Pt(111). These spectra agree well with other studles. The ther:rnal
desorptlon spectra show there 1s one desorption peaJ; whose _maximum
shifts to lower temperature and broadens with increasing coverage.
Assuming the recently derived preexponential factor of 1013 s=1,
for CO adsorption on the flat Pt(1l1l) surface (Winfcur, 1981), the
heat of adsorptlon decreases wlth coverage from its low coverage
value of 32 kcal/mole to 27 keal/mole gt saturation. It is now generally
agreed that CO bonds wilth the carbon end toward the surface. ' The
vibrational speetra show that CO adsorbs molecularly on the platimm
surface in both linear (2100 em~l) and bridge-bonded (1870 an-l)
configurations. The correspending Pt-C stretches occur at 475 cml
and 355 an~l respectively. Furthermore, CO is only linearly bonded
at low coverages, while wlith Increasing coverage the bridged position
becomes partially occupled. Finally, the vlibraticnal frequency of the
linearly bonded species increases by 30-40 en-l as the CO coverage

Increases.
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Figure 4.2 Carbon monoxide bonding to a transition metal surface
(associatively adsorbed state).
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§,1.2 'TDS studies.

Substantial changes in the TDS, HREELS, and UPS spectra occured
vwhen potassium was co-adsorbed with €O on Pt(11l). No ordered LEED
patterns were observed wlth the co-adsorbed system.

Thermal desorption spectra for various (O exposures on Pt(111) at
a constant potassium coverage are shown in Figures 4.5, 4.6, and 4;7.
We see, In Flgure 4,5 (with ©g=0.1) that at low CO exposures (< 0,1L)
the desorption peak 1s centered around 490K, shifted up by about 50K
from clean Pt(111). 'The peak shif'ts to lower temperature and broadens
as the CO coverage 1s Increased. Affer > 5L exposure, the full width
at half maximm (FWEY) of the desorption peak increases to » 120K, and
the peak 1s asymmetric. This trend of shiftling peak and Increasing
FWHM bec;:mes more apparent as the  potassium coverage 1s lncreased.

At eg=0.2 (Figure 4.6) the low exposure (< 0.1L) peak is centered
around 520K while 1t broadens to a FWHM of ~ 160K at saturation CO
coverage. At ox=0.3 (Flgure 4.7) the peak has shifted as far as

590K for 00 exposures less than 0.1, and the saturation coverage
desorption curve has broadened out considerably with the FWHM expanding
to 200K. In these figures, it is evident that the desorption peak
broadens continuocusly with both increasing CO exposure and increasing
potassium coverage (up to €x=0.5). The mechanism glving 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(11l) surface at various potassium coverages. We
see the pronounced effect that potassium has on the heat of desorptic;n

of 0. At 0x=0.05, the CO desorption peak maximum has already shifted




CO TDS frem PHIID
with BK = Q.1

SL

>
e
| ‘*
| c
@
Pl
| c
e Pond
| -
| o
| -
; o
| 0
® @
i N
P W
W
o
=
;
|

300 . 400 500

Desorption Temperature (K) ,
XBL 819- 64642
Figure 4.5



-80-

600

500

Desorption Temperature (K)

400

300

Aiisuajul joubig gz sso

Flgure 4.6 CO thermal desorption from Pt(111) with
. GK=0.2.

XBL8I9-6463




29v9-618718X |
| (M) @unjpisdwa] co:a:.ummo,

009 006 . 00k 00¢

-8~

Kusuaju] |publg gz Sson

Flgure 4.7



-82-

819¢9-618 18X
(M) @injosaduwia) uondioseq
009 00S omuv

00¢

sabpiano) y snoaop 40} SAL
ainsodx3y Q) uvolvJINiDsg

—

Ai1suaiu] |oubig g2 sson

Figure 4.8



83—

toward higher tanpefatures fram the 400K peak maximun for clean platinum,
This shift toward higher tenperatufe continues for Og=0.2 canbined

with svbstantlal -peak bro_adening on the high temperature side. By 0g=0.3,
the FWHM 1s 200K and the peak has shifted to nearly 600K. Above @y=0.5

the maximm CO coverage decreased markedly as determined by TDS peak
area, but the (0 desorption peak remained at 610K. No 00 adsorbed on
potassimm multilayers. A small amount of residual CO desorption (=5%
of saturation) centered at 420K, which was shown to be due to cr-.ysta.'l.
back, edge, and/or support effects, has been subtracted from all of
the spectra. Again, assuming a preexponential factor of 1013 s-1,
and first-order desorption kinetics, an increase from 400K to 610K in
desorption rate maximum corresponds to a heat of ads.orption‘:l.ncrea_se
from about 25 to 36 keal/ mole. F.lnaily, no significant irreversible
CO dissoclation was evident since no Carbon or oxygen remained on the

surface as determined by AES af'ter heating to 650K.

We have also rlotted the CO coverage vs. potassium coverage for 10L
_CO exposure in Figure 4.9. TFor room temperature exposure, the maxirm.m

coverage of CO Increases slightly at first, then decreases at high
potassium coverages. This 1s 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 pdtassiﬁm. At low pbtassium
coverage, the increase in CO binding energy allovis for tig.hteb co

pécld.ng. This offsets the decrease due to the blocldng of exposed Pt -
‘surface sites s that daminates at high K coverages.

Flgure 4.10 shows the QO thermal desorption spectra from a

stepped platinum Surface with coadsorbed potassium. 'The increase in
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deébrpticn temperature of both terrace and stepped CO peaks implies
that the potassium-is not localized on either site, but is positioned
samevhat evenly across the surface. This should be expected fram
thelr strong repulsive interactions (see Chapter 3).

4,.3.2  High Resolutiocn Electron Energy Loss Spectroscopy Studies

The effect of potassium on the vibrational spectrum of €0 is
I1lustrated 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. Potassiim coverages
vere achieved by depbsiting a menolayer or more of potassium, then
heating the surface to achleve the desired coverage by desorption.

The potassium coverages were determined by TS and AES calibrations,
as described iIn Chapter 3. One should remember that one potassium
manolayer, Ox=1, has about cne-third the atamic density of a Pt{111)
surface layer.

Figure 4.12 shows the changes in the vibrational spectrum as the
(O coverage 1s varied at a constant potassium coverage. In thgée
figures the reported temperatures indicate those at which the érystal \
was armealed for several seconds prior to recording the specitra; all
spectra were obtalned at 300K. This ammealing 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 potassiam coverages wei:-e cbtained by
amealing a monolayer of potassium to at least 700K (e.g. annealing to
TOOK produced 0x=0.3), no noticeable potassiuh desorption was

._detected using this process to vary CO coverage.
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In Figure 4.12a we show the vibrationai‘ spectra as CO coverage is
varieé @x= 0.07. In the spectra taken at roam temperature, both peaks
are shifted slightly from the clean CO 'sa._tur'ation coverage values (see
Figure 4.4), oOnly small variations occur until 400K, where the linear
stretching frequency is decreased substantially. At 410K, both the
~ linear and bridged species have the_sqme peak height. Note that en
: clean Pt(111) at this temperature, ‘ox;l;; the higher frequency species is

present (see Figure 4.4), while here both species are present. As the =

coverage 1s decreased, tie peak helght of the linear species continue—s
to decrease faster than the bridged specles. 'The position of the
,stretchﬁxg vibration, however, has decreased more substantlally for the
" bridged site than for the linear site (115 arl vs. 25 am1).

At 2 potassium coverage of 6g=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 the same rate, becaming
equal only at a very low coveré,ge very near total deserption (425K).

" The freguency shifts are similap to those shown :ln Flgure 4.122, .with
an average frequenc& shift ~ 20 em™! less than ot ~6K-0.07.

'Ihe‘ trerid of decreasing stretching frequency and higher occupation
of the bridge site cohtim’.xes for 0K=0.10 (ﬁot shown). In this case
however, the linear and vridged peak heights are nearly the same at
saturation 00 coverage. ‘he bridged site dominates at Co covexégés-
less than suaturation. The stretching vibratim decreases to a low of
1715 an=l for the bridged position with no linear species present
after annealing to 435 K. | ‘ ‘

®gure 4.12b shows the 'I-IBEELS‘spectra for og=0.3. At this pofas-
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sium coverage we see that most of y!':e CO adsorbs in bricdge bonded
sites, with a2 small amount of adsof;iﬁtion occgring in the linear site
only at high CO exposures. Both stretching frequencles are strongly
affected by the potassium. The bridged CO stretching frequency at

© 1725 an-l, already shifted substantially at saturation coverage,

continues to shift to lower frequency as the CO coverage decreases.

Notlce that thls shift is continuous with increasing temperature,

but that the desorption process oceurs cver a broad temperature range

" as was evident in the corresponding TDS curves in Flgure 4.7. No

spectra were taken on samples heated above 525K where further decreases
cn CO vibrational frequency might occur. The weakest CO stretehing
frequency we recorded occurs at 1400 em~l. .

We note that the existence of bridge banded CO with a vibrational
frequency of 1400 an—l calls into question the conventional assigrment
of 1300-1500 am=l vibrational peaks as being due to carbonates and
formates, (n real catalysts they may instead be the result of multiply
bonded €0 adsorption cn pramoted sites. Also the large 470 anrl
decrease 1n “""r’ bridge bonded CO stretching frequency ralses the questlon
of the nature of the C-O bond. 'The 1400 am=l OO frequency we observe
for the 00/K coadsorbed system on platimum 1s 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 CO. ‘Thus, the 0 bond appears greatly
stretched without dissociation of the adsorbed CO speclies. (Note: a
more complete description of these BREELS spectra can be found in the
PhD thesis of my coworker, John Crowell, Berkeley 1983.)
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§.1.4 Ultraviclet Phothelectror Spectroscopy Studies.

In Figures ll."13—ll.,' 16 we show the UBZ, spectra and their difference
spectra for CO adsorbed an Pt;(lyll) with varlous coverages of ‘potass:lun.
On the clean Pt(111) surface, Figure 4.13, the adsorption of 0 is
accompanied by several changes in the UPS spectra. As with K, CO
caused a drop in enlssion f’rcm the peak, lylng just below Ef. This 1s
accampanied by tne growth of two features 16catsd at 5.3 and 9,5 eV

binding energy. For low CO coverages, there is also a peak at 12 eV.

This peak becomes lost 1in thé:,clifference spectra at higher coverages

becauvse a large peak result:'l.-r'ig.fran a change in thé wor'ﬂ i\niction ‘
appears at 14.5 eV. When CO 1s 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 potaésiun:;;rad elean CO over'iayers. The peak
at 5.3 eV appears not to shift; although by eg = 0.65 1t has dlsappeared
in the difference spectra. The /"pea.k at 9.11. 'év broadens further into a
doublet at 8.5 and 9.8 V. The peak at 12,3 eV shifts to about 13 eV,
see Flgures 4.16a and b, but becames lost in the large change in the
secoldary electrons., ‘'The work function change decreas.es. slightly with
CO exposure on clean Pt(111), while it increases fdr‘ higher potassium
coverages, see Figure U4.17. In Figure 4.18 are UPS spectra taken
several years earlier to those shown in Figures 4.13-4.16. This also
shows the broad 5¢ — 1n level. A more camplete version of these results

wlll appear elsewhere.
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4,1.5 Discussion.

The preadsorption of potasslum has marked effects on the adsorption
of CO on Pt(111). The major experimental findings can be summarlzed as
follows: |
1) 'The addition of submonolayer amownts of potassium continuously
increases the heat of adsorption of CO on Pt(111) from 25 keal/mole
for clean Pt{(111) to 36 keal/mole for near monolayer coverages.

11) Associated with the increase in heat of adsorption is a 310 an-l
decrease In the stretch:_!.n_s_; frequency of the bridge bonded CO molecules
from 1870 arl on clean Pt(111) to 1560 cm=i with 0.6 monolayers

of coadsorbed potas'siﬁm.

311) The (0 thermal dssorptldn’ péak brcadénS‘con"binudusly to a maximum
of 200K (FWHM) at saturation CO coverages as the potassium coveraée is
Increased.

iv) At a fixed potasslum coverage, the CO vibraticnal frequencies for
both linear and dridge adsorptlion sltes decrease substantlially wlth
decreasing CO cov.et'age.

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

vi) The work fimetion of the Pt(111) surface decreases by 4-4.5 eV
upon the adsorption of one third of a monolayer of potassium, but
Increases by 1.5 €V when 00 1s coadsorbed.

vii) The 4o CO orbital energy shifts down, and the 5¢ = lr level
spllts when potassium is coadsorbed.
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These results can be interpreted by examining the electron aceeptor:
character of (O and the changes in charge density at the platimum surface
as potassium is adsorbed. | ' |

The bonding of carbon monoxide to metal atams :Involireé a simil-
taneous electron transfer fram the highest occupled mblecular orbitals
of €0 (S0) to the metal and backdonaticn of metal electrans into
the lowest unoccupied molecular orbital (2n¥) of 0O (Elyholder, 1964;
Doyen, 1971!). The bacluionation of metal electrons into the".‘;’{a) .
orbital leads to a simultaneous strengtheming of the M-C bond and‘a'
weakening of the 0O bond, as seen in Figure 4.1, where the apt -
2v% orbitals are in phase (bonding) between Pt and C, while
being out of phase (antibonding) between C and 0.

In our experiment, changes in backdonation to CO are mdﬁced by
using an electron donor, potassium. GCharge 1s ~transfer-red’ from the
potassium to the platimm, with electrostatic screening of the resultant ,
positive charge on the potassium by metal electrons. This polarlzation
i1s displayed by the large drop In work function upon potassiim adsorp-
tion. 'Then, upon OO coadsorpticn, an erhancement (relative to clean
Pt) of backdonation into the CO occurc as a result of changes in surface
charge density induced by potassium. -

Two similar explanations have been used to understand backdonation
in sinilar systems and can be applied here. 'lhé first propbses ﬁhat
a potassium-induced change in the platimm surface valence band
occupancy and a shifting of bthe CO molecular levels permits: a greater
occupancy of the conjugate dpg = 2ngy orbitals. The second

explanation assumes that a conjugate dp, - En&)’ orbital becomes
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fully occupied upon adsorption, but that the surface dipole component
of the work function determines the relative occupaticn of the metal

and 2wy, orbitals, i.e. the spatial distributicn of charge

within the conjugate orbital. In the potassium-free, high work function
case, most of the electrons In the orbital would be localized on the
platinum atams. On the potassium covered, low work fumetion surface,
however, the electrons in the dp = 2npy, orbital would

became less localized on the Pt, shifting their charge density more

onto the C and O atomic positions, giving the conjugate orbital more
21:20 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 determination 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 2r gas phase level closer to the Fermi lgvel, then
the overlap between the 2r level and the metal orbitals should increase.
In this extreme plcture, the molecular orbitals of the sdsorbate (at
least the 2r level) are not "pirmed" to tl';e Fermi level. They do not
track the Ferml level as cne changes the work fimetion - but rather are
at constant energy with respect to the vacuum level. This argument is
sametimes Invoked to explain the energy level s.mi‘ts of physisorbed
species,

At the other extreme, all of the orbital energy levels of a
chemisorbed specles are said to be "pirned" to the Ferml level. In
this case, however, it is more difficult to reconcile the large changes
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in CO chemisorption observed as the work function is changed (1.e.

when potassium i1s added.) If all t_:he; electron energy levels moved

with changes In work fumetion such that they remained at ‘eonstant
position with respect to the Ferml level, then no changes 1ln bonding
should necessarily occur. We see experimentally, however, that this
argument 1s wrong since large changes 'in chemisorpticn propertles do
occur when CO (or benzene see below) 1s coadsorbed with potassim. A
more Intermediate situation probably exists where the levels (in parti-
cular the CO 2r level) follow nelther the Ferml nor vacuum levels -
exactly.

