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A1ksl i Mono1~vers on Transition Metal Surfi~ces: 

Electronic Promotion in Catal~sis. 

.°' 

by Eric Garfunkel 

i 

Department of Chemistry, University of California, 
8rid .' 

Materials and Molecular Research Division, ~ence Berkeley', Laboratory 
~rk~ley, C~iforrda 94720 

~ O T  

~he chemical and physical properties of alkali metal monolayers 

on transltlon metal surfaces were studied under both ultrahigh vacuum 

(UHV) and a~nosphezic pressure c~ditions to determine how catalyst 

surfaces are affected by alkali additives. ~he interactions of alkal± 

adatums with the substrate, molecular coadsorbates, and other alkali 

atoms ~re studied in URV. In addition, CO hydroEenatlon re~ctic~s 

were carried out at 32 psig on well cha~cterized transition metal 

catalysts. - 

Potassium monolayers cn the platinum (111) cr.vstal surface were 

studied most extensively. Ultraviolet photcelectz~n spectr6scopy 

(UPS) sho~d a large decrease in the work function of the surface ~en 
i ~' .. '~ 

potassium was adsorbed, implylr~ charge flow f~n potsssium into the 

platinum surface. ~he heat of desorpti~ c~ potassium, as determined 

by thermal Oesorptlon spectroscopy (~DS), decr~ssed si~cantly 

with increasing coverage, due to depolariza~icn ef1"ects, low energy 

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

pa6ked) overlayer structures. 



II. 

~he effects of potassium on the chemlsorptlon of various small 

molecules on Pt(111) were studied by a variety of surface science tech- 

niques. Oxygen and nltrlc oxide were readily adsorbed and dissociated 

by potassium,, fon~mg stable potssslum-oxide complexes on the surface. 

~he heat of adsorptlon of carbon monoxide on Pt(lll) increased signifi- 

cantly with potassium coadsorption, as sho~m by ~DS. High ~soluticn 

electron energy loss spectroscopy (HRE~I~) showed that the carbon-oxygen 

bond of adsorbed carbon monoxide ~as weakened by potassium. ~he heat 

of adso~ticn of benzene, however, was decreased by coadsorbed potassium, 

A molecular orbital explanation,consistent with photoelectr~l results 

was given to explain the potassium induced hebmvior on molecular coad- 

sorbates. Only adsorbates having orbital energies within about 2-3 eV 

of the Fermi level of the transition metal can be si~ific~-ntly affected 

by "electronic promotion". 

CO hydrogenati;~n reactions performed on metal foils showed that 

the addition of alkali adlayers tends to decresse the overall rate 

of reaction. Changes in selectivity were noted, shifting the product 

distribution in favor of higher molecular weight species and from 

~Ikanes to alkenes, in a~reement with known behavior of industrial 

catalysts. ~he shift in hydrocarbon chain length with alkali promotion 

was att~_buted to an increased probability for 09 dissociative adsorption. 
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C P ~  I. II'~r~.ODUCTION AND 0 ~ .  

i.I Scientific and Technological Interest in ALkali Monola~ers on 

Transition Meta2 Surfaces. 

In 1912, while trying to commercialize an ammonia synthesis pro- 

cess, B.A.S.F. researchers found that the reaction ra te  increased when 

they added potassium oxide (K20) to an iron catalyst. ~his was one 

of the first examples of catalyst additives belng used In an industrial 
g 

process. In addltion to ammonia synthesis, alkali metals are used to 

promote the hydrogenation of carbon monoxide, commonly called the 

Fischer-Tropsch reaction, and severs/ other reactions such as coal 

gssiflcatlon and ethylene oxidation. F~ver, there is still no defini- 

tive model of how addltlves such ss K20 work. ~here are only scattered 

papers on "promoters" conslderlr~ electronlc, structural and/or textural 

effects. My graduate ~ork has been dlrected toward contributlng tc 

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

alks/l metal additives. 

Severs/ hypotheses have been put forward in the past few decades 

attemptir~ to explain the particular ability of alkalis to promote 

chemical reactions. Sane have argued that alkali metals keep the surface 

clean of unreactlve carbon durlng CO hydrogenation. Others have clalm.ed 

that certain reactions which do not occur on the "active metal" component 

(as dlstinct frac. the catalyst suppor~ material and the additives) 

will take place on an a1~li oxide or hydroxide island. A third possl- 

billty is that the alkali Islands help keep the surface clean by acting 

as a sink to scavenge poisons such as chlorine or sulfur. ~he most 

.~o 

/; 

::L 
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widely held view, however, is that the dominant effect of alkalis is 

to change the electronic properties of the metal surface, wbzlch then 

changed the reactivity. ~]~e results reported here support this last 

proposition, lending much credence to the idea that alkali metals act 

as "electronic" promoters on transition metal catalysts. 

In my thesis, surface modifier effects are classified as follows 

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

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

is to change the electronic structure of the active transition metal 

component of the catalyst surface. One can imagine several types of 

.... electronic interactions .which. vary. in .the.strength and ~nge~ ,..In ....... 

addition, charge transfer to a molecular adsorbate from the additive 

can occur via the transition metal substrate, while wltb others, a 
.1 

direct interaction between the prcmotlng edddltive and £he molecular 

adsorbate occurs. 

b) Ibr a structural effect, the dominant charge in reactivity can be 

ascribed to a change in a structural parameter of the surface. Structural 

effects can be subdivided in severs/ categories. In the most simple 

case, the adatam merely blocks sites for adsorption. A same~hat 

different phenomenon is the ensemble effect ",~here it is presumed that 

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

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

metal with an inactive one, the number of ense,lbles (of some minimum 

size) canthen be decreased. In a third type of structural effect the 

adatom stabilizes a certain crystallographic orlentati~ of the metal 

crystallites (on a supported catalyst). Other structural effects of 



3- 

additives involve char~es in the support, ~hich in turn affect the 
• .J 

degree of dispersion or the degree of p~ase mixlnE between support an, d 

metal. 

Scientific interest in alkali monolayers comes not only from 

their catalytic applications, but al~ frmm their unique photoelectron 

and thermlonlc properties. As early as 1923, Langmulr had shown that 

adsorbed cesium greatly increased the electron emission from hot tungsten 

surfaces because of the decrease of the work function of the metal (the 

minimum energy needed to extract an electron fru, the surface). ~his 

finding has had many appl:~:,~-ations in the design of thermionic converters 

• - a n d  p h o t c c a t h o d e s  ( M a y e r ,  t g t l O } ~  " . • . . . . . .  

I~20vervisw of the ~hesis. 

Following the Introduction (Chapter I) &rid Experimental Section 

((hapter 2), the body of the thesis is orEanlzed into th~3e general 

categories. In ~m~ter 3, the properties of alkali metal and slk~li 

oxide monolayers on transition metal surfaces under ultrahigh vacu~ 

(U~) conditions are discussed, concentrating on the system studied in 

most detail: potassium on the plat~,um (III) surface. G~apter ~ is 

concerned with the way in ~hich alkali ~atcms modify the chc~nlsorp~lon 

of various small molecules on a metal surface (also in UHV). ~he systems 

most ~xtensively studied were carbon monoxide (CO), benzene (C6H6) , 

and nitric oxide (NO) ~hen c osdsorbed with potassium on Pt(lll). In 

Chapter 5, results for high pressure CO hydrogenation reactiorm on 

iron and rhenium foils are presented. ~he effects of alkalis, as well 

as other additives, cn the reaction rates and product distributions 

are shown and discussed in the context of what was learned fru, the 
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studies done in UHV (chapters 3 and 4). Five appendices are included 

~hich cover: A) A classification scheme of the macroscopic and micro- 

scopic role of additives; B) ~hennal desorption theory and practice; 

C) ~e role of sulfur as an addltive/modifier; D) A literature review 

of the use of al'~mlis in catalysis (except for CO hydrogenation, i.e. 

Ompter 5); and E) She use of the PET-Commodore Computer for surface 

science studies. In a~dltlon to our studies on alkali effects, sev@ral 

other papers have recently appeared in the literature on systems related 

to those that we have studied. ~he results of these studies will be 

discussed both in the appropNlate ohapters and in the appendices. 0he 

rest of the introduction will be ~eqot.e~ to. s .~. rizln~ ~he rgs.t~.@s, 

1.3 Alkali monolayers. 

The properties of potassium monolayers on the Ft(lll) crystallogNaphlc 

face were studied by thermal desorption spectroscopy (~DS), low energy 

electron diffraction (LEED), Auger electron spectroscopy (AES), and 

ultraviolet photoelectron spectroscopy CUPS). ~he results were presented 

In Chapter 3. Our results for potassium on platinum were sim~/ar to 

the those of alkali metals on most transitior, metal surfaces: see for 

example the recent studies by lee (1980) and ~oden (1979). Pure 

po~slum azLla~rer8 assume a hexe~onal s~ructure on I~(IiI). Because 

of their size, the alkali atoms are relatively mobile at room temperature, 

and displayed no LEED pattern until near monolayer coverages. Lower 

coverage. LEED structures have been observed by cooling the sample. 

Orlentational reordering of the alkali adlayers, similar to the behavior 

of noble gas overlayers, was observed by LEED, ~,plylng a relative 

insensitivity to substrate potential variations. (~hroughout this 
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thesis, I use the convention that one monolayer of potassium defines 

~I, and Is ~qual to a coverage of 5'4 x 1014 atoms/era 2. ~Lis 

is 36% the atomic density of the Pt(ill) surface. Others define 

saturation monolayer coverage to be SIC aKsat/~ptsat -- 0.3. 

To convert my coverages to this other convention, onecan divide by B.) 

We find frun thermal desorption spectroscopy that potassium 

desorbed with a broad peak, starting at about 300K for monolayer 

coverages, and extending to II00K at low cove~es. ~ corresponds 

to a decrease in heat of adsorption fram 60 kcal/mole to 25 kcal/mole 

as the cove~ge is Increased. ~is change, as with the chsr~e in work 

• function, can be understood by assuming that potassium is-highly ionized 
,- 

at low coverage, but becomes depolarized at hlgh coversge. Toe depolar- 

ization results in a nonlinear drop-off in the work function and the 

eventual attainment of a constant heat of desorption approximate/y 

equal to the heat of sublimation of potassium. 

UPS results on Pt(lll) showed ..t~t potassium overlayers caused a 

decrease in work function (as expected), a sharp drop in emission .Just 

below El, and an  increase in the secondary electron emission yield. 

We also noted the appearance of s~ peak at about 20 eV binding energy, 

below the secondary electron edge, which should not conventionally be 

allowed. ~his feature is interpreted with a model Of localized electro- 

static potentials. 

When oxygen is added to the potassium monolayer, a surface potassium 

oxide is formed. ~%is oxide is qLtite stable compared to a pure potassium 

monolayer, end exhibits a whole series of new LEED patterns. ~he 

stab~lizlng ability of oxygen is probably of importance on real catalyst 
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surfaces as discussed below. 

1.4 Alkali c oadsorption systems. 

In ~apter 4, various coadsorptlon systems are analyzed. ~he 

most important ones are carbon monoxi~-% nitric oxide, and benzene 

with potassium on Pt(lll). ~le effects of potassium on these molecules 

were the most draaatlc of the coadsorptlon systems exsmlned. 

~he bonding of CO to metals involves a donation from the 5s CO 

orbital into the metal, and a back-donation from the metal into the 

2w CO orbltals (Elyholder, 1964). ~he major experimental findings 

for the CO + K + Pt(lll) system can be stmmarized as follo~s: the 
. . . . . . . . . . . . . . . . . .  " . . . . . .  

addition of submonolayer amounts of potasslu, c usl inc~'~ 

the heat of adstoption of CO on Pt(lll) frum 25 kcal/mole for clean 

Pt(lll) to 36 kcal/mole for near monolayer coverages. Associated with 

the increased heat of adsorption was a large decrease in the stretching 

frequency of CO from 2000 em-I bn clean I~(lll) to as low as 1400 

mm -I with 0.6 n~molayer of coadsorbed potassium. At a cor~tant 

potassium coversge, the O0 vibrational frequencies for both linear and 

bridge adsorption sites decreased substantially with decreasing CO 

coverage. On the potassimn-free Pt(lll) surface, GO pr~fe~ed ~o o~cupy 

top adsorption sites, while on the potassium-covered surface, CO adsorbed 

preferentially cn bri~ed sites. ~he ~rk function of the_ Pt(lll) 

surface decreased by about ~ eV upon the adsorption of about one-third 

of a monolayer of potassium, but increased by as much as 1.5 eV when 

CO was coadsorbed. 

When potassium is adsorbed, it donates charge into the surface, 

thereby lowering the work f~ction. ~he changed electronic properties 
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at the surface make it a be~ter electron donor (more basic), which-ln 

turn results in an increase in elect£~on back-donation into the 2, (CO) 

orbitals. ~he increase in 2~ orbital occupancy strengthens the 

metal - carbon bond as not@~ in the ~DS study. It also weakens the 

carbon - oxygen bond, and even leads to the dissociation of CO on most 

other metal surfaces. °(Platln~n, palladium, and the group IB metals 

are notoriously pooi- at dissociating CO.) 

Nitric oxide ~ms studi~d a~an analog to CO. NO adsorbed molecularly 

on the clean Pt( ) Stuff ace,. ' NO dissociated with potassium on the 

surface, but only in an amount proportional to the potassium coverage. 

It was not clear in this study if potassium Interacted directly with 

the NO causing it to be dissociated, or if the interaction ~ms indirect, 

mediated by the substrate, as was the case for CO. ~he dissociation 

products, as monitored by TOS, were N20, N 2, and some form of a surface 

potassium oxide. 

']~_e benzene/potassi~ coadsorption system also showed interesting 

behavior. Upon heating a benzene overlayer ~n clean Pt(lll), some of 

the benzene desorbed intact ~hile the rest decomposed, giving off 

hydrogen and leaving a carbon residue. ~.e benzene  desorption temperature 

was l o ~ r e d  s l ~ d / i c a n t l Y "  by coadsorbed p o t a s s i u m ,  and the  ~ o u n t  of ' - - - - - " - - -  " - 

benzene  which decomposed was dec rea sed .  ~ for benzene ,  a large 

weakening of the .benzene - metal bond was observed, Just the opposite 

of what was observed for CO. 

~he desorptlon (or deccmposltion) tenperature of other molecules 

adsorbed on Pt(lll), such as PF3, C~, CHBCN~ and NH3, remained p~ac- 

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

by a given additive? ~he answer we offer is based on.a qualitative 

molecular orbital analysls. Our hypothesis ls that only those 

molecules wlth energy levels within about 3 eV of the ~rml ene.~j 

(El) can be sJ4~Icautly affected by electronic p.,~motlon in catalysis. 

In the ease of CO (as noted above), the gas phase 2~* CO orbital 

interacts with the metal d-orbltals at the surface, forming a conjugate 

d-2~ orbital l~mg about 2 eV below El. ~:lowering the work functlcn, 

enable more charge to flow lnto the 2~ orbital. ~he conjugate 

.~2, level is "bondlng" between the metal and c-drbon atoms, aid 
-If, fI' 
":'-"anti ~--;~--",,-~, ~.~,~ between the carbon and oxygen: ~r b~zene, on the 

other hand, ~e nearest level to Ef which could be filled by a drop 

* orbital. ~uls orbital is antlbcndlng in work function is .the elg ... 

between the metal and carbon-rlrg. ~hus the idea of potassium causing 

a weak./hE of the benzene-metal bond ls in s~Teement with a qualitative 
& 

molecular orbital analysis. A revle& of the llterat, ure shows that no 

molec-l'ar o-bltal levels exist within 3eV of Ef for mo~ of the other 

moiecules studied. ~he absence of an e:14mtronlc effect therefore Is 
i 

not surprlslr~. 

1.5 CO h~dro~enatlon studies. 

~he effects of alkali mets3 and oxygen additives on Ir~ and 

rher/um folls for CO hydrogenation reactions are pz~sented in (hapter 5. 

Iron showed greater activity and increased selectivity towards hlg~er 

molecular we~ht species as compared to rheniun. ~he addition of 

submonolayer amounts of alkali on both surfaces decreased the overall 

rate of reaction, but caused a selectivity change frun methane towards 
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longer chain hydrocarbons and from alk~es to 81kenes. qhis agrees 

wlth known industrial catalytic behavlor (Anderson, 1956). Oxidation 

usu~ly caused a hi&her selectivity towa~s methane, and a decreased 

rate of carbon build-up, but the overall rate of methanation r~mained 

r@latively constant. ~e In~reased selectivity towards longer chain 

h~ocarbons (~hen potassium is added) is correlated with an increased 

probability for CO dissociative adsorption, as noted In Chapter 4. We 

also suggest that the alkmne to alkene shift, with potassium addition, 

results from a lower heat of adsorption of the alkene, in anslogy 

to the benzene ~DS shifts reported in ~mp~er 4. 

.-? 
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2.1 Apparatus. 

~he experiments described in this thesis have been performed by 

me and various coworkers in four different ultrahigh vacuum chambers. 

Although all chambers had a variety of available techniques, I will 

discuss them accordir~ to their main function: I) the ~DS chamber, 2) 

the HREELS chamber , 3) the photoelectron chamber, and 4) the catalysis 

chamber. She ~DS and catalysis chambers are shown in F~ures 2.1 and 

2.2. ~he ~DS chsmber (base pressure 1 x I0 -I0 torr) was equipped with 

a Physical Electronics (PHI) slngle-pass cylindrical mirror analyzer 

(GMA) for Auger electron spectroscopy (AES), a PHI low energy electron 

diffraction (LEED) optics system, a UTI quadr~pole mass spectrometer 

(QMS) interfaced to a PET-Commodore mlcro-ccmputer for thermal desorp- 

tlon spectroscopy (TDS), and an argon ion sputterir~ gun for sample 

cleaning. ~he design and use of the computer is described in Appendix ~'=::: 

E. Alkali and sulfur guns were also mounted in this chamber as des- 

crlbed below. 

Details of the design of the ~ S  (high resoiution electron 

energy loss spectroscopy) chamber can be found in the thesis of John 

Crowell (PhD, U.C. Berkeley, 1983). ~his chamber was equipped with an 

ion pump providing pressures of 5 x 10 -ll torr, with two levels of 

instrm~ents. ~he upper level contained a retarding field analyzer 

(RFA) for LEED and AES, a UTI QMS for ~DS, an argon ion sputterlng gun 

for s~mple cleaning, and an alkali source. ~he lower level contained 

the HREELS spectrometer. In the results reported here, the resolution 

was typically 85 cm -I FWHM in the elastically scattered peak with 

20,000 counts/s. 
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~he photoelectr~ chamber (ion pumped, I0 -I0 tort) was equipped 

with a QMS, a LEE~ system, an argon ion sputtering gun, ultraviolet 

(UV) and x-ray sources, and a double pass C~A fo~ AES, ultraviolet 

photcelect,~n spectroscopy (UPS), and x-ray photoelectron spectroscopy 

(XPS). ~be data were collected ~d.th the aid of the PET computer. ~he 

catalysis chamber is shown ~=n ~ 2.'2. It was equipped as depicted 

with both standard ORV instruments as well as an internal high pressure 

cell. It conr~).ined a g~I QMS, and PHI double-pass C~A for AES (and 

XPS), an argon ion sputtering gun, and an alkali source. In the high 

pressure mode, the sample (held stationary)was enclosed in a reaction 

cell mounted on stainless steel welded bellows and was opened end 

closed with the aid of a hydraulic piston. ~he pressure in the reactor 

cell ~s normally held near twc atmospheres in the studies reported 

here (although it could be pressurized up to 20 atmospheres). Gaseous 

reaction products ~re injected into a gas chromatograph from a sampllns 

valve connected to the hlgh pressure loop. 

2.2 Methods. 

~e most common tecbr.lque used in my studies ~as thermal desorption 

spectroscopy (~DS). Appendix B is devoted to a detailed description of 

the theory and practice of ~DS; only a brief account is offered here. 

In the thermal desorptlon experiment, one simply heats the sample and 

mcrLitors the desorblng species by some technique (usually mass spectro- 

soop7) as a funotlcn of time or of  temperature. ~ monito~J~; the 

te,perature of the maximum rate of desorption one can get some idea of 

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

adsorbate molecule or a substrate atom. ~he most common experiment 
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reported in my thesis ~volved the predepositicn of a small amount of 

pctasslum on a metal surface, and then noting how the desorptlon o# a 

small molecular adsorbate such as CO or benzene was changed by the 

presence of potassium (see Chapter 4). l,~st of the discussion in 

~apters 3 and 4 can be understood with this simplified description of 

the thermal desorption experiment, but the interested reader is referred 

to Appendix B for a more cunplete trea~enc. 

Auger electron spectroscopy (AES) has now become a standar~ -technique 

to monitor the atuaic cunposition of s£u-faces (Ertl, 1974). ~he Auger 

experiment (usually) involves a four elect.r~, process. First a ~ ..... 

energy electron beam (1-2 EeV)is directed onto the surface. One of 

the several path~ys for de-excitation involves the emission :of a core 

electrcn of a surface (or near surface) atom (Flgure 2.3a). ~he res~Iting~- 
, t .v ' .  , 

excited a~m w i l l  ~ . l y  relax by having an outer she l l  e lectron f a l l  

i n to  the core hole, In order t o  conserve energy, the atam must release 

energy as the electron falls into the core. ~o processes can now 

occur: either an x-r~v photon is 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 ~he energy of this Auger 

electron is determined by its original level in the atom as well as the 

levels of the electron which dropped into the core hole, it is independent 

of the exciting electr~ (or x-ray) sr~ characteristic only of the 

atom. ~e Auger transitions are relatively s~rp in energy (a few eV) 

and can be readily extracted from the large "seconding, electron" back- 

grotmd emission by taking the derivative spectrum (using a standsrd 

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



-16-  

AUGER ELECTRON EM~SION 

A 
w 

A , 
v 

- -  L~: 

LZ 

K i 
w 

_ . i  dlk ~ 

i I 
w w 

A O - -  W 

I 
i 

l 
v 

(o1 EXCITATION (b) ELECTRON EMISSION 

"(3 

;E 
"13 

. m  
(/) 
E: 

( -  
m 

I L  

~D 
131 

IO0 

8 0  

60  

4 0  

20  

0 

m 

5O 

B 

$ 
m 

(C) 

i i I i I I 

0 " 

\ - 
K' ; . 

i I I !,, ,  ! ~ ,  
mo 250 350 450 550 650 750 

E L E C T R O N  E N E R G Y  ( e V )  
XBL 833-8537A 

n&~re 2.3 (a) and (b), the Auger Emission Process. (c) Au 

Auger spectrum of a promoted iron foil sample. 



-17- 

Auger spectrum of an iron sample promoted With potassium. F~ny of the 

Auger electrons have a kinetic energy of 50-1000 eV. Although the 

b_Igh energy, electron beam penetrates 50-100 angstroms into the solid, 

the relatlvely short mean free path of the analyzed electrons (5-~j A) 

in a solid will ensure that the only electrons that reach the detector 

are those which have been emitted fr~n the near surface rmEicn. In 

fact, by varying the iueidence and collection angles one can roughly 

determine the relative concentration of species not only at the surface 

but Just below it (5-10 A). (hanges in Auger reak shape and position 

can also occur due to the chemical environment, as noted for carbon in 

F~mre 5.B. 

Low energy electron dlffvaction (LEED) is another, now standard, 

technique for single q~stal surface analysis which has been reEalarly 

used in this ~rk. In the LEED experiment, a monochrmmatic beam of 

electrons is directed onto a flat, single crystal surface. Some of 

the electrons are hack scattered and can be detected by any number of 

techniques, IncludinE a fluorescent screen. Due to their wave character, 

some ef the back-scattered electrons will be diffracted and will appear 

as spots on the screen. ~he dlffractlcn pattern gives a reciprocal 

space representation of the two dimensional surface periodicity. ~he 

(111) crystallographic face of an fcc crystal will give a hexagonal 

diffraction pattern. If CO is then adsorbed on the surface such that 

one CO molecule is adsorbed on every second substrate atom, then new 

spots forming a (2 x 2)overlayer pattern will be observed by LEED. 

In addltion to the two dimensional periodicity of the surface, sane 

three d~mensionsl information can be determined from an analysis of 

S 
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the LEED spot intensities. Since electrons of 50-500 eV can ~r~etrate 

the first 2-3 layers of the surface, the intensity of the scattered 

electron besms depeads on their energy (wavelength). An analysis of 

the LEED spot intensities versus electron energy can thus be used to 

give information about distances normal to the surface, even for adsorb- 

ares. ~is struetmml information is an invaluable counte~rt to the 

electronic and thermodyr~ic information given by other techniques. 

Fnotcelectron spectroscopy is the most useful method for lean~Ing 

about electronic propertles of surfaces. A monochromatic beam of 

photons (x-rays or ultravlolet) is focussed onto the sample and the 

energies of the emitted electrons are analyzed. XPS studies of core 

level elect~m~s yield information about the chemical state of the 

surface atams. UPS probes the valence levels at the surface yielding 

both the band structur~ of the substrate and the position of the valance 

orbital levels of any adsorbate. 

High resolution electron energy loss spectroscopy (HRE~LS) has 

been used to determine the vibrational structure of adsorbates. A 

complete description of the spectrmmeter, theory, and practice of ~X~ELS 

can be found in Ibach (1982), A shorter description, as well as an in 

depth analysis of the HHEELS spectra used in this study, can be fo~ud 

in the thesis of my coworkmr John Crowell (FAD, U.C. Perkeley, 1983). 

Briefly, the HRE~LS experlm~ut involves scattering a monochrmmatic 

tm~n of low energy electrons (- 5 eV) from a sample and detectirg 

the intensity of the scattered electr~ms as a function of energy. 

scannlng from 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 det~ted than 

ones parallel to it. ! 

The h~gh pressure cell shown in Figure 2.2 was used for all catalysis 

experiments (Cabrera, 1982b). ~his design enables the user to determine 
J 

the surface ccmposltion and structure both before and following a high 

pressure exposure such as would occur in a catalytic reaction. Followir~ 

sample preparation (see below), the high pressure chsmber ~as closed 

an~ h~gh purity gases were introduced. A circulation pump was used 

to provide a closed loop circulation rate of about 200 ml/min with a 

total volume of ~00 ml in the chamber. If the gases were introduced 

sequentially, the self-mlxlng of the circulation systam ~ms such that 

the Eases were completely mixed wlthin several minutes. During operation 

the pressure in the UHV chamber would rise to 10-8-10-7 tort (depending on 

the age of the gasket). ~he leak enabled us to monitor, by mass spectro- 

scopy, the concentration of the major gaseous components in the high 

pressure ahsmber. 

A Hewlett Packard HP 5720A gas chromatograph was connected to the 

catalysis loop throu~J a gas ssmpling mechanic. Gases could also be 

injected into the column through a standard injection system. Gaseous 

catalysis products were separated on Chranosorb 102, 103 and Pormpak PS 
I 

coltm~us, and were then detected using a ~isme ionization detector 

(FID). ~he FID signal was amplified and sent to a '~Inigrator" to 

determine retention time and peak areas, 

2.3 Sample preparation~ 

Platinum, rhenium, iron, and palladium single crystals were used 
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in this work, as well as a series of t°?:~nsitlon metal foils. Four 

different platinum crystals (99.998~ purity) were used at various 

stages. ~he other crystals were of unknown purity. All were cut and 

polished using standard techniques, and cheekmd for orientation by 

Laue x-ray hack-diffraction. Most of the smmples ( - I mr 2) were mounted 

on platinum, tantalum, or palladium wire (0.015 - 0.030" diameter), 

although other methods of mounting were used. Peating was accomplished 

by passing a current of up to 50 emps through the sample. To ensure 

even heating, the sample shape and support ler~th had to be varied. ~he 

temperature of the ssmple was measured by a 5 roll wire thermocouple 

(Pt-Pt/Hh or chrcmel-slumel). ~he ~DS chsmber "msnlpulator was also 

equipped with a liquid nitrogen cooling system. Liquid nitrogen was 

usually pulled, by an external vacuum through a tube to an electrically 

isolated reservoir located 5-10 en from the sample. Copper braids were 

then connected frcm the reservoirs to the ssmple support rods on the 

manipulator. Us method of cooling was reasonably efficlent,~ allowing 

a base temperature of near 10OK, but was limited by the necessity of 

the somewhat lengthy copper braid needed to permit movement of the "off 

axis" manipulator. Other less effective methods of cooling were used 

on the other chambers. Figure 2.4 shows the maniv~,lator design. 

