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1. INTRODUCTION 

The chemisorption and surface reactions of hydrocarbons on metal 

surfaces have been investigated intensively from the viewpoint of 

heterogeneous catalysis. Hydrogenation, dehydrogenation and skeletal 

rearrangement reactions are of particular importance for the catalytic 

reforming of petroleum feedstocks. These reactions are selectively 

catalyzed by only a small group of transition metals and alloys, most 

notably platinum and platinum based alloys. The chemisorption of 

hydrocarbons over well defined surfaces of these metals and under 

controlled environments, generally ultra-high vacuum (UHV), has been 

widely studied since the development of new surface sensitive analyti-

cal techniques over the last two decades. A better understa~ding of 

the organic-metallic interface at the atomic scale has emerged from 

these inv~stigations. The next step towards the comprehension of cat­

alytic reactions requires bridging the gap between surface science 

studies under UHV and catalytic kinetic investigations at atmospheric 
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pressures. These types of investigations have been initiated in our 

laboratory over the past ten years. 

Most experiments have been performed in standard ultra-high vacuum 

chambers equipped with several surface sensitive techniques such as 

Auger electron spectroscopy (AES), low energy electron diffraction 

(LEED), high resolution electron energy loss spectro~copy (HREELS), 

and mass spectrometry for thermal desorption studies (TDS). Addition­

ally, these systems include an environmental cell for catalytic reac­

tion studies, as described in more detail later. The samples used 

consist mainly of metal single crystals cut at different angles in 

order to expose particular crystallographic phases. Most work has 

been done on close packed surfaces, such as (111) and (100) faces of 

face center cubic metals. In few instances reactions have been per-

formed on surfaces with controlled amount of defects (steps and kinks} 

in order to determine the dependence of activity on surface structure. 

The present review presents a summary of the research that was 

carried out in this field, with emphasis on the extrapolation of knowl-

edge obtained under UHV to high pressure conditions and on studies of 

well characterized model single crystal catalyst systems. The role of 

hydrogen as a unique reactant is also emphasiz~d. 

2. CHEMISORPTION STUDIES 

2.a ~2 Chemisorption 

A detailed description of H2 chemisorption over metal s~rfaces 

have been already given in previous chapters, and therefore only its 

most relevant aspects will be mentioned here. H2 chemisorption over 

I' v 
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metals is generally dissociative and it is not activated. Several 

adsorption states have been observed even over smooth single crystal 

surfaces. Activation energies for desorption range from 15 to 30 

Kcal/mol, with no clear trend across the periodic table [1,2]. A 

weakly chemisorbed state has also been observed in several cases, but 

the nature of such hydrogen and its importance to catalysis are not 

clear. 

The results reportedfor hydrogen chemisorption on platinum single 

crystals are typical of those obtained for other metals, and will be 

used here to illustrate the main features of the process. This system 

has been studied using a wide variety ·of techniques by many groups 

[3-10]. Thermal desorption spectra reveal the existence of more than 

one adsorption state even over flat (111) surfaces. Additional 

stronger bonded states appear when steps and kinks are present (Fig. 

1) [11]. The values for the activation energies of desorption are 

estimated to range from 5 and 9 Kcal/mol at low coverages over (111) 

ter~aces, to about 20 and 30 Kcal/mol on the steps and kinks respec­

tively [3,10]. The heats of adsorption also change with coverage due 

to lateral interactions between. adsorbed atoms. The main peak in the 

thermal desorption spectra (TOS) for H2 on Pt(l11) indicates a 

change in activation energy from 9.1 Kca~/mol at low coverages to 6.6 

Kcal/mol at·near saturation [3]. The area under the TO$ can also be 

used to estimate the saturation coverage; Ertl and coworkers estimated 

gsat- 1 using this procedure [3]. Unity saturation coverage was 

independently measured by Lee et al. [12] using He diffraction. They 
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determined that hydrogen forms a (1 x 1) structure where the H atoms 

sit on top of the three-fold hollow sites of the Pt(111) surface. Low 

energy electron diffraction (LEED), high resolution electron energy 

loss ~pectroscopy (HREELS), ultraviolet photoelectron spectroscopy 

(UPS), electron energy loss spectroscopy (ELS) and work function meas­

urements have also been used to study this system [3,5,10]. Extensive 

theoretical work has also been published. More comprehensive reviews 

can b~ found elsewhere [2,13,14]. 