In the UPS difference spectra we note a peak at 5.3 eV. This

.does..not correspend- to any molecular CO-dlevel:- vItrs feature has beerr e

observed by others for adsor:ba.i:es on platinum (Helms, 1976) as well as
other metals, and 1s thought to be due to subtle changes in the d-band.
Te 00 2rn level exists about 2 eV below Ep, but is pot clearly observed
by UPS... ITts position and occupancy has recently been analyzed by Basco
(1983). ‘The first (in order of decﬁeasing energy) molecular orbitals
of CO that are detectable, are the 1n and 5¢ levels witlch appear as
overlapping peaks at 9.4 eV. As pofassimn 1s added, the peak breadens
and a shoulder develops at 8.5 eV. 'his feature has been observed by
others, and 1s thought to result from a,éhif't in the 1n level towards
lower binding energy. The lo }ével, on -the other hand; appears . to |
move from 12 to almost 13 eV. This means that the bo - 11'rv spacing
Increases., From a molecular orbital point of view, the increase in the

Ir level position can be expected. .Since backdonation 1nfo the 2«
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level wlll increase the distance bgtween the carbon and oxygen atams,
the 1Ir bonding level should be destablized, moving it up in energy.

The decrease in position of ‘the Uo level is.comewhat harder to inter-
pret, because 1t 1s s nonbonding level. Since the 00 molecule has more
negative charge on 1t (In the 27 level) the lo level (as well as the
other core levels) may be screened better, as observed for the core
0(2s) and C(2s) levels (Kiskinova, 1983), but this should cause a shift
in the other direction. On 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 fields.

For high potassium coverages, the work fimetlon was found to:inerease

" with inér‘eas:l.ng [09) epréxxre,.iﬂiﬂé 'ozll'the potassium free sufface, co
caused the Pt(111) work function to decrease, This behavior can be
understood fram the donor-acceptor model of (0. The main bonding
mechanism, on the clean Pt(111) surface, is & 5¢ bonding donation
into the metal, On the lower .work fimetion potassium covered surface,
electrons can be backdonated more easily into the 2r level. CO then

becanmes an acceptor as well as a donor.

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

shown that our results are in agreement with thelr theoretical predictions.
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In that study, the valence state lonization potentizl (VSIP) of a
platinum cluster was decreased by potassimﬁ. A second caleulation for
00 on the cluster showed that when the VSIP was decreased (mimicking
the potassium effect), the CO moved from a linear to a bridged and éven
three fold site, and i;he metal-carbon bonding became stronger due to
increased backdonatibn into the 2r orbital. Van Santen (1983), however,
has shown that direct electrostatic interactions can be important.
Other calculations of CO adsorbed on nickel (Rosen, 1979) and 1ithlum
(Post, 1981) clusters have shown that the 2rg, orbital can also
conjugate with s and p metal orbitals of the proper symmetry, and that
00 vibrational frequencles below 1500 el can be predicted.

T
v

7

The 11 kcal/mole Increase in adsorption energy of 0 (uponi ‘potassium -

coadsor'ption) supports the model of enhanced eleetron backdona’cion. In
addition o strengthening the metal-c_a_rbon bond, backdonatiocn should
also weaken the carbon~oxygen bend as noted above‘,v lowering 1ts vibra-
tional frequency. This indeed ncecurs since the vibrational frequent;y
of bridge bonded 0 at saturation coverage decreases b& 310 em-l as

the potassium coverage 1s increased to 0.6 mcnolayer"s. The thermo-
dynamic changes can be repr'esented by Flgure 4.19. Here both the mole~
cular adsorption energy and the probability for dissoclation mcrease
with potassium coverage (state #1).

Another effect of ‘the platinum mediated potassimn-oo Interaction
is the continuous and large decrease in both top and bridged site
vibrational frequencles as the 00 coverage 1s decreased at constant
potassium coverage (see Figure 4.12). This observation has 1its thermal
desorption analog in the continuous broadening of the desorptlon peaks
in the €g=0.3 DS spectra (Figure 4.8). If one consideré the CO |
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Figure 4.19
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mplecules at‘ :Var‘ious coverages to be in campetition for the excess |
charge on the platinum provided by a fixed number of potassium atems,
then both the IDS and HREELS observations support the model of electron
backdonation. when fewer CO molecuies are chemisorbed at a fixed
potassium coverage,‘ the larger amount of backdonation per CO molécule
leads to an increased adsorption energy and decreased vibraticnal

‘frequency.

The change in (0 adsorption-site from linear to bridged with
increasing potassium coverage is striking. Nleuwenhuys (1981) has
shown that the degree of electron backdonation inecreases with the

.lowering of. the work functlon of a metal surface. Our results not .

only indicate an increased heat of adsorption and decreased vibrational
frequency due to the decreased werk funetion, but also a change in

CO site location. By continuous\iy' lowering the work fimetion of the

Pt surface by the adsor'ption of potassium, we are changing the most
energetically favorable site location from top to bridged This" tendency
has also been noted by Gonzales (1982) in high pressure supported
catalyst studies., It must be notad that we cammot rule out the existeoce
of the thr'eef‘old site CO molecule when the stretching fbequencies
decrease to their low coverage values.

Dipole=dipole Interactions have been postulated for the C0-CO
interactlion on clean Pt(111), as well as on many other surfaces. As
dlscussed by Crossley and King (1980), the 40 an-l increase of CO
stretching frequency as the CO coverage 1s increased on clean Pt(lil)
is due to dynamic dipole-dipole coupling interactlons, The corresponding
contribution cannot be readily determined for the K-CO coadsorbed '
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system, but we believe increased bac-kdonétion 1s the dominant cantrlbution
acconting for the 325 ean-1 decrease in the bridge bonded vibrational
frequency as the 00 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 potas;sium for the
catalyzed hydrogenation of O (Dry, 1969;. Benziger, 1980; Broden, 1979)
and for the ammonla synthesis (Ozakd, 1979; Ertl, 1979) c;ver iron, and
for CO interactions with a1}‘:a11 covered Ni(100) (Froden, 1980). ﬁ'.his,
however, 1c the first study that allows one to minitor significant
changes In the magnitude of the backbondingl .et‘féét wlthout other
* 7 ‘complicating surface 'reé.étioiis'occﬁ:"ring, such as dissociation.

The possibility of direct bonding (elther covalent or ionic) .

between X and 00 on platinum can be ruled out by our observatlons.
Flgure 4.12 shows that for a fixed potassium coverage, the CO stretching
frequency merely increases gradually with increasing OO coverage. If
direct K—CO interactions daminated, one would expect different vibrational
frequencies for the 0 molecules depending on thelr proximity to potassium
adatans. Once all CO sites closest to potassium atans are occupled,
the subsequently adsorbed 00 molecules will find only clean platinmum
adsorption sites. This would glve rise to multiple CO stretching peaks
with wide varlatlons In frequency. Although we do see same peak broadening,
it 1s not enough to Indicate significant bonding Interactlons.

Similarly, if direct K-CO interactlons occurred, at low potassium
coverages, the CO thermal desorption spectra should show two peaks, one
at 600K for the X-CO specles and one at UQOK representative of potassium—

free adsorptlon on Pt(111). This does not occur; we see a continuous
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increase 1n the high temperatire DS tail with increasing potassium
coverage. Within the range studied, CO molecules on the surface are
seeing approximetely the same "altered" substrate, regardless of their

proximity to the X atams. | Thus the K-CU interaction appears not to be -
direct or localized, but delocalized over at least two or three inter—
atanic distances. - '

li Although the Pt(111)/K system studied here is different from the
multlicanponent surfaces used on actual industrial catalysts, the cata-
lytic implications of our results are significant, especlally with
respect to CO hydrogenation reactions. The increase in backdonation

-+ strfengthens the M<C pond and-wealkens the C-O bond, thus increasing-the-

‘ probability of dissociation and hydt'ogenation ( Campbell, 1982) . Further-

‘ ‘ more, the increased binding energy means that the surface residence time

of adsorbe.d 00‘ will increase. Both these consequences .should lead to
the formatlon of longer chain hydrocarbons, as will be discussed in
Chapter 5. | |
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§.2 PEenzene 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(11l) crystal held at roam temperature are shown in Flgure
4.20. For higher coversges, these spectra are in reasonably good
agr'eane.n'c with previously reported results (Tsal, 1982). They show
two overlapping desorption peaks centered at approximately 375 ané
US0K. (At lower coverages Tsal shows two peaks filling simultaneously;
our spectra show the peaks filling sequentially.) Generally, 2 I expo-
sures are required to achleve saturation coverasge. The benzene thermal
* desorption p~\=.~alc~ shoulder In Figure 4.20 extends to rcam temperature
at high exposures. F.‘I.gure 4.21 shows the benzene desor-pfion spectra
when the crystal was co.oled with liquid nitrogen. Several new features
arise. Most noticeable is that at least two or three more desorption
Peaks appear whose temperature of descrption (180-250K) is above that
of multllayer condensed benzene, yet considerably less than that of
the more strongly adsorbed benzene.

- The benzene thermal desdrption .spectra for 1 L exposures (following
roan temperature exposure) at several potassium coverages are shown In
Flgure 4.22. As potassium pre-coverage is Increased, we see a decrease
in t!.ue temperature of the maxlmum benzene desorption rate. 'This decrease
1s 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, 6yx>.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.




- =109-

Benzene Thermal Desorption from Pt{lll)
Following Several Exposures
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Figure 4.20 Benzene thermal desorption folleowing
roor_r_i temperature exposure to Pt(1ll).
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Figure 4.21 Benzene thermel 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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Fgure L£.23 EBenzene therml 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 maximm is seen to decrease by as much as 200K at high potas-
sivr coverages. In Figure 4.24 1s shown the benzene thermal desorption
spectra i‘rcm clean, potassium covered, and oxldized-potassium covered -
Pt(111). It is interesting to note that the oxygen appears to cancel

the effect of potassium on benzene.

§,2.2 Photoemission studies.

Flgures 4,25 - 4,28 show the UPS spéctra for benzene coadsorbed
with various coverages of potassium on Pt(111). Benzene adsorbed on
clean platimm causes a large decreasé in emission from the peak Just
below Ep (Figure 4.25), similar to what is observed with carbon monoxide
and potassium. ‘Three other overlapping features grow in betweén 3 and
10 eV, labeled #1, #2, and #3 in Figures 4.26 and B.27. The peaks are

valso observed for benzene on éther'metals and can be assoclated with

the 7 and ¢ levels of gas rhase benzene, as described In the discussion.
Also note the large decrease in wprk function with increasing ‘benzene
exposure on the clean Pt(111) surface, supporting the idea that benzene
isa dorior on metals (Xotz, 1977). Several yinterest:l.ng changes occur
as potassium is added. Peaks #1 and #3 shift to higher binding energy,
see Figure 4.28. ‘There are élso changes in their relative heights: for
higﬁ 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(111). a fractlon of the.
benzene will desorb molecularly at j:anperatures below 500 K , while the
remainder disscelates glving off a broad Hy desorptilon pea.k between
500 and 750K. This behavlor is also seen ‘on other transition metals
and crystallographlc faces, but the Pt(111) surface appears unique in
1ts low activity for C~C and C-H bo}xd-breamng (Samorjat, 1981).

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

On Pt(111), that fraction of benzene that desorbs molecularly above
room temperature ylelds two peaks in the thermal desorptlon spectrum at
approximately 375 and 450 K. 'The appearance of these peaks is not yet
fully understood although several interpretations are possible to
explain thelr origin: lateral interactions at high coverages, different
surface structures (as revealed by LEED), different sites being occupled
(presumably top or threefold), ete. (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 is seen both from the larger
them.lal 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 ernergy (and pathway) 1is strongly affected by potassium
coadsorption.
Both the decrease in desorption temperature and the increased
amount of mlt_ecular desorption imply that the benzene-platinum bond
strength 1s wealtened when potassium is present. Several explanations .
can be proposed. Benzene 1s thought to be an electron donor in tran- .
sitlon metal camplexes, with the w-orbital often mvolved in a symmetric

coordination with the metal atam or iocn (Kotz, 1977; Muettertles, 1983).
S0, one might expect that if the plat_::!.nun swface 1s 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 explanatio‘n however, 1s probably too simplistic, and
a more camplete understanding of the electron energy levels is required
to develop even a qualitative model of the potassium induced changes of
adsorption. Figure 4,29 shows the molecular orbital diagram for benzene-
chramium (based on Kotz, 1977, and Muetterties, 1983). Of interest
here are the molecular orbitals involved near the "Ferml level," l.e.
the highest occupled and lowest unoccupied molecular orbitals. All of
the filled orbitals in the benzene chranium bond are either bonding or
non-bonding between the benzene n-ring and chramium d-orbitals. ‘The
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Valence Orbitals of Benzene -Cr: Energy levels ore approximaie

Cr

XBL 82i1-6884

Flgure 4.29
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lowest unoccupled level, mﬁéver » 1s "antlibonding" between the benzene
and chramium orbitals. Consequently, if che electron uefe .added to
the system, this electron would fill the e]_; antibonding level,
weakening the metal-benzene interaction.

Of course there 1ls qulte a difference between a chranlum atan and
a platinum surface, but the general character of the bonding is the
same. 'This has been confirmed by recent angularly resolved and photon
polérizat;l.m UPS studles (Nyberg, 1979; Hofmann, 1?81 ; Fischer, 1978;
and Netzer, 1983.) In both the gas phase and adso;'bed cases, .there is
a symmetric coordination to the metal atam(s) and benzene can be considered
primarily as an electron donor. Two interestiné features appeared in
our UPS studles. First, the shift to higher binding energy of the
benzene peaks #1 and #3 with potassium 1s conslstent with the idea that
the benzene levels, or more preclsely the benzene vacuum reference
level (Luftman, 1983), is moving down relative to the potassium free
case, 'This, 1t should be remembered, is an Initlal state effect, since
added final state screening by potassium should shift the peaks the
other way. That the peaks move to higher binding energy also implies
that the ey§ level should now be closer to the Fermi level. " e
orbital levels are broad enough when adsorbed on the surface that 1t is
reasonable to consider partial occupation, it ls not necessary to
requi:re that the levels be either fully occupled or empty. Tus, a
continuous decrease in the work fimetion could lead to an increasing
occupation of the elé Jevel., 7This would then result in a contimuous
weakening of the metal-benzene bond as was observed by TDS.