Initial cleaning of all ssmples involved repeated cycles of argon 

ion sputtering and annealing. Sputterlr~ removed all of the major 

impurities which segregated to the surface, such as Si, Ca, O, Mg, S, 

snd P. Residual carbon ~ms removed with the aid of medium temperature 

(50O-800K) oxygen treatment, and the resultant oxygen ~ms removed 

either by flashing to an appropriate temperature., or reducing in hydrogen. 
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~he most troublesome impurities for platinum were Ca and Si. ~helr 

removal was most easily accomplished by sputtering the surface at a 

temperature between 800-1200K. 

To'clean impurities, It Is helpful to find conditions where the 

impurity is selectively drawn to the surface and sputtered away. ~h.e 

enthalpy of mixing term for the crystal dictates that ;at equlilbri~n 
7, 

sane impurltles should form a separate phase, perhaps I ordered alloy 

or compound at the surface. ~he entropy term, which daninates at high 

temperature, forces the system to mlx as randomly as possible (i.e. ~ : 

not to segregate to the surface). ~hese are the two thermodynamic 

terms contributing to the free energy of the system. ~us, if one 

wants impurities to be at the surface, presumably to be bombarded off, 

the sample should be relatively cool. An equally important factor is 

kinetics. If the sample is cool the impurities will not be mobile 

enough to segregate to the surface; the system will be in a metastable 

equilibrium. If possible, the most desirable situation is to find a 

temperature where the impurity Is relatively mobile, yet not so high a 

temperature that the entropy term (causing equal mixing) dominates over 

~e enthalpy (of segregation) ten~. At this temperature, the surface 
I 

wlll have a high concentration of impurities "which can be contluually 

bembsrded. Of course, for same impurities, such a dynamic equilibrium 

cannot be attained, and on, must f~id other methods of sample cleaning. 

Final eleanllness of metal samples can be determined by most UHV tech- 
l 

nlques, including AES, LEEO, XPS, HRm~KZ, SB~S, etc. AES, however, Is 

most common. 
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Several different methods of dosing (wlth potassium, sulfur, and 

gaseous molecules) have been used in this work. Potassium was usually 

deposited ~th an "SAES Getters" sourae mounted 3-5 cm frum the ssmple 

surface. ~is source consisted of ~'~po~ered mixture of'potassil~ chromate 

and a zirconium-aluminum getter, enclosed in a tantalum "boat" (Sa~S). 

passing a current through the bo~t to heat it. the chrunate decomposes, 

giving off potassium and oxygen. ~he potassium m~rates through the 

powder and is emitted through a slit, while the oxygen reacts with the 

Zr-AI getter. Initally H2, 02, H20 , 002, and CO are emitted, but after 

a sufficient induction period, mos'C s6urces beccme pure. ~he behavlor 

of pure alkali metal monolayers differs markedly frun t~at'of alkali 

oxides in LEED, ~DS, and UPS behavior. Fsn.ce a source which outgasses 

is highly undesirable. 

other types of alkali sources were tried. First, zeolite guns 

were used which give off potassium ions, but also (unfortunately) a 

fair smount of 02, H20 , and 002. ~hese gases readily reacted with 

potassium on the surface to form stable potassium suhoxides. Pure 

potassium was also tried as a source. Potassium, packed in glass trader 

argon, ~ms inserted into a copper tube which ~as connected to vacuum 

through a small valve. ~ breaking the glass Inside vacuum, pumping 

off the argon, and then h_~ating the copper tube, potassium would ~mporiz4 

and travel through the small collimating tube to hit the sample. ~Is 

method was reasonably successful, but required a dlffe.-entially pumped 

ante-chmmber. 

Sul fur  was depos~tecl by three d i f fe ren t  techniques. ~he Ibest, 
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altho'~gh most difficult, technique involved an electrochemical cell. 

Details of this gun, also useful for halogen deposition, are available 

in the literature (Wagner, 1953). Briefly, the cell, Ag/AEI/AE2S/Pt , 

could be heated while a cL~rent was passed through it causing silver to 

migrate and be reduced, giving off S 2. A second method of sulfur 

deposition was to introduce H2S into the chamber. ~is method is 

often used by others, but the maximum sulfur coverage usually cannot 

exceed 0.5 monolayers, and one must contend with H2S being deposited 

throughout the chamber. Multilayer deposition is facile using the 

electrochemical cell technique. A final, r~ther crude, technique for 

putting sulfur on the sm~ace was used for iron and rhenium. A new 

crystal or foil, was heated to a high tanperature, which upon cool~g 

~uld allow bulk sulfur impurity to segregate to the surface. 

Molecular gas dosing was accomplished in most cases by opening a 

leak valve frcm the gas manifold into a .25" stainless steel tube (in 

vacuum). ~he open end of the tube %~s positioned to within I-2 cm of 

the smmple, allowing local pressures at the smnple to be up to an 

order of magnitude greater than the rest of the chamber. Exposures 

w~re calibrated frmm various sources including ionization gauge, 

thermal desorption, LEHD and Auger behavior, as well as M1own sticking 

coefficients. 

2.5 Overview of techniques to study p~cmoter effects in catal~sis. 

In giving an overview of the techniques used to study promoter 

effects and catalysis, it is useful to divide these topics first into 

the more classical, hlgh pressure methods, and then the modern ultrahigh 

vacuum "surface science" tools. ~his choice is not rigorous. In 
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fact, some of the most info~natIve approaches go beyond this distinction 

and enable the researcher to study the sample under hlgh pressure 

conditions while still obtaining atomic level infomx~tion. New "in 

situ" techniques using neutrons, EXAFS, Bsman, ~IR, and ~R probes 

will be surveyed following a brief discussion of the classical and 

modern ~ methods. ~here are several papers and books which give a 

much more complete description of the tecbJtlques used to study catalysts 

and their reactivity (~hcmas, 1980; ScmorJ~sd, 1981). 

2.5.1 Classical Techniques. 

For the most par-t the techniques originally used in catalysis did 

not monitor the surface. ~he early researchers were mainly interested 

in results: if an element or ccmpot~d worked for catalyzing a given 

reaction, it would be used until a better one was fo~d. Although 

performance under actual conditions is the best Judge of a catalyst, 

this method of analysis does not neces~ily lead to a rational way of 

predicting or dezi~ new ones, A knowle~e of chemical bondlng and 

reaction behavior of certaln elements can, however, be ~ed in the 

proces.~ of desi~ catalysts, even in the absence of microscopic 

analysis (see Trlmm 1980, for the best example of this). 

~he classical method involves running a reaction in a small batch 

or iflow reactor and analyzing product yields and distributions as a 

function of variables such as time, pressure, and temperature. For this 

process, one of the most important quantities used to characterize the 

catalyst is the surface area. ~he various adsorption isotherm methods 

(such as gET) help in determining the total surface area as well as 

pore size and structure of a given catalyst support material. 
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~his is a necessary first step since a measure of reaction rates requires 

a knowledge of the numbe.~ of surfa~. (or active) sites on the caZalyst~ 

Once the number of active sites on a catalyst is known, a reaction can 

be run, and rates and selectivities determined, lu bench-scale reac- 

tions, chr~matogr~aphie methods (both G.C. and H.P.L.C.) have proven 

most useful in determining product yields and distributions, while an 

array of spectroscopic methods including IR, ~, UV, and mass spectro- 

met~ have helped In the analysis of the various products. O~ course 

under actual industNlal cond~'tions other methods of product separati~ 

such as fracti~rl distillation, are required. In fact, sometimes the 

product separation and purification stages are more costly than the 

catalytic reaction s~ep i t s e l f .  

To a first approximation, the rate of a reactic~ (-tiN/tit) may be 

expressed as: 

-~N/dt = f(e) ~e-E~2r 

monito~L-~ the reaction rates at various ~emperatures, the activation 

energy Ea, for the reaction may be derived from. an Arnhenius @xpression. 

If the surface area is also ~no~n, then the preexponential fab tor, ~, 

m~y be deten~Lned. Fir~lly, by chan~ the partial pre~s'.u~es of the 

cu,ponents, the reaction order, f(e), can be determined. Pressure 

dependence studies can, in principle, also give information an the 

nature of the reaction mechanism. However, these methods do not 

Eive direct informat-lcn about the microscopic dynamics of the systems, 

consequently, the 8ssig~mer~ of a reacti~ mechanism and determination 

of intermediates is difficult. ~hlS is especially true for heterogeneous 

multicomponent-multiphase catalysts. ~hls is precisely the point at 
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~hi~h the more modern surface science techniques attempt to prove a 

certain proposed mechanism, or suggest another. 

Another classical ~echnique ~hlch has often been used to elucidata 

mechanisms is isotopic labelling. P~ee, the results imply tha~ c e r t a i n  

reactions could or could not have o-curad, and have led to the discounting 

of proposed pathm~s. For example, A~aki (1976) and o~he~s showed that 

the enoi-~ute.-aediate mechanism for Flsche~-Tropsch reactions was not 

correcl;. 

2.5.2 Modern Ultrahi~h Vacuum Techniques. 

A qualitative cban~e in our knowledge of prmno~er effects, and 

catalysis in general, %~s enabled by the development of the ultrahigh 

vacuum (VAV) surface science techniques (S~uol-Jai, 1981). ~he main 

advantage of ~ese methods is that they allow a quantitative deter- 

ruination of surface ccmditions. Since particles (of moderate energy 

<I EeV) have very short mean free paths ~n solids, this makes many of 

the URV spectroscoples appropriate for the study of only the outer 2 

or 3 layers of a surface. 

We are now able to obtain surface composition (SIMS, XPS, AES), 

surface structure (~, KXAFS)~ elect~mio structure (UPS,)~S), 

vibrational frequencies (~S),etc. ~hus, we can now solve simple 

problems such as detet~ vahat is the stable configuration of CO or 

N 2 Qn a surface or how an additive such as sulfur or potassium will 

affect the dissociation probability of NO. ~hus, atomic level cat~ly~ic 

infom,ation is now available for a large variety of systems, a few of 

~hlch are discussed in this thesis. 

~he major disadvantages of these techniques is that they require 

\ 
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D~V conditions, and they are usually static, mean~ that one c~ly 

observes stable surface species. A knowledge of stable surface ~pecies 

is ~portant, but an ~derstanding of the microscopic reaction dyn~nics 

of short-lived reactive intermediates is still missing. As for the 

extremely low pressure r~qulre~ent, the objection is often raised that 

these co~ditlens are ~oo f~r r~nowed from actual catalytic conditions 

to be of any use in ~derstanding catalysis. ~he art is in knowing 

:when and how one can use information learned from URV experiments to 

understand high pressure systems. A pressure increase of 12 orders of 

ms,rude ~Ii certainly manifest itself in more rapid rates of exchange 

of surface species. It ~ also assure that the surface is c~pletely 

covered with 8dsorbates at all times. BAt, in most cases the chemlsorption 

bond itself should not charge much. ~ has been demonstrated for cases 

such as CO chemlsorption ~ere high pressure ~ studies show similsr 

CO vibrational frequencies as are seen by ~ at I0 -I0 tot- on 

single crystals. 

2.5.3 Modern "in sltu" Probes. 

Several new in sltu t~chniques are now beir~ "~sed to study catalysts 

t~der actual catalytic ccndltlons. 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 spectrun is measured as a function of photon energy. 

the photon energ~ becomes equal to the ior_ization energy of a 

core electron, the absorptic~ curve exhibits a sharp maximum. In the 

ener~v region sl~htly greater than the maximum absorption, usually 

called the absorption edge, a series of oscillations occur due to 
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interference as the.photon scatters off atoms nelg~orir~ .the original 

absorbing atom. ~.ese interference oscillations give information on 

the InteratQmlc distances, the coordination number, and the Debye-Waller 

factor (Joyner, i n ' ~ ,  1980). 

Neutron scattering spectroscopy can also be used to give informatlon 

on crystallographic structure, as well as on surface dynamics. ~%is 

technique has the ~dded advantsge that neutrons can penetrate the 

stainless steel walls of hlg~h pressure, catalyst chambers. Of particular 

relevance to the s:tudy of additives, both neutron scattering and EXAFS 

can determine if the additive forms a separate phase, or is incorporated 

as an impurity (91r alloy) into the i~tive metal component of the catalyst. 

Mmssbauer ~id conversion electron Mossbauer spectroscopy ha~e also 

been used recent!ly for iron catalyst 'characterization (W. Jones, in 
:. 

~hcmas, 1980). Mossbauer spectroscopy ~ normally bulk-sensitive, but 

the use of I~ surface area catalysts and the conversion electron 

process enable characterizatinn of the surface and near surface, and 

even adsorbate properties. ". : 

Recent developements in lasers and computers have made Ramsn and 
I 

infrared s~ctroscopy much more attractive for surface scientists. 

For many cases, these methods can b,= used under both~.~:and hlgh 
: , !~ ~ - ,  , . . :  -. 

pressure conditions. ~he information they give about ~e vlbratlorial 

frequencies and certain electronic transitions of adsorbed sp_~cies 

is of~en useful in the study of catalysis. Both can now be.. .used t o  .. 

study small area single crystmls as well as high surface a r e z  supported 

catalysts (Tn~s~ 1980). 

lastly, nuclear m~hetic resonance (,~.~) isnow bec~nlng.more 



-3O- 

popular for catalysis studies. ~xis technique is well suited for "in 

situ" studies which have H, Li, C13, AI, Si, or other ele~.ents with 

appropriate nuclear m~gnetic properties. One disadvantage is that 

ssmples 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 

NMR including studies on the effects that different supports have on 

the electronic properties of small supported metal clusters, as well 

as the changes in electzm~ic structure that follow a change in cluster 

size (De Menomml, 1981). ~R can also be used to give information 

about atomic distances (positions). 
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S.l The Work Pm~ction. 

~he study of the alkali metal mauolayers deposited on transition 

metal surfaces has proven to be one of the most intriguing subjects 

studied by surface scientists since the early work of LanSmulr (1923, 

1925, and 1933). ~he most noticeable change observ~d upon alkali 

adsorption is the large drop in work function of the metal surface. 

~he work functlcn of a metal can be defined as the minimum smount 

of energy needed to remove an electron from a surface (Hol~, 1979; 

Ertl, 1974), see Flgure 3.1a. It is analogous to the ionization poten- 

tial of an atom or molecule, cne can divide the ~ork function of a 

metal surface into two components: 

= -.le + A$1p Eqn. 3.1 

~here ~ is the chemical potentls3, and ASEp, the surface dipole term, 

Is the difference in electrostatic potential between the inside of a 

crystal and the region -10-4cm outside the surface. 
o~ 

~he chemical potentisl of an electron in a transition metal should 

~stsy practically constant when any adsorbate, such as an alkali metal 

is put on the metal surface.. But the second term, ASEp will change. 

For alkali metal adsorpt.~.en, it is the large chsnge in the surface 

dipole term that causes the drop in ~rk function. ~he surface dipole 

term can be readily u~derstood by examining Flgures 3.1b, c, and d. 

Inside the metal, all the ion cores are surrounded by an essentially 

s2mmetric electron gas. At the surface, however, the electrea orbltals 

extend into the vacuum beyond the ion cores of the atuns such that the 
a 

electrcn distribution at the surface is asymmetric, see Fisure 3.1b. 
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Because some of the charge extends i~to the vacuum, an electrostatic 

dipole field is created at the surface, ACr~(Intrlnslc). It can be 

modeled in a slmpllfied sense by a parallel plate capacitor (Figure 

B.Ic). P~re, an electron in reglon A or C will experience no net field 

from the charges on the plates because they cancel each other, but in 

region B, the electrun will be accelerated towards the positive plate, 

l.e., to~m~ds the metal. ~his is cor~idered the intrinsic crmponent of 

the dipole ten~. 

If we now place an adsorbate on the surface, which, upon adsorption, 

results in charge transfer either to, or from, the surface, we might 

expect a ~ in the dipole fleld strength. For alkall metal atoms 

we expect that the alkali metal will donate charge readily lnto the 

surface since its ionization energy (and electroneg~tivity) is low 

compared to that of transition metals. Although some electron density 

will always extend beyond the alkali Ion cores, a new ccmponent to the 

dipole field Is created, ACEp(extrlnslc), at the surface upon alkali 

adsorption as represented in FIsure 3.1d. ~he work Ikmctic~ of the 

st~Tace will then decrease. (See ~hustorovich, 1982, for a theoretical 

dlscusslon on some of these points). 

In Figure 3.2 we show a typical plot of ¢ versus alkali coverage 

on a metal surface (Fehrs, 1971). ~he initial slope of the curve 

yields the dipole field strength caused by alkali atoms and Is given by 

the Helmboltz equation: 

a¢ = 4w~N F~n 3.2 

where . l s  t h e  dipole mcment, and N Is t h e  coverage .  
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~e figure also shows the decreasing ability of an alkali atom to lower 

the work function with increasing coverage. ~hls is attributable to 

depolarization effects within the alkali monolayer, and can be roughly 

approximated by the Topping formula (1929): 

¢ = 4~N/(I + 9~(N)B/2) Eqn 3.3 

w~ere a is the polarizability. 

At low coverage, each all~li atom can be significantly ic~ized 

(polarized) without being ir~luenced by neighboring ~kali/image dipoles. 

~t, at higher coverages, repulsion between the dipoles becomes important. 

It is important to notice that the work function does not drop m~iformly 

from the value of the trar~ition metal to that of the alkali metal, 

but goes below both values at submonolayer coverages. 8his clearly 

shows that the extrinsic surface dipole component (F~ 3.1d) between 

potassium and its Imsge is essential for tmderstanding the total ~ork 

ft~cti~. If ACEp(extrinsic) did not exist, the minimum shottld not 

have appeared. ~he importance of the drop in work function for catalysis 

will be~e more obvious in the (~uapter ~ ~ere the cosdsorpti~ of 

alkali atoms with small molecules is discussed. 

m 
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3.2 Pure Alkali Monol~ers. 

3.2.1 Thermodynamics: AES and ~DS be~v±pr. 

~e potassium Auge~ signal intensity is plotted agadnst deposition 

time on the Pt(lll) 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. ~he 

height of the maximum was determined by both the temperature of the 

crystal and the potasslum flux to the surface. At 350 K with a potassium 

flux of about 0.2 monolayers/mln, the potassium adsorption p.roceeded 

until the potassium Auger sigrm/was about one half the maximum intensity 

from a cooled pure potassium multilayer. ~he growth of m'altilayer 

potassi~n deposits is not observed at these temperatures. Figure 3.4 

shows the AES uptake curve with the sample held at 270 K. Fere, multi- 

layer adsorption is eccuring. ~he periodic fluetuatlon in the curve 

may be the result of clustering; a critical coverage is reached which 

then clusters in a periodic fashion (Gillet, 1980). 

Platinum crystal surfaces cooled well below room temperature 

showed smoother Auger uptake curves (Figure 3.5). ~here were slight 

breaks at the positions corresponding to the first and second layers 

and these were confirmed by ~DS and LEED experiments (see below). ~he 

deposition is shown in ~ 3.5 as the ratio between the K 252 eV 
i 

and the Pt 64 eV Auger peak halghts, wi~% the crystal held at 250 E. 

~he first break occurred ~hem the K(252 eV)/P~(64 eV) peak ratio was 

1.1 (as monitored by our PHI single pass CMA). ~his was also the 

coverage at which the most densely packed potassium monolayer LF/D 

pattern was visible (see below). We therefore define this potassium 
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coverage (eE=l) to be one monolayer; as will be shown below, this 

corresponds to 5.4 x 1014 K atoms/re, 2, or 36% of the surface atomic 

density of the substrate Pt(lll) face. ~he large difference between 

the potassium and platinum ~Jrface density is due to the much larger 

radius of metallic potassium. 

~he results for the thermal desorption of potassium frcm the Pt(lll) 

surface are shown in Figure 3.6. At coverages of less than 0.I mcnolayer, 

the potassium binds tightly to the surface, desorblng at about I000 K. 

As the coverage is ~creased, the temperattu-e at which the desorption 

rate is at a maximum decreases continuously, and at one monolayer the 

de sorption temperature is at 400 K. We believe t2mt this shift is due 

t o  repulsiv~ lateral interactions between the (slightly Ic~:ized) potassium 

atams that weakens ~he4__ - bends with the platinum surface. 3hls is 

similar to the behavior of alkali atoms cm other transiticm metal 

surfaces (Gerlach, 1969; Lee, 1981; Brcden, 1980). Assuming first 

order desorpticm kinetics and a preexponential factor of I x 1013 s -I 

that ~muld be characteristic of a mobile atcmic overlayer (ScmorJai, 

1981), the variation of the desorpticn temperature peak with increasing 

coverage corresponds to shlfts in the heat of desorption from 60 to 25 

kcal/mole. ~he heat of desorption of petassi~, as a fuacticn of coverage 

calculated from the ~DS spectra is shown in Figure 3.7. If other 

preexponential factors are assumed or derived, the magnitmde of aNad s 

will change, but it will still exhibit the same general trend as a 

function of potassium coverage. 3he large variaticm in binding energy 

with cove~a~m of alkali metals adsorbed on transition metals has been 

observed by others. For example, Gerlach (1969) showed that the heat 
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of desocption of potassium on Ni(llO) drops from 58 to 28 kcal/mole as 

the potassium coverage is increased from near zero to 0.5 monolayers. 

All of the models that were proposed to explain this behavior assumed 

that the decrease in heat of desorption was due to the depolarization 

of the stu-face dipoles at high coverages. 

Another way to explain the binding energy shift is to consider an 

alkali atum adsorption potential with two terms: 

A~Is~s " ~sub + P(e) E ln. 3.4 

Here AHsu b is the heat of sublimation of pure potassium (-20 

kcal/mole), ~tle P(9) is a coverage dependent term, related to 

the Topplng formula (1927), that includes the ionic character of the 

adsorbed potassium. ~he surface dipoles wo~Id not affect one another 

at low coverages and P(e) ~uld ass~e a high vslue. At 

coverages, the dipoles would.have a significant depolarizir~ effect 

c~ c~e another, decreasing P(e) and therefore ~ads (see 

3.7). 

3.2.2 Structtu-e: LEED studies. 

Another interesting feature of alksll adatcms is their spatial 

Position on the surface of transition metals. At low c~#ersges and 

tmperatures the stable configuration for a surface alkali atom is 

a three or four fold site (Hntchins, 1976; Van Hove, 1976). ~his 

permits maximum coordination which is energetically favorable if the 

partially ionized alkali atom is to be well screened. 

As the coverage increases, ~he alkali becomes slightly less ionized 

ar~S 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 atoms 

(still partially ionized), the alkali may leave its h~4~h ~oordination 

three and four fold site to maximize its distance from other atoms. 

~is can be easily verified by LEED - see below, Fedorus (1970'), or 

Serlaeh (1969 and 1970). 

In Figures 3.8~-d we show the progression of ~ patterns obtained 

from the pure potassium overlayers as the covermge is decreased (by 

thermal desorption). ~he pattern in Figure 3.8a was obta~led after 
: 

depositing a monolayer of potassium. For multilayer coverages the 

patterns became more diffuse. 

~he lnner spots of the LEED pattern of Fig. 3.8a are indicative of 

an incc,mensurate hexagopaily close packed surface structure. Assuming 

one potassium atom per tin_It cell, the potassium overlayer is calculated 

to have a surface density of 5.4xi014 atoms cm2 , in agreement 

with results found on other surfaces (Lee, 1981). Others define the 

overiayer coverag~e as the atomic density of the'~adlayer divided by the 

subs trate surface density; in our case, the covergge ~dth respect to 
..o.: 

the surface .~ensity of the Pt(lll) substrate woul~o be 0.36. 

~'cm the LEED pattern we see that the overlaye~ structure has its 

axes aligned with the substrate but wi~ an Interat~ic spac!ng~ of 
u 

4.6±0.I~, 66% greater than that of the platinum Inte~tcmlc distance 

(2.78~), and slightly smaller than the known metallic potassium 

Interatcmic distance (4.70A). ~le real space transforma£1on matrix 

for this structure is (1'66 10.66). 

As the coverage is decreased by desorption, orientational reor- 
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dering of the overlayer occured. At first, ring-like patterns appeared. 

Upon desorption, the rirg transformed into well defined spot pairs, 

(Figure B.Sb and c) each pair being split about the (1/3, 1/3) spot 

position. After further desorption (by annealing the crystal to ~00 K 

and cooling), the split pairs eventually coalesced into the (1/3, 1/3) 

spot positions, producing a (43 x43)R30 ° surface structure (Figure 

3.8d), at fliC 0.9. Lower coverages only resulted in the the loss of 

the (43 x43)R30 ° surface structure and in the appearance of higher 

background intensity. It should be noted that the ordering behavior of 

the potassium monolayer c~ Pt(lll) is very similar both to weakly 

adsorbed noble gases on metal and graphite surfaces as predicted by 

Novaco and McTsgue (1977), and to the ordering behavior of halogen 

monolayers on metals (Bardi, 1980). In many of these studies, the 

adlayers were found to have hexagonal symmetry at a coverage of one 

monolayer, regardless of the substrate s~nmetry. 

Frar. the thermal desorptlon results which indicate a higher degree 

of polarlzatlcn at low coversges, we ~uld also expect lateral interactions 

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

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

unless we use liquid nitrogen cooling. ~hat these lower coverage, 

ordered structures were not seen with the crystal held above 250 K is 

probably due to a two dimensional liquid-like mobillty of the potassium 

overlayer in this temperature and coverage region. 



3.2.3 Electronic properties: UPS studies. 

In ult~raviolet photoelectron spectroscopy (UPS), valence electrons 

are emitted from atoms and molecules and are energy analyzed by an 

appropriate electron spectrometer. ~hen studying solid ~x~faces, UPS 

can give information about the band structure of the suhstrate, the 

orbital energy levels of adsorbates, and the work function (see figure 

3.9). ~he Einstein relation determines the energy of the enitted 

electrccs: 

IEbl +¢+Ek (where E b = Emeasured- Ef) F~n. 3.5 

~he work function (¢) is usually determined by subtracting the width 

(E w) of the emission spectrum frum the photon energy. ~he electrons 

emitted with the highest kinetic energy (E k) cune from the Fermi level 

(El), while the less enerEetie electrons are those emitted from states 

with a "h her" binding energy (E b) . 

~he d-baud in transition metals is usually located within 8 eV of 

Ef. Emission below the d-band comes frun either the broad s-p band, an 

adsorbate level, or emission from "secondary electr~us" (those resulting 

fru, multipSe scatte~!ng de-excitation processes). She secundary 

electron edge (~EE) is usually 2-3 eV wide and its position is determined 

by drawing a line tangent to the inflectic~ point and notL~ where it 

luterSeets the baseline (see Figure 3.9). 
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~he experiments were performed in the photoanission chamber (see 

Chapter 2). In Figure 3.10 we show the UPS spectra obtained for potas- 

siun on Pt(lll) as a function of potsssiun coverage. (~hese spectra 

are not drawn to scale; the secondary electron yield becunes very 

large at high potassium coverage.) Several features should be noted. 

First, there is a sharp drop in electron emission at El. Shls drop 

is observed for most adsorbates on Pt(lll), as well as an other metals, 

and is attributed to an interaction between the surface d-band and the 

adsorbate. Two other features observed upon alkali adsorption are an 

increase in the total secondary electron yield and an Increase in the 

width (Ef - ESEE) of the spectrum. ~cis is expected since a drop in 

the work function should permit more secondary electrcr~ to be emitted, 

since the barrier they must pass thraug~h is lowered~ Figure 3.II shows 

the work function vs. potassium AES signal (coverage). She curve did 

not bend back up in this case (Figure 3.2) since only low coverage data 

was obtained. 