2.b Hydrocarbon chemisorption 

Studies on the chemisorption of hydrocarbons on metal single 

crystals are extensive, and a complete review of the subject is beyond 

the scope of this article. Here we will only mention representative 

examples in order to present the relevant information needed for sub­

sequent discussions. 

The chemisorption of saturated low molecular weight alkanes 

(methane, ethane, propane) is activated, and therefore is generally 

not observed at room temperature. Physisorption of heavier alkanes 

can be attained at close to liquid nitrogen temperature, but such 

adsorption is followed only by molecular desorption as the metal is 

warmed up [15]. Chemisorption under UHV may occur at higher tempera­

tures, and it generally starts with an initial C-H bond breaking step. 

Further heating of the system in such cases leads to full decomposi­

tion of the hydrocarbon fragments with simultaneous hydrogen desorp­

tion. while carbon is left behind on the surface [16]. 

Unsaturated hydrocarbons, on the other hand. can be easily 

adsorbed: they have sticking coefficients close to one at either 
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liquid nitrogen or room temperatures. Chemisorption is followed by 

stepwise decomposition as the temperature of the metal is increased. 

Studies for olefins, alkynes, cyclic olefins and aromatic compounds 

have been reported on many surfaces [17-24]. The chemisdrption of 

ethylene and acetylene over Pt, Rh and Pd (111) surfaces have received· 

special attention, since they form an ordered structure at room tem­

perature that has been identified to be composed of ethylidyne moi­

eties, with a structure that is shown schematically in Fig. 2 [25-35]. 

Ethylidyne then further decomposes above 400K to form c2H and CH 

fragments, and the final dehydrogenation product is graphite, that is 

left on the surface at higher temperatures [32,36-38]. Chemisorption 

of ethylene over Ni(100), on the other hand, is followed by stepwise 

decomposition and the successive formation of a vinyl group, an 

acetylene like fragment, and a c2H moiety [86]. 

Adsorption studies of other heavier alkenes have be~n performed as 

well [35,36,39,40]. H2 TDS for ethylene, propylene and butene over 

Pt(111) are shown in Ffg. 3. It can be seen that for all thre~ ole­

fins three decomposition regimes can be identified. At room tempera­

ture the first H2 peak is observed, associated with the formation of 

ethylidyne or the corresponding alkylidyne analog [39,40]. ·Between 

350 and SOOK further decomposition takes place, with formation.of 

smaller hydrocarbon fragments 1 ike CH and c2H. Finally, total dehy­

drogenation above 600K leads to the formation of a graphitic overlayer 

on the Pt(lll) surface. 

Aromatic molecules follow a similar deco~position process as a 

function of temperature. HREELS and LEED studies of benzene adsorption 
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over Rh(111) indicate that the molecule adsorbs molecularly at low 

temperatures with the ring parallel to the surface [22,41]. H2 TOS 

show that the first major decomposition peak occurs at 470K, with 

formation of surface species that are believed to consist of CCH and 

CH fragments from HREELS studies [42]. Further gr·adual decomposition 

occurs until graphite is formed at BOOK. Similar results have been 

reported for other surfaces [21]. 

3. SURFACE REACTIONS AT LOW PRESSURES (10-S - 10-S torr) 

In addition to thermal decomposition studies like those reported 

in. the previous section, a few hydrocarbon reactions have been inves­

tigated under UHV as well. Two kinds of experiments can be differen­

tiated: those where gas coadsorption is followed by thermal desorption 

of products~ and a second kind where reactions are carried out under 

steady state conditions, generally by ustng molecular beams. In this 

section we will report results published for H2-o2 exchange, ethyl­

ene hydrogenation and cyclohexene reactions over platinum single 

crystal surfaces. 