The second opservatlon 1s that peaks #1 and #3 show an increase in
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inteénsity relative to peak #2. Peak #1 is the benzene elg (-n_) orbital
and peak #3 contains contributions fram 4 different levels, one of
which 1s the ap; (v) orbital while the other three are o-type orbitals.
Peak #2 represents the egg (o) level. It is tempting to suggest that
the 7 derived orbital peaks might be the only ones vhich are enhanced
by potassium adsorption, while the o levels remain eonstant. This
would be surprising since the benzene bond is being weakened. (The
data are inconclusive on this point and require ang\ﬂarly resolved and
polarized radiation studies.)

Anothez' cunplementary 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 camparison to donation into the e1§ antl-bonding
level, because the \a.nalogous effect of bond weakening was not seen for
CO. Recent calculations by Anderson (1983) show that changes in the
occupation of the benzene ey antibonding level cause changes in the
bending of the hydrogen atams on benzene fomrd o:; away Iran the surface.
Such calculations, however, yleld information mainly on the hybridization
of the carbon orbitals, not on the ease of C-H bond seclssion.

The apparent "screening™ of the potasslum by oxygen was also an
1ntere§t1ng observation. X0 is a promoter of both the ammonia synthesis
and 00 hydrogenaticn reactions on iron. Qur result, however, implies
that electronic pramotion might not occur if the potassium is fully
oxidized, We suggest that under the reduclng condltions of both rezc-
tions, the potassium is not fully oxidized, since 1t 1s still capablé
of causing significant electronic pramotion effects. It 1s also
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interesting to note that this "screening"-abllity of oxygen was less
noticeable on C0.(our work) and Ny (Paal, 1981).

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

4.3.1 Thermal desorption studles.

The NO (mass 30) thermal desorption spectra (see Figure 4.30) are
in agreement with previous work (Gland, 1980). Two sequentlally filled
states at 430 and 340 K are observed in the spectra. In additlon,
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 LFg.p analysis of the surface showed the presence of small

amounts of platinum oxide, see Chapter 3. Thls decamposition of NO 1s

attributable to the presence of defect sites (Gland, 1980) on the (111)
surface plane estimated to be < 5'1 of menolayer coverage. &harp (2x2)
overlayer LEED patterns were observed for NO exposures of > 1 L.

Figures 4.34, 4.35, and 4,36 show the desorption spectra for NO,
N2 and NoO obtained by varying the initial ek and dosing the surface with
1L N0, The general feature observed with increasing potasslum coverage
is an increased yleld of No and NZO in the desorption spectra indlcating
that NO was dissoclated by potassium. As 6g 1s increased, the intensities
of the 340 and 430 K NO desorption peaks rapldly 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 cccur for the 340 and 430 X desorption states.
Flgure 4.37 presents the integrated distributions of N atoms among the

NO, I'p, and NoO specles observed desorbing from the surface. The .
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intensity of the NO desorption peak decreases steadlly with Inereasing ex.
Figures 4.38-U.41 show the desorption spectra and integrated
distributions for 6g = 0.5 and NO ddses of between 0.1 and 1 L. NO
does not become the dominant desorbing species untlil the initial NO
dose 1s gréater‘ than 0.5 L. This coinecldes with the appearance of the
of the 340 X desorption state in the KO desorption spectra, (see Flgure

4.38). In Figure 4.42 is shown the potassium desorption spectira following

NO exposure to a potassium adlayer.

4.3.2 Discussion.

The general f@.atures of assoclative NO and CO adsorption on metals
are simllar. The ma,ljoz' difference 1s that the gas phase NO molecule has
one _?1ectron in the 2n¥% antibonding orbital, while CO does not; NO was
aléo found to react directly with potassium multilayers; hance potassium
Induced Pt-=MO changes could not be verified.

OQur data indicate, however, that NO was dissociated in an amount
proporticnal to the potassium coyerage on the surface, As seen in
Flgures 4.34 and 4.38 the dissoclated NO adsorption state(s) filled
first, followed by adsorpticn into the 340 and 430 K assoclatively
adsorbed states. The undissoclated states were not significantly
altered In the presence of adsorved potassium since thelr peak position
remalned essentially unchanged. On potassium, NO dissut;'iates predominantly

to Np, with same N2O.
[ ]
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4.4 Phosphorus triflouride (PFz), acetonitrile (CHzCN), and bitene

{(CyHg) adsorption.

b.4.1 Thermal desorption studies.

The thermal desorption spectr-a'of PP3 on clean Pt(111) are
shown 1n Figure 4.43. PF3 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). Figure 4.44 shows |
the effect of various potassium coverages on the FF3 desorptlon spectra.
The amount of adsorbed FF3 decreases with Increasing potassium coverage.
The blocking of sites by potassium was such that by ex=0.5 (i.e.

50% of saturation coverage) no more PF3 could be adsorbed. There

also appears to be a slight decrease in the desorption peak temperature
(= 25K), as well as an increase in the FWHM of the peaks from 70 to

130 K with increasing potassium coverage. FF3 does not appear to
adsorb on, cor react with, a potaésitm miltilayer. This 1s ﬁdicated
both by the negligible amount of FF3 adsorbed on K multilayers (as
evidenced both in AES and TDS) and the X desorption spectra, found

to be almost 1dentlcal to that of clean K overlayers.

CHyCN desorbed mostly intact from Pt(111) as has been observed in
previous studies (Friend, 1981). Stme dissoclation occurred upon
heating, as was monitored by AES following the thermal desorption
cycle. Preadsorbed potassium was found to effectively block sites for
acetonltrile adsorptigr_:, as was observed for FPF3 and butene, but no
shif'ts in desorption pea.l;: temperature or width were detected.

The H> desorption spedtrum followlng room temperature adsorption
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of l-butene on clean Pt(11l), is identical to that 61‘ 2=butene (Salmeron,
1982). Both spectra are thought to result from the rapid formation of
the stable butylidyne specles upon adsorption (Koestner, 1983). No
carbon econtaining specles were observed in the desorption spectra. For
a glven exposure of l-butene, much less is adsorbed onto the platinum
surface if 1t 1s pre-dosed with potassium (see Figure 4.45). Tis
decrease in coverage 1s not simply proportional to the potassium coverage;
small potassium coverages have a large effect. For example, a potassium
coverage of .5 monolayers (corresponding to an atamlc ratio K/Pt of

.16) reduces the butene adsorption by a factor of 5 following 10 L
exposures. The drop in adsorption is due to physical blocking, not
simply a change in the sticking coefficlent. 'The second peak in the Hp

TDS curves for the potassium exposed surface appears slightly broadened
and shifted to lower temperatures.

4.4,2 Discussion, .

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 a2 slight decrease in desorptlon maximum temperature with potassium.
The lack of a large effect was at first surprising, since we had expected
to observe effects similar to those seen for the K+00+Pt(111) system,
l.e. 2 200K increase in desorption temperature. BRut by examirg the
relavant molecular orbitals, this behavior can be understood.

For FF3 bound to a metal, the o-donor energy level is located well
below Ep at = 8eV, while the 27 acceptor level is split into two levels .
(Nitschke, 19B1) one located 11;5 eV below Ee and the other at 4 eV above
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Er (see Figure 4,46)., The absence éf significant potassium induced
chemisorption changes in FF3 can be explained by a}ssmning that the ¢
donor levels and the honding 2r-acceptor levels are fully occﬁpiedv
prior to potasslum coadsorption, and that the nearest unoccupled FF3
level is too far abqve Ep to accept electrons fram the metal, even upen
potassium coadsorption. One explanation for the slight drop 1n FF3
desorption temperature is that there could be a decrease in 5o (PF3)

to s-band (Pt) overlap, resulting fram a filling of the 6s Pt band when
potassium 1s adsorbed as mentioned above (Nitschke, 1981; Itoh, 1979). -

TFor CO,.which exhibits a large change in bonding when co-adsorbed
with potassium, the 2r bondi:;g orbital is located only =0.6-2.0 eV
below Er (Koel, 1983; Bosco, 1983). Here, the potassium is able to 'A
erhance the d-2r overlap, which strengthens the M-C bond and weakens
the C-0 bond (since the 2r level is antibonding between the C and O
atoms), see Figures 4.1 and 4.2. €O is therefore more sensitive to
changes in surface electron density.

Acetonitrile 1s known to be o-bonded to metals via the lone pair
orbital of its nitrogen (Friend, 1981). No accessible back-bon;iing
levels are located near Ep, so there is no possibility of additional
charge transfer between the metal and the unoccupied molecular orbltals.
Therefore no signii‘icant 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 2 R=C-MM species (Xoestner, 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 €V below Er.
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The similar shape of the Ho thermal desorption profiles following
‘ butene exposures witn and without po‘cassiﬁn pre-deposition 1s therefore
expected, assuming that metal carbon bonding has an effect on the
hydrogen desorption temperature. The changes induced in the second Hp
desorption peak are difficult to interpret and will reguire more infor-
mation on the nature of the CH, fragments believed to be present at

these temperatures.
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4.5 Literature Review of alkall coadsorption studies.

In this section I review the literature about alkall - molecular
coadsorpfion systems. Most of the studies have involved CO, with the
exception of the dinltrogen studies of Ertl and coworkers. The papers
are discussed in chronological order.

3

4,5.1 (0 + alkali praomoter + Fe catalyst.

Te effects of surface baslcity on Fischer~Tropsch catalysts were
discussed by Dry et al (1969). They reported that ¥s0 promoters. on an
iron catalyst, caused a 5 keal/mcle increase in the heat of adsorption
of CO as.measured by calorimetry. ‘These authors suggested that the
alkall atams induced electronic changes at the surface which enabled
stronger CO adsorption. They went on .to postulate that a stronger M=C
bond implied a weaker C-0 bond which could then be hydrogéfated more
easily. At that time it was thought that the first step in CO hydrogen-
ation was the formation of a éurface enol intermediate H-G-CH . More
recently, the enol-intermediate mechanism has been discredrfted, but
t'heir main observaticn. of Increased heatrof desorption, and weakened

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

4,5.2 00+ X + Fe(110).

Broden €*"al (1979) published a paper discussing OO + K coadsorp-
tion on Fe(110). Using TDS, they also observed an increase in the heat
of adsorption of CO when K was coadsorbed. Ey using UPS and }EPS, they
vere also able to monitor the dissociation of CO. Upon heating, the
dissociation probability was erhanced if potassium was coadsorbed.

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



=148~

necessarily lowered by potassium. They argue instead that the increased
(0 dissoclatlon was due t9 inereased heat of adsorption, i.e. CO was
adsorbed on the surface at a temperature more than 100 K higher than in
the a;bsence of potassium. At the higher temperature, dissociation
becomes favored over desorption. Fraom other evidence, they claimed that
the potassium Induced a localized effect on CO adsorption. By following
the O(1s) level by XPS, they recorded the CO uptake as fumection of CO
exposure, ‘They found that CO coverage reached saturation rapldly on
the clean Fe(110) surface, but that saturation was not reached until
exposures of >U400 L on the potassium covered surface. 'Thus, they
clalmed a large decrease in sticking coefficient with potassium. We
belleve that the stleking coefficient does go to zero, but that this is
due instead to 2 real blocking of surface sltes by potassium. Only by

dlsplacing potassium can CO be adsorbed on the "potassium covered"

surface.

4.5.3 €O+ K + Fe(100).

Benziger and Madix (1980) published a paper about several surface
coadsorption systems on Fe(100). The alm of thelr research was to
understand the effects of a variety of additives on OO hydrogenation.

We review here only a small part of their effort, namely the interaction
of CO and K on Fe(100). Their results were in quantitative sgreement
vwith those published by Froden (1979) on the Fe(110) surface: the
dominant effect of K was to Increase the binding energy of Q0 and to
induce its dissociation. However, since the Benziger study involved

DS, XPS, and ICAO calculations, different types of information were
obtairned.
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They also showed the effect of. increasing potassium coverage on
the 0 thermal desorption spectra peak position. Increasing potassium
coverage clearly caused an increase in the average temperature of-
desorption of the molecularly adsorbed O, whlle at the same time
increasing the fraction of dissoclatively adsorbed CO. 'The dissocia-
tively adsorbed peak showed a2 bond order between 1 and 2, implying
limited mobility of thé surface specles. Contrary to Broden's study,
Benziger concluded that the sticking coefficlent remalned constant up
tol mor;olayer. Their XPé results showed two distinct stafes Tor CO
adsorption, attributable to assoclatively and dissociatively adsorbed
CO0. 'They also concluded that the potassium effect 1s locallized since
the high temperature sites filled first.

In thelr LCAO calculations on small iron clusters, Benziger let
the Fe 3d electrons interact with the 50 and 2r CO levels, and the
K 4s electron. 'They found that by donating the 4s electron into the
d-band of Fe, potassium enhanced the backdonation into the CO 2n
level. This accounted for the observed effects of Increased heat of
desoz'ptién and Increased dissor_:iation. They also showed 'that because
of the large slze of the atam, pdtassitm could donate into the 2r CO
level directly, thereby Increasing these effects.

4,5.4 €O + alkall + Ni(100).

Kiskinova and coworkers have also performed a serles of experiments
involving alkall adsorption, coadsorptlon, and catalysis on nickel
surfaces. They published a paper (Kiskinova, 1981) about CO adsorption
on alkali 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 adsorvad €O, and an increase in the fraction of
CO which dissoclates. They concluded from thelr observations that the
sticking coefficient dropped fram .68 on the clean surface, to .3 at
one monolayer alkall coverage. 'They noted the difference in € and O
JAuger lineshapes of molecularly and dissbciatively adsorbed CO. The
amount of (O which dissociated was proportional to the alkali coverage
and to the electronegativity of the particular alkall used. The electro-
negativity decreases down the periodic table, thus Cs showed a greater
effect than X 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 (200 » s + C).

4,55 00 + KOy + FeO.

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

CO adsorbed on this surface wlth a relatively high sticking coef-
ficlent and desorbed intact with a peak maximum temperature at or below
400K. ey did not observe 00 disproportionation. Because of problems
in interpretation of' the UPS spectra, there 1s scme ambiguity about
whether or not the CO0 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 the clean FeO surface, but was readily removed by heating
to 600K. Cxygen preadsorptlion blocked the surface sites for 0 adsorption.
CO adsorption was also studied with potassium coadsorbed on the
surface. Fotassium was vapor deposited from a KOH pellet and was
shown (by UPS) to be adsorbed as KOH on the surface, Heating this KOH
overlayer to 550K resulted in significant amounts of Hy0 desorption,
and the authors suggest that a monolayer of K + O remained adsorbed.
This K + O overlayer appeared to have a stlochiametry of 2 to 1, l?ut .
they claimed that 1t was not "Ko0M,
VWhen CO was adsorbed onrthis potassium covered surface, UPS showed
:l{t: to be adsorbed molecularly as with the clean FeO surf’ace.‘ Curiously,
the UPS pesk positlons appear within .l eV of the same energy for both
CO and KOH; Heating to U475 K caused CO to dilssociate (as seen by the
absence of the (0 UPS peaks.) Firther heating allowed the adsorbed
carbon and oxygen to recambine and overcame tl;e activation energy for
desorption. ‘The thermal desorption peak maximum increased to 625K
with the potassium overlayer, fram 400K on clean FeO.