A fourth observation is the appearance of a peak at about 19 eV, 

see. Figure 3.10. ~he peak shifts as it should with a change in sample 

bias, conflrmlr~ that it cames from the sample, not frum the spectruneter 

or else~.&ere. ~hls peak. can be attributed to the K(3p) level, as noted 

in He(ll) studies (Broden, 1979; Plrug, 1982). ~hat is interesting is 

not that it exists, but rather that it appears before the SEE reaches 

it. Figure 3.12 shows that it does not appear for very low potassium 

coversges, but only after a threshold coverage is reached. ~he peak 

moves closer to the Fermi level with increasing coverage. ~hls shift 

in position can be explained by an increase in final state screening, 
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Work function vs e K on Pt (111) 
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~e peak has also been observed by Pirug et al (1982). ~heir 

explanation is that it results from the He(I) transition at h~ - 23.1 eV. 

8rgument, however, is not correct since a higher energy photon 

will shift the spectrum to hlgher kinetic energy. A new Fermi edge 

would appear at 1.9eV higher kinetic energy, but the SEE should 

constant. Another possible transition is the He* metastable transition, 

as used in the metastable quenching experiment. B~t this, like other 

rationales which attribute the peak to a different excitation energy, 

should result in a shifted Festal edge, not a lower ~. 

Several other posslble explanations can be of Ter~d to amcount for 

this observation. First, since 02, H20, and CO 2 Impurities readily react 

with the overlayer, we ccnsldered that small potassium oxide islands 

~uld be formed. Smh an island would probably have a low local work 

function, and the UPS spectra would show a superposition of the two 

spectra. ~ argument can be discounted because the lea ,ture is a 

rmal peak, not a second SEE which would result if there were two 

regions of differing work functlcn. 

Another explanation is that the electron emission from a potsssium 

atu~ an the surface is actually easier than emission from the bulk 

because of atomic-scale electrostatic potential differences. As noted 

above, a surface additive does not change the bulk ch~mlcal potential 

term of the work functi~, but it does modify the surface dipole campo- 

nent. ~he dipole layer for a metal exists within a few angstrams of 

the surface. In our case the position of the adsorbate (potassium) 

within the dipole layer might be determining the extent to which its 

core elect~mus see the "full" ~ork 
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function upon ionization, see Figures 3.13 and 3.14. In o t h e r  words, 

an electron cc~ from the bulk would ex~r£ence a different field 

than an electron enltted from a localized potassium core orbital which 
t 

is positioned half way through the dipole layer. Several problems 

remain with this interpretation. ~ would the K(3P) electron see a 

smaller dipole fleld than other valence electrons on potassium? Why 

wouldn't all electrons be emitted throug~ the potassium if it is the 

path of least resistance? We can rationalize these problems by noting 

that the potass1"um 4s valence electrons are polarized towards and 

delocallzed thro~ut the metal, unlikm the K(3p) electron. ~, to be 

emitted as secondaries, the E(4s) electrons may feel the full barrier 

as represented in Figure 3.13. ~hls picture is in disagreement with 
C 

the conventional picture of potential ba~?lers at the surface° 

We also coadsorbed CO and potassium on Pt(III), see section 4.2.4. 

CO caused the work function to increase and the K(3p) s~nal intensity 

to decrease, see Figure 3.15a, althouEh there was no change in potassium 

coverage. ~]~e same observation was made when benzene was coadsorbed 

instead of CO, see B"~Eure 3.15b. ~ implies that some electronic 

property, not Just the potassium ~oversge, is determining the intensity 

of K(3p) emission. ~he potassium atoms can work collectively to bring 

down the local electrostatic potential around each potassium atem. A 

threshold effect could explain why no K(3p) emission ~as seen at low 

coverage. 

A third possible interpretation is that the photoelectron ioniza- 

tion oross-sectlcn changes with a change in work function. Here, 

the K(3P)peak position would be cm the SEE tail, but because of some 
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resonance  p h e n ~ e n o n ,  i t s  c r o s s - s e c t i o n  i s  much h i g h e r  t han  t h a t  f o r  

secondary  e l e c t r o n  emis s ion .  I t  ~ )u ld  t h u s  appear  as a peak beyond 

the S~, while in fact, it is only a resonance on the tail. (In the 

p r e v i o u s  - second - explanation, the photoelectran cross-section was 

constant, but the photoelectrons once produced, were more easily emitted 

from the surface as the ~Srk function dropped.) ~kis third interpre- 

tation is unlikely as the peak height should change much more sharply 

with decreasing work function, instead of being a linear function of 

potassium coverage as in Figure 3.12. 

Other workers have also noted interesting local work function 

properties. In the photosmission of adsorbed xenon (PAX) experlment, 

performed by Wandelt et. al. (1981), xenon is adsorbed and the position 

of the Xe(Sp) electron level is measured by UPS. Guanges in peak 

position between metals and different crystallographic faces of the 

ssme metal are noted and are correlated with the work function of the 

surface under study. ~hey also note that cooled xenon overlayers 

preferentially occupy step and kLuk sites and can thus determine local 

electronic (work function) properties of these defects, as well as 

adsorbates. ~ experiment dsmonstrates nicely that charge is not 

completely smoothed out along a real surface, but exhibits local inhomo- 

geneities. 

From this perspective, it becomes reasonable to consider that an 

electron localized on potassium above the surface is more easii~ Ionized 

than a bulk electron of the same binding energy supportir~ our second 

interpretation. Whatever the reason, the observation of this peak 

below the secondary electron edge does imply that more serious attention 



-61- 

should be given to studying the local electronic properties of surfaces. 

Several problems still remain in our understanding of alkali-surface 

interactions. Although much Is known, the exact nature of the charge 

transfer re, airs to be fully resolved. In particular, should it be 

described as an lonizatlcm or polarization and what are the localized 8nd 

delocalized screenir~ properties? ~he problem of understanding which 

substrate orbitals interact with the adatcms, and what kind of rehybrld- 

Izatlon they undergo, Is very important for a complete analysis of 

alkali mcnolayers. 

3.3 Alkali oxides :  K?O on Pt(111). 

3.3.i Tnemod~n~mics: ~DS studies. 

Metallic potassium an the Pt(lll) surface readily promotes the 

adsorption of 02. ~ is in sharp contrast to the low (defect- 

sensitive) sticking coefflclent of 02 cn clean Pt(lll), est~nated 

to be in the ranse of 10 -2 to 10 -6 (Monroe, 1980; Weinberg, 1972). 

The potessiu~ oxide overlayer thermal desorption spectra are given in 

Figures 3.16 and 3.17. Potassium (mass 39) desor~tion, is recorded in 

Flgu~ 3.16 and oxygen (mass 32) desorptlon in Flgure 3.17. ~he two 

~hermal desorptlon spectra overlap, indicating simultaneous desorpticn 

of potassium and ox)Een. Mulle no noticeable desorpticn of potassium- 

oxygen cluster could be detected by the mass spectrometer, It ls ~own 

that K20 can exist as a vapor species (Dr~wa~, 1964). We must 

therefore consider the posslb~/ity that any potassium oxide cluster 

that may desorb is broken apart by the mass spectrometer ionizer. Our 

results, however, only give evidence for the simultaneous detection of 

K + and 02 +. We cannot say with certainty whether the dissociation 
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Figure 3.16 Potassium thermal desor~tion from a "potassium 

oxide" monolayer on Pt(ll!). 
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occurs at the surface or in the ionizer. 

~he potassitm~ (mass 39) thermal desorption spectrum in Figure 3.16 

indicates a sl~4~ht decrease in heat of desorption as the coverage is 

increased. Again, assuming first order desorption kinetics, the change 

in desorption temperature corresponds to a heat of desorption skLft 

from 60 to 50 kcal/mole as coverage is increased from 0.I to 3 layers. 

~lis is much less than the 40 kcal/mole shift seen for pure potassium. 

H~sre, the potassium coverages are reported in units of overlayer coverage 

(eED) , ~here the K(252 eV)/Pt(64 eV) Auger mcnolayer ratio is 

1.9, compared to I.I for potassium adsorption alone. ~is means that 

more potassium fits into a "potassium oxide" mmuolayer than in a pm.e 

potassitnn mc~ol~ver. ~he desorption temperature for the multilayer 

r~nalns at about 810 K. We see by ccmparlng the potassium desorption 

spectra for the pure potassium and potassium oxide overlayers, that 

for potassium coverages in excess of 0.2 mcaolayers, the oxygen 

thermally stabilizes the overlayer. ~ factor may be of significance 

t~der actual catalytic conditions. (Full ox/datlon of the potassium 

ho~mver, decreases its ability to act as an electrcr_Ic promoter; see 

section 4.2.3 below.) 

~he oxygen thermal desorption Spectra are shown in Figure 3.17. 

After predepositlng various smounts of potassium on the Pt(lll) crystal 

face, we exposed the surface to I0 L of 02. ~he first major peak to 

develop in the thermal desorption spectrum appeared at 660 K. ~his peak 

had a lone tail and retained its position, shape, and intensity, up to 

potassium coverages in excess of one monolayer. ~he peak disappeared 
i 

at these high coverages. As we increased the potassium coverage above 
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8K0 = 0.2, a second oxygen peak appeared at 730 K, and then moved up 

to 770 K as the potassium coverage was lucreased to a monolayer. At 

higher coverages this peak also disappeared. A third peak then developed 

at 900 K appearing at coverages of eK0>0.5. It retained its position 

and size, even in the multilayer, And lastly, a fourth peak appeared at 
.. 

820 K, at the cempletion of the first monolayer, ~his was found to be 

the dcmlnant peak in the multilayer, We also note that at potassium 

coverages between 0.5 and 1.0 monolayer, a low energy peak appeared at 

500 K. This might be due to chemisorptlon of molecular oxygen, s 

At present we only wish to note that several forms of oxygen are 

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

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

3.3.2 Structure: LEED studies. 

Four stable and reproducible ordered petassitm oxide surface 

structures were seen by LEED at specific potassium and oxygen coverages. 

• nese structures included three ~ich were commensurate, (4X4), 

(8x2), and (10×2) overlayer structures (Figures 3.18 and 3.19a) 

and an Inc~-m. ensurate one (Figure 3.19a). ~he (4xh) surface structure 

(Figure 3.18b) was generated by exposing a cooled Pt(lll) crystal with 

eK~l.5 to I0 L of 02, and annealing the crystal at 650-680K for 

several seconds. ~s, in effect, desorbed the Oxygen associated with 

the 650 K peak Jan the TDS s~ctrum of Figure 3.17. ~he pattern was 

observed over a range of coverages for which K(252 eV)/Pt(64 eV) Auger 

peak ratios of between 1.5 and 2.5 were found. ~he K(252 eV)/ O(510 

eV) peak height ratio was 5 ± 0'~fdr the (4x4) surface structure, 

for both relatively l~gh and low total coverages. ~he fact that the 
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same LEED pattern was observed over a rar~e of "potassium oxide" total 

coverages, yet ~here the potassium to oxygen stoichimmetry stayed 

constant, is indicative of ordered dcmalns on the surface at less than 

monolayer coverages. 

After anneal!r~ to 700 E and cooling to roan tempeNature, an (842) 

overlayer structure developed (Figure 3.18c). Cne of the most stable 

structures was the (10×2) (Figure 3.18d) generated by annealing 

the sample at 750 K for several seconds. ~his pattern ~ms visible wlth 

K(252 eV)/Pt(64 eV) Auger peak ratios of 1.25-1.6 and with a K(252 

eV)/0(510 eV) peak ratio of 7.3-+0.3. As Figure 3.19a shows, the 

(I0×2) surface structure could be induced ~o form Me domain. 

~s was accc~npllshed by ion bombard/rig the surface at a slight angle 

(about 5 °) away frum the surface normal during the cleaning stages. 

The single domain pattern was then readily analyzed to yield the (10x2) 

surface structure. 

qhe pattern ~ Figure 3.19b was also generated by heating t2~e 

crystal to 750 K, but appeared to have slightly less oxygen incorporated 

into the surface oxide than the (10x2) structure. ~he E(252 eV)/O(510 

eV) Auger peak ratio was found to be 7.7-+0.3. Upon close exsmlnation 

of the LE~D pattern in Figure 3.19b, one sees that the most intense of 

the inner spots is not located in the exact half order spot locations, 

which would imply a (2x2) surface structure. Instead they are 

shifted slightly outward indicating an Incusmensurate overlayer. 

deviation from the half order spot position (and hence the deviation 

from a (2x2) overlayer structure) is readily calculated fTun the 

positions of the double diffraction spots. The extra spots yield a 
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hexagonal overlayer unit cell lattice constant of 4.71A, a 15% 

contraction•from a (2x2) structure. 

A likely stoichiometry that could account for this stmacture is 

K20 , in which each oxygen is hexagonally surrounded by 6 coplansr 

potassium atoms and each potassium by 3 ox)~en and 3 potassium atoms. 

Using the average ionic crystal radii for K + (1.33~)and 0-2.(1.4A) 

the K20 unit cell lattice parameter should be 4.69K, very close to 

the value derived from the LEED pattern. To confirm this model, a more 

exact ~ intensity analysis will have to be made of the over layer, 

and cc~hlned with the HREELS and photoelectron spectroscopy resulUs. 

Triple layer models have been proposed (Broden, 1980; Flm~, 1982.) for 

alkali oxide overlayers, and cannot be excluded. 

313.3 Electronic properties. 

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

but these depend on the exact stolchicmetry of the surface. ~he work 

function is sometimes lowered below the alkali value if oxygen is 

adsorbed before the alkali (or if the ccadsorbed layer is annealed): 

one interpretation for this is that a triple layer develops with 

alkali on the outside, oxygen in the middle, and then bulk metal on the 

inside. }b~ver, if alkali is adsorbed first, the work functlon can 

be observed to increase upon 02 adsorption (Papageorgopoulos, 1975). 

~he low work function and relatively high stab~_lity of alkali oxides 

is exploited in the design of thermionic and photoelectron devices 

(Mayer, 1940). 

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

oxidized during a catalytic reaction. Several s~xdles have been made 
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using various probes including scanning Auger and electron microscopy 

(then, 197B; Ertl, 198B; F~nJi, 1981). S~me of these have sho~ that 

potassium is oxidized on iron catalysts used for the ammonia synthesis. 

~hey also " showed that most of the potassium oxide resides on the support 

but that a certain frantion does envelop the active iron grains. In 

other studies of potassium monolayers on nick~l methanation catalysts, 

it was shown that the potassium was not oxidized during the reaction, 

but "solvated" by water molecules on the surface (Campbell, 1982). 

All of these studies, however, were on ssmples ana lyzed  i n  vacuum 

following a reaction and were not actual studies of the alkali made 

while it was at hlghpressure. 

3.4 ~k!kal± adsorption on step~-~d, surfaces. 

We have also carried out the experiments described above on the 

stepped Pt(755) [or 6(I11)x(I00)] surface and found only a few 

minor dlfferences. ~he thermal desorptlon spectra of both potassium 

and potassium oxide were very similar to that of the flat Pt(lll) 

surface. ~he L~ED patterns of pure potassium monolayers were not visible, 

but slng~e d.~ ~tte~ of (4~2), '8~2), and (I0~2) 

potassium oxide structures were all seen. Potassium was also found to 

be distributed evenly smor~ step and terrace sites when titNated with 

CO (section 4.1.2). 

i 



" -71- 

.. COADSOm~ZON S~DLES: 

ALKALIS, AND SMALL ~LF.~ULES ON METAL SURFACES 

Contents: page 

~.I CO adsorption on potassitm~osed Pt(l!l)., .................... 72 

~.!.1 

~.I~2 

bondlr~ CO ~ometals ................................... 72 

TDS studies 78 eeeooeeesoe'oe~oooo~eoo~oeo~ooooo~ooe~eoeooo@ 

4.2 

~.Io3 

~.I.4 

4.L5 

~J~LSstudies • 86 oeooooooooooooeoooo0oooooeooemoeoooeoeooo 

UPS studies 91 oooommommomooooooooooooeoeoeeooooooo~6oeo~eo 

' 9 8  ~iscussion 

~nzene adsorp$1on on potassi~.~-dosed Pt(lll) ................. 108 

4.2.1 TDS studies ....................... , .................... 108 

4 2.2 UPS studies 113 • o o  qp o o o o e  a, g , o  e o . a ,  ,J o • o ,Ib m e  ~ • m / Q • • • o o  • • qP D o  I o u • m • a • "-~ 

4 2 3 Discussion 119 • • • • qD @ o o e m  e u o o  o @  o n  o o e  o m @  ~ o o e o o d l  e D e  o o o o e s e 8  n m  ~ e  e 

4 3 NO adsorption potassium-dosed Pt(lll) 12g • on a m e m e  e ,  , g U  o e o e e , ,  e e o e e  • e e  

g.3.1 TDS studies ......... ~:~.. ...... ..... ............. • ...... 124 

• ~ 125 " 4 g ~ ; 2  I ~ - q o ~ s l o n  . . . . . . . . . . . . . . . . . . . . . . .  • . . . . . . . . . . . . . . . . . . . . . .  

4.4 PF 3, CH3CN, and C~H 8 adsorption studies ..... . ................. 139 

4 4 1 ~S studies 139 • • e o e o m @ e  @ D O Q O m  O O 0 O O O  O O O O e  O e  O O  m q ~ o o  e O e e e m D O O  O m  • 
I 

I 

Discussion ' 142 4.4.2 ...... . ....................................... 

I. 

4.5 Literature Review of s//cs/i coadsorption studies. . .... .. ... . . ' 147 
! 

4 6 Conclusion 155 • O U 0 e @ a  O O  0 @  0 @  0 @ @ • 0 O e I  4 a U 0 0  at Jo O a J  • 0 0  e o o m q l J  O IJ • @ B g t  e o g  g m 9  • e o  • e o 

l 

t 



-72- 

Very simple ~ experiments, such as thermal desorption spectroscopy, 

can greatly increase our knowledge of alkali additive effects in 

heterogeneous catalysis. In addition to our own work, several other 

authors have recently published papers about the effects of alkali 

metal monolayers on various molecular and atcmic coadsorbates. A 

variety of techniques have been used including ~DS, UPS, XPS, HHEELS, 

work function measurements, and surface pennlr~ ionization electron 

spectroscopy (SPIES). In this cAhapter, am will first discuss our 

results for the CO + alkali coadsorbate system in detail, then review 

• the main features of the studies that we have performed on other alkali 

- molecular coadsorbate systems (NO, benzene, etc.), and end by revie~Xng 

the literature on related systems. 

4.1 Carbon ~mnoxide adsorptlon on po~sium-dosed Pt(lll). 

4.1.1 CO bond.lr~ to metals. 

Hlyholder (1964) suggested that the bondlng of CO to a metal 

involved not unlya 5a CO orbital overlapping with metal S and p 

orbitals, but also d-orbitals frem the metal backbondirg into the 21 CO 

orbital. ~ds type of bonding is shown in Figure 4.1a. ~is model of 

metal-carbonyl ccmplexlng has come under sane criticism, but thsre is 

now reasonable agre~nent c~ncernlng its general validity. ~here does, 

however, appear to be some disagreement about which metal orbitals 

play the most important role both in the acceptor and donor functlons. 

For instauce, same theorists have used the d-orbitals of the metal as 

acceptors for the 5a donation, instead of the metal s and p orbitals 

suggested by others. ~r~over, a recent molecular orbiSsl calculation 

of CO on a lithium cluster has shown significant backdonation frcm the 
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Figure 4.1 (a) Important orbltals involved in CO bonding 

to a metal. (b) diagram of electron flow in 

coadsorbed K + CO system. 
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Li 2s and 2p levels into the 2~ CO orbital, i.e. no metal d-orbltals 

were required for baekdonation (Post, 1981). It is becoming clearer 

that more rigorous ab initio calculations are needed because significant 

rehybrldization is taking place, and ths.t approximate treatments have 

unly limited applicability. For most metal-CO systems, the electron 

orbital levels canbe represented az in ~Igure 4.2. 

~he adsocption of CO on Pt(lll) hss been extensively studied; 

(Steininger, 1982; Campbell, 1981; Crossley, 1980; Winicur, 1981; 

Nortcn, 1979; B~ro, 1979; Froltzheim, 1977; Ertl, 1977). Figures 4.3 

and 4.4 show our 'IDS and HHEELS spectra for several CO coverages on 

Pt(lll). ~hese spectra agree well with other studies. ~he thermal 

desorption spectra show there is one desorption peak whose maximum 

shifts to lower tmmperature and b~oadens with Increasing coverage. 

Assuming the recently derived preexponential factor of 1013 s -1, 

for CO adsorption on the flat Pt(lll) surface (Wire!cur, 1981), the 

heat of adsorption decreases with coverage from its low coverage 

value of 32 kcal/mole to 27 kcal/mole at saturatic~. It is now generally 

agreed that CO bonds with the csrbon end toward the surface. ~he 

vibrational spectra show that CO adsorbs molecularly on the platinum 

surface in both linear (2100 cm -I) and bridge-bonded (1870 un-l) 

configurations. ~he corresponding Pt-C stretches occur at 475 cm -I 

and 355 mm -I respectively. Furthermore, CO is only linearly bonded 

at low coverages, while with incressir~ coverage the bridged position 

becomes partially occupied. Finally, the vibrational frequency of the 

linearly bonded species increases by 30-40 un-I as the CO coverage 

Increases. 
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4.1.2 ~DS studies. 

Substantial changes in the ~DS, PA~EELS, and UPS spectra occured 

when potassium was co-adsorbed with G3 on Pt(lll). No ordered LEED 

patterns were observed with the co-adsorbed system. 

~hermal desorptlon spectra for various CO exposures on Pt(lll) at 

a constant potassium coverage are shown in F~4s 4.5, 4.6, end 4.7. 

We see, in Figure 4.5 (with eel0.1) that at low CO exposures (~ 0.1Li 

the desorption peak is centered around 490K, shifted up by about 50K 

from clean Pt(lll). ~he peak shifts to lower temperature and broadens 

as the CO coverage is increased. After > 51 exposure, the full width 

at half maximum (~) of the desorption peak increases to ~ 120K, end 

the peak is asymmetric. ~his trend of shifting peak and increasing 

becomes more apparent as the potassium coverage is increased. 

At eK=0.2 (Figure 4.6) the low exposure (< 0.1L) peak is centered 

around 520K while it broadens to a FWP~ of ~ 160E at saturation CO 

coverage. At OE=0.3 (Figure 4.7) the peak has shifted as far as 

590K for CO exposures less than 0.1L, and the saturation coCerage 

desorption curve has broadened out considerably with the FWHM expanding 

to 200K. In these flgures, it is evident that the desorpticn peak 

broadens continuously with both increasing CO exposure and IncreasLng 

potassium coverage (up to eE=0.5). ~he mechanism giving ri~e to 

the broad desorption peak will be discussed below. 

~gure 4.8 shows the thermal deserption spectra for sat~ration CO 

coverages on the Pt(lll) surface at various potassium coversges. We 

see the pronounced effect that potassium has on the heat of desorption 

of CO. At OE=O.05 , the CO desorption peak maximum has already shifted 
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toward higher temperatures from the ~00K peak maximum for clean platinum. 

~his shift toward h~her temperature continues for 0K=0.2 combined 

with substantial peak broadening on the high temperature side. By OK=0.3, 

the FWHM is 200K and the peak has shifted to nearly 600K. Above ~X=0.5 

the maximum CO coverage decreased markedly as determined by qDS peak 

area, but the CO desorptlon peak remained at 610K. No CO adsorbed on 

potassium multilayer~. A small amount of residual CO desoPption ("5% 

of saturation) centered at 420K, which was shown to be due to crystal 

back, edge, and/or support effects, has been subtracted from all of 

the spectra. AERin, assuming a preexpbnentlal factor of 1013 s -1, 

and flrst-order desorption ~netlcs, an increase from 400K to 610K in 

desorption rate maximum corresponds to a heat of adsorption increase 

from about 25 to 36 kcal/mole. Finally, no significant irreversible 

CO dissociation was evident since no carbon or oxygen remained on the 

surface as detePmJ_ned by AES after heat~/~ to 650K. 

We have also plotted the CO coverage vs. potassium coverage for 10L 

• CO exposure in Figure 4.9. For room tempeFaZure exposure, the maximun 

coverage of CO increases slightly at first, then decreases at high 

potassium coverages. '~hls is the result of the cunpetir~ effects of 

an increase in C0 binding energy due to potassium coadsorption, as 

well as a blocking of sites by the potassium. At low potassium 

coverage, the increase in CO binding energy allows for tighter co 

~cking. ~hls offsets ~le decrease due to the blocking of exposed Pt 

surface sites, that duninates at high K coverages. 

Figure 4. I0 shows the CO thermal desorptlon spectra from a 

stepped platinun surface with coadsorbed ~tassium. ~he increase in 

~t 

L 
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desorpticn temperature of both terrace and stepped CO peaks implies 

that the potassit~n'~s not localized on either site, but is positioned 

somewhat evenly across the surface. ~his should be expected from 

t~mir strong repulsive interactions (see Chapter 3). 

~.3.2 H~h Resolution Electron Energy Loss Spectroscopy Studi~ 

~he effect of potassium an the vibrational spectrum of CO is 

illustrated in Figures ~.II and ~.12. ~ 4.11 shows the room 

temperature HHEELS vibrational spectrum for saturation exposures 

(> IOL) of CO ss a functic~ of potassitu coverage. Potassium coversges 

~re achieved by depositing a mc~olayer or more of potsssiu~, then 

heatlr~ the surface to achieve the desired coverage by desor~tic~. 

~he Ix~tassi~u coversges were determined by ~DS and AES callbrations, 

a~ described in Chapter 3. One should remember that one potmssium 

mcnelayer, GK~I , hss about c~e-third the atomic density of a Pt(lll) 

surface l a i r .  

Figure 4.12 shows the cha~es in the vibrational spec'trum as the 

CO coverage is varied at a constant potassium coverage. In these 

figures the reported t~nperatures iudicate those at ~ich the crystal 

was annealed for several seconds prior to recording t h e  spectra; all 

spectra were obtained at 3OOK. ~ annealing process is used to 

wary the CO coversge: the hlg~er the annealing temperature, the lower 

the CO coverage (although the actual coverS~e'was not determined). 

Since the partial mc~olayer potassi:am coverages were obtained by 

armeallng a mc~olayer of potassi~ to at least 700K (e.g. annesllng to 

700K produced OK=0.3) , no noticeable potassi~ desorption was 

detected using this process to vary CO coversge. 
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Figure 4.11 Carbon monoxide vibrational spectra (HREELS) 

with various potassium coverages. 
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In Flgure 4.12a we show the vibrational spectra as CO coverage is 

varied eK= 0.07. In the spectra taken at rou, temperature, both peaks 

are shifted sl~htly from the clean CO saturation coverage values (see 

~.~Igure 4.4). Only small variations occur until 400K, where the linear 

stretching freq'~ncy is decreased substantially. At 410K, both the 

linear and bridged species ~ave the same peak height. Note that on 

clean Pt(lll) at this t~mperature, only ~he high~ ..*k~quency species is 

present (see Figure 4.4), while here both species are present. ~ the ..... - 

coverage is decreased, t~e peak height of the llnesr species continues 

to decrease faster than the bridged species. ~he positicm of the 

• stretching vibration, hoover, has decreased more substantially for the 

bridged site than for the linear site (115 am -1 vs. 25 ~m -1) . 

At a ~mtassium coverage of eke0.05 , lower than that shown in 

Figure 4.12a, similar trends occur with C0 coverage as discussed above, 

however both peaks decremse in height at nearly the same rate, be~alng 

equal only at a very low coverage very near total desgrption (425K). 

~he frequency shifts are similar to those shown in Flgur~ 4.I2a, with 

an average frequency shift - 20 cm -I less ~an aS OE=0.07. 