3. a ~-02 Exchange 

H2-o2 exchange is probably one of the simplest reaction that 

involves formation and breakage of chemic~l bonds, and therefore it has 

·been studied extensively by several research groups [43-48]. Engel and 

Ertl have recently published a review on the subject [49]. The first 

step for the overall reaction involves the dissociative chemisorption 

of both H2 and 02 • It appears that once atomic hydrogen is present 

on the surface, the reaction proceeds through a Larigmuir-Hinshelwood 
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mechanism where the limiting step is the recombination of H and 0 

atoms, followed by molecular desorption [43]. The process is more 

complicated over platinum surfaces, where two different kinds of sites 

are believed to coexist, and where the limiting step could be the 

migration of H atoms from one site to the other [50]. 

The rate of exchange increases rapidly as the catalyst temperature 

is raised, until it reaches a maximum value above 500-600K. This 

behavior has been attributed to a coverage dependence of the sticking 

coefficient, s(g), for hydrogen. The rate of HD production is propor­

tional to this sticking probability under the molecular beam experi­

mental conditions [43], and since the steady state coverage changes 

with temperature, so does s(g). 

H2-o2 exchange have also shown a strong dependence on surface 

topography. Several research groups have proven that steps are at 

least an order of magnitude more active than flat (111) terraces on 

platinum [44,45,50]. Somorjai et al. have studied the angular depend­

ence of HD production on Pt(s) - [6(111) x (111)] by using molecular 

beams, and proved that the reaction at the bottom of the steps is 

about seven times faster than on the terraces (Fig. 4). This results 

also suggest that the existence of a precursor state is not important 

for the reaction mechanism. 

Finally, the angular and velocity distributions of the outgoing HD 

from molecular beam experiments have cosine and Maxwell-Boltzman dis­

tributions over Pt(l11) and Pd(111), but deviation from such behavior 

have been reported for Cu(110) and Ni(111) [43,44,51,52]. 



8 

3.b Ethylene hydrogenation and H-D exchange 

Ethylene self-hydrogenation has been observed over several sup­

ported metals [53]. The same phenomenon has been reported on Ni(lll) 

[54], Ni(lOO) [86] and Pt(lll) [55-57] under UHV: Therma~ desorption 

experiments revealed the formation of ethane at aroun.d room tempera­

ture after ethylene saturation of Pt(lll). The activation energy was 

estimated to be 18 Kcal/mol, and a C-H bond breaking was proposed to 

be the limiting step [57]. If hydrogen is adsorbed prior to ethylene, 

the activation energy for ethane production drops to a value of 

6 Kcal/mol, and its yield increases by about an order of magnitude 

(Fig. 5). Based on the experimental results, the following mechanism 

was proposed: 

H2(g) -~ 2H(a) ( 1) 

c2H4(g) --~ c2H4(a) ( 2) 

C2H4(a) ~-~ C2H3(a) + H(a) ( 3) 

C2H4(a) + H(a) ~==~ C2H5(a) ( 4) 

c2H5(a) + H(a) --~ c2H6(g) ( 5) 

where (g) and (a) stands for gas and adsorbed respectively. A step was 

included .in this scheme to account for the formation of ethylidyne, 

CCH 3 (Fig. 2). A computer simulation· using this model gave results 

that were in excellent agreement with the experiments for both self­

hydrogenation and hydrogen preadsorbed cases. 

H-0 exchange is a related reaction that takes place simultaneously 

wit~ hydrogenation. If deuterium is preadsorbed on Pt(lll), deuterated 

ethane and ethylene are produced from ethylene TDS [57]. Ethylidyne 
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can also exchange hydrogen atoms in the methyl group. Exchange has 

been observed by using TDS, HREELS and secondary ion mass spectroscopy 

(SIMS) at submonol ayer ethyl idyne coverages over Pt(111) and Rh (111) 

[36,58-60], but once saturation is reached, atmospheric pressures of 

deuterium are needed for the exchange to occur. 

3.c Cyclohexene reactions 

The reaction of cyclohexene with hydrogen over several platinum 

single crystal surfaces was studied at total pressures of 10-8 to 

10-5 torr [61-64]. Typical experimental results are shown in Fig. 6. 

The carbon build-up, as followed by Auger electron spectroscopy (AES)~ 

is also presented. The rate for benzene production shows a maximum 

after an induction period of 3-4 minutes, followed by a decay due to 

poisoning from the irreversibly adsorbed carbonaceous residues left on 

the surface. Little cyclohexane formation was also detected. These 

results clearly show that the reaction probability for cyclohexene 

conversion under vacuum is close to one over the clean platinum sur-

face, but it is reduced quickly by poisoning. Total turnover numbers 

of about 0.2 reacted molecules per platinum atom were obtained, so 

this reaction can not be considered catalytic. 