4,5.6 Perming Tonization Studies of K/CO/Ni(111).

A serles of surface Perming lonizatlon electron spectroscopy
(SPIES) experiments have recently been performed by Metiu and coworkers
on the K/CO/N1(111) system (Lee, 1983). In SPIES, a beam of metastable
helium (or neon) atems 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 emisslon fram
the molecular orbital levels within the range of the excitetion energy.
SPIES 1s thus analogous to UPFS, but has the added advantage that is



=152~

sees only the surface layer, vwhlle UPS probes 10-20 & into the metal.

In Lee's experiment, the 2r¥, (1v +50), and 4¢ molecular orbital
peaks of C0 shifted to higher binding energy when potassium was coad-
sorbed. They also noted a significant inerease in the intensity of the
conjugate d - 2r level (relative to the other levels) with potassium.
This is thus In goed agreement with our result showing a decreased 0
stretching vibrational frequency Induced by potassium. Samewhat ﬁarder
to wnderstand is the shift to higher binding energy of the l4g and
(1r + 50) levels. It is generally thought that the 1lx level should be
destabllized when the 2n%® 00 level Is filled, leading to a lower binding
erlergy; M inerease In final state sereening should also cause the
levels to move to lower binding energy (i.e. higher kinetle @nergy).

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

A temperature dependence study of the SPIES signal was also per-
formed by Lee et al for the CO/K/Ni(111l) system. They note that the
CO signal decreased before the £0 desorbed, 'This implied that disso-
clation 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 Wnite (1983) are also currently studying the CO/K/Ni(100)
system. Thelr themal desorptlion studles show the same general behavior
of most of the other alkali - CO systems: the heat of (0 desorption
Increases wlth potassiun coverage and a (presunably dissoclated) CO
state appears ét about 700K. They also note that potassium is stablllzed
by CO analogous to what 1s observed for Hs0 or Op. 'They have also
performed electron energy loss spectroscopy (EELS, not HREELS) and
ricted a decrease in the 2¢ (bondirg) - 25 (antibonding) separation.

They offer a more camplete (qualitative) molecular orbital analysis
ﬁhan 1s reported elsevhere to account for the observed changes in TDS

- and EELS behavior. '"The essence of theilr argument is that potassium

lowers the "slte" electrostatic potential (what I have less rigorously
called the "local work funetion"), causing.the 2r gas pnase reference
level to be brought closer to the "dr" level (the bonding metal
orvltals/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 fuﬁ:her argue that the dn metal level should go to
lower binding energy because of electron correlation effects, which
wlll cause a further increase in the mixing.

At "press time" the author 1s aware of two additional studies:
F. Boffmarmm 1s studylng the CO/K/Ru system by IrlREELS_}M has found
similar vibrational behavior to what we have reportg:&, but with additional
festures implylng direct interactions. Kiskinova, Pirug, and Bonzel
are studying the CO/K/Pt(11l) system by XPS and UPS, and hive offered

a new interpretation of the potassium induced effects on that surface.
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u.ll.a Fe+K+N9.

The potassium and nitrogen on iron coadsorption system has been
studled by Ertl et al (1979). This system is of direct relevance to
the ammcnia synthesis as the dissociative adsorption of nitrogen is
thought to be the first and rate limiting step in the reaction. The
industrial ammonia synthesls catalyst is in fact performed on a reduced
iron catalyst which contalns K50 pramcters, as well as same A0
ard SiOs.

In their study, Erpl and coworkers showed that at 430K, the rate
of dissocilatlve mitrogen 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 tne heat of
adsorption of molecularly adsorbed nitrogen from less than 9 keal/mole
to more than 11 kcal/mole, and a decrease in the activation barrier for‘
dissoclation. |

Fram work ﬁmction measurements, they showed that the erhanced
dissociative adsorption was not simply correlated to the macroscoplc
work fimetion, but was mere likely related to the microscopie electronic
structure in the immediate vicinity of the adsorbed potassium. Thus,
the pramoting action was localized as was observed for the Fe + K + CO
systems dlscussed previously, where dissociative 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 + Np system (Paal, 1981) as it
was previously shown that oxygen is required to thermally stabilize
the ptlztassiun under reacticn conditions. GCoadsorbed oxygen blocked
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nitrogen adsorption sites, lowering both the sticid.ng coefflcient and
the total amount of nitrogen adsorbed on the Fe + K system. But t.he
modified K + O overlayer was still able to dlssoclate No as with the
clean potasslum overlayer.

Thelr interpretation of the potassium erhanced dissociation ability
is similar to that given for CO. By lowering the energy spacing between
the Ferml and vacuum levels, the normally unoccupied n° N, orbital
can be populated by backdonation fram metal d-electrons, decreasing the
activation barrier for dissoclation.

4.6 Conclusion,

The general model which can be developed is that potassium (or
any alkali) 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. Ey lower':'!.ng
the surface dipole component of the work function, potassium enables
the molecular orbitais lying near to Ep to interact more strongly with
the metal. In the case of adsorbed CO, potasslum causes the 2r orbital
to Increase its occupancy. This results in a strengthened carbon-metal
bond, and a weakened carbon=oxygen band, An added rexult 1s the charge
iIn slte occupancy fram top to bz.'idged. 'Ihis\ results from a2 competitive
effect: for the high work functlon surface, the 5o orbital damlnates
the bonding and preferentially chooses linear bonding to a single metal
atom (top site). For the lower work function surface, back-bonding
becames more feasible, and CO moves to the higher coordinaticn site to
increase metal-2n overlap (l.e., the off diagonal overlap integral term
in the Hamiltonian).
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Adsorbed potassium caused a weakening of the benzene-metal bond.
™is 1s attributed to a decrease in the wbrk funetion, which then allows
the elz benzene level to be filled. This level is "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 studled 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 dGesired.




Chapter 5. The Use of Alkalls as Promoters: CO Hydrogenation Reactlons

In thls chapter, I report on our studies of CO hydrogenation per-
formed on rhenium and iron foils. FERhenlum has recently been shown to
: be a very active ammonia synthesis ce:alyst (Spencer, 1982b). Given

the simllar nature of the ammonia synthesis to CO hydrogenation, we had
hoped to cbserve active and perhaps unique behavior for rhenlum catalysts.
Following a presentation.of our results (sections 5.2-5.4), I review
the recent literature on the subject of promoters for CO hydrogenation -
and offer same general conciusions (sectibn 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 qualitatively the same as are noted above for industrial
“ catalysts. Decreased overall rates and product selectlvity changes
| toward higher molecular welght specles are observed cn both surfaces.
This is correlgted with changes in CO dis;sociatioﬁ. We offer a new
interpretation of the catalytic role of alkalis on the carbonaceous
_ layer that 1s formed as the reactlon proceeds. We have also studiéd
} these surfaces following oxidation. As the degree of catalyst oxidation
was increased, the active lifetime increased and the seléctivity changed

towards lower molecular weight species. Sulfur, on the other hand,

polsoned the reaction.

5.1 Introduetion

The hydrogenation of carbon monoxide l1s now being extensively
studied as a substitute for conventlonal fuel sources (Vannice, 1976).
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The reactlons of CO and Ho can be classified according to the products
desired, as shown iIn Flgure 5.1. The first is called the methanation
reactlon, and 1s normally carried out over a nickel catalyst. The
second set of reactlons 1s directed towards produclrng higher molecular
welght hydrocarbon fuels such as gasoline, and is called the Fis.chen-
Tropsch reaction. In the past 1t has often been carried out over promoted
iron catalysts (Vannlce, 1976). The final class of reactions which
lead to desirable products (also sometimes called Fischer-Tropsch
reactions) are those that produce oxygenated specles such as ketones,
alcohols, aldehydes, and earboxylic acids. For instance, both palladium
(Hicks, 1983) and Zn-Cr~Cu (Natta, 1955) catalysts can produce methanol
with high selectivity, whille Fhy03 and LaRhOy pranqted with K5O produce
aldehydes and acids as well (Watson, 1982).

The conventlonal iron Fischer-Tropsch catalyst for producing
higher molecular welght specles 1s pramoted with K70 and M 03 {(Anderson,
1956). Al03 is found mostly at the grain boundaries of the iron par-
ticies and 1s therefore considered a structural promoter. Potassium,

.on the other hand, is observed on the surface of both the AlgC-_:, and the
active iron phases, and 1s generally thought to act as am electrorde
promoter.

CO bonds molecularly 1n many transition metals at roam temperature,
as noted in Chapter 4. On the other hand, Ho 1s found to adsorb dissocla-
tively on most metals with enly a very small activation energy of
dissociation. It was originally thought that molecular O was first
hydrogenated to form an enol, M-CH(OH), weakening the C-0 bond, and
eventually leading to C-O dissoclation and/or chain growth (Storch,
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1951). More recently, it has been demonstrated that CO dissociates
before hydrogenation takes place, and that the activation energy for
dissoclation is'loﬁt;.st at miltiply coordinated sites (Ponec, 1978).
There 1s considerable evidence for a favorable 1nte:__raction between
molecular CO and hydrogen on metal surfaces (Koel, :i:983) , but this
interaction is probably not of major importance in (0 hydrogenation
reactions. Once disso‘ciated, the various pathways that the surface
carbon can follow are represented in Figure 5.1. For hydrogenation,
atomle carbon and hydrogen cambine stepwlse to produce the variocus
hydrocarbons. ‘The productiﬁn of oxygenated specles 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 00 as do iron
catalysts. Under reaction conditlons 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 ircn carbide (Arakawe,
1083). Large differences in product distribution are obéerved between
these two catalysts, perhaps resulting from their different reactivity
towards CO. '

Thermodynamies tells us two things about 0 hydrogenation. First,
since most of the desired reactions are excthermic, they are favored
by lower temperatures - usually temperatures of 500-700K are used in
order to optimize the rate of product iormation. Secondly, from le
(hatelier's principle, higher pressures are needed, since more moles of
gas are consuned than are produced, especlally when longer-chain hydro-

carbon products are desired. Slnce our reactions were normally run at
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about 32 psig, lower molecular weight products were expected to deminate.
Severai characteristic changes are observed when alkali pramoters
are added to CO hydrogenatiom catalysts. 'These include selecfivit&
changes to higher molecular weight specles, hlgher alkene to alkane
ratios, and more oxygenated species (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 additlon, several ultrahigh vacuum studiés have recently been per-
formed on the surface properties of alkalis when coadsorbed with CO
and other small molecules. 'The main observations for the alkall + CO
systems are: increased heat of adsorption, increased probabﬁiﬁy for
dissoclation, and a change in site occupancy fram top to muiltiply
coordimated. Tt 1s usvally concluded that the changes in selectivity
cbserved during CO hydrogenaticn are a result of the increased fraction
of dissoclated 00. This, in turn, is a result of greater backdonation .
into the CO 2« orbital.

5.2 Experimental

A1l work was performed in the cambined wltrahigh vacuum - high
pressure catalysis chamber described In Chapter 2. TFollowlng standard
cleaning procedures (see section 2.3) a final heating was necessary to
-~ glve an atomically smooth surface. Several reactions were run on surfaces
which had not been ammealed, and initial methanatlon rates were found
to be as much as an order of magnitude greater than those fram the flat
surface, Slfur and potassium were deposited as described in secj;:;gﬁ
2.4, Oxygen was introduced at ca. 1 x 10~6 torr to oxidize bo’r.-’n/the

1.
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samples and the alkall adlayers. Oxidation could also be achleved by
intreducing water into the reaction cell before or during the reaction.
The alkalls were readily oxidized at ambient temperature, while the
clean lron 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 phuse was much more effective in ensuring continued oxidation
during the reactlons. 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 00 and Hy geses was Introduced. The O0:Hp ratid was
1:4 with a total pressure of 32 psig except as noted. 'The sample was
rapidly heated fram roan temperature to a given temperature (as monitored
by a Pt/PtRh thermocouple wire) and samples were periodically intrgduced
into the gas chromatograph by a gas sampling valve. Followlng a run,
(usually from 1-5 hours) the catalysls chamber was evacuated. Then the

sample was exposed to UHV, and AES and TDS were used to examine the

surface.

5.3 Results

In Flgure 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 inductlon time, followed by a long stable period,
which would eventually decay after several hours. As discussed below,
this decay is attributable to the slow build-up of a carbonacecus layer
vhich poisoned the surface.

From the rate of methane production at various temperatures we

vere able to construct Arrhenlus plots. In Figure 5.3 we show
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Arrhenius plots for varlous runs on rhendun foll. ‘This type of plot
allowed us to determine the actlvation energy of the reaction, and the
temperature at which surface polsoning began - wher'e‘the linear Arrhenius
curve started bending over (Goodman, 1980). Methane was the dominant
product on mo;‘:st samples studied, but higher molecular weight alkanes

and alkenes wl:?r'e also monitored.

The act:?.!\:ration energles and the selectivities of Re and Fe foils
are dlsplayed in Figure 5.4, fThe turnover frequencles (molecules/site/sec)
used are the maximm values reached by the catalyst following an induction
perlod .(usually <20 minutes af'ter initiation). The turnover frequencles
were calculated assuming an active mumber of surface sites of 1015 over
which the catalyst was uniformly heated. (This number is hard to know
accurately for several reasons. We belleve, however, that it 1s correct
to within 50%, because our’ résults are 1n good agreement with the
behavior of Industrial iron Fischer-Tropsch catalysts at simllar temper-~
aturés. In any case, it 1s the relative values, not so much the absolute
ones, 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 enérgy for ethylene
is lower than that for methane. Tms methane productlon should be
favored by higher teflperatures, as 1s observed.

']hé main types of Fi'scher Tropsch catalyst polsoning are thought
to be carbon or sulfur bulld-up. In Figure 5.62 we show an iron foil
dN(e) AES spectrum before a catalyst run. Flgure 5.6b shows a
close-up of the carbon AES peak after two different reactions. The

amount of carbon on the surface after a glven run was a function of
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catalyst pretreatment, reaction temperature, and reaction time. Partial
CO and Hy pressures are also ‘:ﬁnport'ant in determining poisoning time.

Another type of poisoning was observed when sulfur was present
on the surface, Sulfur changed the selectlivity (towards methane), and
1t polscned the surface, as observed In Flgure 5.3, presumably by
decreasing the number of active sites.

In Flgure 5.7 and 5.8 we show the selectivities for fhe Re and Fe
surfaces followlng oxygen and alkall pramotion. The general pattern
observed with alkall promoters was a charige in selectivity towards
higher molecular welght products as well .as a decrease in the rate of
methanation. The effect was mm;'e marked with rhenium than with iron,
since clean 1ron already produces a large fraction of higher molecular
welght specles. In Figure 5.9 we show an Auger spectrum for a "clean®
sample, and a sample follewling a reaction. In Figure 5.9b note the
disappearance of the substrate metal peak with the continued appearance
of the carbon, oxygen and alkali peaks., Thermal desorption of the
overlayers following reactlons showed significant amounts of Hp, Hp0,
€0, COp, and various small hydrocarboms.