~e trend of decveaslr~ stretc~zlng frequency and higher occupation 

of the bridge site continues for e~-0.10 (not shown). In this case 

however, the linear and bridged peak heights are nearly the same at 

saturation C0 coverage. '~he bridged site dominates at CO coverages 

less than saturation. ~he stretching vibration decreases to a low of 

1715 cm -I fore the bridged positian with no linear species present 

after annealing to ~35 K. 
i 

_.~Igure 4.12b shows the HRE~LS spectra fop e~0.3. At this potas- 
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slum coverage we see that most of the CO adsorbs in bridge bonded 
,°| 

sites, with a small amount of adsorption occuring in the linear site 

only at h~h CO exposures. Both stretching frequencies are strongly 

affected by the potassium. ~he bridged CO stretching frequency at 

1725 cm-l, already shlfte~ substantially at saturation coverage, 

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

Notice that this shift ~ continuous with increasing temperature, 

but that the desorptlor_ process occurs over a broad temperature range 

..... ~ Was ~¢Ident in the eorreslxmdlng ~ curves in Figure 4.7. No 

spectra were taken cn samples heated above 525K where further decreases 

cn CO vibrational frequency m~t occur. ~he weakest CO stretching 

frequency we recorded occurs at 1400 cm -I. 

We note that the existence of bridge bonded CO with a vibrational 

frequency of 1400 cm-I calls into question the conventional assignment 

of 1300-1500 cm -I vibrational peaks as being due to carbonates and 

formates. On real catmlysts they may instead be the result of multiply 

bonded CO adsorption cn prcmoted sites. Also the large 470 cm-I 

in ,: ~ bridge bonded CO stretchln~ frequency raises the questien decrease *~ 

of the rabme;of the C-O bond. ~he 1400 cm-1 CO frequency we observe 

for the CD/K coadsorbed system on piatlnml is characteristic of a 

molecule wid% a bond order of 1.2-1.5 (PaulinE, 1960), compared with a 

bond order of 2.4 for free CO. ~hus, the CO bond appears greatly 

st1~etched without dis~ciatlun of the adsorbed CO species. (Note: a 

more complete description of these HHEELS spectra can be found in the 

FnD thesis of m~ co~Drker, John Orowe11, Berkeley 1983.) 
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4.1.4 Ultraviolet Photbelectrorl Spectroscopy Studies. 

In Figures 4.:13-4,.16 we show £he D~Z. spectra and their difference 

spectra for CO adsorbed on Pt(lll) with various coverages of potassium. 

0a the clean Pt(lll)~arface, Figure 4.13, the adsorption of CO is 

accompanied by several changes in the UPS spectra. As with K, CO 

caused a drop in ~ission from the peak, lying just below F T. ~ Is 

acccmpanlc~ by the ~ o w ~  of two features located at 5.3 and 9.5 eV 

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

~hls peak ~ccmes lost in th~ d, lfference spectra at hlgher coversges 

because a large peak resu!tlng from a change in the ~ek function 

appears at 14.5 eV. When CO Is coadsorbed with potasslun, Fig.s 4.14 

and 4.]5, the main features of the spectra seam to be the ccmblnatlon 

of. the results fop clean potassium and clean CO overlayers. ~he peak 
: [ 

at 5.3 eV appears riot to s~ift, although by e K = 0.65 it has disappeared 

in the difference spectra. ~he/peak at 9.4 eV broadens further into a 

doublet at 8'5 and 9.8 eV. ~h4 peak at 12.3 eV shifts to about 13 eV, 

see Figures 4.16a and b, but becunes lost in the large ch~ge in the 

sec~dar~ electrons. ~he ~rk funotlcn change decreases sllghtly wlth 

CO exposure ~ clean Pti111), while it increases for bIEher potassium 

cov ers@es, see Figure 4.17. In Figure 4.18 are UPS spectra taken 

several years earllee to those shown in Figures ~.13-4.16. ~hls also 

shows the broad 5~ - Ir level. A more complete version of these results 

will al~Pear e l sewhere .  
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4.1.5 Discussion. 

~he preadsorptlon of potassium has marked effects on the adsorption 

of CO on Pt(lll). ~he major experimental findings can be summarized as 

follows: 

i) Be addition of submanolayer amounts of potassium continuously 

increases the heat of adsorption of CO on Pt(lll) fram 25 kca!~ole 

for clean Pt(l!l) to 36 kcal/mole for near monolayer coverages. 

il) Associated with the increase in heat of adsorption is a 310 cm-I 

decrease in the stretc~ frequency of the brld~ bonded CO molecules 

1870 an-I an clean Pt(lli) to 1560 an-i with 0.6 mcnolayers 
f 

of coadsorbed potassium. 

iil) ~hg ~0 thermal B~brptlt~t p~ak bPoad~s'eont~nudusly to a maxlm~m 

of 200K (~M) at saturation CO coverages as the potassium coverage is 

increased. 

iv) At a fixed potassium coverage, the CO vlbraticnal frequencies for 

both linear and bridge adsorption sites decrease substantially wlth 

decreasing CO coverage. 

v) On the potassium-free Pt(lll) surface, CO prefers to occupy top 

adsorption sites whi~e on the potassium-covered surface, CO adsorbs 

preferentially on ~Idged sites. 

%~i) ~he work function of the Pt(lll) surface decreases by 4-4.5 eV 

upon the adsorptlcm of one third of a monolayer of potassium, but 

increases by 1.5 eV when CO is coadsorbed. 

vii) ~he 4c CO orbital energy shifts do~n, and the 5a - 17 level 

splits ~hen potassium is coadsorbed. 
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~hese results can be interpreted by examining the electron aeceptor ~ 

character of CO and the changes in charge denslty at the plai'Inum Surface 
%- 

as potassium is adsorbed. 

~he bonding of carbon monoxide to metal atoms involves a simul- 

taneous electron transfer from the hlghest occupied molecular orbltals 

of CO (50) to the metal and backdonaticn of metal electrum into 

the foist unoccupiedmolecular orbital (2~ ~) of CO (myho!der, 1964; 

Do~n, 1974). ~he backdonation of metal electrcr~ into the 2~CO . 

orbital leads to a simultaneous strengthening of the M-C bend and a 

~kenlng of the CO bond, as seen in ~gure 4.1, whe3~ the dpt- 

2 ~  orbitals are in phase (bondlng) between Pt and C, while 

beir~ out of phase (antibondlng) bet~men C and O. 

In our experiment, char~es in backdonatlon to CO are induced by 

using an electron donor, potassium. Charge is transferred from the 

potassium to the platinum, with electrostatic screening of the res~Altant 

positive charge on the potassium by metal electrc~. ~ polarization 

is displayed by the large drop in work functic~ upon potassium adsorp- 

tion. ~hen, upon CO coadsorpticn, an enhancement (.~elative to clean 

Pt) of backdonation into the CO occur~ as a result of changes in surface 

charge density induced by potassium. 

Two similar explanations have been used to understand backdonation 

in similar systems and can be applied here. ~he first proposes that 

a potassi~n-lnduced cl~e in the platinum sumface valence hand 

occupancy and a shifting of the CO molecular levels permits a greater 

occupancy of the conjugate dpt - 2~ orbitals. ~he second 

explanation ssxumes that a conjugate dpt - 2~00 orbital becomes 
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fully occupied upon adsorption, but that the surface dipole component 

of the work function determines the relative occupation of the metal 

and 2"C0 °rbitals,i l.e. the spatial distributlcn of charge 

within the conjugate orbital. In the potasslum-free, high work function 

case, most of the electrons in the orbital would be localized on the 

platinum atoms. On the potassium covered, low work function surface, 

however, the electrons in the dpt - 2~ orbital would 

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

Onto the C acd 0 atcmlc positions, giving the conjugate orbital more 

2=~ character. Both models would account for the observed 

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

frequency. 

~he UPS experiment offers us the best determlnatic~ of the energy 

levels of adsorbed CO in the absence of a more exact determination of 

energy and relative occupancy. If, by decreasir~ the surface dipole 

field we bring the 2. gas phase level closer to the Fermi level, then 

the overlap between the 2. level and the metal orbitals should increase. 

In this extreme plcOare, the molecular orbitals of the ~-~sorbate (at 

least the 2~ level) are not "pinned" to the Fermi level. ~hey do not 

track the Fermi level as one abar~es the ~rk functlcn - but rather are 

at constant energy wlth respect to the vacu~ level. ~ argument is 

sumetimes invoked to explain the energy level shifts of physisorbed 

species. 

At the other extreme, all of the orbital energy levels of a 

chemisorbed species are said to be "plrmed" to the Fermi level. In 

this case, however, it is more difficult to reconcile the large changes 
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in CO chemlsorptiun observed as the work function is changed (i.e. 

when potassium is added,) If all the electron enerEy levels moved 

with changes in work function such that they remained at constant 

position with respect to the Fermi level, then no changes in bonding 

should necessarily occur. We see experdmentaily, however, that this 

argument is wrong since large changes in chemisorptlon properties do 

occur when CO (or benzene see below) is coadsorbed with potsssiun. A 

more intermediate situation probably exists where the levels (in partl- 

eular the CO 2" level) follow neither the Fermi nor vacuum levels 

exactly. 

In the UPS difference spectra ~note a peak at 5.3 eV. ~lls 

• ,does..not correspcnd-to any molecular C~,level~..~zis ~ e a ~ z r e  ~las ~ .... "' 

observed by others f o r  adsorbates on platinum (Helms, 1976)as well as 

other metals, and is thought to be due to subtle changes in the d-band, 

~he CO 2. level exists about 2 eV below El, but ~s not clearly observed 

by UPS:..... T". _~s position and occupancy has recently been analyzed by Bosco 

(1983). ~he first (in order of decreasing energy) molecular orbitals 

of CO that are detectable, are t h e  lw and 50 levels which appear as 

overlapping peaks at 9.4 eV. As potassium is added, the pesk broadens 

and a shoulder develops at 8.5 eV. ~his feature has been observed by 

others, end is thought to result from a shlft in the l~ level towards 

lower binding ene~. ~he 4a level, on the other hand, appears to 

move from 12 to almost 13 eV. ~zLs means that the 4o I~ spacing 

~icreases. From a molecular orbital point of view, the increase in the 

lw level position can be expected. Since backdonation into the 

J 
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level will increase the distance between the carbon and oxygen atoms, 

the Iv bonding level should be destablized, moving it up in energy. 

~he decrease in position of the 4~ level Is Dcme~hat harder to inter- 

Pret, because it is a r~nhondlng level. Since the O0 molecule has more 

negative charge on it (in the 2~ level) the 4o level (as well as the 

other c o r e  levels) ma~ be screened better, as observed for the core 

O(2s) and C(2s) levels (Kisklnova, 1983), but this should cause a sI11ft 

in the other directlcn. On the other hand, an initial state shift (to 

bdEher binding energy) of the CO core levels should also result from the 

potassium induced chanEe in local electrostatic fields. 

For hi~ potassium coverages, the ~rk function was found to" increase 

wlth Incre~ing C6 ex~sure, "M~/e on the potassium free surface, CO 

csused the Pt(lll) work function to decrease. ~hls behavior can be 

understood from the donor-acceptor model of CO. ~he main bonding 

mechanism, on the clean Pt(lll) surface, is a 5~ bonding donation 

into the metal. On the lower work function potassi~ covered surface, 

electrons can be backdonated more easily into the 2= level. CO then 

becomes an acceptor as well as a donor. 

~heoretical cs/oulatlons are required to determine which of these 

effects, or others, is dominant in determining the observed results. 

Recent extended Huckel calculations performed by Anderson (1983) have 

sho~ that our results are in aEz~ement with their theoretical predictions. 
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, . 

In that study, the valence state ionization potential (VSIP) of a 

plat~lum cluster was decreased by potassium. A second calculation f~r 

CO on the cluster showed that when. the VSIP was deeeeased (mlmlcklng 

the potassium effect), the CO moved from a linear to a bridged and ~ven 

three fold site, and the mebal-carb~u bonding bec~me stronger due to 

increased backdonation lnto the 2w orbital, Van Santen (1983), however, 

has shown that direct eleetrostatlc interactions can be important. 

Other calculations of CO adsorbed on nickel (Rosen, 1979) and lithium 

(Post, 1981) clusters have s~ that the 2~CO orbital emn also 

conjugate with s and p metal orbitals of the proper symmetry, and that 

CO vibrational frequencies below 1500 un-I can be predicted. 
• - . . ~  .~ 

~ e  11 kcal/mole lncrease i n  adsorptlc~ energy o f  CO "(upo~i:'~tasslum " 

coadsorptlon) supports the model o f  er~mnced e l e c t r ~  backdonatton. In 

addition to strengthening the metal-csrbon bond, backdonatlon should 

also weaken the carbon-oxygen bond as noted above, lowerd_ug its vibra- 

tlcnal frequency. ~tls indeed occurs since the vibrational frequency 

of bridge bonded CO at Saturation coverage decreases by 310 cm-I as 

the potassium coverage is Increased to 0.6 mc~olayers. ~he thermo- 

dynamic charges can be' represented by Figure 4.19. Here both the mole- 

cular adsorption energy and the probability for dissociation lncrease 

with potassium coverage (state #I). : 

Another effect of the platinum mediated potassium-co inte&-action 

is the continuous and large decrease In both top and bridged slte 

vibrational frequencies as the CO coverage is decreased at constant 

potassium coverage (see F ~  4.12). ~his observation has Its thermal 

desorptlon analog in the continuous broadening of the desorption peaks 

In the OK=0.3 ~DS spectra (Figure ~'8). If one considers the CO 
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molecules at ~rious coverages to be in ccml~titi~ for the excess 

c~e c~ the platinum provided b~ a fixed number of potassium atcms~ 

then both the ~DS and ~%EELS observations support the model of electron 

backdonation. When fewer O0 molecules are chemisorbed at a fixed 

potassium coverage, the larger amount of backdonatlon per CO molecule 

leads to an increased adsorption energy and decreased vibrational 

frequency. 

~he change in fD adsorption :site from linear to bridged with 

increasing potassium coverage is s~rik~. Nieuwenhuys (1981) has 

shown that the degree of electron bacMdonation increases with the 

., Zone  nction o..c,a.me.t , surcac.e: .re..sul.ts..not . . . . . .  i . .  

only Indicate an increased heat of adsorption and decreased vibrational 

frequency due to the decreased wc~z.k function, but also a change in 

CO site location. ~ continuously lowe~_ng the ~ork function of the 

Pt surface by the adsorption of potassium, we are aha~ the most 

energetically favorable site location from top to bridged, ~zis tendency 

has also been noted by C~nzales (1982) in high pressure supported 

catalyst studies. It must be not~ that we cannot rule out the existence 

of the threelold site CO molecule when the stretching frequencies 

decrease to their low coverage values. 

Dipole-dipole interactions have been postulated for the O0-CO 

interaction on clean Pt(lll), as well as on many other surfaces. As 

discussed by Crossley and King (1980), the 40 cm-I increase of CO 

stretching fL~quency as the CO coverage is increased on clean Pt(lll) 

is due to dynamic dipole-dipole coupling Interactions. ~he corresponding 

contribution cannot be readily determined for the K-CO coadsorbed 
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system, but ~ believe increased backdonation is the dunlnant ccntrlbution 

accounting for f.he 325 an "I decrease in the bridge bonded vibrational 

frequency as t~he CO coverage is decreased at OK~0.3. 

~he idea of charge interactions has been proposed for other systems, 

for instance, to explain the promoting effect of potassium for the 

catalyzed hydrogenation of 00 (Dry, 1969; Benzlger, 19~; Broden, 1979) 

and for the ammonia s~nthesis (Ozaki, 1979; Ertl, 1979) over iron, and 

for CO interactions with alkali covered Ni(100) (~den, 1980). ~his, 

however, i~ ~he first study that allows one to m'~lltor significant 

changes in the magnitude of the backbonding .effect without o t h e r  

....... "co~plicatlr~ surface re&circUs occurring, such as dissocla~ion. 

~he possibility of direct bonding (either covalent or ionic) 

between K and CO ~ platinum can be ruled out by our observations. 

Figure 4.12 shows that for a fixed potassium coverage, the CO stretching 

frequency merely increases gradually with increasing CO coverage. If 

direct K-CO interactions dm~Inated, one would expect different vibrational 

frequencies for the CO molecules depending on their proximity to potassium 

adatcms. Once all CO sites closest to potassium atoms are occupied, 

the subsequently adsorbed CO molecules will find only clean platinum 

adsorption sites. ~is would give rise to multiple CO stretching peaks 

with wide variations in frequency. Alt.hougn we do see some peak broadening, 

it is not enough to indicate signiflcant bonding interactions. 

Similarly, if direct K-CO interactions occurred, at low potasslum 

coverages, the CO thermal desorption spectra shored show two peaks, one 

at 600K for the K-CO species and one at 400K representative of potassium- 

free adsorption on Pt(lll). ~his does not occur; we see a continuous 
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H 

increase I n  ~he h ~ h  temperat-~e ~DS t a l l  w i t h  ~ncreaslug p o t a s s I ~  -- 

coverae;e. ~ t h i n  the range s tud ied,  CO molecules on the surface are 

seeing approximately the same "altered" substrate, regardless of their 
:. 

proximity to the K atuns. ~hus the K-CO interaction appears not to be 

direct or localiZ~, but delocalized over at least two or three inter- 

atomic d i s t a n c e s .  ~ 

Although the Pt(III)/K system studied here is different from the 

multicmmponent surfaces used on actual industrial catalysts, the cata- 

lytic imp!icatimas of our results are significant, especially with 

respect to CO hydrogenation reactions. ~he ineresse In backd°nation 

.... strengthens the M~C ~ond ~d weakens the C-O bond. thus increasln8 the 

probability of dissociation a~d h~genation (Campbell, 1982), Further- 

more. the increased binding energy means that the surface residence time 

of adsorbed CO will increase. Both these consequences should lead to 

the formation of lor~er chain h~drocarbons, as will be discussed in 

Chapter 5, 
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4.2 Penzene adsorption on potassium-dosed Pt(lll). 

4.2.1 qhem~l desorption spectroseop~ studies. 

']he themml deso~ption spectra for molecular benzene adsorbed on 

a clean Pt(lll) crystal held at moun temperature are sho~n in Figure 

4.20. For higher coverages, these spectra are in reasonably good 

agre~nent with previously reported results (Tsai, 1982). ~hey show 

two overlapping desorgtion peaks centered at approximately 375 and 

450K. (At lower coverages Tsal shows two peaks filling simultaneously; 

our spectra show the peaks f~-lling sequ. entially.) Generally, 2 L expo- 

sures are required to achieve saturation coverage. ~he benzene thermal 

desorption pe~ shoulder in Figur~ 4.20 extends to tram, tenDeratuz~ 

at high exposures. F ~  4.21 shows the benzene ~esorp~ion spectra 

when the crystal was cooled with liquid nlt~o~.n. Sev@ral new features 

arise. M~st noticeable is that at least two or three more desorption 

peaks appear whose temperature of desorption (180-250}[) is above that 

of multilayer condensed benzene, yet considerably less than that of 

the more strongly adsorbed benzene. 

• ~he benzene thermal desorptlon spectra for i L exposures (following 

temperature exposure) at seveNal potassium coverages are shown in 

Figure ~.22. As potassium pre-coverage is increased, we see a decrease 

in the temperature of the maximum benzene desorption rate. ~his decrease 

is at first displayed by a broadening on the low temperature side of 

the peak. ~hen, at moderate K coverages, the high temperature edge 

also shifts down. At higher coverages, eK>.4 , benzene could no 

longer be adsorbed at BOOK. We show in Figure 4.23 the thenral 

desorptlon spectm~ of benzene on a llquld nitrogen cooled sample. 
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She sa~e trends are seen as in Figure )4.22, but now the benzene desorp- 
l 

tlon edge maximum is seen to decrease by as :much as 200K at high potas- 

si~ coverages. In F~nme 4.24 is shown the benzene thermal desorption 

spectra from clean, potassium covered, and oxidized-potassium covered 

Pt(ill). It is interesting to note that the oxygen appears to cancel 

t h e  effect of potassit~, on benzene. 

~.2.2 Photo~ulssion studies. 

Flgures 4.~ - 4.28 show the UPS spectna for benzene coadsorbed 

with various coverages of potassium on Pt(lll). Benzene adsorbed on 

clean platinum causes a large dec rease  i n  emission from the peak Just 

below Ef (~Igure 4.25), similar to what is obserwed with csrbon monoxide 

and potsssium. ~h~ other overlapping features &Tow in between 3 and 

I0 eV, labeled #I, #2, and #3 in Figures 4.26 and 4.27. ~he peaks are 

also observed for benzene on other metals and can be associated with 

~ e  '~ and  ~ levelz of gas phase benzene, as described in the discussion. 

Also note the large decrease in w~rk function with increasing benzene 

exposure on the clean Pt(lll) surface, supporting the idea that benzene 

is a donor on metals (Kotz, 1977). Several interesting changes occur 

as potassium is added. Peaks #I and #3 shift to higher binding energy, 

see Figure 4.28. ~here are also changes in their relative heights: for 

h~h potassium coverages the peak heights for #I 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 fraction of ~he 

benzene will desorb molecularly at temperatures below 500 K , while the 

remainder dissociates giving off a br~ad H 2 desorptlon peak between 

~00 and 750K. "~his behavior is also seen on other transition metals 

and crystallographic faces, but the Pt(lll) surface appears unique in 

its low activity for C-C and C-H bond-breaking (ScmorJai, 1981). 

It has been proposed that dissociation of benzene occurs at steps 

or other defect sites because of geometric (sterlc) and/or electronic 

variations at these slt~s. We found that all of the adsorbed benzene 

dissociated upon heating for exposures of up to - .4 L, and most of the 

additional benzene desorbed intact up to exposures of 2 L. For expo- 

sures greater than 2 L at roan temperature, the sticking coefficient 

became zero; presumably the first monoiayer was saturated at this 

point. ~us, our results imply that benzene molecules on the flat 

Pt(lll) terraces can readily dissociate upon heating (as well as at 

step/defect sites) since the smount dissociated is much in excess of 

the estimated defect site concentration (<5%). 

On Pt(lll), that fraction of benzene Chat desorbs molecularly above 

roan temperature yields two peaks in the thermal desorption spectrum at 

approximately 375 and 450 K. ~he appearance of these peaks is not yet 

fully understood although several interpretations are possible to 

explain their origin: lateral interactions at high coverages, different 

surface structures (as revealed by LE~D), different sites being occupied 

(presumably top or threefold), etc. (Lehwald, 1978; Lin, 1983). 

Much more of the benzene desorbed intact upon heating when the Pt 
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surface was pre~Sosed wlth potasslm~: this is Seen both. f~zn the larger 

then~sl desorptlon peak area as well as the smaller fraction of carbon 

that renalns on the surface (as detected by AES) after heating. In 

addlt$cn, we observed a lower ~peratn~e for the benTsne desorption 

rate max~mun as we added potasslum. Desorption and deconposltlcn 

should be viewed as competlr~ reaction pathways: however, only the 

desorption energy (and path~y) is strongly affected by potassium 

coadsovption. 

Both the decPease in desoPption temperature and the increased 

smount of molecular desorption imply that the benzene-platinum bond 

strer~th is weakened ~hen potassium is present. Several explanations 

can be proposed. Benzene is thought to be an electron donor in tran- 

sition metal complexes, with the ~-orbital often involved in a s~mme~rlc 

coordination with the metal atom or ion (Kotz, 1977; ~etterties, 1983). 

So, one might expect that if the plat-inure surface is alresdy "electron- 

rich" due to charge transfer from potssslum, the benzene might not be 

able to dcmate charge, hence bond, as strongly. 

~his type of explanation hoover, is probably too simplistic, and 

a more complete t~derstar~ing of the electron energy levels is ~2qulred 

to develop even a qualitative model of the potasslt~ induced changes of 

adsorption. Figure ~.29 shows the molecular orbital dia~rsm for benzene- 

chrunium (~ased on Kotz, 1977, and Muetterties, 1983). Of interest 

here are the molecular orbitals i~volved nesm the "Fermi level," i.e. 

the highest occupied and lowest unoccupied molecular orbltals. All of 

the filled orbitals in the benzene chromium bond are either bonding or 

n~-,-bondin~ be'cween the benzene ~-rlng and chromium d-orbitals. ~he 
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lowest tmoccupied level, however, is "antibonding" between the benzene 

and chmrmium orbitals. Consequently, if 6~ne electron were added to 

W 
the system, this electron would f~1! the elg antibondlng level, 

"U. 
~akenlr~ the metal-benzene Interactian. 

Of course there is quite a difference between a ~ium atom and 

a platinum surface, but the general character of the bonding is the 

ssme. ~his has been confirmed by recent angularly resolved and photon 

polarization UPS studies (Nyberg, 1979; Nofmann, 198~.; Fischer, 1978; 

and Netzer, 1983.) In both the gas phase ~nd adsorbed oases, there is 

a s~mmetric coordination to the metal atom(s) and benzene can be considered 

primarily as an electron donor. Two Interest~ features appeared in 

our UPS studies. First, the shift to h~r binding energy of the 

benzeme peaks ~I and #B with potasslt~n is consistent with the idea that 

the benzene levels, or more precisely the benzene vacuum reference 

level (Luftman, 1983), is moving down relative to the potassium free 

ease. ~-ds, it should be mm~embered, is sn initial state effect, since 

added final state screening by potassit~, should shift the peaks the 

other ~y. ~hat the peaks move to higher binding energy also ~mplies 

that the el~ level should now be closer to the Fermi level. ~he 

orbital levels are broad enough when adsorbed on the surface that it is 

reasonable to consider partisl occupation, it is not necessary to 

r~qulre that the levels be either fully occupied or empty. ~hus, a 

continuous decrease in the work ftmcticn could lead to an increasing 

occupation of the e~ level. ~ would then result in a continuous 

weakening of the metal-benzene bond as was observed by ~DS. 

~he second observatlon is that peaks #I and 13 show an increase in 
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Intbnslt~r relative to peak #2. Peak #1 is the benzene elg (=) orbital 

and peak #3 contains contributions frc~ 4 different levels, one of 

~blch is the a2u (~) orblral while the other three are a-type orblr~Is. 

Peak #2 represents the e2g (~) level ,  i t  ls tempting to suggest that 

the ~ derlve~ orbital peaks mlght be the only ones ~alch are enhanced 

by potassium adsorption, ~blle the ~ levels remaln constant. 
! 

would be surprising since the benzene bond is being weakened. (~e 

data are inccncluslve on this point, and require angularly resolved and 

polarized radiation studies.) 

Another ccmple~entar,j effect would be the lnabillty of benzene to 

donate charge into the metal If the po~tlatlcn of the 6s Pt level was 

increased due to the potassium. We third, however, that ~hls is a 

minor perturbation in comparison to donation into the el~ anti-bonding 

level, because the analogous effect of band ~eakenlng -~ not seen for 

CO. Pecent calculations by Anderson (1983) show that changes in the 

occupatlc~ of the benzene elg antlbc~dlr~ level cause changes in the 

bending of the h~rogen atuns on benzene toward or away from the surface. 

Such calculations, however, yield information mainly on the hybridization 

of the carbon orbits/s, not on the ease of C-H bond scisslcn. 

The apparent "screen~" of the potsssium by ox~Een ~ss also an 

interesting observation. K20 is a promoter of both the ammonia synthesis 

and CO hydrogenation reactions on iron. Our result, however, implies 

that electronic promotion mS~ht not occur if the potassium Is fully 

oxidized. We suggest that under the reducing conditions of both reac- 

tions, the potassium is not fully oxidized, since It is still capable 

of causing significant electronic promotion effects. It Is also 
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Interestir~ to note that this "screening" ab111ty of ox~en was less 

noticeable on CO(our work) and N 2 (Paal, 1981). 

4.B Nitric Oxide (NO) adsorption on potassium-dosed Pt(lll). 

4.B.l ~ermal desorptlon studies. 