Benzene production from cyclohexene at 10-5 torr total pressures 

displayed little structure sensitivity over Pt(111), Pt{557) and 

Pt(10,8,7) [63]. The activation energy for the dehydrogenation was 

calculated to be less than 4 kcal/mol for all three surfaces, and the 

rates were first order in cyclohexene and positive fractional order in 

hydrogen. Some n-hexane productio~ was detected as well, with rates 
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comparable to benzene production over Pt(10,8,7) but an order of 

magnitude slower over Pt(111). 

The effect of gold deposition over ~t(100) have also been investi­

gated [62]. Surprisingly, the activity for benzene formation increases­

by a factor of four at one monolayer of gold. Further gold deposition 

leads to slow poisoning and reaction rate reduction. If platinum is 

deposited over Au(100), a broad maximum in rate is observed at 1-5 

platinum layers, followed by an asymptotic decrease to the activity of 

pure platinum. There is not yet a clear explanation for this activity 

enhancement observed. 

4. ATMOSPHERIC PRESSURE REACTIONS OVER S.INGLE CRYSTAL SURFACES 

Although UHV reaction studies are relevant to catalysis, their 

results cannot always be directly extended to high pressure conditions 

like those existing in most industrial processes. In fact, most sur­

face reactions under vacuum are not catalytic in nature. Atmospheric 

pressures of reactants allow for existence of steady state concentra­

tion~ of weakly bonded species that cannot be easily studied under 

vacuum. In some cases the presence of such new chemisorbed states 

open new pathways for reaction mechanisms. Two main approaches have 

been taken in order to link the two reaction regimes: 1) Surface 

sensitive techniques have been developed that can be used in situ to 

characterize the catalytic system w~ile the reactions are taking 

place; and 2) A low pressure-high pres~ure apparatus was constructed 

that permit~ the transfei 6f the catalytic sample from UHV to atmo­

spheric pressures and back so standard vacuum techniques can be used 
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to study changes occurring in the surface before and after exposure to 

reaction conditions. 

Most work that has been carried out on single crystals have been 

performed using the second approach, and the following section will 

focus on reviewing their results. A typical experimental apparatus is 

shown schematically in Fig. 7 [65]. It consists of a standard UHV 

chamber equipped with several surface analytical techniques such as 

LEED, AES, TDS and HREELS, and. a retractable environmental cell that 

can be used to isolate the sample from vacuum and to insert it in a 

loop that can be pressurized up to 100 atm with reactant gases. The 

reaction kinetics can then be studied by circulating the gases and 

periodically analyzing small amounts of the gas mixture using either 

gas chromatography or mass spectrometry. After reactions the loop is 

pumped and the cell opened so the catalyst is returned to UHV for 

further analysis. Several hydrocarbon reactions have been studied 

this way, including hydrogenation of olefins and aromatic compounds, 

H-0 exchange and reforming reactions of several model hydrocarbon 

molecules. 

4.a Reactions involving ethylidyne 

It was mentioned in the previous section that when ethylene is 

chemisorbed at room temperature under UHV over Pt(lll), Pt(lOO), 

Rh(lll) or Pd(lll}, ethylidyne is formed (Fig. 2) [25,66,67 ,33]. This 

moiety is stable upon hydrogen treatment even at atmospheric pressures, 

as revealed by the use of 14c ethylene and a radiotracer technique 

[37], and it can only be rehydrogenated at temperatures above 350K. 
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On the other hand, CH fragments formed from ethylene decomposition at 

470K under UHV cannot be completely removed from the platinum surface 

even with high H2 pressures. If ethylene adsorption is carried at 

above 600K, irreversibly chemisorbed carbon with little or no hydrogen 

content is left on the surface. Hydrogen to carbon ratios for the 

different fragments formed during ethylene chemisorption and their 

ability to be rehydrogenated are shown as a function of adsorption 

temperature in Fig. 8. 