Preoxidation of the surface caused an opposite effect to.what was
observed with potassium additlon: a higher seleetivity towards methane.
The rate changes with oxidation varied significantly with the extent -
of oxldation. A major problem occurred here concerning the number of
actlve sltes to be used In calculating turnover numbers., xidation
tends to Increase the surface area of the catalyst, even if the oxidation
reaches only 10-20A into the surface, A second, more camplicating

, factor 1s that the degree of oxldation 1s not only a function of catalyst
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pre-treatment, but is constantly changing throughout the reaction as a
functlon of catalyst temperature, reaction time, and partlal pressures.
Higher temperatures favor less oxygen incorporation in vacuum. Under
high 00 pressures (>1=" atm), however, this is possibly compensated for
by an increased rate of CO dissoclation and subsequent oxygen incorpor-
atlon. Thus the rates clted are the best values we could deduce from a
lmowledge_ of pre- and ﬁost-reaction surfaces. AES and TDS were used to
help in this determination. 4In our runs with potassium the final rate
and selectlvity depended upon the exact extent of oxidation.

"Gold, platinum and paliadimn, originally‘used as blanks as they
are notorlously 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 belleve that palladium's abllity to hold large
amounts of hydrogen in.the bulk is related to its unique ability of
hydrogenating 0 dir-ectly. Flatinum and gold produce me:thane with )97%
selectlvity, but at rates two orders of magnitude slower than iron. ."

5.4 Discussion

The behavior of rhenium foll for 00 hydrogenation was different
from that of iron foil. Using initially clean surfaces, iron gave both
faster rates and better selectivitles towards higher molecular weight
specles. Because of the caﬁplexity of the mechanism, it 1s very hard
to determine why same metals give faster rates than others, or what
controls selectivity. Perlodle trends show that the ability of a
metal to dissociate (0 decreases @sm or to the right in the periodic
table. If CO hydrogenation activity were merely a function of the
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abllity of a metal to dissoclate CO, perhaps Cr or Mo would be better
catalysts than iron. In fact, polsoning by the buildup of carbonaceous
depcsits often determines the total yield of a particular catalyst
sample; thus the metal which best dissoclates CO may show the shortest
active lifetime, |

Carbon polsoning (coking), however, 1s not the same for all metals.
Supported iron particles, for instance, seem to be qulte reactive even
after a bulk iron czrt';igie is formed (Arakawa, 1983). On nickel methan—
ation ecatalysts, on th= other hand, no significant amount of carbon
dissolves Into the bulk, yet one monolayer of “graphitie" surface
carbon is enough to poison the reaction {Goodman, 1980). This implies
that the reaction can still run as long as some active metal is accessible .

at the surface,

On our samples, the degree of carbon bulld-up is measured by AES.
This type of determination is of limited use because AES only sees the
first few atamlc layers. Since we could not vary the COMA detection
angle in a systematic way, we camnot say 'with certainty whether the
carﬁon ve observed .follom.ng a reactlon is on the surface or in it.
We can, however, distinguish between an active carbidic carbon, and an
inactive graphitlc cne (see Flgure 5.6). This classification has been
discussed extensively by other authors and results from a camparisen of
the post reaction carbon AES peak shape with known peak shapes of '
metal-carblde and graphite surfaces. Our overlayers also contained
large amounts of adsof-bed (or trapped) oxygen and hydrogen, as was
noticed in thermal desorption following the reactlon. "Carbidic"

carbon was the dominant surface specles ;obser'ved following low temper-
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ature, short reactlion t%.mg runs. "Graphitlc" carbon was daminant
following high fanper-a.ture runs, or af'ter flashing any post-'-ne‘actfl.on*
surface to >TOOK.

In general,.alkalls on the surface accelerated the rate of-<carbon
build-up, except if a reasonably high partial ‘pressure of H0 was in
the gas phase. The iIncreased carbon build-up is attributed to the
ability of potassium to accelerate the dissoclation of 00. By lowering
the work‘ function, potassium enables the metal to more easlly backdonate
into the CO 2r antibonding orbital (Nieuwenhuys, '1981), whicp then
can readily dissociate at reactlon temperatures. |

On several runs, we also noted that only potassium (or sodium),
oxygen, and carbon (1.e., not Fe or Re) were visible in the fuger
spectra following a reaction. ']his,y:as also observed by Bonzel and
Krebs (1981), and they suggested that a potassium oxlde layer was
floating on top of a carbonaceous layer. We further suggest that the
potasslum oxide (or suboxide) layer" can 1tself play an,impor-tant role
in the cata'lytic reaction. Alkalls have long been known to be used as
catalysts In th:e steam gasification of carbon sources. 'Ihus we must
consider the possibllity that the bulld-up of‘_;the' carbonaceous layer 1s
being hindered by the abllity of alkali's to c;atalyze the reaction of
water with carbon. In this model, potassium increases both the rate of
00 aissoclation (hence carbon build-up) and the rate of removal of the
carbonaceous layer, once formed.

Another related reactlcn vhich has recently been discussed In
the literature is CO hydrogenation over alkali-graphite intercalation.
compounds {Wen, 1980). Transforming this to our situation, if the



176~

alkall metal atams were inslde the carbonaceous layer, then the alksli-
carbon layer can itself became an active Flscher-Tropsch catalyst.

We also note that potassium caused a slight change ln selectivity
from alkanes to oiefins, but the effect was less dramatic than was
observed by Gonzales (1982). In Chapter 4, it was shown that the
benzene-metal bond strength was decreased.by coadsorbed potassium, and
much less of the benzene dissoclated upon heating. For CO hydrogenation,
if' the olefin (llke benzene) were more weakly bound due to the presence
of potassium, then lts rate of desorption should be Increased relatlve
to that of the alkenes. 'The alkane to olefin selectlvity change is
therefore understandable since the olefin can desorb more easily once

produced, instead of remalning adsorbed until fully hydrogenated.

The effect of oxidation on the lron and rhenlum surfaces depended
upon several parameters including: the degree to which the surface was
oxidized, the temperature and time of the reaction, and the presence of
sulfur or potassium‘ a the surface. The extent of catalyst oxidation
grew when water was introduced :Lnfo the gas phase, enabling the surface
tc stay clean of t;:ne carbon bulld-up so apparent in most of the rmms.
Although the initial reaction rates did not increase, the rate of
polsoning was slower for oxidized surfaces. As noted by Trimm (1980),

- the methanaticn'aqtivity of the metal can be roughly correlated with
the heat of adsorfitim of oxygen. .Szrraces that bond 'oxygen too strongly
require higher temperatures to initiate methanation.
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Another significant change induced by oxidation 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 extgnsive C-C bond formation. Thus
the selectivity change can be ratlonalized by the decreased abuity of
C-C bonding. Finally we note that ne 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 a study on the effects
of potasslium pramoters on alumina supported iron cat;alysts for 00
hydrogenation. Noting the decrease In both 0 and Hs uptake followlng
peactions on potassium pmmoted catalysts, he authors conclude& that
potassium lowered the dlspersion of iron on the surface. From isother-rnal
desorption studles, they observed that potassium dzcreases the Hp
adsorption energy, while it Increases the adsq;'pt'ion energy of CO. At
very low potassium loadings, the overall rate of CO hydrogenation
inereases slightly, but decreases substantlally with higher potassium
concentrations. 'They also noted an increase in the ratio of Cot prbducts
compared to methane with an increasing X/Fe ratlo, and a concamitant
increase in the olefin to paraffin ratio. In thelr study, the ethanol
yleld was erhanced by increasing the K/Fe ratio, but the methanol
yleld remained unchanged. Increasing temperature on unpromoted surfaces,
generally increased the methane selectiv:!:ty and the paraffin to olefin
ratics, but theSe temperature dependént 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 reactlion
was increased proportionally with the potassium loading. Analysis of
catalysts showed that potassium significantly lncreasad the initlal
rate of carburization, while the final C/Fe ratlo increased from .47
for unpromoted Fé, to .75 for X/Fe=0.2. "This carbonaceous deposit
could be removed by hydrogenation. This hydrogénation produced only
paraffins on wnpromoted samples, but equivalent amounts of olefins; and
paraffins on pramoted iron (although at a slower rate). Curlously,
carbon deposition from gaseous CO occured more rapldly wnen Hp was
present In the gas phase.

Gonzales and Miura (1982) studied the affects of alkall 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 welght 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 veloclty (or contact time)
ocnly changed the olefin to paraffin ratlo, not the Gy to Co ratlos.
In a very interesting in situ infra-red experiment, Gonzales also
showed that only top site (0 was observed on potassium free hu, under

reaction conditions, but both top and bridged CO appsared on potassium
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loaded Ru. This is in agreement wilth our UHV study on Pt, where potas-
slun coadsorption caused a change In (0O 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 1s that the support 1tself may play an Important
role in some part of the reactlon. This can be remedied by using 'low
surface area powders, folls, or single crystals. On folls and single
crystals, one has the added advantage that a surface can be examined
in UHV both prior to, and follow:l.ﬁg » & reactlion (see sectlon 2 above).
This type of study has been carried out for (0 hydrogenation by several
workers including Bonzel and Krebs on iron, Campbell 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 H0
desorption during a post-reaction flash to 600K, they claim that putassium

is present during the reaction as a "solvated" specles. ‘Tis observation

should be contrasted to the elaim of Ertl and coworkers {1983) that

potassium 1s coadsorbed with oxygen on iron catalysts under ammonia
synthesis conditlons.

As 1n the supported metal studies, Campbell shows that potassium
decreases the methanation rate by a factor of 2 for 0.1 monolayer
potassium. Eut they dld not observe a change in activation energy.
e of their 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 "ecarbidic" earbon was still active and did not show graphiti-
zatlion poiéoning mntil over TOOK.‘ Contrary to some high pressure
results seen on supported iron, they claim that potassium does in fact
Increase the rate of production of higher molecular welght specles on
nickel, l.e., 1t 1s not Just a selectlve poison but an actual rate
promoter. They conclude from thelr study, that since CO is more tightly
bound with eoadsorbed potassium, and since CO has a higher dissoclation
proi)ability (and steady state carbon coverage), that C-C bond formation
beccmes favored over hycirogenation. They further concludé, 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 KyCO3 deposited on an
lron foil, the authors clalm that K2003 probably decomposed into a
KOH 1ike species -under reaction conditions. They also observed an
increased rate of carbon deposition (in agreement ﬂth Arakawa) ,
decreased rates of methanation, and selectivity changes toward higher
molecular weight specles. Thelr 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 reactlon, They thus postulate
that a potassium salt is "floating" en top of a carbonaceous overlayer.
We have also observed this behavior wnder certain conditions. This
behavior lends support to a second interpretation for the role of
alkall pramoters for CO hydrogenation. On nickel, it 1s relatively
clear from the Campbell study that carbon does not form an wnreactive
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graphitic overlayer at temperatures below TOOK. Tms the mé;]or role

of potassium here seems to be an an electronic; promoter to -facllltate
the dissoclation of CO. With iron (or rhenium) on the other
hand CC dlssoclates much more easily, and infact, enables graphitization
and the formation of carbides in the near surface reglon under reacticn
conditions. In this case, one must consider the possible role of
alkalis as facilitating the removal of carbonaceous overlayers (alf;hougr;
not the dissolved carbon). In this type qf model , the metal substrate
does the CO dissoclation (or dissproporticnation), whlle the alkall
overlayer helps hydrogenate the carbbnaceous overlayer. This alkall
induced hydrogenation could proceed as in steam gasificatlon (see

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

A.l1 Introduction.

Catalyst components may be roughly divided Into three groups: the
active component (of'ten a tramsition metal), the support (such as
s1licon oxide or alumimm oxide), and the ‘additives {such as pramoters
or selective inhibitors). Certain camponents may serve more than one
structural or fmctional purpose, but these general distihctions should
be useful.

In choosing a catalyst, excluding ecm:.;nic considerations, one 1s
usually interested in finding a cambinaticn of camponents which will

optimize: 1) overall rate, 2) selectivity, and 3) lifetime of the

:gatalyst for any given reaction, 'These three factors of rate, select-

ivity, and lifetime are operational parameters which can be readily
measured fram product ylelds and distibutions.

In developling a classii‘i@ti&x scheme for catalyst additives, it
is Important to first ogrationally classify them in terms of their

macroscoplc effecfs. (nce this 1s achieved, a more mhdanental_classi-
fication scheme 1s required to define the way in which the additive
interacts on the microscopic level with the reactants and intermediates, v
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: electronie
(chemical), surface structural, support/text:urél, and bifunctional,
Aithough many of these properties have been discussed in the literatui'e
recently, it is important to bring them together to begin developlng a

ce ~lete model of pramoter actlion in catalysis. Some useful papers are:
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Burch (1982), Ponec (1979), Sachtler (1982), V:Lékemmn (1981), Yates

. (1981), Ponec (1979), Stair (1982), Stoup (1982), Fischer (1981),

' Balachev (1982), and Benziger (1980). '1§1e rest of this sectlon will
be devoted to defining both the operatlonal and ﬁmdame:ntal categories,

Methods of catalyst preparation or regeneratlion will not be dlscussed.

4.2 Operational (Macroscopic) Categorles of Catalyst Addltives,

1) ‘The overall rate 1s gererally considered to be the rate of conver
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 mumber of ways.
Standard technidues include increasing the surface area of the actlve
component and optimizing temperature, pressure, mass transport, and
other reactian agnditions.

2) Given the difficulty and expense of separation technlques, a major
interest of the chemical industry is not the total rate of conversion of
reactants t-g‘lproducts, but the selective conversion to (a) specifice
product(s) .' The selectivity of the catalyst is a measure of the relative
rates of competing reaction pathways. Additlves are now routinely used
both to pramote the converslon to desired:ﬁoa;cts, as well as to sup-
press undesirable reaction pathways. In gmq@l, any additive which
induces a desirable change in selectivity can bt\i"e:,"considered a selectivity
promoter.

3) Fpst catalysts have a definite lifetime for a glven reaction

2fter which they became inactive. This may range from several hours
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for certaln supported platinum catalysts to s;avergl months for same
iron catalysts. The loss of activity may be the I;'esult of surface
poisoning, suck as an inactive carbon or sulfur adlayer, or a loss of ’
particle-dispersion by sintering. Any addltive whic‘h increases the °
useful lifetime of a catalyst, methgr' 1t be by maintaining dlspersion
(textural promoter) or reducing coking and poisoning, can be called a

lifetime promoter. : -

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

Many hypotheses have been devaloped over'the past fifty years

concerning reaction dynamics on catalytic surfaces, but it was not

g wuntil very recently that conclusive evidence could be given to verify -

one or ancther microscopic model of a catalytlec reaction. 'The atamlc

7=~ level techniques involve the study of adsorbed specles on solld surfaces

under uitrahigh vacuum conditions, and actual in situ studles of cata-
lytic surfaces by infrared spectroscopy and and electron mlcroscopy
(s.ee section 2.5.3).