~he NO (:~ss 30) thermal desorptlon spectra (see Figure 4.S0) are 

in agre~nent with previous work (Gland, 1980). Two sequentially filled 

states at 430 and S40 K are observed Xn the spectra. In addition, 

small m,ounts of N 2 ( ~  ~.31) and traces of N20 (Figure 4.32) were 

also desorbed. ~he relative distributions of nitrogen containing 

species which desorb are shown in Figure 4.33. After each experiment, 

AES and IZED analysis of the surface showed the presence of small 

amoumts of platinum oxide, see Chapter S. ~ deccmpositlon of NO is 

attributable to the presence of defect sites (Gland, 1980) on the (III) 

surface plane estimated to be ~ 5~ of monolayer coverag e. ~mrp (2x2) 

overlayer L~B3 patterns were observed for NO exposures of ) 1 L. 

Figures 4.3~, 4.35, and 4.36 show the desorpticn spectra for NO, 

N 2 and N20 obtained by varying the initial e K and dosing the surface with 

I L NO. ~he general fea~ observed with increasir~ potassium coverage 

is an increased yield of N 2 and N20 in the desorption spectra Indicatir4~ 

that NO was dissociated by potassimu. As 8 K is increased, the intensities 

of the 3~0 and 430 E NO desorption peaks rapidly decrease and a broad 

desorption peak appears between 600 and 700 K, due to recombination of 

m~rfaee nitrogen and ox3~en. No significant shifts in desorption 

temperatures of the pea~:s occur for the $40 and 4)0 K desorption states. 

Figure 4.S7 presents the integrated distributions of N atoms among the 

NO, ~T2, and N20 species observed desorbing from the surface. ~he 
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intensity of the NO desorption peak decreases steadily with increasing e K. 

Figures 4.38-4.41 show the desorptlon spectra and integrated 

distributions for e K = O.5 and NO doses of between 0.1 and 1 L. NO 

does not become the dcmicant desorblr~ species until the initial NO 

dose is greater than 0.5 L. ~Is eolneides with the appearance of the 

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

4.38). In Figure 4.42 is shown the potasslum deserptlon spectra following 

NO exposure to a potassium adlayer. 

4.3.2 Discussion. 

~he general features of associative NO and CO adsorption on metals 

are similar. ~he mJor differenoe is that the gas phase NO molecule has 

one electron in the 2~* antibonding orbital, while CO does not. NO was 

also fomud to react directly with potassium multilayers; h~_nce potassium 

induced Pt-N0 changes could not be verified. 

Oar da~a indicate, however, that NO was dissociated in an amo~n~ 

proportional to the potasslum coverage on the stu-face. As seen in 

~ures 4.34 and 4.38 the dissociated NO adsorption state(s) filled 

first, followed by adsorption into the 340 and 430 K ~ssociatively 

adsorbed states. ~he undissoclated states were not significantly 

altered in the presence of adsorbed potassium since their peak position 

~snalned essentially unchsmged. On potassium, NO dissociates predominantly 

to N2, wlth some N20. 
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4..4. Phosphorus triflouride (PF 3) , acetonitrll ~ (CHq,~)~ and butene 

(C~.~ B) adsorptlon. 

4.~.I ~nermal de sorptlon studies. 

~he thermal desorptlon spectra of PF S on clean Pt(lll) are 

shown in Figure 4.43. PF 3 exhiblts first order desorption kinetics 

with a peak temperature of ~ 500 K and a 9%~4 of about 70 K, consistent 

with results published previously (Nltschke, 1981). Figure 4.44 shows 

the effect of various potassium coverages on the PF 3 desorptlon spectra. 

~he amount of adsorbed P~3 decreases with increaslr~ potassium coverage. 

~he blocking of sites by potassium was such that by eK=0.5 (i.e. 

50% of saturation coverage) no more PF 3 could be adsorbed. ~here 

also appears to be a slight decrease in the desorptlon peak temperature 

(- 25K), as well as an increase in the FWHM of the peaks from 70 to 

130 K with increasing potassium coverage. ~ does not appear to 

adsorb on, or react with, a potassium multilayer. ~ is indicated 

both by the negligible amount of PF 3 adsorbed on K multilayers (as 

evidenced both in AES and ~D8) and the K desorption s~ectra, fo~d 

to be almost identical to that of clean K overlayers. 

CH3CT~ desorbed mostly'lntact from Pt(lll) as has been observed in 

previous studies (Friend, 1981). Some dissociation occurred upon 

heating, as ~ms monitored by AES following the thermal desorpticn 

c~cle. Preadsorbed potassium was found to effectively block sites for 

acetonltrile adsorption, as was observed for P~3 and butene, but no 

shifts in desorption peak tempera "ture or width were detected. 

~he ~ desorptlon spectrum following room temperature adsorption 
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of l-butene cn clean Pt(lll), is identical to that of 2-butene (Salmeron, 

1982). B~th spectra are thought to result from the rapid formation of 

the stable butylldyne species upon adsorption (K.oestmer, 1983). No 

carbon conta1~ species were observed in the desorption spectra. For 

a given exposure of I-butane, much less is adsorbed onto the platinum 

surface if It ls pre-dosed with potassl~, (see Figure 4.45). ~Is 

decrease In coverage is not s~mply peopo~ional to the potassium coverage; 

small po%assium coverages have a large effect. For example, a potassium 

coverage of .5 monolayers (corresponding to an atomic r~tio K/Pt of 

.16) reduces the butene adsor1~iQn by a factor of 5 following 10 L 

exposures. ~he drop in adsorption is due to Dhysical blocking, not 

s~mply a change in the sticking coefficient. ~he second peak ~n the H 2 

~DS curves for the potassium exposed surface appeaes sllgh~ly beoadened 

and shlf%ad to lower tempeea%ures. 

4.4.2 Discussion. 
,|. 

Adsorbed phosphoeous t~/luoride ~as found to desorb intact at about 

500 K feun both clean surfaces and surfaces 9a~ially covered with 

potassium. ~he thermal desorption spectra also showed some peak broadening, 

and a sl~t decrease in desoeption maximum temperatlu-e wlth potassium. 

~he lack of a large effect ~ms at first su~prlslr~, since we had expected 

to observe effects similar to those seen for the K+O0+Pt(III) system, 

i.e. a 200K Increase in desorpbi~n tempeeature. Bat by exam~_~ th~ 

relavant molecular orbltals, this behavior can be tmderstood. 

For PF 3 bound to a metal, the a-donor ene~j level is located well 

below Ef at - 8eV, while the 2= acceptor level is split into two levels 

(Nltschke, 1981) one located ~.5 eV below Ef and the other at 4 eV above 
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Ef (see Figure 4.46). ~he absence of s~;~ficant potassium induced 

chemisorption changes in PF 3 can be explained by assumllng that the % 

donor levels and the bonding 2w-acceptor levels are fully occupied 

prior to potassium coadsorption, and that the nearest unoccupied PF 3 

level is too far above Ef to accep$ electrons frem the metal, even upon 

potassium coadsorption. One explanation for the sl~ht drop in PF S 

desorption temperature is that there could be a decrease in 5a (P~) 

to s-band (Pt) overlap, resulting from a filling of the 6s Pt band when 

potassium is adsorbed as mentioned above (N4tschke, 1981; Itch, 1979). 

For CO, ~ich exhibits a larEe change in bonding when co-adsorbed 

with potassium, the 2% bonding orbital is located only =0.6-2.0 eV 

below Ef (Koel, 1983; Bosco, 1983). Fere, the potassium is able to 

enhance the d-2~ overlap, which strengthens the M-C bond and weakens 

the C-0 bond (since the 2, level is antibonding between the C and 0 

atums), see F~s 4.1 and 4.2. CO is therefore more sensitive to 

char~es in surface electron density. 

Acetonitrdle is ~own to be Q-bonded to metals via the lone pair 

orbital of its nitrogen (Friend, 1981). ~b accessible back-bondlng 

levels are located near El, so there is no possibility of additional 

charge transfer between the metal and the muoccupled molecular orbitals. 

~herefore no s~gnlficant changes in bonding were expected end none were 

found upon coadsorption of this molecule with potassium. 

~he stable structure of alkenes adsorbed on the Pt(lli) surface at 

300K is thought to be a R-C-M species (Koestner, 1983). ~hus one does 

not expect any accessible adsorbate energy levels to exist near Ef 

since the h~hest e-bonded levels are usually 5-15 eV below El. 
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~he similar shape of the H 2 thermal desorption profiles followlng 

butene exposures with and without potassium pre-deposition is therefore 

expected, assuming that metal carbon bondir~ has an effect on the 

hydrogen desorption temperature. ~he changes induced in the second H 2 

desorption peak are difficult to interpret and will require more infor- 

mation on the nature of the G~ n fragments believed to be present at 

these temperatures. 
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4.5 Literature Review of alkali coadsorptlon studies. 
.:., • 

In this section I revlew the literature about alkali - molecular = 

coadsorptlon systems. Most of the studies have involved CO, with the 

exception of the dlnltrogen studies of Ertl and cowork~rs. ~he papers 

are discussed in e/u-onoloEical order. 

4.5.1 CO + alkali promoter + Fe: catalyst. 

~he effects of surface basicity on Flscher-~opsch catalysts were 
: - • .',: 

discussed by Dry et al (1969). ~hey reported that K20 promoters on an 

iron cat~%lyst, caused a 5 kcal/mcle increase in the heat of sdsorption -° 

of CO as.measured by calorimetry. ~hese authors suggested that the 

alk~ll atoms induced electronic changes at the surface ~hich enabled 

stronger CO adsorptlon. ~hey went on to postulate, that a stronger M-C 

bond implied a weaker C-0 bond which could then be h~drogenated more 

easily. At that. time it was thought that the first step in CO hydrogen- 

ation ~ms the formation of a surface enol intermediate ~ . More 

recently, .the enol-lntermedlate mechanism has been discredited, but 

their main observaticn of increased heat,of desorption, and weakaned 

carbon-oxygen bond, is still thought to be correct. 

4.5.2 CO + K + Fe(llO). 

Eroden e~:al (1979) published a paper discussing CO + K ~sorp- 

tlon on Fe(ll0). Usir~ ~I~, they also observed an increase in the heat 

of adsorption of CO when K was coadsorbed. ~ using UPS and XFS, they 

were also able to monitor the dissociation of CO. Upon heatinE, the 

dissociation probability was enhanced if potassium was coadsorbed. 

~he 8uthors showed, however, that the energy of dissociation ~ not 
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necessarily lowered by potassium. ~hey argue instead that the increased 

CO dissociation ~ms due to increased heat of adsorption, i.e. CO was 

adsorbed on the surface at a t~aperature more than I00 K higher than in 

the absence of potassi~. At the higher temperature, dissociation 

bec~nes favored over desorption. From other evidence, they claimed that 

the ~otassium induced a localized effect on CO adsorption. By following 

the O(Is) level by XPS, they recorded the CO uptake as function of CO 

exposure. ~hey found that CO coverage reached saturation rapidly on 

the clean Fe(llO) surface~ but that saturation was not reached until 

exposures of  >400 L on the  potassium covered surface.  ~hus, they 

claimed a l a ~ e  d e c r e ~ e  i n  s t i ck ing  c o e f f i c i e n t  with potassium. We 

believe that the stinking coefficient does go to zero, but that this is 

due instead to a real blockln~ of surface sites by potassium. Only by 

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

surfa~. 

4.5.3 co + x ÷, 

~ a z l g e r  and Madlx (1980) published a paper about severa l  surface 

eoadsorptlon systems on Fe(lO0). ~he aim of their research was to 

tmderstand the effects of a variety of additives on CO hydrogenation. 

We review here cnly a small part of their effort, namely the interaction 

of O0 and K an Fe(lO0). ~heir results were in quantitative sgreement 

with those published by I~oden (1979) on the I~(II0) surface: the 

dcmlnaut effect of K was to increase the binding energy of CO and to 

induce its dissociation. However, since the Benz~4~er study involved 

~DS, ~PS, and LCAO calculations, different types of information were 

obt~,ed. 



~hey also showed the effect of increasing potassium coverage on 

the CO thermal desorption spectra peak position. Increasing potassium 

coverage clearly caused an increase in the average temperature of 

desorptlon of the molecularly adsorbed CO, ~hile at the same time 

increasing the fraction of dissociatively adsorbed CO. ~he dissocla- 

tively adsorbed peak showed a bond order between I and 2, implylr~ 

limited mobility of the surface species. Contrary to B~oden's study, 

Benziger concluded that the sticking coefficient remained constant up 

to I monolayer. ~heir XPS results showed two distinct states for CO 

adsorption, attributable to associatively and dissociatively adsorbed 

CO. ~ey also concluded that the potassium effect is localized since 

the high temperature sites f~lled first. 

In their LCAO calculations on small iron clusters, Benz~er let 

the Fe 3d electrcms interact with the 5a and 2~ CO levels, and the 

K 4s electron. ~hey found that by donating the 4s electron into the 

d-band of Fe, potassium enhanced the backdonation into t h e  CO 2.  

level. ~ accounted for the observed effects of lucreased heat of 

desorption and increased dissociation. ~hey also showed that because 

of the large size of the atem, potassium could donate into the 2, 00 

level directly, thereby increasing these effects. 

4.5.4 CO + alkali + Ni(100). 

Kiskinova and co~rkers have also performed a series of experiments 

involving alkali adsorption, coadsorption, and catalysis on nickel 

surfaces. ~hey ~mbllshed a paper (Kiskinova, 1981) about O0 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 adsorbed CO, and an increase in the fraction of 

CO which dissociates. ~hey concluded from their observations that the 

sticking coefficient dropped from .68 on the clean surface, to .3 at 

one monolayer alkali coverage. ~hey noted the difference in C and 0 

Auger lineshapes of molecularly and dissociatively adsorbed CO. ~he 

amount of CO which dissociated v~s proportional to the alkali coverage 

and to the electronegativlty of the pa~icular alkali used. ~he electro- 

negativity decreases down the periodic table, .thus Cs showed a greater 

effect than K or ~. We might add, however, that the larEer effect 

could also be due to the increased size of Ca. ~hey also noted that 

some dispropertionation took place (200 + 00 2 + C). 

4.5.5 CO + KOy + FeO. 

Eelem~. et al (1982) published a paper discussing 00 adsorption 

on iron oxide in the presence of potassium. FeO is difficult to synthe- 

size in a controlled way. According %0 the authors, however, once it 

is syntheslzed, it is relatively stable up to 650K. To oxidize the 

iron, they heated an iron s~e crystal to 700K in 2 x 10 -7 to~ 02 for 

14 hours. ~he surface prepared this way was PeO (wustite), as confirmed 

by XPS, UPS, and AES. 

CO adsorbed on this surface with a relatively high s~Icklng coef- 

ficient and desorbed intact with a peak ~ximum temperature at or below 

400K. ~hey did not observe CO disproportionation. Because of problems 

in interpretation of the UPS spectra, there is some Enbigulty about 

whether or not the O0 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 Fee surface, but was readily removed by heating 

to 600K. Oxygen preadsorption blocked the surface sites for CO adsorption. 

CO adsorption was also studied with potassium coadsorbed on the 

surface. Botasslum ~ vapor deposited frem a EDH pellet and was 

shown (by UPS) to be adsorbed as KOH on the surface. Heating this KOH 

overlayer to 550K resulted in si~%ificant amotmts of H20 desorption, 

and the authors suggest that a monolayer of K + 0 remained adsorbed. 

~his K + O overlayer appeared to have a stiochicmetry of 2 to I, but 

they claimed that it was not "K20''. 

When CO was adsorbed on this potassium covered surface, UPS showed 

%t to be adsorbed molecularly as with the clean FeO surface. Curiously, 

the UPS peak positions appear within .I eV of the same energy for both 

CO and KeN. Heating to 475 K caused CO to dissociate (as seen by the 

absence of the CO UPS peaks.) l%u~ther heating allowed the adsorbed 

carbon and oxygen to reccmblne and overcome the activation energy for 

desorption. ~he thermal desorption ~ maximum increased to 625K 

with the potassium over layer, f~,n 400K on clean Fee. 

4.5.6 Pennln 5 Ionization Studies of K/CO/NI(I!!). 

A series of surface Penning ionization electron spectroscopy 

(S~PIES) experiments have recently been perfomed by Fetiu and coworkers 

or. the K/CO/Ni(III) system (Lee, 1983). In SPIES, a beam of metastable 

helium (or neon) at~s implnEes upon the surface. If the surface is 

covered by a molecular adsorbate, the helium atom transfers its excitation 

energy tot he molecule. ~his will then cause electron emission from 

the molecular orbital levels ~%thln the range of the excitation energy. 

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

In Lee's experiment, the 2~*, (I~ +Se), ~.nd 4c molecular orbital 

peaks of C0 shifted to higher binding energy when potassium was coad- 

sorbed. ~hey also noted a significant increase in the intensity of the 

conjugate d- 2T level (relative to the other levels) with potassium. 

is thus in good agreement with our result showing a decreased CO 

stretching vibrational frequency induced by potassium. Somewhat harder 

to muderstand is the shift to b/gher binding energy of the 4c and 

(lw + 5e) levels. It is generally thought that the IT level should be 

destabilized ~hen the 2~* CO level is filled, leading to a lower binding 

energy. An increase in final state screening should also causethe 

levels to move to lower binding energy (i.e. higher kinetic energy). 

~he initial state energy levels are normally considered pinned to 

the Fermi level, but as discussed above, this rule may break down if 

the local, elect~os~atlc potential is significantly changed. One final 

problem worth noting is that the pos.~.ticn of the Fermi level is hard to 

determine in the SPIES experiment. ~herefore the appearance of increased 

binding energy for all the levels may have arisen frcm a problem of 

referencing of El. 

A temperature dependence study of the SPIES s~gnal was also per- 

forme4 by Lee et al for the CO/K/Ni(III) system. ~hey note that the 

CO slgnal decreased before the CO desorbed. ~ implied that disso- 

ciation was occurring upon heating to 600-640 K. ~ was confirmed by 

isotopic exchange thermal desorption studies which showed that exchange 

occurred at moderate to ~ potassium coverages, and at temperatures 

above 60OK. 



-153- 

4.5_..7 ~.lectron Energy Loss Stud~ of the. O0/~JNi(100) S~St~o 

L ~ n ~  and ~ I t ~  (1983) are also currently studying ~he CO/~/NI(100) 

system° ~helr thermal desorptlon studies show the same general behavior 

of most of the other alkali - CO systems: the heat of CO desorptlon 

increases with potasslun coverage and a (presmmably dissociated) CO 
,. 

state appears at about 70OK. Shey also note that potassium is stabilized 

by CO analogous to what is observed for H20 or 02. ~hey have also 

performed electron energy loss spectroscopy (EELS, not HREELS) and 

noted a decrease in the 2,~ (bonding) - 2~. (antibondlrg) separation. 

~hey offer a more complete (qualitative) molecular orbital analysis 

~han is reported elsewhere to account for the observed changes in ~DS 

• and EELS behavior. ~he essence of their argument is that potassium 

lowers the "site" electrostatic potential (what I have less rigorously 

called the "local work function"), causing the 2~ gas plmse reference 

level to be brought clozer to the "d~" level (the bonding metal 

orbitals/band). By bringing them closer in energy, increased m/xL~E 

will occur. Also the final state 2~ (bonding) -2. (anti-bondlng) 

separation should decrease (assuming the overlap integral remains 

cormtant). ~hey further argue that the dw metal level should go to 

lower binding energy because of electron correlation effects, which 

will cause a furthe2 Increase in the mixing. 

At "press t£me" the author is aware of two additional studies: 

F. ~bff~arm is studying the CO/K/Eu system by RREELS and has found 
.,,- 

t 

slmilar vibrational behavior to what we have report ed~ but with additional 

features implying direct interactions. Kisklnova, Fll~g, and B0nzel 

are studying the CO/K/Pt(III) system by XPS and UPS, and ~m.ve offered 

anew interpretation of the potassium induced effects on that surface. 

: , !,! 
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4.4.8 ~e + K + N?. 

~he potasslm~ and nitrogen on iron ex~sorptlon system has been 

studied by E~I et al (1979). ~bls B~stem is of direct relevance to 

the smmm~a synthesis as the dissociative adsorptimu of nitrogen is 

thought to be the first and rate limitlr~ step in the r~aetion. ~he 

industrial smmonia synthesis catalyst is in fact performed on a reduced 

iron catalyst which contains K20 pruuoters, as well as same AI2~ 

In their study, ~I and cowDrkers showed that at 430K, the rate 

of dissociative nitrogen adsorption increased by at least two orders of 

magnitude ~hen suh,mmolayer amounts of potassium were present. ~hey 

also showed that this was a result of both an increase in ~he heat of 

adsorption of molecularly adsorbed nitrogen from less than 9 kcal/mole 

to more than 11 kcal/mole, and a decrease in the activation barrier for 

dissociation. 

work f~uction measur~nen~s, they showed that the enhanced 

dissociative adsorption was not simply correlated to the macroscopic 

work function, but ~ms mew likely related to the microscopic electronic 

structure in the immediate vicinity of the adsorbed potassiun. ~hus, 

the prunotlng action was localized as was observed for the Fe + K + CO 

systams discussed p~ously, where dissociative CO adsorption occurred. 

Somewhat surprisingly, they also observed a.c(2x2) nitrogen overlayer 

parterre even with potassium coadsorption. 

~hey also studied the Fe + K + 0 + N 2 system (Paal, 1981) as it 

was previously shown that ox~en is ~quired to thermally stabilize 

the potassium uuder reactic~ conditions. 6badsorhed oxygen blockmd 
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nltrogen adsorption sites, lowering both the sticking coefficient and 

the total amount of nitrogen adsorbed on the Fe + K system. But the 

modified K + O overlayer was still able to dissociate N 2 as with the 

clean potassium overlayer. 

~heir inte~retation of the potassium enhanced dissociation ability 

is similar to that given for CO. BY lowering the energy spacing between 

the Fermi and vacuum levels, the normally t~occupied ~* ~ orbital 

can be populated by bac~donation from metal d-electrons, decreasing the 

activati~ barrier for dissociation. 

4.6 Conclusion. 

~he general model which can be developed is that potassium (or 

any alkali) causes a change in the local eiectronlc structure and 

fields at the surface of a transition metal, ~hich then alters the 

chemisorptio~ behavior of molecules such as CO or benzene. By lowerirg 

the surface dipole ~ent of the work function, potassium erables 

the moleculsr orbitsls lying near to Ef to interact more strongly with 

the metal. In the case of adsorbed CO, potassium causes the 2w orbital 

to increase its occupancy. ~ results in a strengthened carbon-metal 

bond, and a weakened carbon-oxygen b~ud. An added r~",ult is the change 

in site occupancy from top to bridged. ~his results from a competitive 

effect: for the h~ work function surface, the 5o orbital dominates 

the bonding and preferentially chooses linear bonding to a single metal 

atom (top site). For the lower work function surface, back-bonding 

becomes more feasible, and CO moves to the higher coordination site to 

increase metal-2~ overlap (i.e., the off diagonal overlap integral term 

in the Namiltonian). 
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Adsorbed potassium caused a weakening of the benzene-metal bond. 

~his is attrlbuted to a decrease in the work function, which then allows 

the elg benzene level to be filled. ~his level is "anti-bonding" 

bet~men the metal and carbon ring, and should cause a weakening of the 

bond. 

~he absence of significant potassium induced electronic effects on 

other systems studied can be attributed to the position of their molecular 

orbital levels. ~ type of analysis should be valid for most adsorption 

systems where a knowledge of "electronic promotion" is desired. 
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~he Use of Alkalis as Promoters: CO N~dro~enation Reactions 

In this chapter, I report on our  studies of CO hydrogenatlon pe r -  

formed on rhenium and i ron  f o i l s .  Hheni~n has r ecen t ly  been shown to  

be a very a c t i v e  anmonia syn thes i s  c ~ u l y s t  (Spencer,  1982b). Given 

the s i m i l a r  na tu re  of  the  ammonia syn thes i s  to  CO hydroger~t ion,  we h a d  

hoped to  observe a c t i v e  and perhaps m~ique behavior  fo r  rhenium c a ~ l y s t s .  

Following a p r e sen t a t i on  of  our r e s u l t s  ( sec t ions  5 .2 -5 .4 ) ,  I review 

the  recen t  l i t e r a t u r e  on the s u b j e c t  o f  pP~no~ers fo r  CO hydrogenat ion 

and offer sane general conclusions (section 5.5). 

~he general changes we observe in p~duct rates and selectivitles 

when submonolayers of alkali are present on both rhenit~ and iron 

surfaces are qualitatively the same as are noted above for industrial 

catalysts. Decreased overall rates and product seleetivlty char~es 

toward hlg~r molecular weight species are observed on both surfaces. 

~his is correlated with changes in CO dissociation. We offer a new 

interpretation of the catalytic role of alkalis on the carbonaceous 

layer that is formed as the reaction proceeds. We have also studied 

these surfaces following oxidation. As the degree of catalyst oxidation 

was increased, the active lifetime increased and the selectivity char~ed 

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

poisoned the reaction. 

5.1 Introduction 

~he hydrogenation of carbon monoxide is now being extensively 

studied as a substitute for conventional f~el sources (Vannice, 1976). 
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~he reactions of CO and H 2 can be classified according to the products 

desired, as shown in Figure 5.1. ~he first is called the methanation 

reaction, and is normally csreled out over a nickel catalyst. ~he 

second set of reactions is directed towards producirg h~er molecular 
I 

weight hydrocarbon fuels such as gasoline, and is called the Fischee- 

Teopsch reaction. In the past it has often been carried out over promoted 

iron catalysts (Vannlce, 1976). ~he final class of reactions which 

lead to desirable products (also scmetlmes called Flscher-Teopsch 

reactions) are those that produce oxygenated species such as ketones, 

alcohols, aldehydes, and carboxylic acids. For instance, both palladium 

CHicks, 1983) and Zn-Ce-Cu (Natta, 1955) catalysts can produce methanol 

with high selectivity, while Rh2~ and LaRh04 promoted with K20 produce 

aldehydes and acids as well (Watson, 1982). 

~he conventional iron Flschee-Tcopsch catalyst for producing 

higher molecular weight species is pecmoted with K20 and AI203 (kndeeson, 

1956). AI203 Is found mostly at the grain boundaries of the iron par- 

ticles and is theeefore considered a structural promoter. Potmssium, 

on the other hand, is observed on the surface of both the A12O 3 and the 

active iron phases, and is generally thought to act as an electror,~c 

pecmoter. 

O0 bonds molecularly lu many transition metals at coun temperature, 

as noted in Chapter 4. On the other hand, H 2 is found to adsorb dlssocia- 

tlvely on most metals with cnly a very small activation energy of 

dissociation. It was originally thought that molecular CO was first 

hydrogenated to form an enol, M-CH(OH), weakening the C-O bond, and 

eventually leading to C-O dissociation and/or chain growth (Storch, 
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1951). More recently, it has been demonstrated that CO dissociates 

before hydrogenation takes place, and that the activation energy for 

dissociation is lowest at multiply coordinated sites (Ponec, 1978). 

~here is considerable evidence for a favorable Inte~maction between 

molecular CO and hydrogen on metal surfaces (Eoel, i~983 .) , but this 

interacti~ is probably not of major importance in (D hydrogenation 

reactions. Once dissociated, the various pathways G~at the surface 

carbon can follow are represented in Figure 5.1. For hydrogenation, 

atomic carbon and hydrogen cembine stepwlse to produce the various 

hydrocarbons. ~he production of oxygenated species follows a somewhat 

different pathway. ~he product distribution Will depend on many par~neters 

of both the catalyst cumposition and the reaction conditions. For 

instance, nickel catalysts do not dissociate as much CO as do iron 

catalysts. Under reaction conditio:~ nickel is thought to have only 

about 10% of the surface covered ~th atomic carbon (Campbell, 1982), 

while on ir~n the active catslyst seems to be an iron carbide (Arakawa, 

1983). Large differences in product distribution am observed between 

these two catalysts, perhaps resulting from their different reactivity 

towards CO. 