In addition to the relatively simple systems wh;f;ch have recently
been studied (using single crystal metal surfaces as model catalysts
with adsorbates such as Hp, Np, CO, NO, Op, and CpHy), researchers
in varlous laboratorles are aiso probing the microscoplc state and
function of catalyst additives and alloys:. We now define the four
fundemental categories of the known (and possible) finctions that
additives have at the atamic level.

1. An electronic pramoter is 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 In oxldation state of the active
canponent. Electronle promoters are usually of two general types:
a) Te first type changes the oxlidation state of the substrate metal,
but still permits adsorption. Examples. of' this are the oxidizing and
scme suifiding pretreatment additives.
b) The second type does not change the oxidation state, buf modifiles
the electronic pml;erties of the active camponent. This category of
additive function 1s commonly cglled the ligand effect, and can be

further subdivided into those additlves which affect the surface over

« o da = L] a + 5 8 0t 8 =« b a8 .

a fslaﬁj:vély long range {perhaps by donating or withdrawing electrons

from the delocalized s-bands of the metal), and those which exhibit

only nezrest neighbor effects (presumably by modifying the localized d-
orbitals).

2. A structural additive of the active metal surface 1s one whose
dominant effect is to change same propertles of the metal surface by
altering the structure (or camposition) of the region surrounding the
active metal atams, Electronle effects on the metal centers zre con-
sidered secondary hez'é. Two important types of structural additilves
are the ensemble size and face~selective additlves.

a) An ensenble size additive 1s one in which the active metal component
or’the catalyst is diluted in & matrix of Inzctive atams. Several alloy
systems are believed to belong to this ;:lass of additives. For exarple,
t.he group IB elements Cu, Ag, and Au, when alloyed with the platimum

group metals sometimes exhibit this behavior. In practice, however, it .
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1s difficult to distingulsh between the enserble eff;ect 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, template, or coordination effects in the suri‘abe
sclence literature. “The exact role that the ensemble effect has in
catalysls, of course, ’d:!.t‘rers fran one reaction or surface tc another.

b) A face-selective additive sta_bilizes a certain crystallographic

orientation of small supported metal clusters. For example, the Ni(11l)

.. . erystallographic surface is known to reorient to a (100) ortentaticne - - -

in the presence of sulfur; also the Pt(100) to (111) (le. 5x20) transi-
tlon is known to be stabilized by the presence of potassium. Different
faces of the same metal have beer: shown to exhibit remarkably varied
catalytic behavior, The most strikdng example of this has been in the
ammonia sym:hesis, vhere Fe(1ll) was shown to pmduce amnonia at 418
times the rate of Fe(100), Spencer (1982). |

3. Support (or textural) additives have long been used in the construc—
tion of catalysts. Here, the additive interacts most directly with

the support, not the active metal camponent. Perhaps the most cammon
funetion for such additives is to stabilize a high surface area of the
active camponent, preventing sirxterir;g. MgO and (a0, when added to

iron catalysts, are thought to funection in this way. Another class of
additive_- is believed to block certain support sites which are undesirable
for the synthesis, A third type of additive provides a "sink" to

which impurities segregate, keeping the active ccmponent cléan.
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One of the more interesting, although controversial, support
effects 1s the recent observation of “strong metal support Interactions"
(ST) (Tauster, 1981). One reaction where SMSTI is observed is in the
hydrogenaticn of CO on rhodium catalysts. En on TiO» catalysts, after
high temperature reduction, shows little sign of hydrogen or CO adsofp—
ticn, and its catalytic actlvity changes dramatically relative to that
observed for reductleon of rhodium on Si0Os. One of the damlnant inter—
pretations (as put forth in Tauster, et al) is that for high dispersion,
‘Ti0s donates electrons into the Fh, filling up 1ts d-shell, making
it more like Ag, Au, or Pt in its catalytic activity. [We believe
that this interpretation is wrong and that #hat is observed 1is dué to -
encapsulation or 2 new RhyTi,0, phase.]

Nevertheless, the idea of support induced electronic interactions
should, in principle, be consldered. A related cbservation 1s that
particle size appears crucial Iln determining electrondc propertles. In
a very interesting set of NMR experiments, DeMonorval (1981) showed that
the .adsox'bed hydrogen signal (for Hy on a platinum catalys:) shifted
slgnificantly when catalyst par'ticles‘of less thana A dlameter were
prepared. For large metal clusters, however, significant charge transfers
from or to the support are wnlikely fram electrostatic considerations.

L, A bifunctional (or trifuinctional) additive does not prcomote the
actlve camponent, but adds a second catalytic surface. For example, the
Pt-Pd-Hh auto emlssions catalyst where N0y 1s reduced on the Rh surface,
whlle CO and unburned hyrocarbons are oxidized on the Pt surface.

The bifunctional additive thus enables the dual catalyst to perform

two (or more) separate reactlons on the different surfaces.




-197-

Appendix B. Thermal Desorption Spectroscopy:

Theoretical and Practical Aspects

The desorption 6f atané 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 descrpiion spectroscopy (TIDS, also known as temperature
programmed desorption (TPD), with special reference to experiments
performed in ultrshigh vacwum. Although TDS can in principle offer
quantitative information on a great variety of thermodynamic and |
kinetic aspects of adsorption ‘and desorption phefiamena, it has 'beén my
experience that it is very difficult to get accurate “numbers” out.
The new molecular beam surface scattering techniques offer a more
quantitative analysis of these surface 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 equations, 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), Smbrjai (1981), Roberts (1978), Gorte
(1978), and Yates (1983).
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B.l Theory of Rate Processes

Fram quantum mechanics the potential energy of any reacting species
can be determined as a function of bond distance (see Figure B.la).
By taking the classical path of luwest energy through the saddie, can
plot the “reaction coordinate' an energy *prdfile of the reactican,
Figure B.1b.

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

as:

_ concentration in final state : '
K. = Concentration in initial State Eqn. B.1

R

=N (constant V; N = number of molecules)

i

Fe

= = (F = molar partition function)
i
£

= (f = the atomic partition function)
i

. The atamic partition function, f, is give by

ey /KT th

f= zge (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 Eg =gy teg (ﬁher'-e €y is the zero puint energy difference).

The total equilibrium constant is then:

K:-E-.-f—
c Fi
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where

N ]
-cf/kKT =g /KT ~-cc/KT
Ff =Y oe f =e (o] :‘g e Ef

i 1

(and F; = S

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 ass s - st 0o e e o el s e lei e
%+
¥ _C
i

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

molecule passing through the barrier is

kT '
(g%) = flrﬁ (where m* is the effective mass of the camplex).

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

T = -a%— = %—ﬁ%—where 8§ is the width of the barrier.
(37:') b :

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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"dN=C_*=C* ka -l‘. =%k IC .. B.3
adE= JomE "5 < ir- Egni. B.

So the rate constant is

k = .gi_ ka . l
i ‘
and S C* K F*ll F*l -EGIRT
I'[C c IIF Kl‘
i i i

where F¥'' and F*' are the parntmn function for the activated complex
with and without the (molar). zero pomt energy. mcluded.

We now make the further assumption that one of the vibratioﬁal
degrees of freedom (aloriz the reaction coordimate) should be "frozen

out” and converted into a translational degree of freedom:
™
* % $ kpT
F"" =F ftr =F - ° )
Thus, we have: ,
T ~+ -E/RT k, T
= ;kl'j— Fe o, (where £ =101 a R'r) . Equ. B.4
|
1

Since (quantum mechanically) we must ccnsider that the complex will not
necessarily go through the final state but may fall back into the
initial state from the activated state, we add the transmission

coefficient ().

kT

+ -EOIRT
k = 5 ul( where K e

|
- E’r’
+H
=
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This can be reexpressed in somewhat more useful thermodynamic terms as:

$ $ L |
- =A8 = RTIoK {(free enetgy of activation) Equ. B.5

T o KT s
sok =o —E— e~4C (RT = u% et /RT eAS_fR
but, we usually measure the energy, E, at constant volume or pressure;

- o
E,=RT +8H =E,

KbT

£
sok =ce 4 e'E'a/RT ehS R

=E, /KT

or wore simply k =ve > Ut EgniB.6

. Kot AS¢/R.‘\'
where v =ce e is called the pre-exponential factor.
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B.2 The Thermal Desorption Equations

For adsorption (aé distinct fram a gas phase process), the
potential energy diagram is somewhat different than the biomolecular
reaction case expressed in Figure B.lb. Instead, the reaction
coordinate 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 emergy for
adsorption). In practice we assume that it is finite (~2-5&) and
perform 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 considered a__ .
physisorbed state (also sometimes called a precursor state), while F
Fig. B.3a and b is the chemisorbed state shown with 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/molé. In Figure B.3b, dissociatve chemisorption is
shown, 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 zctivation emergy
for dissocation (A-C).

Returning now to our rate expresion we have
Eg_r_ eAS*/R'I‘ ERT _, enE'g/er

k=aqe e

To find the rate of desorptionm, -dNa/,dt, fran a surface we merely

multiply by the concentration (for first order desorption):
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*Et— = k-Na = \)-Na *e Eqn. B.7

where E; = activation energy of desorption
Vv, = preexponential factor, ’=1913 sec™!
N, = concentration of adsorbate

In general, for nth order desorption we have

aN «E,/RT
d
F = Npve

" In the thermal desorptmn expenment one usﬁally. measures the
pressure as a functgon of time (or tartperéture). In genersl, the
change in pressure is proportional to the rate cf desorption, minus
the pumping speed (above steady state). In most UHV chambers it is
now Teasonable to assume that the pumping speed is fast compared to

the "characteristic time™ for desorpticm, and we have:

ES

-®, s . ‘
T 'EE;T AP where S = pumping speed

A = surface area of sample

AP = shange in pressure

For a linear heating rate of the sample, T = To-a-st, where 8 = dT/dt.
i.e. the heating rate. If we assume that v and £ 4 are coverage
independent, then we can solve our equation to find the temperature at

which the desorption rate is a maximm:
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cl‘l\J
=z

= 0, (for desorption rate maximum)

-a-' =2 e . Eqn. B.9

For n = 1 (first order desorption) we get; ‘

e me g

. 2 ) =d (_N_a_ | ;Ed/RT>' :
Ez 0 T 2 Je act T Tp
or
-E,/RT -E/RT, aV) Ea/RTy (Eg )
Y d™p vy 4P =c—)e
(3)% e (8)e B | FP
rearranging we get:
-E;/RT, E
v d"p_"d
(E)e = Egqn. B.10
R |
For first order desorption with v = 1013 671 ana
= 10%-10° K/s) we get
Ed = .06 (Tp) in kcal/mole. Eqn. B.1ll

For n = 2 we get
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2n_v\ -E,/RT
(——BR-)e d =c-%z) Egn. B.12
p

where %no = np which is the coverage at T = Tp'

For first order desorption, the peak position should be
independent of coverage. First order desorption kinetics are typical
for physisorption and associative chemisorption. Here the T_ 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 tenpeéature). Examples
of zeroth order kinetics are metal and metal oxide (i.e. multilayer)
desorption.

In some instances, several states will exist on the surface,

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

dN. dN
= Z 7‘% (where -a% is the total desorption distribution from
1

ol

i states) -

Usually, however, one does not find ideal desorption behavior. Often

E.a and/or V are coverage dependent. Also, precursuor states modify

desorption kinetics as discussed in Section B.4.
Before discussing the thermal desorption experiment, it is worth

commenting briefly on an added complication of desorption phencmena.
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If an atom or molecule is relatively free to move along the surface |
then the partition Fads ([-‘i in Eqn. B.lt) should be relatively

arge as in a 2-D gas. F. .. = 1010 per degree of translaticnal

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

site on the surfacas Fads will be smaller: Fads (immobile)

<Fads (mobile). . Since F4 is larger for the 2-D gas, the rate

s
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 st:rmg?;;:j
with a molecule such as CO or H2‘ The potential emergy of an |
adsorbate on the clean and modified surfaces can be represented as in
Figure B.4a. A change in the pot:eni:ial energy contour for an
adsorbate along the surface will cause a changc;. in mobility of the
adsorbate. This will become manifest in a change in the
preeprnential 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
immobiie layer than a mobile cme. 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
argurent assumes that F¥, the partition function in the activated
camplex, does not change much.)

If, 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 Ea (or

AHads

depicted in Figure B.4b. In this extreme, the structural effects as

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

well as changes in transition state 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.é. 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

Desorption fram single crystals is the most common method now used
to determine heats of adsorption; the interpretation of desorption
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 mammers. The thermal
desorption experiment requires a sample mount and heating design such
that the desorption signal detected comes from the sample, and not the
support. Wire supports, such as Ta, W, or Pt are often used becapse
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 bombardment heating is also possible, but often causes '
thermal and electron stimulated desorption from surfaces other than
the desired one. The problems of desorption fram undesirable surfaces
should be minimized by mounting the sample such that only line of
sight desorption reaches the detector (psually a quadrupole mass
spectrometer).

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, emabling variations
in heating rates and curves (linear, logarithmic, etc.). More
primitive methods without feedback suffice, if the heating curve can
be accurately reproduced between runs. This yields less gquantitative

results, but all of the trends should be apparent.
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Finally, it should be noted that if quantitative measures of
coverage are desired, other methods of calibration must be used in
conjunction with TDS peék measurements. These can include LEED,
structure/coverage detern;ination, Auger uptake curves, radio tracer
techniques, or molecular beam methods. '

Before explaining all of the problems associated with thermal

desorption, 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 mleéule will becmé trapped in 2 chemisorbed
state. The condensation coefficient (a) refers to the probability

that the incident molecule will be trapped in) a physisorbed

 (precursor or chemisorbed) state. By definition 0 < So <a<x1.

To a first approximation, for sticking with precursor states we

have:
-g ./RT
r \)de d -1
S . =q ' +
(o] -ea7RT
vye °©

where E_ refers to the activation energy for going from the
physisorbed to the chemisorbed state. For low T, S, —> @, and for
high T, S, —>a (1+vd/va)-1-

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

If we neglect the exponential term we can display the most cammon

types of sticking probability behavior as follows:

1D S = So(l-6)

Langmuir behavior
S

2) $ = 5o(1-8)" n<l Sticking with .
S (or others see below) precursor states

3) S = So(1-8)2 Dissociative
adsorption with no
precursor states.
Twe sites needed.
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reconstructions or
ordered phases.

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

There are many problems 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 from contributing 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, mevertheless, to minimize the
various experimental cources of error by using 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 ordér
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 way and be clean and flat--impurities and or roughness can
cause drastically different thermal desorp'tion behavior.