~hermod~mmics tells us two things about CO hydrosenation. First, 

since most of the desired reactions are exothermic, they are favored 

by lower temperatures - usually temperatures of 500-700K are used in 

order to optimize the rate of product zormation. Secondly, from le 

Chatelier's principle, higher pressures are needed, since more moles of 

gas are consumed than are produced, especially when longer-cha~u hydro- 

carbon products are desired. Since our reactions were normally run at 
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about 32 pslg, lower molecular weight products ~re expected to dominate. 

Severs/ characteristic char~es are observed when alkali promoters 

are add~ toCO hydrogenation catalysts. ~hese include selectivity 

changes to higher molecular weight species, h~er alkene to alkane 

ratios, and more oxygenated species (Anderson, 1956). ~bst researchers 

also note an increased rate of carbon bu~Id-up, a lowering" of the rate 

of methane formation, and changes in the active metal dispersion; see 

for instance, Arakawa (1983), C~,pbell (1982), and Gonzales (1982). 

In addition, several ultrahig~ vacuum studies b~ve recently been per- 

formed on the surface properties of alkalis when ccedsorbed with CO 

and other small molecules. ~he main °bservati°ns for the alkali + CO 

systems are: increased heat of adsorption, increased probab~llty for 

dissociation, and a chamge in site occupancy from top to multiply 

coordinated. It is usually concluded that the changes in selectivity 

observed durlr~ CO hydrogenation are a result of the increased fraction 

of dissociated CO. ~his, in turn, is a result of greater backdonation 

into the C0 2,~ orbital. 

5.2 Experlm~ntal 

All work was performed in the ccmblned ultrahigh vacuum- high 

pressure catalysis chsmber described in Chapter 2. Following standard 

cleaning procedures (see section 2.3) a final heating was necessary to 

give an atomically smooth surface. Several reactions were run on surfaces 

which had not been annealed, and initial methszatlon rates were found 

to be as much as an order of magnitude greater than those frcm the flat 

surface. ~ulfur and potassium were deposited as described in sectia~ 
f 

2.~. Oxygen was introduced at ca. I x 10 -6 torr to oxidize bo~h the 
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sa,ples and the alkali adlayers. Oxidation could also be achieved by 

introducing water into the reaction cell before or during the reaction. 

~he alkalis were readily oxidized at ~nbient tempermtume, while the 

clean iron and Wnenim, s~_ules were heated at 400-500 and 800-900 C 

respectively to enhance the rate of low pressure oxidation. Water in 

the gas phase was much more effective in ermuring continued oxidatlcn 

during the reactions. ~he "surface" iron oxides prepared by low pressure 

oxidati~ ~re reduced during the reactions. 

Once the surface was prepared, the catalysis chamber was closed 

and a mixture of CO and H 2 @~ses was introduced. ~he O0:H 2 ratio was 

1:4 with a total pressure of 32 ps~ ~_*.cept as noted. ~he sample was 

rapidly heated from roam temperature to a given temperattu~ (as monitored 

by a Pt/PtRh thermocouple wire) and samples were pe~iodlcally introduced 

into the gas chromatograph by a gas sampling valve. Following a run, 

(usually fram I-5 hours) the catalysis ch~ber ~ms evacuated. ~hen the 

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

surface. 

5.3 Results 

In Figure 5.2 we show an exsmple of the results of  methane accumu- 

lation versus time for a p~-oxidized iron foil. ~he runs were charac- 

terized by a brief Indueticm 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 carbonaceous layer 

which poisoned the surface. 

From the rate of methane production at various temperatures we 

were able to construct Ar~nenius plots. In Figure 5.3 we s~w 
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Arnhenlus plots for various runs on rhenium foil. ~lis type of plot 

allowed us to detemine the activation energy of the reaction, and the 

temperature at which surface poisoning began - where the linear Arrhenlus 

curve started bendirg over (Goodman, 1980). ~thane was the dominant 

product on rest samples studied, but higher molecular west alkanes 

and alkenes ~ also monitored. 

~he act!vation energies and the selectivitles of Ee and Fe. foils 

are displayed in Figure 5.4. ~he turnover frequencies (molecules/site/see) 

used are the maximtm values reached by the catalyst following an induction 

period (usually <20 minutes after initiation) .... ~he turnover frequencies 

were calculated assuming an active n~nber of surface sites of 1015 over 

which the catalyst was uniformly heated. (~his number is hard to know 

accurately for several red, sons. We believe, however, that it is correct 

to within 50%, because our results are in good agre~,ent wlth the 

behavior of industrial iron Fischer-Tropsch catalysts at similar temper- 

atures. In any case, it is the relative values, not so much the absolute • 

ones, which are needed to discuss prcmoter effects.) 

Figure 5.5 shows how the selectivities change as a function of 

t~perature. As noted in Figure 5,4, the activation energy for ethylene 

is lower than that for methane. ~hus methane production should be 

favored by higher" temperatures, as is observed. 

~he main types of Fischer Tropsch catalyst poisoning are thought 

to be carbon or sulfur build-up. In Figure 5.6a we show an iron foil 

dN(e) AES spectrum before a catalyst run. Figure 5.6b shows a 

close-up of the carbon AES peak after two different reactions. ~he 

amount of carbon on the surface after a given run was a function of 
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catalyst peetrea~nent, reaction ta~perature, and reactlon time. Partial 

O0 ~ud H 2 pressures are also Important in determining poisoning time. 

Another type of poisoning was observed when sulfur was present 

on the surfsce. Sulfur changed the selectivity Ctowards methane), and 

it poisoned the surface, as observed in Figure 5.3, presumably by 

decreasing the number of active sites. 

In Figure 5.7 and 5~8 we show the selectivities for the Re and Fe 

surfaces following oxygen and alkali prunotion. ~he general pattern 

observed with slkali promoters was a charge in selectivity to~ards 

higher molecular weight products as well as a decrease In the rate of 

methanatlon. ~he effect was more msrked with rheni~ than with iron, 

since clean iron already produces a large fracti~ of h~gher ,~lecular 

weight species. In Fig~-e 5.9 we show an Auger spectrum for a "clean" 

ssmple, and a smmple following a reaction. In Figure 5.9b note the 

disappearance of the substrate metal peak with the continued appeazance 

of the carbon, oxygen and al~mli peaks.: ~henmal desorption of the 

overlayers following reactions showed significant mmotmts of H2, N20 , • 

CO, CO2, ~ and various small hydrocarbons. 

Preozidation of the surface caused an opposite effect to what was 

observed with potassium addition: a higher selectivity towerds methane. 

~he rate ah~uges with oxidation varied significantly with the extent 

of oxidation. A major problem occurred here concerning the number of 

active sites to be used in calculating turnover numbers. Oxidation 

tends to incresse the surface area of the catalyst, even if the oxidatimu 

reaches only i0-20~ Into the surface~ A second, more complicating 

factor is that the degree of oxidation is not o~ly a functimu of catalyst 
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pro-treatment, but is constantly changing throughout the reaction as a 

function of catalyst tamperature~ reaction time, and partial pressures. 

Higher tamperatures favor less oxygen incorporation in vacuum. Under 
.-7 

h~ CO pressures (>I atm), however, this is possibly compensated for 

by an increased rate of CO dissociation and subsequent oxygen incorpor- 

ation. ~hus the rates cited are the best values we could deduce from a 

knowledge of pro- and post-reaction surfaces. AES and ~DS were used to 

help in tbls determination. In our runs witl~ potassium the final rate 

and selectivity depended upon the exact extent of oxidation. 

Gold, platinum and palladium, originally used as blanks as they 

are notoriously poor Fischer-Tropsch catalyst's (Vannice, 1976), showed 

much lower activities than iron and rhenium. Palladium did pr6ve ° 

interesting in that we were able to produce methanol (also note Poutsma, 

1978; FaJula, 1982). We believe that palladium's ability to hold large 

amounts of hydrogen in the bulk is related to its unique ability of 

hydrogenating CO directly. Platinun and gold produce methane with >97% 

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

5.4 Discussion 
= 

~he behavior of rhenium foil for CO hydrogenation was d~ferant 

frcm that of iron foil. Using initially clean surfaces, iron gave both 

faster rates and better selectivities towards higher molecular weight 

species. Because of the complexity of the mechanism, it is very hard 

to determine why some metals give faster rates than others, or what 
,I 

controls selectivity. Periodic trends show that the ab.~lity of a 

metal to dissociate CO decreases do~ or to the right in the periodic 

table. If CO hydrogenation activity were merely a function of the 
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ability of a metal to dissociate CO, perhaps Cr or Mo would be better 

catalysts than iron. In fact, poisoning by the buildup of carbonaceous 

deposits often determines the total yield of a particular catalyst 

sample; thus the metal which best dissociates CO may show the shortest 

actlve lifetime. 

Carbon poisoning (coking), however, is not the same for all metals. 

Supported iron particles, for instance, seem to be quite reactive even 

after a bulk iron ca~ide is formed (Arakawa, 1983). O~ nickel methan- 

aticn catalysts, on t~ other hand, no significant amount of carbon 

dissolves into the bulk, yet one monolayer of "graphitic" surface 

carbon is enough to poison the reaction (Goodman, 1980). ~tls implies 

that the reaction can still run as long as some active metal is accessible 

at the surface. 

our ssmples, the degree of carbon budld-up is measured by AES. 

8~is type of determination is of li~ted use because AES only sees the 

first few atomic layers. Since we could not vary the CNA detection 

angle in a systematic way, me cannet say with certainty whether the 

carbon we observ~ following a reaction is on the surface oF in it. 

We can, however, distlr~ish between an active carbidic carbon, and an 

inactive graphitii~ cae (see Figure 5.6). ~is classification has been 

discussed extensively by other authors ~ud results from a c~uparison of 

the post reaction carbon AES peak shape with known peak shapes of 

metal-csrbide and graphite surfaces. Our overlayers also contained 

large ~mounts of adsorbed (or trapped) oxygen and hydrogen, as was 

noticed in thermal desorption following the reaction. "Carbidic" 

carbon was the dominant surface species observed following low temper- 
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attu-e, short reaction t~e runs. "Graphitic" carbon was dominant 

following high temperature runs, or after flashlr~ any post'reaction 

surface to >700K. 

In general, alkalis on the surface accelerated the rate of, carbon 

build-up, except if a reasonably high partial pressure of H20 was in 

the gas phase. Be iucreased carbon build-up is attributed to the 

ability of potassium to accelerate the dissociation of CO. By lowering 

the work function, potassium enables the metal to more essily backdonate 

into the CO 2, antibondlng orbital (Nieuwenhuys, 1981), which then 

can readily dissociate at reaction temperatures. 

On several runs, we also noted that only potassi~ (or sodium), 

oxygen, and carbon (i.e., no__~t Fe or F~) were visible in the Auger 

spectra following a reaction. ~his was also observed by ~onzel and 

Erebs (1981), and they suggested that a potassium oxide layer was 

floating on top of a carbonaceous layer. We further suggest that the 

potassium oxide (or suboxide) layer can itself play an important role 

in the catalytic reaction. Alkalis have long been known to be used as 

cat-u~ysts in the steam gasificatic~ of carbon sources. ~us we must 

consider the possibility that the build-up of the carbonaceous layer is 

being hinde~d by the ability of alkali's to catalyze the reaction of 

water with carbon. In this model, potassium increases both the rate of 

CO dissociation (hence carbon build-u p ) and the rate of removal of the 
o. 

carbonaceous Isyer, once formed. 

Auother ~lated reacticn which has recently been discussed in 

the literature is CO hydrogenation over alkall-graphite intercalation 

compounds (Wen, 1980). ~ansformlng this to our situation, if the 
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alkali metal atoms were inside the carbonaceous layer, then the alkali- 

carbon layer can itself become an active Flscher-Tropsch catalyst. 

We also note that potassium caused a slight change in selectivity 

from alkmnes to olefins, but the effect was less dramatic than was 

observed by Gonzales (1982). In Chapter 4,-it was shown that :~he 

benzene-metal bond strength was decreased,by coadsorbed potassium, and 

mueh less of the benzene dissociated upon heating. For CO hydrogenation, 

if the olefln (llke benzene) were more weakly bound due to the presence 

of potassium, then its rate of desorption should be increased relative 

to that of the alkmles. ~he alkane to olefiu selectivity change is 

therefore understandable since the olefLn can desorb more easily once 

produced, instead of remaining adsorbed until fully hydrogenated. 

~he effect of oxidation on the iron and rhenium surfaces depended 

upon severs/ parameters including: the degree to ~ch the surface was 

oxidized, the temperature and time of the reactlon, and the presence of 
l 

sulfur or potassium cn the surface. ~he extent of catalyst oxidaticn 

grew when water was introduced into the gas phase, enabling the surface 

to stay clean of the carbon build-up so appare~It in most of the runs. 

Although the initial reaction rates did not increase, the rate of 

poisoning was slower for oxidized .m/rfaces. As noted by Trimm (1980), 

• the methanati~n activlty of the metal can be roughly correlated with 

the heat of adsorption of oxygen. Surfaces that bond ox~en too strcr~ly 

require higher temperatares to initiate methanation. 
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Another significant change induced by oxidation was the charge in 

selectivity towards lower molecular weight species° ~y reducing both 

the amount of surface carbon and the number of adjacent metal atoms, 

the oxide surface does not' permit extensive C-C bond formation. ~hus 

the selectivity change can be rationalized by the decreased ability of 

C-C bonding. Finally we note that no s~tlficant amounts of ox~enates 

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

5.5 Literature Review. 

Recently, Arakawa and Bell (1983), completed a study on the effects 

of potassium promoters on alumina supported iron catalysts for CO 

hydrogenation. Noting the decrease in both CO and H 2 uptake following 

reactions on potassium promoted catalysts, the authors concluded that 

potassium lowered the dispersion of iron on the surface. From isothermal 

desorptlon studies, they observed that potassium d.~creases the H 2 

adsorption energy, while it increases the adsorption energy of CO. At 

very low potassium loadings, the overall rate of 00 hydyogenation 

increases slightly, but decreases substantially with higher potassium 

concentrations. ~hey also noted an increase in the ratio of C2+ products 

campared to methane with an increasing E/Fe ratio, and a concomitant 

increase in the olefln to paraffin ratio. In their study, the ethanol 

yield was enhanced by increasing the K/Fe ratio, but the metl'mnol 

yiel~ remained uncharged. Increasing temperature on unprcmoted surfaces, 

generally increased the methane selectivity and the paraffin to o!efln 

ratios, but these temperature dependant cY~sr~es were much less notice- 

able on potassium promoted surfaces. 

' ° 
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Araka~r~ also noted that the rate of the water-gas shift reaction 

was increased proportionally with the potassium loading. Analysis of 

catalysts showed that potassium s~Liflcantly increased the initial 

rate of carburlzatlon, ~hile the final C/Fe ratio increased frc~ .47 

for unprcmoted Fe, to .75 for K/Fe~0.2. ~hls carbonaceous deposit 

could be removed by hydrogenation. ~ hydrogenation p,.6~uced only 

paraffins on unprcmoted ssmples, but equivalent amounts of oleflns and 

paraffins on promoted iron (although at a slower rate). Curiously, 

carbon deposition from gaseous CO occured more rapidly when H 2 was 

present in the gas phase. 

Gonzales and Miura (1982) studied the affects of alkali one0 

hydrogenation over a silica supported ruthenium catalyst. ~hey also 

clslm that they observed a decrease in ~he rate of all hydrocarbon 

formation with potassium co-lmpregnation (the methane rates being 

slowed more than the rates of higher molecular weight p rgducts). 

However, contrary to Arakawa's iron study, they observed an increase 

in Ru dispersic~ from 13 to 19%. ~hey claim that the activation energy 

frmm methanation was Increased by potassiu,, while Csmpbell (1982) 

observed no changes in the activation energy on nickel. Gonzales 

also showed a two order of magnitude increase iu olefin to paraffin 

ratio at 220C with potassium loaded to 10%. As noted in Arakawa's 

study, they showed t/hat the change in space velocity (or contact time) 

only changed the olefin to paraffin ratio, not the C I to 02 ratios. 

In a very interesting in situ infra-red experiment, Gonzales also 

showed that only top site CO was observed on potassium free Hu, under 

reaction conditions, but both top and bridged CO appeared on potassium 
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loaded Ru. ~his is in agreement with our URV study on Pt, ~here pota~- 

siren ccadsorption caused a change In CO slte occupancy frcm top to 

bridged. ~hey went on to show that It was the bridged CO ~hlch was 

the most reactive. 

Of course, one of the main problems encountered with studies on 

supported catalysts is that the support Itself may play an important 

role in some part of the reaction° ~his can be remedied by using low 

surface area powders, foils, or single crystals. On foils and slngle 

crystals, one has the added advantage %hat a surface can be examlued 

in URV both prior to, and following, a reaction (see section 2 above). 

~nls type of study has been carried out for CO hydroger~tion by several 

workers including Bonzel and Krebs on iron, Csmpbell and Goodman on 

nickel, and in our group on Iron and rhenium. 

Csmpbell and Goodman (1982) monitored the changes in CO hydrogenation 

over nickel ~hich occured with potassium deposition. By observing H20 

desorptlo~ during a post-reactlon flash to 600K, they clsdm that potassium 

~ present during the reaction as a "solvated" species. "~is observation 

should be contrasted to the claim of Ertl and coworkmrs (1983) that 

potassium is coadsorbed with oxygen on iron catalysts under ammonia 

synthesis conditions. 

As in the supported metal studies, Campbell shows that potassium 

decreases the methanation rate by a factor of 2 for 0.I mcnolayer 

potassium. But they did not observe a chang@ in activation energy. 

One of their interesting observations was an increase in the steady 

state carbon coverage from .I to .3 monolayers when potassium was 

added to .i monolayers. . 
i 
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~his "carbldlc" carbon was still active and did not .~how graphiti- 

zatlon poisoning until over 700K. ContFary to some ~_%gh pressure 

results seen on supported Iron, they claim that potassium does in fact 

increase She r~ate of production of higher molecular weight species on 

nickel, i.e., it is not Just a selective poison but an actual rate 

promoter. ~hey conclude from their study, that since CO is more tightly 

hotrod with eoadsorb~ potassium, and since CO has a higher dissociation 

probabillty (and steady state carbon covenage), that C-C bond formation 

becomes favored over hydrogenation. ~hey further conclude, in agreement 

with others, that hydrogenatlon must be the slow step as the C~ 4 

activation energy was not changed by potasslun, only its rate of 

formation. 

Ym the Bonzel and Erebs (1980) study of K2C ~ deposited on an 

iron foil, the authors claim that K2CO 3 probably decunposed into a 

KOH like species under r~_action conditions. ~hey also observed an 

increased rate of carbon deposition (in agreement with Ar~kawa), 

decreased rates of methanation, and selectivity ch~es toward higher 

molecular welg~ht species. ~heir most interesting observation was that 

the potassium and oxygen XPS signal mmmlned relatively constant during 

the reaction, but the Fe substrate signal ~ms replaced by a carbon 

signal on surfaces exsmlned after a reaction, ~hey thus postulate 

that a potassium salt is "floating" an top of a carbonaceous overlayer. 

We have also observed this behavior under certain conditions. ~his 

behavior lends support to a second interpretation for the role of 

alkali' promoters for CO hydrogenation. On nickel, it is relatively 

clear from the Campbell study that carbon does not form an ~ureactive 
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gFaphltic overlayer at tenperatures below 700K. ~m the major role 

of potassium here seems to be an an electronic promoter to facilitate 

the dissociation of CO. With iron (or rhenium) on the other 

hand CO dissociates much more easily, and Infact, exmbles graphitization 

and the fon~atlon of carbides in the near surface region under ~-eaction 

conditions. 7n this case, one must cormider the possible role of 
J 

alkalis as facilitating the removal of carbonaceous overlayers (although 

not the dissolved carbon). In this type of model, the metal substrate 

does the CO dissociation (or dlssproportlonation), while the alkali 

overlayer helps hydrogenate the carbonaceous overla~er. ~his alkali 

induced hydrogenation could proceed as in steam gasification (see 

Appendix D). 
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Cate~orles of Additives for Metal and. Oxide Catalysts. 

A.I Introduction. 

Catalyst components m~y be roughly divided into three groups: the 

active cunponent (often a try-tuition metal), the support (such as 

silicon oxide or aluminum oxide), and the additives (such as promoters 

or selective inhihitors). Certain components may serve more than one 

structural or functional purpose, but these general distinctions should 

be useful. 

In choosing a catalyst, excludir~ economic considerations, one is 

usually interested in finding a ccmbir~ticn of components ~hich will 

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

~c~talyst for any given reaction. ~hese three factors of rate, select- 

ivity, and lifetime are operation~ parameters ~hich can be readily 

measured from product yields and dlstibutions. 

In developing a classiflcaticn scheme for catalyst additives, it 

is imports~nt to first operationally classify them in terms of their 

macroscopic effects. Once this is achieved, a more fundsment~l classi- 

fication scheme is required to define the way in which the additive 

interacts on $he microscopic level with the reactants and intermediates, 

as ~II as the active metal component of the catalyst. 

We propose the foilowlng four fundament~ categories of additives 

to distinguish between their microscopic properties: electronic 

(chemical), surface structural, support/textural, and bifunctiorml. 

Although many of these properties have been discussed in the literature 

recently, it is important to brir~ them together to begin developlng a 

c~. -fete model of pra~ote~ action in catalysis. Scme useful papers are: 
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Bmch (1982), Ponec (1979), Sachtler (1982), V!ckenmmu (1981), Yates 

(1981), Ponec (1979), Stair (1982), ~oop (1982), Fischer (1981), 

Ke/achev (1982), and Banz:~er (1980). ~he rest of this section will 

be devoted to defining both the operatlonal and fundamental cateEories, 

Met2x~s of catalyst preparation or regeneration will not be discussed. 

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

i) ~he overall rate is generally considered to be the rate of conver 

of reactants to products. Any additive which incresses the rate of 

reaction can therefore be considered a r a t e , , ,  , prcmoter. ~he overall 

rate of a catalytic reaction can be increased in a number of ways. 

Standard techniques include increasing the surface area of the active 

component and optimizing tenpera~are, pressure, msss transport, and 

other reaction conditions. 

2) Given the difficulty and expense of separation techniques, a major 

interest of the chemicsl industry is not the total r~e of conversion of 

reactants t o':products, but the selective conversion to (a) specific 

product(s). ~he selegtivlty of the catalyst is a measure of the relative 

rates of cumpetlr~ reaction path~ys. Additives are now routinely used 

both to promote the conversion to desire~ucts, as well as to sup- 

press undesirable reaction pathways. In gene~al, any additive ~hich 

induces a desirable change in selectivity can ~e_ considered a selectivit~ 

promote r . 

3) Nost catalysts have a definite lifetime for a given reaction 

~eter which they became i~ctlve. ~his may range fran several hours 
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for certain supported platinum catalysts to several months for some 

iron catalysts. ~he loss of activity may be the result of surface 

poisoning, such. as an inactive carbon or sulfur adlayer, or a loss of 

particle disperslon by sintering. Any additive ~hich increases the ~ 

useful lifetime of a catalyst, ~hether it be by maintaining dispersion 

(textural promoter) or reducing coklnE and poisoning, can be called a 
/. 

lifetime promote r . 

A:3 Fundamental (~±croscopi c) Categories of Catal~st Additives. 

Many hypotheses have been developed over the past fifty years 

concerning reaction dynamics on catalytic surfaces, but it ~as not 

until very recently that conclusive evidence could be given to verify 

i'one or another microscopic model of a catalytic reaction. ~he atunic 

• / 

:.- ..... level techniques involve the study of adsorbed species on solid surfaces 

under ultrahigh vacuum conditions, and actual in situ studies of cata- 

l~cic surfaces by infrared spectroscopy and and electron microscopy 

(see section 2.5.3). 

ID- addition to the relatively s~mple systems which l~ave recently 

been studied (uslr~ single crystal metal surfaces as model catalysts 

with adsorbates  such as }{2, N2, CO, NO, 02, and C2H4) , r e sea rche r s  

in various laboratories are also probing the microscopic state and 

function of catalyst additives and alloys. We now define the four 

fundsmental categories of the known (and possible) functions that 

additives have at the atomic level. 

I. An electronic prcmgter is an additive that interacts directly 

with the active cunponent of the catalyst and modifies its surface 
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electronic properties. ~he electronic promoter itself is not the 

catalyst but only modifies an existing active catalyst. ~ may, but 

not necessarily, involve a change in oxidation state of the active 

camponent. Electzmnlc prmmoters are usually of two general types: 

a) ~he first type changes the oxidation state of the substrate metal, 

but still penmits adsorptlc~. Exsmples oi" this are the oxidizing and 

scme 5ulfiding pretrea~uent additives. 

b) The second type does not change the oxidat~.on state, but modifies 

the electronic properties of the active component. ~his category of 

additive function is commonly called the l igand effect, and can be 

further subdivided into those additives which ~£fect the surface over 

a relatively long range (perhaps by donating or withdrawing electrons 

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

only ne~z~st neighbor effects (presumably by modifying the localized d- 

orbitals). 

2. A structur-al additive of the active metal surface is one ~hose 

dominant effect is to change some properties of the metal surface by 

altering the stw~ture (or composition) of the regi~ surrounding the 

active metal atoms. Electronic effects on the metal centers are con- 

sidered secondary here. T~o importsnt types of structural additives 

are the ersemble size and face-selective additives. 

a) ~n ensemble size additive is one in which the active metal cu,ponent 

of the catalyst is diluted in a matrix of inactive atoms. Several alloy 

systE~ are believed to belong to this class of additives. For exmr.ple, 

the group IB elements Cu, AE, and Au, ~hen alloyed with the platinum 

group metals sometimes exhibit this behavior. In practice, hoover, it 
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is difficult to distinguish between the ensemble effect and a weakly 

perturbing llgand 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-breaklng. ~ aspect of adsorbates is variously referred t~ 

as geometric, s~ructural, template: or coordination effects in the surface 

science literature. ""'~e exact role that the ensemble effect has in 

catalysis, of course, "differs from one reactlcc or surface to another. 

b) A face-selective additive stabilizes a certain crystallographic 

orientation of small supported metal clusters. For exsmple, the Ni(lll) 

..... .erystailograp~.ic surfaee is known to .reorlent .to a (I00) ~entaticn. .... 

in the presence of sulfur; also the Pt(100) to (III) (ie. 5x20) transi- 

tlcn Is ~own to be stabilized by the presence of potassi~. IN~ferent 

faces of the same metal have beer- shown to exhibit rerarkably varied 

catalytic behavior. ~he most striking ex~ple of this has been in the 

smmonia syn~h~Is, ~here Fe(lll) was shown to produce ammonia at 418 

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

3. _SuE (or textural) additives have long been used ~l the construe- 

tlen of catalysts. F2re, the additive interacts most directly with 

the support, not the active metal component. Perhaps the most common 

function for such additives is to stabilize a hlgh s~'face area of the 

aetlve component, preventing s~;~erlng. ~g0 and CaO, when added to 

iron catalysts, are thought to function 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 

~hlch ~mpurities segregate, keeping the active camponent clean. 
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One of the more interesting, although controversial, support 

effects is the recent observation of "strong metal support interactions" 

(SMSI) (Tauster, 1981). One reaction where SMSI is observed is in the 

h~drog~natlcn of CO on rhodium catalysts. Hh cn Ti02 catalysts, after 

high temperature reduction, shows little sign of hydrog~_n or CO adsorp- 

tlc.n, and its catalytic activity changes dramatically relative to that 

observed for reduction of rhodium on SiO 2. One of the dcmlnant inter- 

pretations (as put forth in Tauster, et al) is that for high dispersion, 

~02 donates electrons ~to the Fn, filling up its d-shell, making 

it more like Ag, Au, or Pt in its catalytic activity. [We believe 

that this in~erpretat£on is wrong and that ~na~ is observed is du@ to" 

encapsulation or a new ~xTi~z phase. 3 

Nevertheless, the idea of support induced electronic interactions 

should, in principle, be considered. A related observation is that 

particle size appears crucial in determining electrcrAic properties. In 

a very interesting set of ~ experiments, DmMonorval (1981) showed that 

the adsorbed hydrogen slgiml (for H 2 cn a platinum catalysz) shifted 

s~4~Icantly when catalyst particles of less than a 30 A diameter were 

prepared. For large metal clusters, hoover, slgnlficaht c]~rEe transfers 

from or to the support are unlikely fruc electrostatic considerations. 