In addition to experimental difficulties, several theoretical
problems arise in describing simple desorption processes. As noted
before, a molecule or atom may adscrb 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 gtl'.x from the chemisorbed to the
precursor state will desorb. The energy imparted to the desorbingy_
species may cause lateral motion in the precursor state, not motioﬁ
normal to the surface needed for desorption. The rate to go from the °

chemisorbed to the precursor state is:

- g% = vNe.E/RT (1st order)

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

- B - yun e E/RE Eqn. B.13

where 6 is the fractional coverzge, and where W, to a first
approximation, can be represented as
- o fdi-1 Ko ,-1

F=fy+f [1-(1--f5) [1-1-_3]]
where:

f_ = probability of becoming chemisorbed from a precurser state.

f; = scattered into gas phase fram unoccupied site.

fd = scattered into gas phase fram occupied site.

£, = probabili;y of hopping to nearest neighbor fram unoccupied

site.

K = fd/(fa+fd)
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The f values an be approximated from sticking profiles. As W is
decreased the spectrum broadens and 'I‘p goes up in temperature. One
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(11l) the peak temperature
decreases by at least 50K with increasing coverage, as well as
broade-ning the FWHM. This can be explained by 1) precursor states,

2) two overlapping states (i.e. top and bridge), 3) lateral
interactions causing E_j (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 techriques
to help resolve the discrepancy.

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

i, -(E4(0) + zwf(8)]/RT
- - VNae Egn. B.1l4

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

and £(8) is a function of coverage
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With lateral interactions, curious spectra oft:gn tesult. For
example, two peaks may appear in the desorption spectrum, where the
first is duve ‘o chemisorption with strong répuls;i;le*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 incréasing coverage which’may |
lead one to assume second order d;asorption, 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 thecry (and

more) deserve attention. For instance, should all the dggrees 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 cheofy is how to determine the
transmission coefficient, «, noted earlier. By definition, o, is a
function of temperature 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 diffusion 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 Addlitlve Effects.

SIS
S
N

C.1 Introduction.

Submmolayer coverages of varlious atonic additives (modifiers)
have recently been studled on many transition metal surfaces to help
understand promoting and polsoning effects in ;‘ata.lysjs (see. Appendix
- -A4). Sare investigators have arguec¢ that the danilnant 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 alsb called an ensemble or structural effect. Others
have pointed to the changes In heat of adsorption of CO or Hs and
conclude that these results are due to electronic interactions between
the additive and the metal atams. This is called a chemical, ligand,
or electronic effect. Other conventions have also been employed such.
as surface acldity or basicity to describe electronic effects (Stalr,
1982). In fact, a constant source of confusion in the recent literature
on surface additives can be _t;_-_‘_aced-b_a.é}i to the lack of agreement In

"terminology. We will use the idea ‘of structural and electronic effects
as developed In Appendix A.

In this sectlon we report about the chemical properties of carbon
monoxide and benzene when coadsorbed with sulfur on the Pt(11l) surface,
and compare the sulfur behavior with that of potassium whlch was presented
in Chapter 4. For the purpose of discussion, same of the results
reported earlier are recounted here. For potassium, it was shown that
an electronic effect 1s the dominant cause of the cbserved changes in
desorption of CC and benzene. With sulfur coadsorption, on the other
hand, "str'ucturél" effects might be more important than electronic ones
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v altering the desorption’behavior of these molecules.

C.2 Experimental..

A Pt(111) sample was mounted in the TS chamber described in
sectlon 2'21. To achieve the deslred coverages, sulfur was elther
deposited at a constant rate for a certain time and then monitored by
A};‘S, or the surface was saturated with sulfur and then heated, desorbing
sulfur, wntil a desired coverage was reached, For the CO and sulfur
coadsorption system we were interested in four coverage regﬂm'gs: clean
Pt(111), eg= 0.25, o0g= 0.33, and > 0.5, (vhere 0g is the ga\'-
sulfur coverage relative to the platinum monolayer atamic density).
After sufficient sulfur deposition on a clean Pt(111) surface, an
ordered (/31/3)R30° sulfur overlayer structure could be obtained
by heating to T00-900K. A second lower coverage, (2x2) sulfur overlayer
structure was obtained by heating to 1000-1150K. No other LFED patterns
were visible at higher or lower coverages, cc;nsistent with previously

reported results (Heegemann, 1975). Since sulfur 1s generally believed

'to occupy the highest coordination site avallable cn metal surfaces,

the two overlayer LEED pattems. af'e most 1likely due t;) the sulfur
overlayers depicted in Figures -C.Ia and C.1b.

The potassium deposition techniques and overlayer behavior on
Pt(111) has been described in detail in Chapters 2 and 3 above. Cp and
benzene exposures were accamplished using a needle doser in front x‘;f.‘ "'

i

the sample. Heating rates for the thermal desqrption spectra were

= 30 K 5=1,
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OPFlatinum @ Sulfur @ CO

XBL 837-460

Figure C.1
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C.3 Results

C.3.1 Chemisorbed carbon monoxide.

Carbon monoxide adsorbed on Pt(111) has been extensively studied
by many researchers (see Steininger, 1982, and references therein). At
low coverages, CO adsorbs on top sltes on platinum, ‘while at higher
coverages bridged sj‘.tes became occupled. Although there has been same
disagreement in the literature, it 1s now thought that the top and
bridge sites are the only ones cccupied, although scme tilting may
oceur (Biberian, 1983).

With the Pt{111) sample held at 170K, a 00 exposure of greater
than 1 langmdr (1L = 1 x 10-6 torr s) was sufficlent to yleld a c(ix2)
overlayer LEED pattern. LEED and KFEELS analyses (Eiberiari, i983) have
shown this pattern to correspond to a real space representation described
in Figure C.lc, and a coverage of & g = 0.5. In Figures C.2a and C.2b
vwe show the CO thermal desorption speetra following 1L and 0.4L exposures.
Note the Increase In peak area and concomitant decrease in temperature
of the peak maximum for the !ugher exposure., This effect 1s thought'to
be due to repulsive lateral interactions between i:he 00 molecules.

Figure 4.8 shows the saturation coverage CC thermal desorption
spectrz as a function of potassium coverage on the Pt(111) surface. Of
Importance here 1s to note the large increase in heat of adsorption
with Inecreasing potassium coverage. Also, the change in heat of adsorp-
tion was a continuous fimetion 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
CO adsorption following a 0.U4 L exposure as can be observed in figure
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Fipure C.2

Carbon monoxide thermal dssorption from Pt(111) (a) + (b)
and Pt(111) + sulfur (e) + (4).




—225=

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 €O
exposures on the p(2x2) sulfur overlayer resulted in no aﬁditional
adsorption. In Figure C.2d we show the 00 thermal desorption following
a 0.4 L CO exposure on the Pt(111l) + (¥3x ¥3)R30° sulfur surface.
Similar spectra, showing little or no OC desorption, were observed for
higher CO exposures as well as for higher sulfur coverages. No new,

or altered, LEED patterns were cbserved following CO ei:posure. The CO
thermal desorption peak area for the Pt(111) + p(2x2) sulfur + 0.4 L

CO overlayer (Figure C.2c) was = 1/2 that of the Pt(111) + e(4x2) CO
overlayer (Figure C.2a).

In Figure C.1d, we show what we belleve 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 atoms sitting in holiow sites,
there exists another (2x2) mesh of single platinum atam sites wlth no
coordirated sulfur atams, where 00 could be adsorbed. This model of
coadsorption 1s consistent with the observations that the' (2x2) sulfur

overlayer LEED pattern was not changed when 00 was adsorbed and the

the CO thermal desorption peak area for the c(lix2) CO structure on

clean Pt(111) (with a known coverage of ogp = 0.5) was twice that of
the p(2x2) S + CO overlayer structure, with 0g0.25 and 0qy~0.25.
Assuning that this model is correct, .each sulfur atom blocks three
plat‘inun substrate atams fram adsorption. 'This is also seen from the
virtually camplete blocking of CO adsorption on the(Y3x/3)E30°

sulfur overlayer surface vhere 6g:0.33, Figure C.2d.

This p(2x2) overlayer structure with one platinum atom and one 0
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molecule per unit cell is ideally suited for a dynamical LEED Intensity
analysis due to the small size of the wnlt cell, Such an a.nalys:?.-s;~ »
might yleld valuable information concerning bond length distortlons 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 exposures, most of the benzene decomposes upon
heating, with hydrogen being the maln specles monitored in the desorption ;
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 benzene desorption edge maximum with
potassium coadsorption, the opposite of what was observed for CO.

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

The effect of sulfur on the desorption of benzene is shown in
Flgure C.3. The daminant features are a slight drop in temperature
of the desorptlon rate maximum, and an effective blocking of adsorption
sltes. A more thorough understanding of the adsorption states would be

required to clalm that ane state 1s blocked, while another is filling
in.
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B8enzene Thermal Desorption from Pt(ili)
with Several Sulfur Coverages

MASS 78 (CgHg) INTENSITY

| { . R
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XBL B37-459

Figure C.3
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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) because both molecules
had shovn large changes when coadsorbed with potassium In earller
studles. Because of the different electronegativities of potassium
and sulfur, we expected different effects on the chenisorpt}on qf
these molecules. Our results show that on Pt(11ll) coadsorb;d potassium
‘caused a 200K increase In the temperature of desorption of CO, and a
200K decrease in the maximum temperature of desorption of benzene.
Adsorbed suifur, on. the other hand, caused a decrease 1n the desorption
temperature of bo‘ch‘ CO and benzene,

C.4.l The effect of potassium.

The ié.\z_-ge potassium induced change in desorption temperature of
both CO and benzene seems to be due to a strong substrate mediated
electronic interaction. For d), 1f site blocking (structural) effects
were important, the thefmal desorptlon peak should have moved down in
temperature, not up, as expla;med in Appendix B. Mre evidence supporting
an electronic interpretation cames from the DS, photoemission, and
high resolutlion electron energy loss (HREELS) results (see chapter 1).
The results also indlcate that the electronic interaction is mediated
by the substrate (i.e. 1t is not a direct Interaction) and is effective
over at least several interatomi.: spacings.

By coadsorblng oxygen, the effect of potassium on the chemisorption
of 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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changes. If structural effects occurred, we would have' expected the
oxidation to cause an even greater change in thermal desorption peak

1

temperature.

C.5.2 The Effect of Sulfur,

The :I.nterpr'et':atim of the effect of coadsorbed sulfur on O and
benzene is 1esé clear. We observed a decrease in the temperature of
C0 desorption from Pt(111) when sulfur (an electronegative species)
was added (figure C.3c). 'This might be expected since coadsorbed
potassium (electropositive) caused a large 1ncr"ease.,._1n the 0 desorption
temperature. Surprisingly, analogous effects were ';101: seen for benzene
adsorption: both potassium and sulfur caused a decrease in the benzene
desorption temperature. .

In Figure 4.29 we show a molecular orbital dlagram for a metai—
benzene system analogous to our surface., What is of interest here is
the e]_; level lying Just above Ep. If potassium on the surface can
lower thls level enough to be populated, it should weaken the benzene-
metal Interactlion (as we observe). Our UPS results show a slight
increase in binding energy of the lower lying benzené levels suggest
that the ej‘; level may also be lowered. Thus the interpretation of
potassiun as inducing substrate medlated electronic interactions for
the chenisorption of both benzene and 00 18 consistent.

But why then. did sulfur cause a decrease In desorption temperature
of benzene as well as (0? Hecent 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.

Rut with adsorbed chlorine, for instance, sometimes a decrease in work
function i1s observed. This can be rationallized by noting that the
adsorbate-image dipole is not the only dipole component of the work
finction (see Figure 3.1). A second, and perhaps more important, dipoze
component cames from the bulk electron spillover into the vacuum. The
changes in wavefunction splllover character due to adsorbates can thus
overcompensate the adsorbate-image dlpole camponent.

To follow this argument to lts logleal conciusion, we would say
that with sulfur, as with potassium, a decrease in work function causes
the benzene e]_; level to be populated, decre;d';in"g the benzene-substrate
band energy. However similar reasoning should lead us to predict that
potassium and sulfur should have the same effect cn coadsorbed CO.

This was not observed: potassium and sulfur showed opposite effects on
the OO desorption temperature. We are therefore led to dlscount the
work function model as determining the sulfurwbenzene coadsorption
system.

We can, however, explain the decrease in CC and benzene desorption
temperature (when sulfur is coadsorbed) as being due to 2 structural
effect, This would result fram a change in the preexponential factor
(v) as described in Appendix B. Ry blocking the mobility of CO or
benzene along the surface, the preexponential factor:in the desorption
equation should increase, which (for constant aHpgs) wlll cause
a decr;ase in peak temperature in the thermmal desorption spectrum.
Since this is consistent with the data, we tend to favor structural

effects as daminating desorption behavior for the sulfur coadsorption
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systems, Certainly electronle effects will ex:l;.;t, as evidenced by the
slight increase 1n vibrational frequency of CO when other electron
acceptors, such as chlorlne or oxygen, are coadsorbed wlth CO on supported
platinum (Primet, 1973), but we believe these are not the dominant

effect.
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Arpendix 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 alkall promoters for (D hydrogenatlion was glven in section
5.5 above, TFor carbon gasification, alkalls are actually the catalyst,
not simply 2 promoter of another metal. Nevertheless, the simillarities
between the varlous reactions warrents consideration here of the use of

alkalls for gasification.

D.1 Carbon Gasification.

The gasificatim of coal or any other carbon. source to produce
Hy and 0 (syngas) 1s a necessary first step in the synthetic fuels
industry (Kugler, 1978). The resultant €O and Hy can be further
reacted over a methanation or Fischer-Tropsch catalyst to give useful
products such as methane, aleohols, or long. chaln hydrocarbons (e.g.
gasoline). .

e steam gasification of carbor; usually requlres high temperatures
(>1000K), since it is a highly endothermlc reaction.

(1) C + BO -+ Hy + @ AH = +31 kecal/mole

Several other simple reactions which can take place under

gasification conditions are represented below:

(2) 2 + 0 + 200 AH = =53 kecal/mole
(3 C + QO +» 200 AH = +i1 keal/mole
(4 ©© + HLO » o + Hp aH = =10 kcal/mcle
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(5) C + Hy » Oy AH = <18 keal/mole
(6) CO + 3Hp +» CHy + HO AH = 49 keal/mole

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

gasification of crude hydrocarbon sources:

(7)  =CHp +HpD » 00 + 2 sH = 436 keal/mole

(8) ~CHy- +1/20p + CO + Hp AH = =22 keal/mole

In éevera.l of the industrial gasification processes, no catalyst
i1s used. However others, such as the Exxon and Kellog processes do
employ alkall carbonates or hydroxides to catalyze the reaction. In
fact, alxall and alkaline earth metals have been known for over 100
years to be active gasification catalysts (Motay, 1867). The recent
awareness In energy conservatic;n has renewed interest :Ln trying to
mderstand tiae basic science of alkall catalyzed coal gasif"icétion.'
The most readily observed catalytic,consequénce of adding alksli salts
is that the gasification rates increase (at constant temperature) and
the agglcreration (caking) of the carbon source is dec;'eased.