4. A bifunctional (or Srifunctlcnal) additive does not promote the 

active component, but adds a seccmd catalytic surface. For example, the 

Pt-Pd-Rh auto emissicns catalyst where NO x is reduced on the Rh surface, 

while CO and m~burned hyrocarbons are oxidized on the Pt surface. 

~he bifunctio~%l additive thus enables the dual catalyst to perform 

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

Theoretical and Practical Aspects 

The desorption of atoms and molecules from a solid surface can be 

achieved by any of several means, including thermal desorption, photo- 

desorption, electron (and ion) stimulated desorp=ion, and field 

desorption. In t~is section, I will discuss the theory and practice 

of ~ermal desorp~ion spectroscopy (TDS, also known as tm~perature 

programmed desorption (TPD), with special reference to ek~er~ments 

performed in ultr-~high vacuum. Although TDS can in principle offer 

quantitative information on a great variety of thermodynamic and 

klnet'ic a~spects of"~'d's6rp£ioh "and desorptiSn ph~'omena, i t  .bas'be~n ~y 

experience chat i t  i s  very d i f f i cu l=  to ge~ accurate '%umbers" out.  

The new molecular beam surface sca t t e r ing  techniques o f fe r  a more 

quantitative analysis of these surface phenomena, but at a great cost 

in time and money. The great advantage of TDS is t~at it is a 

relatively simple way of getting semi-quantitative thrums)dynamic data, 

and is especially appropriate for understanding trends in chemisorp- 

tion, of the t}~e discussed in this thesis. 

This appendix is outlined as follows: i) brief review of 

statistical mechanical theozy 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 in~oducti~Im to thermal desorption can be found in the 

literature, including: K~ng (1979), Peterman (1972), Redhead (1962), 

Ertl (1979a), Tcmpkins (1978), Scmorjai (1981), Roberts (1978), Gorte 

(1978), and Yates (1983). 
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B.I Theory of Rate Processes 

From 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 lowest energy through the saddle, can 

plot the "reaction coordinate" an energy profile of the reacti~,, 

Figure B.Ib. 

For any giv~. case. one can define the equilibrium constant, K c 

as: 

c o n c e n t r a t i o n  i n  f i n a l  s t a t e  
Kc = c o n c e n t r a t i o n  i n i n i t i a l  ~ S t a t e  

• ,m . . • • • • = - . . . .  ,=. • -6 - 

_ Nf 
- N-i (constant V; N = number of molecules) 

Ff 
= ~ (F = molar partition function) 

1 

Fan. B.I 

f f  
=~7. (f = the atomic partition ftmction) 

l 

The atomic partition function, f ,  is give by 

f = ~ge "~i/kT (where g is the degeneracy of the i th level) 
i 

Since the system is quantized, the reaction coordinate for any two 

states can be depicted by Figure B.2a, 

| 

where ~f - ~o + ef (where ~o is the zero point energy difference). 

The total equilibrium constant is then: 

Ff 
zc=  
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~here 

.! 

Ff =~e-4,~ eff/kT = e- ~°/kT~`g e" ~/kT 

i £ 

(andF i = ...). 

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

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

initial state. The transition state model is shown in Figure B.2b. 

One can define an equilibrit~ constant bet~=en the initial and 

act~%~a~ed states as: ........... ........ 

C ~ 

1 

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

molecule passing through the barrier is 

( dx. kbT 
~-~, = ~ (where m* is the effective mass of the complex). 

F~n. B.2 

The average time, T, for  crossing through the barr ier  i s  

T = (-~x) -- 6 where ~ i s  the width o f  the bar r ie r .  

I f  we then assume that every atom or molecule which has enough 

energy to reach the bar r ie~  passes t~rcough i t ,  then the rate o f  

reaction can be expressed as 
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-dN C* C* ' k/~bT " 1 = k K C i . Eqn. B.3 
a ~ = T  = J;~-~ ~ 

So the r a t e  constant i s  

C* / 'b* 1 k n-qi = ¢~ 
i 

C* * _ F*" =: 'F*' e'Eo/RT 

£ 1 J. 

where F*" and F*' are the partiCionlfunction for the activated complex 

with and without the (molar). zero poigt _eneI2=y includ.ed~ 

We now make the further assumption that one of the vibrational 

degrees of freedom (alon~ the reaction coordinate) should be "frozen 

out" and converted into a translational degree of freedom: 

F $' =F'fir =F* ~VDTh " 6 

Thus, we have: 

_%T F* e-to ~ 
1 

where kbT ~ 1013 RT~ Eqn. B.4 -5-- at . 

Since (quantum mechanically) we must ~msider that the complex will not 

necessarily go through the f~nal state but may fall hack into the 

initial state from the activated state, we add the transmission 

coefficieat (=). 

kbT a* r* -~o/~ 
k = -h--  aK* where = ~ e 

R 
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This can be reexpressed in somewhat more use fu l  rhernDdynam~c terms as: 

-~,..G*-- RTIr~* (f~ee enecgy Of activation) Eqn. B.5 

kbT e.AG~/RT kbT e.~H~:/RT e~:/R s° k = ~ - F -  = ~ - F -  

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

E p =  RT+AH # =E a 

• KbT e-EalKT eAS */R so k =cce 

....... -%#:<T 
Or .~ore s k = %~e ,- 

• KbT eL~S*/R : 
where ~, = c~e -h ' -  i s  c a l l e d  the pre-exponent~al f a c t o r .  

Eqn. B.6 
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B.2. The Thermal Desorption Equations 

For adsorption (as distinct from a gas phase process), the 

potential energy diagram is somewhat different than the hiomolecular 

reaction case expressed in Figure B.ib. 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 energy for 

adsorption). In practice we assume that iC is finite (~2-5A) and 

perform the calculation accordingly. It is useful at this ~int to 

distinguish between the two types of adsorption described ~n 

,~igures B.3a and B.3b. In FSgure B.3a~ level B. is considered. .a ...... 

physisorbed scare (also sometimes called a precursor state), while F 

Fig, B.3a and b is the chemisorbed state shown with amd 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 i0 Kcal/mnle. 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 nhe activation energy 

for dissocation (A-C). 

Returning now to our r a t e  expresion we have 

i 

-E /RT 
kbT eAS$1RT e'Ea/RT =~e 

k=ae- F- 

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

multiply by the ccmcentration (for first order desorption): 
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Fan. B.7 

where E d = actiwltion energy of desorption 

v I = preexponmtlal factor, ==i013 sec -I 

N a = concentration of adsorbate 

In general, for nth order desorption we have 

dN a -Ed/RT 
~ - =  ~ a ~ e  

pressure as a function of time (or temperature). In general, the 

change in pressure is proportional to the rate of desorption, minus 

the pumping speed (above steady state). In most UHV chambers it is 

now reasonable to assume that the pumping speed is fast compared to 

t~,e "characteristic time" for desorptiaa, and we have: 

S 
a t  = ~bT AP where S = pumping speed 

A = surface area of sample 

AP - chanse in pressure 

For a l i n e a c  hea t ing  r a t e  of  the  sample, T = T o ~ t  , H e r e  B = dTldt ,  

i . e .  the heat ing ra te .  I f  we assume ~hat ~ and E d are coverage 

independent, then we can solve our equation to f ind ~..~ temperature at  

which the desorpt ion ra te  is  a maximum: 
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d~ 
= O, (for desorption rate maximum) 

dN dN dT dN ~-6 = ~i= • ~ o r ~ =  /~ 

Solving further: 

=~-~e 

For n = 1 (first order desorption) we get: 

F~n. B.9 

"d?.N i'd "[Na -Ed/I~T )" 

Or  

rearranging we get: 

= 

a~ T=Tp 

~_~ ~] -~d/% 
P 

For first: order desorption with v = 1013 s "I and 

= I02-103 Kls) we get 

E d " .06 (Tp) in  kcal/mole. 

For n = 2 we gel: 

Fan. B.IO 

Fan. B.II 
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e o _ d 

where ~ o  = np which is  the coverage a t  T = Tp, 

Eqn. B.12 

For first order desorption, the peak position should be 

independent of coverage. First order desorption kinetics are typical 

for physisorption and associative chenisorpticm. Here the Tp and 

are coverage independent. For second order desorptien, the peak 

position should decrease with increasing coverage. Adsorbed hydrogen 

exhibits second order desorptlon behavior as it is dissociatively 

adsorbed. For zeroth order desorptien kinetics the peak position 

should increase with increasing coverage (or te~e_~.attrre). Exsmples 

of zeror_h order kinetics are metal and metal oxide (i.e. mulcilayer) 

desorption. 

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

givi~ rise to several peaks. The most simple solution is: 

dN t dN i dR t 
- ~  = .~  - - ~  {where ~ is  the t o t a l  desorption disecibut ion from 

1 

i s tates)  

Usually,  however, one does not  f ind ideal  desorption behavior. Often 

Earl and/or ~ are coverage dependent. Also, precursor s ta tes  modify 

d e s c ~ p t i ~  kinet ics as discuss~ in Section B.4. 

Before discussing the the:real desorption experiment, it is worth 

commenting briefly m an added complication of desorption phi. 
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I f  an atom or molecule is  re la t i ve ly  free to move along the surface 

then the par t i t ion  Fad s (F i in Eqn. B.4) should be re la t i ve ly  

large as in a 2-D gas. Ftren s ~ l010 per degree of t ranslat ional  

freedom. On the other hand, i f  the molecule is  confined to a certain 

site on the surface Fad s will be smaller: Fad s (imsobile) 

< Fad s (mobile). Since Fad s is larger for the 2~D gas,, the rate 

consume, k(mobile), will become smaller than kCinmobile). This can 

be visualized graphically as follows: consider a metal surface onto 

which is  placed an adatom such as sul fur which does rmt bond s~ong~.~: 
, • . 

with a molecule such as CO or H 2. Toe potential energy of an 

adsorbate on the clean and modified surfaces can be represented as in 

Figure B.4a. A change in the potent ial  energy contour for an 

adsorbate along the surface will cause a change in mobility of the 

adsorhate. This will m manifest in a change in the 

preexlxmential factor (i.e., the surface entropy component) of an 

Arrhenius type desorption equation (Fdn. 4). In terms of the thermal 

desorption experiment this means that (all other things being equal) 

the temperature of the max~man rate of desorp~ion w li be lower for an 

immobii~ layer than a mobile one. A change in the preexponential 

factor by three orders of magnitude would cause a change in peak 

temperature by about 50 K for adsorbed CO or benzene. (N.B. ~his 

argument assumes that F #, the partitim function in the activated 

complex, does not change much.) 

If, on the other hand, the s~face additive affects the depth of 

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

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

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

well as changes in transition state gecEetry are excluded, and the 

variations in desorption are due to a change in the ability of the 

metal substTate to bond with an adsorbate, i.e. the depth of the 

potential well. I believe that this type of discussion is necessary 

to enable an undezstandiug our coadsorption systems as well as others. 

L 
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B.3 Aspects of the Thez~al Desorption Experiment 

r~sorption from 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 mmmted in one of serveral manners. 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 because 

of their small surface area. Passi M a current through the wires 

causes them to heat up, which in turn heats the sample by conduction. 

Electron b(~bardmont heating is also possible, but often causes 

thermal and electron stimulated desorption from surfaces other than 

the desired one. The problems of desorption from undesirable surfaces 

should be minimized by mounting the sample such that only line of 

sight desorption reaches the detector (usually a quadrupole mass 

spectrometer). 

The choice of power supply can also be ~portant: DC currents are 

preferred since AC heating can cause tmwanted 60 cycle noise in the 

desorption spectra. Computer controlled ramping with feedback 

circuitry is the most desirable method of heati~, enabling variations 

in heating rates and curves (linear, logaritbmic~ etc.). More 

primitive methods w~thout feedback suffice, if the heating curve can 

be accurately reproduced between runs. This yields less quantitative 

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 peak measurements. These can include LEED, 

structuce/coverage determination, ~uger uptake curves, radio tracer 

techniques, or molecular-beam methods. 

Before explaining all of the problmns associated with thermal 

desorption, it is worth digzessing for a moment to discuss 

adsorption. Although several different definitions are used, the 

concept of a sticking coefficient is a useful ¢x~. ~'~e sticking 

coefficient S O (at zero coverage) can be defined as the p=obability 

that an incident gas molecule will become trapped in a chemisorbed 

state. The condensation coefficient (~) refers to the probability 

that the incident molecule will be trapped in) a physisorbed 

(precursor or chenisorbed) state. By definition 0 ~ S o ~ a < I. 

To a first approximation, for sticking with precursor states we 

have: 

r . . :  

~de'¢d IRT ] 

S o =ct ~ + ..~:a/RT | 

L ~a e j 

-1 

where E a re fers  to the ac t iva t ion  .ener~h, for going from the 

physisorbed to the chemisorbed s t a t e .  For low T, S O ~ a ,  and for 

high T, S O ~ a (l+VdlV a ) ' l .  

The s t icking probabi l i ty  also sometimes defined as: 
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S(0,T) = So(1-8)e -Ea/RT 

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

types of saickir~ probability behavior as follows: 

z) 

S 

e 

s = So(Z-e) Lang~uir bebavior 

2) 
S '~'~ ~o~ ~cI-~" o~I 

others see below) 

e 

Stick~n8 with 
precursor states 

3) 
S 

e 

S = 5o(1-e)2 Dissociat ive 
adsorption with no 
precursor states. 
Two sites needed. 
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e 

4) 

/ 

reconstructions o r  

ordered phases. 

5), 
S 

e 

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

There are many proble~ 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 

e f f e c t s  from co~c ibu t ing  to  the  desorptiou spectra  from a s ingle  

crystal surface. These all have a tendency to broaden the peak. 

However, in experiments such as those reported in Chapter 4 of this 

t h e s i s ,  these e f fec ts  .are minor compared to the major changes in 

chenisorpt ive  s t rength induced by the coadsorption of  alkali atoms. 

Although a quant i ta t ive  ana ly s i s  i s  scme~hac d i f f i c u l t ,  qua l i t a t i ve  

trends are preserved. I t  i s  des i rab le ,  never the less ,  to minimize the 

various experimental .~ources of  error by using a molecular doser and a 

l i ne  of  s i t e  desorption sh ie ld  aromd the de tec tor .  ' ~ a l l  e f fec t s"  can 

lead to a mis in te rpre ta t ion  of the order of a r eac t ion  ( f i r s t  order 

desorptioQ wi l l  resemble zeroth order desorption) and to spurious 

peaks (from displacement). We have minimized these by using an off  

axis  manipulator where the c r y s t a l  i s  placed--2 or  from the Oils 

i on ize r .  One should a l so  be ca re fu l  to ensure tha t  the detector 

responds l inea r ly  over H e  region studied i f  peak areas  are to be 

used. F ina l ly ,  i t  i s  imperative tha t  the surface be heated in a 

uniform way and be clean and flat--'zmPurities 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 ator may adsorb by first entering into a 

physisorbed or precursor state, and then falling into a chemisorbed 
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s t a t e .  The reverse can happen for desorption, and th i s  leads to a 

change in the desorption equation.  

The importance of the precursor s ta te  in TDS is  that  only a 

fraction, W, of the molecules ~hich go from the chemisorbed to the 

precursor state will desorb. The energy /mpartedto thedesorbing 

species may cause lateral motion in the precursor state, not motion 

normal to the surface needed for desorption. The rate to go from the 

chemisorI~ed co the precursor state is: 

dN = vNe-E/RT 
" ~'6 (Ist order) 

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

-~ W~Nsee "E/Rt Fdn. B.13 

where 8 is the fractional coverage, and where W. to a first 

approximation, can be represented as 

i fd~-i Ke ,-i] 
= fd +fm -(1 +T~' [i "T~' J 

~,%~le12e: 

fa = probability of becoming chemisorhed from a prectrrser state. 

fd : scattered into gas phase from unoccupied site' 

fd = scattered into gas phase from occupied site. 

fm= probability of hopping to nearest neighbor from unoccupied 

site. 
! 

K., fg(f~÷%> 
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The f values an be approximated from sticking profiles. As W is 

decreased the spectrum broadens and Tp goes up in temperature. One 

must be careful here: for f i r s t  order desorption,  Tp decreases with 

increasing coverage i f  a precursor s t a t e  e x i s t s ,  g iv ing  the appearance 

of second order k i n e t i c s .  

For molecularly adsorbed CO on Pt(lll) the peak temperature 

decreases by at least 50K with increasing coverage, as well as 

broadening the H~M. This can be explained by i) precursor states, 

2) two ove~lappimg states (i.e. top and bridge). 3) lateral 

interactions causing Ead (or ~) 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 bean techv~ques 

to help resolve the disccepency. 

Another problem is that of "lateral interactions": The thermal 

desorption spectrum is not only a result of subst~ate-adsorbate 

interactions, but of adsorbate-adsorbate ones as well. Tnase may be 

attractive aml/or repulsive, and will vary with coverage, temperature. 

and composition. In general this can be solved by modifying the 

exponential term to include coverage dependence. 

dN a -lEd(o) + ~f(O)]/RT 
- aF- =,,Nae Eqn. B.14 

where: z desribes tbe l a t t i c e  type 

w i s  an i n t e r a c t i m  po tea t i a l  

and f(8) is  a function of coverage 
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With la tera l  interactions, curious spectra often resul t .  For 

example, two peaks my appear in the desorption spectrun, where~:the 
! - 

f i r s t  is  d,.,s ~.o chemisorption with sL'cong r e p u l s i v e n e a r e s t  neighbor 

in te rac t ions ,  and the second i s  due to '%ormal" f i r s t  or second order 

behavior. Less confusing, but still troublesome, is the downward 

shift in desorption concentration with increasing coverage which may 

lead one to assume second order desorption, instead of first order 

desorption with repulsive lateral inte.-actlons (see Chapter 3). 

A more basic problem is that the theory assumes that the 

transition state model is applicable to the sLTface. ~hus, all the 

questionable assumptions of  gas ~ a s e  t rans i t ion  s t a t e  theory (and 

more) deserve a t ten t ion .  For instance, should a l l  theT~grees of 

~ o m  of the desorption complex be weighted the same as in the gas 

phase, and are they in equilibrium? 

Another problem of transition state theory is how to determine the 

transmission coefficient~ a, noted earlier. By definition, ~, is a 

function of temperature and may be very small yielding small 

preexponentials 102-105 sec "I. Some add an additional tunneling 

term. 

Finally, we note that Goddard and coeorkers (Redondo, 1983) have 

shown that a s~mple rate expression can be derived from a classical 

stochastic diffusion theory. ~hey claim that their theory gives ~Jch 

better correspondence with experimental data than that obtained by 

transition state theory. 
l 

Despi~e 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 Cgmparlson-.of ~l~ar and Potassl~ Addltlve Effects. 
~. 

C.1 Introduction . . . .  

S~m~nolayer coverages of various atcmlc additives (modifiers) 

have recently been studied on many transition metal surfaces to help 

understand prcmoting and poisoni~ effects in catalysis (see. Appendix 

~A). Su~.e InvestIEators have argued that the dominant effect of certain 

additives is to p~ically block or dilute the catalytically active 

metal component for adsorption or reaction (see for example Sachtler, 

1976). ~ is also called an ensemble or structural effect. Others 

have pointed to the changes in heat of adsorption of CO or H 2 and 

ccmclude that these results are due to electronic interactions between 

the additive and the metal atoms. ~ is called a chemical, llgand, 

or electronic effec$. Other conventions have also been amployed such... 

as surface acidity or baslclty to describe electronic effects (Stair, 

1982). In fact, a constant source of confusion in the recent literature 

on surface additives man be traced back to the lack of agreement in. 

terminology. We will use the id~ :of "structural and electronlc effects 

as developed in Appendix A. 

In this section ~m report about the chemical properties of carbon 

.T~moxlde and ben-~ne whP.n coedsorbed with sulzAm on the Ft(lll) surface, 

and compare the sulfur behavior with that of potasslun ~hich ~as presented 

in Chapter 4. For the purpose of discussion, some of the results 

reported earlier are recounted here. For potassium, it ~ms shown that 

an electronic effect is the daminant cause of the observed changes in 

desorpticn of CO and benzene. ~Kth sulfur coadsorption, on the other 

hand, "structural" effects m~ght be more ~mportant tb~n electronic ones 



'% 
"% 

-221- ), 
s 

Lu altering the desorption'behavior of these molecules. 

C.2 Exper iment~ . : .  "~" 

A P t ( l l l )  sample was mounted in  t h e  ~DS chsmber d e s c r i b e d  in  
/ 

section 2;1. To achieve the desired coverages, sulfur was either 

deposi~ed at a constant rate for a certain time and then monltor~d by 

AES, or the surface was saturated with sulfur and then heated, desorblr~ 

sulfur, until a desired coverage was reached. For the CO and sulfur 

coadsorption system we were interested in four coverage regimes: clean 
i, 

Pt(lll), eS= 0.25, eS= 0.33, and es> 0.5, (~here e S is the '~: 

sulfur coverage relative to the platinum mcnolayer atemic density). 

After suf~'Icient sulfur deposition c~. a clean Pt(].ll) surface, an 

ordered (W3x43)R30 ° sulfur overlayer structure, could be obtained 

by heating to 700-900K. A second lower cove~Ee, (2x2) sulfur overlayer 

structure was obtained by heating to 1000-115OK. No other LEED patterns 

were visible at higher or lower coverages, consistent with prevlously 

reported results (H~emann, 1975). Since sulfur is generally believed 

to occupy the highest coordination site available on metal surfaces, 

the two overlayer LEED patterns are most likely due to the sulfur 

overlayers depicted in l~es C.ia and C.Ib. 

~he potassium deposition techniques and overlayer behavior on 

Pt(lll) has been described in detail in Chapters 2 and B above. 00 and 

benzene exposures were accomplished using a needle doser in front ~:f ' 

the sample. H~ating rates for the thermal desorption spectra were ; 

- 30 K s -1. 
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C.3 Results 

C.3.1 Chemisorbed carbon monoxide. 
.......... , L u |, 

Carbon monoxide adsorbed on Pt(lll) has been extenslvel,y slmdled 

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

low coverages, CO adsorbs on top sites on platinum, "ahile at higher 

coverages bridged sites become occupied. Although there has been some 

dlssgreement in the literature, it is now thought that the top and 

bridge sites are the only ones occupied, althot~h some .tiltlr~ may 

occur (Biberian, 1983).. 

With the P t ( l l l )  s~mple held at 170K, a CO exposure of greater 

than I later (I L = 1 x 10 -6 torr s) w~ sufficient to ~eld a c(4x2) 

overlayer LEED pattern. LEED and ~ armlyses (~berian, 1983) have 

shown this pattern to correspond to a real space representatic~ described 

in Figure C.Ic, and a coverage of e CO = 0.5. In F~s C.2a and C.2b 

we show the CO thermsl desorption spectra follow~ng IL and O.~L exposures. 

Note the increase in peak area and concomitant decrease in temperature 

of the peak maximum for the hlgher exposure. ~ effect is thought ,to 

be due to repulsive lateral interactions between the CO molecules. 
r 

Figure 4.8 shows the saturation coverage CO thermal desorption 

spectra as a function of potassium coverage on the Pt(lll) surface. Cr 

~mportance here is to note the large increase in heat of adsorption 

with increasing potassium coverage. Also, the change in heat of adsorp- 

tion was a continuous function of both CO and K coverage, as shown in 

FAgures 4.5, 4.6 an~ 4.7. 

~he p(2x2) sttlfUr overlayer structure on Pt(I11) allowed sls~Iflcant 

CO adsorption following a 0.4 L exposure as can be observed in figure 
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C.2c. In addition, the desorption peak temperature was shifted by about 

65E from a 0.4 L exposure on clean Pt(lll), F~e C.2b. Higher CO 

exposures on the p(2x2) sulfur overlayer f~sulted in no additional 

adsorption. In Figure C.2d we show the CO thermal desorption following 

a 0.4 L CO exposure on the Pt(lll) + (WSx 43)R30 ° sulfur surface. 

Similar spectra, showing little or no CO desorptlon, were observed for 

higher CO exposures as well as for higher sulfur coverages. No new, 

or altered, T~D patterns were observed followir~ CO expo~e. ~he CO 

thermal desorptlon peak area for the Pt(lll) + p(Rx2) sulfur. + 0.4 L 

CO overlayer (Figure C.2c) ~ms - 1/2 that of the Pt(lll) + c(4x2) CO 

overlayer (~Igure C.2a). 

In Figure C.Id, we show ~hst we believe is the real space representa- 

tion of a the p(2x2) overlayer structure with coadsorbed CO and S. 

With a p(2x2) overlayer array of sulfur atoms sitting in hollow sites, 

there exists another (2x2) mesh of single platinum atum sites ~vith no 

coordinated sulfur atoms, where 00 could be adsorbed. ~ais model of 

coadsorptlon is consistent with the observations that the (2x2) sulfur 

overla~er LE~D pattern was not char~ed when CO was adsorbed a~d the 

the CO thermal desorption peak area for the c(4x2) CO structuzm on 

clean Pt(lll) (with a Imown coverage of eco - 0.5) was twice that of 

the p(2x2) S + CO overlayer structure, with es=0.25 and eco=0.25. 

Assuming that this model is correct, each sulfur atem blocks three 

platlntm substrate atoms frc~ adsorption. ~his is also se~ from the 

virtually complete blocking Of CO adsorption on the(43x43)R30 @ 

sulfur overlayer surface where eS=0.33, Figure C.2d. 

~Is p(2x2) overlayer structure with one platinum atom and one CO 
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molecule per unit cell is ideally suited for a dynsmical LEED ,intensity 

analysis due to the small size of the unit cell. Such an analysis "~ 

might yield valuable information concerning bond length distortions in 

ooadsorpt~ -~ystems. 

C.3.2 Chemlsorbed benzene. 

~he thenmal desorption spectrum of benzene en Pt(111) was shown 

in Figure 4.21. For low exposures, most of the benzene decmmposes upon 

heating, with hydrogen being the main species monlto~ed in the desorpticn 

spectrum, while for higher exposures, same of the benzene desorbs 

intact. 

In F1guee 4.23 was shown the thermal desorptlon spectra for benzene 

desorblng from Pt(lll) wlth varlous coverages of potassium. He~ we 

can see that a 200K decrease in benzene desorption edge maximum with 

potassium eoadsoeption, the opposite of what was observed for CO. 

In l~IEure 4.24 we contrasted the effect that adsorbed potassium 

has cn benzene desorption with the effect that is seen with potassium 

oxide. In the potassium oxide case, potassium was first deposited 

to e K -- o.3, then the surface was exposed to 5 L oxygen. Oxidation 

of the potassium made the effect en benzene practically disappear. 

~he effect of sulfur on the desorpticn of benzene is shown in 

FiEure C.3. ~he dominant features are a slight drop in temperature 

of the desorptlcn rate maximum, cud an effective blocking of adsorpticm 

sites. A more thorough understandiug of the adsorption states would be 

eequleed to claim that one state is blocked, while another is filling 

in. 
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C.4 Discussion 

We chose to study CO and benzene and their interaction with sulfur 

(following low temperature exposure) cn Pt(lll) because both molecules 

had sho~ large changes when coadsorbed with potassium in earlier 

studies. B~cause of the different electronegativities of potassium 

and sulfur, we expected different effects on the chemisorpticn of 

these molecules. Our results show that on Pt(lll) coadsorbed potassium 

caused a 200K increase in the temperature of desorption of CO, and a 

200K decrease in the maximum temperature of desorpticn of benzene. 

Adsorbed sulfur, on the other hand, caused a decrease in the desorption 

temperature of both CO and benzene. 

C.4.1 The effect of potasslun. 

~he large potassiun induced change in desorpticn temperature of 

both CO and benzene seems to be due to a strong substrate mediated 

electrc~Lc interaction. For CO, if site blocking (structural) affects 

were important, the thermsl desorption peak should have moved down in 

temperature, not up, as explained in Appendix B. Fore evidence supporting 

an electronic Interpretation canes frem the ~DS, photoemission, end 

high resolution electrcc energy loss (HHEELS) results (see chapter 4). 