Several ‘mechanistic pathways have been postulated for the various
alkali catalyzed gasification reactions, of which we will briefly
discuss three. Veraa and Bell (1978) have proposed a sequence of

reaction steps to explain the catalytic gasification cycle:

(9) M3 +2C » 21+ 30

(10) 2M + 20 + 2MOH + Hp
(where M = an alkall metal)

(11) 00 +HO + @0p + Ho
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(12) 2M0H + CCp =+ M3 + Fp0

(12) C+HD +» Hy+ @

McKee and Chatterjl (1975) offer a slightly different reaction

sequence where equations 11 and 12 are replaced by:

(14) 2MOH + CO » MpCO3 + Hp

However, the overall reaction 1s still represented by equation i3.

One problem with these two postulatad pa‘chways, as pointed out
by Wen (1980) is that from a themodynamic point of view the lithium
salt should be the least active, but in actual experiments it displayed

the highest reactivity. Wen argues that the artive catalyst is not an
alkall salt, but rather an intercalated alkali-graphite or alkali-
amorphous carbon campound. He shows how the Ferml level of graphite
(2 semi-metal) is effectively shifted to higher energy when an alkali
metal enters the space between the graphite layers, making it more
metalllc, and a better electron donor. One important consequence of
the metallic character of alkali intercalation 1is that the modified
graphite (or aramatic carbon chain) can easily adsorb hydrogen. For
instance the following class of organic salts are readily hydrogenated,
uhi;l.e the neutral organic molecules are relatlvely stable.

(15)

(2M+) H = (M) @Q@ M

»
¥
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These camplexes also adsorb CO and can therefore be used as CO
hydrogenation catalysts.
Wen posﬁ:lates the followlng mechanism for steam gasif‘iwtion of

carbon sources.

(16) MgCO3 +2C + 21+ 300

(A7) M+ 2mC » 20N

(18) .2ch+2H_20 + 2nC + 2MOH + Hp
(19) 2¥0H + 00 +» M3 + Hp

(20) C+HO » @ +H

A similar mechanism would hold for MOH as the starting material
Instead of MpCO3. He also noteé that the diffusion of alkall metals
through the carbonaceous materlal should be relatively facile either
as M(g) or as MOH. The main difference between this mechanlsm, and
the ones proposed by Veraa (1978) ahd McKee (1975), is that the Wen
mechanism presumes that the alkall metal is intercalated when it reacts
with Hy0, while the other two state merely that atanic alkall atams
react with HsO without specifying the loeation of the alkall. ‘The
Veraa and McKee mechanisms are therefore more‘ generai.

Other reactions are known to take place on alkall - graphite

-Antercalation campounds. In addition to OO hydrogenatioh, these

inclu@e the hydrogenation of the carbon substrate to fom light hydro-
carbons, as well as the hydrogenation of benzene to cyclohexane.

The third mechanism which has been postulated is called the
phenolate rﬁechanism and 1s supported byy the work of Mims (1983) as
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well as the work done in our laboratory (Delarmey, 1983). The key
intermediate shown in fthese studles i1s the phenclate species

as represented in ef,-i}atim 21.

1 No.m :
(21) ‘CC):}—'-:O—K e LSCH:SI — ‘@}-O—CHs + K1l

The existence of this specles has been demonstrated indirectly
by an ion exchange surface methylatlon technique (Mims), and from
stolchiametric argunents (Delarmey). In the methylation experiment, 13c
enriched CH3I 1s added to 2 carbon source Impregnated with potassium

carbonate (spherocarb) and the resultant methylated solid is characterized .
by 13¢ mr.

In the Mims study, it was shown that a carbon sample with KOH
Impregnation, followed by methylation form a stable intermediate. The
intermediatesformed at 970K by heating the sample in He or by initiating
gasification are the same. ‘This metﬁylated Intermediate demonstrates
'the prior exisfence of the phenolate, '

Delarmey et al have recently shown that KOH on a graphite powder
reacts with steam in two successlve stages. In the first stage, hydrogen
and hydrocarbons are evolved at a high rate, but no CO or COp is
detected. fThis stage ceases after the equivalent of 0.5 molecules Hp
rer potassium atam are produced. This is attributed to the dissoclative
adsorption of water to form -C-H and -C-OH (phenol) groups. The phenol
group then reacts readily with KOH to form C-O0-K (vhenolate) speciles.
The existence of‘ the phenolate is strongly supported by the observation

that 0.5 molecules Hp are produced per potassium atom. This specles
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is found to form at an appreciable rate between B00-950K. Ey 950K,
most of the Inltial potassium salt wlll be converted to  C-0-X.

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 producticn of one Hp molecule

per equivalent CO molecule. We believe that thls stage results from

.the decamposition of the phenolate species to give €0, K»0, and metallle

potassium. ‘Then, K30 and metalllc potassium cambine with H0 te
produce H» and KOH again. For a real catalyst, polsoning occurs by
alkall camplexation with impurities such as silicon or various metals.
' Once O and Hy are made by steam gasification, their further
reaction tc form methane and water 1s exothermle, and is normally
carried out on a nickel catalyst at 600K. Because of the high ecost of ‘
the heating required for steam gasifiw.tion, it would be desirable to
convert the carbon source directly to methane or other hydrocarbons.

For instance the following reaction 1s virtually thermoneutral:
(22) 2C+2B0 -+ CHy + COp AH = 3.6 kcal/mole

Alkalls are able to induce this.reaction. In addition, higher molecular
velght species were produced (which are known to be produced over
alkali intercalated graphite). The formation of the stable phenolate
intermediate seems however to result in these neactimsl beling stoichio-
metric at temperatures below 800-900K. |

What is needed (fram the‘ point of view of a phenolate mechanistic
scheme) is a metal which can aid in the dissociativé adsorpticn 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 strangly bound that the formation of a

stable phenolate~-llke Intermedlate freezes out the reaction, requiring

excesslvely high temperatures to camplete the catalytic cycle.

D.2 The Ammonla Synthesis.

The camerclal development of the direct synthesls of ammonia
occured in the first two decades of the twentieth century (Haber, 1910).
The catalyst was (and still is) formed from Fe30y (magnetite), with
© AL03 and K0 additives. The catalyst powder is first reduced
under hydrogen to form métallic iron particles, which contain a small -
amount of K and O on the surface. Studles have shown that the Al1;03
is located between the iron particles, presumably as a structural
pramoter, Thermodynamic and lkinetie constraints require that the reaction
be rmmn at moderate temperatures (500C) and high pressures (>100 atm.)

It was shown as early as 1934 that nitrogen adsorpi;.ion was the
rate 1imiting step in the overall synthesis (Emmett, 1934). More
recently it has been shown that the dissoeclative adsorption of nitrogen
1s the slow step, whlle molecular adsorption 1s the weakly bound precursor
state (E:'t]:, 1976). The dissoclative adsorption of hydrogen i1s faclle
on ilron at reaction temperatures. It is also found that the (111)
crystallographle face is much more active for dissoclating nitrogen,
while the (110) face is the least active (Ertl, 1980). Very similar
face selectlvities were observed for the ammonla synthesis, where the
(111) face was found to be 418 times more active than the (110) face.
Although the energetics are different, the molecular mechanism of
ammonia synthesis is analogous to the methanation reaction:
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(23) N» (g) == Ny (ads) = 2N (ads)

(1) Hp (g) = 2 (ads)
(25) N (ads) + H (ads) == NH (ads)

(26) MH (ads) + H (ads) == NHp (ads)

(21) Wiy (ads) + H (ads) = Mi3 (ads) < Ni3 (g)

However, in the methanation reaction, 1t is the final hydrogenation
of the surface (B3 specles which 1s thought to be rate limiting,
while in the ammonia synthesis the dissoclation of Ny is rate
limiting. |

The function and state of potassium in the ammonia synthesis is
sti11l under investigation, but the pleture which has emerged can be
described as follows. Potasslum and oxygen are coadsorbed both on

the active iron and on the Alg03 phase. The iron, reduced from its

. Fe30y starting form, appears to contain a significant amount of

nitrogen dissolved in it, perhaps forming a nitride in the near
surface region. As noted above in section 5.9, the surface potassium
helps both to increase the Mo 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 nommally very
poor at dissoelating nitrogen compared to the (111) face (Ertl, 1980).
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AFPENDIX E

The Use of the PET-Commodore Computer for Surface Science Studies

E.l Introduction

Most modern microcomputers, when ccmbineci with an appropriate
interface, can be used to control and/or monitor scientific
instruments. We are currently using the PET-Commodore 2001, 32K
Personal Camputer to facilitate several different types of surface
science studies; including: 1) multichannel thermal desorption
spectroscopy (TDS monitors the gaseous species desorbed from asurface
as it is heated), 2) Auger electron spectroscopy (AES monitors surface
atomic camposition), and 3) photoelectron spectroscopy (which measure
electrons emitted fram both the valence-UPS~ and core-XPS, regions).
Other researchers in the UC Berkeley Chemistry Department, with the
help of the Electronics Shop, have used the PET to monitor gas
chramatography, and gas phase laser spectroscopy.

With the development of a series of software programs, the main
advantages to be gained by using the camputer over conventional
techniques are: permanent storage of data on diskettes, and post '
processing of the data to integrate, differtiate, signal average, or
“zoom-in" on data. 'The camputer can also accurately control the
electronic power supplies and amalyzers used to collect data, and even
saves money in the case of Auger and photoelectron spectroscopy since

no "System Control" or multichannel analyzer is needed (with the PHI

system).
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'Ihe"p:ograms 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 scre directions/cormands are explained where
needed. Should changes be desired, the reader is referred to Osborne
(1980) for an introduction about the canpuéer 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 programing. '

A schematic diagram of our camputer, ihstrmentation, and
interface is given in Figure E.l. The interface includes a’'l12 bit A/D
converter, a 16 bit D/A converter, an 8 channel nmli:iplexer, 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 better to have had 64K or 128K RAM. Since 16 bit
microprocessors are becoming more poﬁular, we would recommend the
larger size for someone who does not already have a 32K computer. ]

E.2 Conputer Controlled Thermal Desorption Spectroscopy

Using the current software, the camputer is capable of scamning
and monitoring the intensities of up to 8 different mass chammels on a
UTI 100C mass spectrameter, and one temperature, at a maximum rate of

about 20 per second. The camputer, program, and interface should work
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equally well on any quadrupole mass s'pec:_tromete'r which can take a
O-If)V mass programing input signal 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 loaded fram the disk into the PET RAM
(active memory) by pressing the SHIFT/RUN key with the diskette in
disk drive 0. The first program cambines an interactive "parameter
set;'-up" section with ¢ .post-processing. graphics routine, while the .
second contains a series of machine language subroutines enabling fast
data collection, storage, and retrieval. A listing of 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 function. In the post-processing part,
the temperature scale must be normalized before meaningful plots are
made. This is usually accanpliéhed by creating peaks of any gas (with
leak value) at two different temperatures, and then using the scaling
factors 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
fram each other. 1In Figure E.3 is showr; the flow diagram for this
program.

E.4 Auper ESCA Display Propram )

When using the Auger/ESCA Display program, all files to be
displayed must have been storéd 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 disk and display it. The
Display mode interacts with the user by merely hitting keys to affect
the display: neither the "COMMAND" prampt, mor 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 i:elow, 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 tun fram 0 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 "S" (smoothing) within

the Display mode which changes the intensities of only that fraction

of the spectra displayed.

COMMAND MODE: ..

G - Get data fram disk in drive 1, wipes existing data in buffer.

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

L - Displays the data with lines connecting the dots.’

H - Plots latest displayed‘ data on EPSON plotter

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

R - Resets VI and VF to their original value as stored on diskette.

A - Autoscales the data between DVI and DVF.

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

S - st'z:;oothes data witb 3 point smoothing routine, and redisplays
1C.

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

(I) - Differentiates data.

Q - Quit ESCA Display program and return to main data collection
progranm.

B - 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)

(i)
W)
(

@
0
0)

" (2)

(&)

Re-displays data using present cursor points.
Turns on the cursor (to zoom in).

Tu'z,:r;_s:’ off the cursor.

Moves the cursor _left.

Moves the cursor right.

Turns on the repeat mode, so you don‘t have to press the
cursor keys over and over.

Turns off the repeat mode.

Sets the left cursor point;

Sets the right cursor point.

Puts cursor position in eV on screen.

Returns to the cammand mode.

Replaces the data between cursor points with a straight line.
Contracts along Y axis.

Expands along Y axis.
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2650

2710
2720

3100

251

s

‘IFHDC >0 THEN24 70

HO=FEEK (204601 » $2546+1*EEK (25000 +Bs Ibﬂr'EEu CLOBASI STSH+FEER (200662) 8 TD-HD

IF Ism*N* THEN 2720

SLe=(ID-IM} / «(HD-HM)

A1wAL~H] 8L ID=SL8 (HA/2¢HB/2-HD) ) .
AZ=A2-HZE(TD+SLE (HC/2+HD/2-HD? )
ATeAT-HD3 ¢ [D-SLesHD/ Y

MOVE 230, 190: CHARFMS

MOVE 190, 180:CHARCHS

MOVE 235, 170:CHARMASS: "3 STRS (M57)

MOVE 240,02 CHAR™X, Y: "3 STRS (FX) g STRS(FY)
MOVE 230, 1 60:CHAR"SMOOTHING: " STRS (NSX)
HOVE 150,150

CHARDFFSET VALUES: "3 STRS(0X) 3 STRE(INT(10))
IF Isa®N" THEN 2930

LINE TAR,Z25,TA,28

MOVE TA+10,25

CHAR STRC!INT(M.))

LINE TB,25,TB,28

LINE TL,23,1C,28

MOVE TC+10,25

CHAR STRE(INT (A2))

LINE T0,25,TD.28

MOVE 210,140 -=

CHAR"TOTAL AREA: "-STRS(!NT(AT) )

DOTL 2,2

LINE TJ4B, ID-SL3HD-10+50, T0, [D~10+50
poTL 2,0

GET K82 IF K$mr*THENZ?30 -

PETHEM: INPUT ~DUMP ON ERSONT™;KS- .
IFKSCO Y THEN]Y 970

PRINT “TURN ON EPSUN; WHEN READY TYPE ANY KEY"
GETKS1 IFKsm““"THEN 2970

OPEN 4,4

BGSwCHRE(27) +CHRS (754 +CHRE (148) +CHREL L)
PRINT®4,CHRS(27) 1 “A"; CHR$(B)

FOR 1-448"4 TO 44663

PRINT&4,5GS3

HBANINT (T/254) 1L D=1 ~2T63MBL
POKEL,LD%:FOKEZR, MBY

POKEGSZ TA4:POKELSS, 741 POKESSA, 74:POK66..
SYS14407 IPRINT 4, ClRE ¢ 101 i
PRINTE4,BGS;

PDKEI.LBZ:POKEZ.HB’I.

POKESS2, 2343 POKESSS, 2343 POIESLSA, 234t PIV.EGSS. 234
SYS5€640) s PRINT#4 ,CHRS ( 10) :NEXT s CLOSE431GOTOI 970
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