~he results also indicate that the electronic interaction is mediated 

by the substrate (i.e. it is not a direct Interaction) and is effective 

over at least several interatcmi~: s~acings. 

By coadsorbing oxygen, the effect of potassium on the chemisorption 

of benzene almost disappeared, as we show in Figure 4.24. ~his further 

supports the model of an electrc~ic effect for the potassium induced 
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changes. If structural effects occurred, we would hav~ ~ expected the 

oxidation to cause an even greater change in thermal desorptlon peak 

temperature, i. 

C.5.2 ~ne Effect of Sulfur. 

~he Interpre~tlon of the effect of coadsorbed sulfur on CO and 

benzene is less clear. We observed a decrease in the temperature of 

CO desorptlcn ~an Pt(lll) ~hen sulfur (an elect~negatlve species) 

was added (f~lu~ C.3c). Tnls might be expected since ccadsorbed 

potassium (electropositive) caused a large increase: in the CO desorption 

temperature. Surprlsln&ly, enalog0us effects were not seen for benzene 

sdsorption: both potassium and sulfur caused a decrease in the benzene 

desorption temperature. 

In ~gure 4.29 we show a molecular orbital diagram for a metal- 

benzene system smalogous to our surface. ~hat is of interest here is 

the elg level l~ Just above ~. If potassium on the surface can 

lower this level enough to be populated, it should w~!ken the benzene- 

metal interaction (as we observe). Our UPS results show a slJ4~ht 

increase in binding energy of the lower l~mg benzene levels suggest 

e~.~ level may also be ~owered. ~hus the interpretation of that the 

potassi~, as inducing substrate mediated electronic interactions for 

the chem~orption of both benzene and CO is consistent. 

But why then did sulfur cause a decrease in desorption temperature 

of benzene as well as CO? Fecent work on "electron acceptors" shows 

that the work function of a metal does not behave in a s~mple manner 

(~ustorovich, 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 atoms and their image c~arge should ir~crease the work function. 

Bit with adsorbed chlorine, for instance, scmetlmes a decrease in work 

ftmcticm is observed. ~his can be rationalized by noting that the 

adsorbate-lmage dipole is not the only dipole component of the ~rk 

function (see Figure 3.1). A second, and perhaps more ~nportant, dipole 

component comes from the bulk electron spillover into the vacuum. ~he 

changes in wavefunction spillover character due to adsorbates can thus 

overcompensate the adsorbate~ge dipole ccmp0nent. 

To follow this argument to its logical conclusion, ~ would say 

that with sulfur, as with potassium, a decrease in work functicm muses 

I 
the benzene elg level to be populated, decreasir~ the benzene-substrate 

bond energy. However similar reasoning should lead us to predict that 

potassium and sulfur should have the sine effect cn ccadsorbed CO. 

~]~is was not observed: potassium and sulfur showed opposite effects an 

the CO desorpticn temperature. We are therefore led to discount the 

work function model as determining the sulfUr-benzene ccadsorption 

system. 

We can, however, explain the decrease in CO and benzene desorption 

temperature (when sulfur is coadsorbed) as beir~ due to a structural 

effect. ~ would result frmm a charge in the preexp~nentisl factor 

(~) as described in Appendix B. B~ blocking the mobility of CO or 

benzene alone the surface, the preexponential factor ~n the desorption 

equation abould increase, which (for constant AHad s) will cause 
.~ 

a decrease in peak temperature in t h e  thermal desorptlon spectrtm. 

Sinc, e th i s  is  consistent with the data, we tend to favor structural 

effects as dcminatlng desorpticn behavior for the su l fu r  coadsorption 
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systems. Oer~nlnly electronic effects will ezi~t, as evidenced by the 

slight increase in vibrational frequency of CO when other electron 

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

platinun (Prlmet, 1973), but we believe these are not the dm~hnant 

effect. 

t 
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Appendix D. Review of Related Uses of Alkali Additives in Catal~sls. 

• ~his section contains a brief literature review of the use of 

alkali promoters for carbon Easlflcation and ammonia synthesis. 

A review of alkali promoters for O0 hydroKer~tion was given in section 

5.5 above. For carbon gasification, alkalis are actually the catalyst, 

not simply a promoter of another metal. Nevertheless, the similarities 

between the various reactions warrents consideration here of the use of 

alkalis for gasification. 

D.I Carbon Gasification. 

~he gasification of coal or any other carbon source to produce 

H 2 and CO (syngas) is a necessary first step in the synthetic fuels 

industry (Kugler, 1978). ~he resultant O0 and H 2 can be further 

reacted over a methanatimn or Fischer-Tropsch catalyst to give useful 

products such as methane, alcohols, or long chain hydrocarbons (e.g. 

Easollne). 

~he steam gaslficaticn of carbon usually requires high temperatures 

(>IO00K), since it is a highly endotbermlc reaction. 

(I) C + HiD ÷ N 2 + CO AH = +31 kcal/mole 

Several other simple reactions which can take place under 

gasification conditions a.-e represer~ced below: 

(2)  2C + 02 + 2C0 AH= 

(3) C + CO 2 + 2C0 &H= 

(4) CO + H20 -,, 002 + H 2 ,~H= 

-53 kcal/mole 

+41 kcal/mole 

-i0 kcal/mole 
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(5) C + 2142 ÷ ~ AH = -18 kcallmole 

(6) O0 + 3}I 2 ÷ ~ + H20 AM = -;49 keallmole 

In addition to these reactions , s~ilsr reactions can occur in the 

gasification of crude hydrocarbon sources: 

(7) -CI-I 2- +I-120 -, O0 + ~ 2  

(8) ..OH2.. + 1 / 2 0  2 4. O0 + H 2 

AH : +36 kcal/mole 

AH = -22 kcallmole 

In several of the industrial gasification processes, no catalyst 

is used. ~b~ver others, such as the Exxon and Kellog p.-ocesses do 

employ alkali carbonates or hydroxides to catalyze the reaction. In 

fact, al~ali and alkaline earth metals have been known for over !00 

years to be active gasification catalysts (Moray, 1867). ~he recent 
i 

awareness in energy conservatlon has renewed interest in tr~_ng to 

understand the basic science of alkmll catalyzed coal &msi.~Ication. 

,lie most readily obse~ed catalytic consequence of adding alkali salts 

is that the gasification rates Increase (at constant temperatume) and 

the agglcze~ation (caking) of the carbon source is decreased. 

Several mechmnistic pathways have been postulated for the various 

alkali catalyzed gasification reactions, of which we will briefly 

discuss three. Versa and Bell (1978) have proposed a sequence of 

reaction steps to explain the catalytic gasification cycle: 

(9) M2c~3+2c - ~+300 

(I0) 2M +2H20 * ~.OH+H 2 

(n) co+~2o + oo2+H2 
(~here M = a n  a l k a l i  m e t a l )  
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(12) zvDz-1 + co 2 . ~ c o  3 + ~:2o 

(1 ~.) c + H ~  .,. H 2+co  

McKee and (hatterJi (1975) o f f e r  a sli@htly different reaction 

sequence where equations II and 12 are replaced by: 

(14) 2MOH+ CO + M2CO 3 +H 2 

Hoover, the overall reaction is still represented by equation 13. 

0me problem with these two post~alata~ pathways, as pointed out 

by Wen (1980) is that from a thermodynamic point of view t/ce lithium 

salt should be the least active, but in actual experiments it displayed 

the highest reactivity. Wen argues that the active catalyst is not an 

alkali salt, ~.~t rather an intercalated alkall-E~aphlte or alkali- 

~norphous carbon compound. Pe shows how ~he Fermi level of graphite 

(a seni-metal) is effectively shifted to hlg~er energy when an alkali 

metal enters the space between the g~phite layers, making it more 

metallic, and a better eleetrc~ donor. One important consequence of 

the metallic character of alkali intercalatlon is that the modified 

g~aphlte (or aromatic carbon chain) can easily adsorb hydrogen. For 

Instance the followLng class of organic sa l t s  are readily hydrogenated, 

while the neutral organic molecules are ~latively stable. 

(15) 
H H 
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~hese complexes also adsorb CO and can therefore be used as CO 

hydrogenation catalysts. 

Wen postulates the followir~ mechanism for steam gasification of 

carbon sources. 

(16) M2CO B +2C * ~ + 3C0 

(17) Z~ + ~ C  -,- 2CnM 

(18) 2c + 2o ÷  c+s o +H2 

(19) Sv[OH + CO ÷  CO3 +H2 

(20) C +H20 * CO +H 2 

A similar mechanism would hold for MOH as the starting material 

instead of M2CO 3. He also notes that the diffusion of alkali metals 

through the e2rbor2eeot~s material should be relatively facile either 

as M(E) or as MOH. ~e main difference between this mechani~n, and 

the ones proposed by Veraa (1978) and McKee (1975), is that the Wen 

mechani~n presumes that the alkali metal is intercalated when it reacts 

~th H20 , while the other two state merely that atQ~ic alkali atoms 

react with H20 without specifying the location of t//e 'alkali. ~he 

Veraa and McEee mechanisms are therefore more general. 
L 

Other reactions are known to take place on alkali - graphite 

intercalation compounds. In addition to CO hydrogenation, these 

~clude the hydrogenation of the carbon substrate to form light hydro- 

carbons, as well as the hydrogenation of benzene to cyclohaxane. 

~he third mechanisn which has been postulated is called the 

phenolate mechanism and is supported by the work of Mires (1983) as 
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well as the work done in cur labcratcry (Delanney, 1983). ~he key 

intermediate sho~n in thez~ studies is the phenolate species 

as represented in ~-uatiun 21. 

(21) ~~_~ ÷ I:SCH51 --, ~_O_CH3 + KI 

~he e~xlstence of this species has been demonstrated indirectly 

by an ion exchange surface methylatlcn technique (Mires), and fru~ 

stcichiometrlc arguments (De!anney). In the methylation experiment, 13C 

envlched C~3I is added to a carbon source impregnated with potassium 

carbonate (spherocarb) and the resultant methylated solid is ehsracterized 

by IBc r~. 

In the Mires study, it was shown that a carbon ssmple with KOH 

impregnatlon, followed by meth~lation form a stable intermediate. ~he 

intemmedlatesfcrmed at 970K by heating the ssmple in He or by initiating 

gasification are the same. ~hls methylated intermediate demcnstrates 

the prior existence of the phenolate. 

Delanney et al have recently shown that K0H on a graphite powder 

reacts with steam in two successive stages. In the first stage, hydrogen 

and hydrocarbons are a~Ived at a high rate, but no CO cr CO 2 Is 

detected. This stage ce~es after the equivalent of 0.5 molecules H 2 

per potassium atom are produced. Shis Is attributed to the dissociative 

adsorptiun of water to form -C-H and -C-OH (phenol) groups. ~he l~hencl 

group then reacts readily with NON to form C-O-K (phenolate) species. 

~he existence of the phenolate is strongly supported by the observation 

that 0.5 molecules H 2 are produced per potassium atom. ~hls species 
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is fom~d to form at an appreciable rabe bebween 800-950K. ~ 950K, 

most of the initial potassium salt will be conve~ed to C,~-K. 

Duzfl.~ the second stage of the reaction (at temperatures between 

950-I000K) the Eas1~ication proceeds more slowly. It will, however, 

proceed lnd~inltely, and the rate can be increased by flzrther increasing 

the temperature. ~re, ~ also note the producti=1 of one H 2 molecule 

per egviva[ent CO molecule. We believe that this stage results from 

• the deecmposltion of the phenolate species to give CO, K20 , and metallic 

potassium. ~hen, K20 and metallic potassium c~blne with N20 to 

produce H 2 and ](OH again. For a veal catalyst, ~olsorzlng occurs by 

alkali ccmplexation with impurities such as silicon or various metals. 

Once CO and H 2 are made hy steam gasification, their further 

reaction tc form methane and ~ater is exothe~nic, and is normally 

carried out on a nickel catalyst at 600E. Because of the high cost of 

the heating required for steam gasification, it would be desirable to 

conve r t  the  carbon source  d i r e c t l y  t o  methane o r  o t h e r  hydrocarbons .  

For i n s t a n c e  t h e  f o l l o w i n g  r e a c t i o n  i s  v i r t u a l l y  t h e r m o n e u t r a l :  

(22) 2C + 2H20 ÷ G~ + CO 2 AH = 3.6 kca/Imole 

Alkalis are a b l e  to induce this reaction. In a d d i t i o n ,  hlgher molecular 

weight species were produced (~llch are ~own to be produced over 

alkali intercalated Eraphite). ~he formatica of the stable phenolate 

intermediate seens however to result in these eeacticcm being stoicblo- 

metric at temperatures below 800-900K. 

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

scheme) is a metal which can ald in the dissociative adsorptiun of a 



-238- 

significant m~ount of strongly bound water on the carbon. At the s~e 

time the metal must not be so strongly bound that the formation of a 

stable ph~nolate-like Intenmediate freezes out the resction, requiring 

excessively high tempera~s to complete the catalytic cycle. 

D.2 The Ammonia SFnthesis. 

~he commercial development of the direct synthesis of m~monia 

occured in the first two decades of the twentieth century (Haber, 1910). 

~he catalyst was (and still is) formed from FeB04 (magnetite), with 

A!20 S and K20 additives. ~he catalyst ~wder is first reduced 

under hydrogen to form metallic iron particles, which contain a small 

~notmt of K and 0 on the ~ace. Studies have shown that the A1203 

is located between the iron particles, presumably as a structural 

prumoter. ~henmodynamic and kinetic constraints require that the reaction 

be run at moderate t~nperatures (500C) and high pressures (>I00 a~.) 

It was shown as early as 19B4 ~hat nitrogen adsorption was the 

rate llmitlnE step in the overall synthesis (Emmett, 1934). More 

recently it hss been sho~m that the dissociative adsorption of nitrogen 

is the slow step, while molecular adsorption is the weakly bound precursor 

state (F~tl, 1976). "]he dissociative adsorption of hydrogen is facile 

on iron at reaction temperatures. It is also found that the (III) 

crystallographic face is much more active for dissociating nitrogen, 

while the (II0) face is the 1ernst active (Ertl, 1980). Very similar 

face selectivities were observed for the smmonia 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) 

(24) 

(25) 

(26) 

(27) 

N Cads) + H Cads) ~--N~ Cads) 

NH Cads) + H (ads),= ~2 (ads) 

NH 2 (~) + H C~s) ~ z~ 3 (~s) ~ ~3 Cg) 

However, in the methanatlon reaction, it is the finsl hydrogenatlcn 

of the surface ~3 species which is thought to be rate limiting, 

while in the smmcrda s~mthesis the dissociation of N 2 is rate 

li~.itlng. 

~he function and state of ~otassium in the ~mmonia synth~Is is 

still under Invest~atlcn, but the pict1~e which has emerged can be 

described as follows. Potasslt~ and ox~Een are coadsorbed both on 

the active iron and on the AI203 phase. ~he iron, reduced frcm its 

Fe.~4 starting form, api~.ars to contain a slgrd/Icant smount of 

nitrogen dissolved in it, perhaps forming a nltride in the near 

surface region. As noted above in section 5.9, the surface potassium 

helps both to increase the N 2 adsorption energy and to decrease the 

actlvat±c~ energy for its dissociation. ~hls effect is more 

pronounced on the Fe(ll0) and (100) planes, which are normally very 

poor at dlssociatir~ r~tro~n ccm~d to the (III) face (Ertl, 1980). 
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APPENDIX E 

The Use of the l%'T-Cam~ore Cc~uter  for Surface Science Studies 

E.! Introduction 

Most modern microcomputers, when combined with an appropriate 

interface, can be used to control and/or monitor scientific 

instruments. We are currently rasing the PET-Cammdore 2001, 32K 

Persorml Computer to facilitate several different types of surface 

science studies, including: l) multicbannel thermal desorption 

spectroscopy (TDS monitors the gaseous species desor~d from asurface 

as it is heated), 2) Auger electron spectroscopy (AES monitors surface 

atomic composition), and 3) photoelectron spectroscopy (which m~asur.e 

electrons emitted from both the valence-UPS- and core-XPS, regions) .  

Other researchers in the UC Berkeley Ch~nistry Department, with the 

help of the Electronics Shop, have used the PEr to monitor gas 

chromatography, and gas phase laser spectroscopy. 

With the development of a series of software programs, the sin 

advantages to be gained by using the computer over conventional 

techniques are: permanent" storage of data on diskettes, and post 

processing of the data to integrate, differtiate, signal average, or 

"zocm-iD" on data. The computer can also accurately control the 

electro1~ic power supplies and analyzers 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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I 

The' progr,m'~ are self explanatory in that once a prograa is loaded 

and running the screen prompts the user with a series of simple 

questions. An overview of each of the programs is given in the 

following pages and sc~e directions/commands are explained where 

needed. Should changes be desired, the reader is referred to Osborne 

(1980) for an introduction about the computer and BASIC programming. 

S~eve Smiriga and Henry Chan of the U.C.B. Chemistry Electronics shop 

can be consulted for more substantial changes in hardware or machine 

language programming. 

A schematic diagram of our computer, instrumentation, and 

interface is given in Figure E.l. The interface includes a12 hit A/D 

converter, al 16 bit D/A converter, an 8 channel ,~Itiplexer, a 32 hit 

upcounter, and a voltage to frequency converter with a hardware 

timer. The computer has a 6502 (8 bit) microprocessor with 32/< 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 collecti~g (because speed is ~portant). [On a few occasions it 

would have been better to have had 64K or 128K RAM. Since 16 bit 

microprocessors are becoming more popular, we would recommend the 

larger size for someone who does not already have a 32K computer. ] 

E.2 Computer Controlled Thermal Desorption Spectroscopy 

Using the current software, the computer is capable of scanning 

and monitoring the intensities of up to 8 different mass channels on a 

UTI 100C mass spectrometer, and one temperature, at a maximum rate of 

about 20 per second. Toe computer, program, and interface should work 
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equally well on any quadrupole mass sPeCtrOmeter which can take a 

O-IOV mass progtaming input signal and give a O-IOV output for 

i n t ens i ty .  The program and in t e r f ace  have been designed to enable the 

user to change the electrometer gain; however, some undesirable noise 

appears using this option with the UTI 100C. The software consists of 

two programs, bo~h of which are loaded from the disk into the PET RAM 

(active memory) by pressing the SHIFT/I~/JN key with the diskette in 

disk drive 0. The first program combines an Interactive "parareter 

set,.up" section with a post-processing graphics routine, while the 

second contains a series of machine language subroutines enabling fast 

data collection, storage, and retrieval. A listing of the two 

program is giving in Table E.I. 

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 accomplished 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" Progrars for Auger, ESCA (XPS) and UPS include a set of 

4 program; an interactive BASIC program and a machine language 

program for taking data, and two more for post-processing. The 

programs are listed in Table E.2. The main interactive program 
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enables data to be taken, stored, and for spectra to be subtracted .= 

from each o~her. In Figure E.3 is shown the flow d iagr~ for th is  

program. 

E.4 Auger ESCA Display Progra~ 

When using the Auger/ESCA ~)isplay program, all files to be 

displayed must have been stored previously while within the main 

Auger/ESCA data collection progr~. The Auger/FZCA Display ~ogram 

operates in two input modes, the Coemand Mode and the Display Mode° 

In the Cemmand Mode,. the program w i l l  ask f o r  a "COR4AI~ *"  and await 

input from the keyboard followed by a carriage return. In general 

this mode used to reca l l  data from the disk and display iC. The 

Displa~ mode interacts with the user by merely hitting keys to affect 

the display: neither the "COMM~ND" prm~pt, nor the keys hit will 

appear on the screen. Both modes work on data which has been placed 

into a buffer, in the PET menory; the original data on the disk remains 

intact. Note that in the descriptions below, parentheses denote 

shifted keys, i.e. (S) means shift S. 

First a few remarks about the end points of the displ'ay. When a 

data file is first read in from disk I, the x-axis endpoints are set 

to those of the "raw" data as entered in the main KSCA progran, Vl and 

VF. The Y axis is set to rLm from 0 to 100K counts, but only a 

portion is displayed by the "Autoscalec".' Vl and VF can be changed in 

the command mode, i.e. if the spectra were miscalibrated, via the '"X" 

ccmasnd. This will not change the data, but on the voltages displayed 

on the x-axis. More often, however, one would wish to s~mply change 
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the displayed i n i t i a l  and final voltages DVi and DVF, to zoom in on a 

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

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

memory which is displayed. In general most ~ mod____ee 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. 

G 

D 

L 

H - 

X - 

R - 

A - 

Y - 

S - 

I - 

(n - 

Q - 

B - 

(Q) - 

Get data from disk in d r ive  1, wipes ex i s t ing  data in buffer .  

Displays the data with does between VI and BF and cause the 
progra~ to enter display mode. 

Displays the data with lines connecting the dots." 

Plots latest displayed data on EPSON plotter 

Sets V1 and ~F to desired values. Does not alter data. 

Resets Viand VF to their original value as stored on diskette. 
.; 

A utoscales the data between DVI and DVF. 

Set Counts for top and bottom limits, as opposed to being 
a u t o s c a l e d  . 

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

Integrates displayed data and re-enters display mode. 

Differentiates data .  

Quit F3CA Display program and return to main data collection 
program. 

Subtracts a given baseline from all data. 

Clears the screen. 
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DI SPIA¥ MODE: 

(v) 

( 

) 

Z 
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(z) 

CO 

O) 

E 

R 

B 

(2) 

(8) 

A, H, S, L and D ace the same as in Cnnnand Mode. 

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

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

- Ttr:ns ~ off the cursor. 

- Moves the cursor left. 

- FDves 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 rlght cursor point. 

= P u t s  cursor position in eV on screen. 

- Retutms to the command mode. 

- Replaces the dat:a between cursor points with a straight line. 

- Contracts along Y axis. 

- Expands alcmg Y axis. 
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type "'Y" ~ 1  "rmum'* 
me ix1~' lm vnil ~,n 
~c~ OAIx [in ~e 

I 
of v.ans , t t~ Womi~ you 

d I ra t  ~s ma Io(~ 
, i 

t 

**Delay ~ ' ~ * *  Thns Is t ~  

maJumu~ tr~ ~ ~ n~n~ 

to ¢mem~mo D m  O ~ y .  o ~ 1 .  
ano ~arn,~g ~ m n ~  

CL~JI nl SONI4 * 1~nl 
w~IcJJ~n9 e~y re~eq 

to me fled t ,  n l  c11L'qay O ~ m  VlUUlS* X. Y? 
¢omn~nt e u n ~  

.~Lk ng fa4"lof 
J ~  "°I DOelIIS Inmm41~?" 

Choo5 off ~tst I~8~) [ 

XBL 838,3C~ 

~gureE.2 



'-248- 

"--r 

I "Load and run'" '1 
ESCA diskette I 

ESCA/AUGER 
(Main program) 

°1 
Data process menu: 

Post processing I 
Display l 

Program loaded I 
and runs I 
[see text) i 

''rin'm on eac:b 
channel?'" 

0.01, 0.1, 1.0. 
or 10.0 sac 

I Exchange buffer 
I N Subtract B from A 

I • ~L' ~ .oad dale from disk into A 
t ~ Display program 
I / ~ Butle~ discription 

j . ~ / ~ New experiment 
I ~Jignment I A ~ /  EXl:eriment ~ D 
I Subroutine for I..~__,~n~t~ ,~,,~.,~ ,v a,41,,=t~J,..~..~ 

I "~i" I ~ - -  iD - 
E Jt " N/~ Exoeriment finished: 

• 'f , / I " Rel~at 
I [ / _  J Increase number of scans 
I "'AES. UPS. or XPS?" I / ~ / I  Save data to disk 
I Sets up wOper I / / I New experiment - -  
I energy scale for ! / / I Data process 
I controller I " /  ~/ I I 

I initial and final I filename andl [ = = ~ n ,  -% I "°i'g~°fscan I sa~,edala I ~ 

I ..m--r==anne,s I "Ready?'" If Y. I 
I (Remember to add 1, I 
| eg 101. in increments I then dala collection I 
i of 0.1 V or greater) I begins with real I 

l ime screen displ&y l I I I 

I 

i ,°pu, number 
of scans , 

l 

--•E, S. L. and B: I 
operation is I 
padormed I 

and returns I 
_ to n~enu I 

L 

XBL 838-11081 

~l&~-e E.3 
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2o.~) 

2670 
268U 
2*.90 
27OO 
2710  
2720 
273O 
274O 
27:';0 
2;6O 
2~,;ro 

27~0 
2 ~ 0  
2810 

2 8 ~  
284O 

,"8~0 
,'~70 
21~0 
28q0 

2910 
=920 
293O 
~ 4 0  

2~60 
2970  
29fl0 
29~0 
30,~O 
.TOIO 
3O20 
3O3O 
=O40 
3,)~0 
3~60 

3O80 
7..~9G 
3100 

"][FFID( ;~ rI~EN2~70 
HOmPIEEI~ ( ~  1 e ~-~.&~I:~J~H {20e5o(~; "PB s Z O=I"EE~ :- t ,.~Ob6~. 1,7::~b+IPEE f: (~..0 b<~2 ) | TDaflD 
IF lrSm'N" THEN ~T20 
SI.m'I ID- IH)  / IHD-H/I} 
AlmR|-t ,  ll II { ZD~SL$ (I-I/4/2~+IB/2-HD)) 
n.?.m~2-H2/~ ( |D+SLS (14Ct2~HD/2-HD. ~ ) 
~rmRl'-HDt I [D-ELsHD/- ~) 
I~VE 230, IqO:CH;~FTIS 
MOVE 1900 160:CHARCIlS 
ItOVE 25~j 170::CHRR'IlCiSSI =; 5TR$ (MS~.) 

240p Oz CHAR" K, Y:  " | STRt, (FX ) ~ S TR~ (FY ) 
tlOV~ 2:30; 16GsCH~'~'IOC)THIII~3I "lSTIRI[ICN8~; 
I'1OVE LgOt 1GO 
CI.I;:IR'OFFSET VALLqESI " ;  STRI (OX) I SI"RII ( l i f t  ( 10 ) )  
IF l t a ' N "  ~ 2930 
LINE TA,2~, TA, 2B 
/lOVE T~I~IO, 25 
Ci4AR ErRI  r. tNT (AL) ) 
LINE TB~2~,TBf 28 
L I f E  TC,25, lrC,2~ 

TC÷tO,2S 
CHAR STR¢([NT(R2) ) 
L.|NE TD,25~TDo 2a 

210,140 ---  
CI-IAR'TOTI~I. AREAs ; ' ;STR$(ZhT{RT) ) 
DOTI. 2 t2  
LINE TJ'~B, IID-r'd IHD-IO÷50,TD, ZD.-IO~-30 
DOTL. 2 , 0  
GET KS| IF KSmf 'TH~?. .T ,O 
LI~"rIIEI'ItINPUT "DUMP ON EPSDN?';K$-. 
IFK$< )'Y"TFIENI q7¢ 
PRZNT "TURN ON EPSON| blHEN READY TYPE ANY KEY'* 
~ r l ~ $ l  IFKsm ""THEN 25)70 

4,4  
I~GI'CHRI (27) ~'IHR$ (T5"~'~7.H~S (144) ~CI4RII; ( t ) 
PR-eNYI4~CI~$(2 ?) I "t~' ;  CHr-~(B! 
FI]IR I[m44e'~4 TU 44Gb3 
pRIrNTi4~ EGG; 
IIIE)~.- [ l i t  ([124Jel) t LBZml - ~ I f I B Z  
I~IKIE 1, LBY.= PI]Ik.E2~ 1181'. 
P/]KE,r-~2,74: PGKIE6~• 741PI~:E~5.~4 • 74S POKIEb~. 74 
S%eG t ~1~0~ II:~R I NTI4 •C I~ I  ¢ 101 
PR|NTI4~ BGI; 
POKEr, LE,:~I P(]I(E2.e 119/. 
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