If ethylidyne is exposed to atmospheric deuter1um, not only 

hydrogenation reactions are seen, but H-0 exchange is observed as well .. 

The exchange is possible under UHV only with submonolayer coverages of 

ethylidyne, but at saturation high pressures of o2 are required for 

this reaction to occur. HREELS and TOS have been used to determine 

that the exchange occurs in a stepwise fashion, one hydrogen atom 

exchanged at a time, and at comparab 1 e rates to ethyl i dyne hydrogen a­

t ion [59,60,68,69]. An example of such results is presented in Fig 9 

for Rh(111). After 5 min. exposure of ethylidyne to 1 atm. o2, new 

peaks appear in the vibrational spectrum, corresponding to Pt3C-CH2o. 
Hydrogen can a 1 so be co adsorbed with ethyl i dyne. However. after 

ethyli~yne saturation, H2 chemisorption is observed only after expo­

sures at pressures above 10-5 torr at 150K [57]. Furthermore, the 

.exposure of ethylidyne to high H2 pressures at 320K results in the 

formation of a new specie, probably ethylidene (=CH-CH3), as identi­

fied by TOS (Fig. 10). 

.. 
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4.b Ethylene hydrogenation 

Few studies of ~thylene hydrogenation over single crystal surfaces 

have been published to date [54,68-71]. The activity over single 

crystals has been found to be comparable to that of supported metal 

particles in all cases [68-70], suggesting that similar reaction mech­

anisms take place over both kind of catalysts. Oalmai-Imelik and 

Massadier [70] have reported a structure dependence of the reaction 

rates as a function of crystallographic orientation of the exposed 

surface for nickel crystals. While the (100) surface is practically 

inactive for hydrogenation, activities for the (111) and (110) faces 

were much higher and differ by about a factor of two between them­

selves. These differences were explained in terms of the cracking of 

c2H4 observed over the (100) face. Self-hydrogenation at pressures 

of up to 0.1 torr has also been reported over nickel in the absence of 

H2 [54]. 

The reaction over Pt(lll) and Rh(111) crystals has been studied 

using several surface sensitive techniques [68,69,72]. Ethylidyne was 

found to be present on the surfaces after high pressure reactions, as 

confirmed by LEEO, TOS and HREELS results (Fig. 11). All three tech­

niques yielded similar results for Pt(lll) saturated with ethylidyne 

and after high pressure ethylene hydrogenation reactions. Furthermore, 

reactions over ethylidyne saturated surfaces had identical kinetic 

parameters to those performed over clean platinum. However, rates for 

hydrogenation of ethylidyne are several orders of magnitude lower than 

for ethylene hydrogenation. Turnover frequencies for the relevant 
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processes are presented in Table I. Therefore, ethylene hydrogenation 

must take place in the presence of the strongly bonded hydrocarbon 

fragments. Furthermore, TDS and HREELS have shown that direct chemi­

sorption of new ethylene molecules over the metal is sterically hin­

dered, so the hydrogen incorporation need to occur on a second layer 

of weakly chemisorbed ethylene molecules. A mechanism involving 

hydrogen transfer from the surface through the ethylidyne fragments 

has been proposed to explain these results [68]. It includes there~ 

versible interconversion of ethylidyne into ethylidene and vice versa, 

as illustrated in Fig. 12. Further proof for the model awaits for the 

unequivocal identification of ethylidene moieties on the surface. 

4.c Other hydrogenation and dehydrogenation reactions 

The hydrogenation of benzene over nickel single crystal surfaces 

has been studied by Oalmai-Imelik and Massadier [70]. They found no 

structure dependence for this reaction, contrary to what was observed 

for ethylene hydrogenation. The rates for dehydrogenation of cycle­

hexane over platinum, on the other hand, depend on the atomic struc­

ture of the catalytic surface [73]. Product accumulation curves for 

four different platinum surfaces are shown in Fig. 13. The stepped 

Pt{557) surface is about twice as active as Pt(111), and both kinked 

surfaces are appreciably more active than the stepped surface. The 

effect of gold deposited over Pt(lll) or alloyed with it is to in­

crease the turnover frequency for benzene formation, up to a maximum 

at a gold coverage of about half a monolayer, followed by a monotonic 

decrease at higher Au coverages [74]. The bimetallic results have 

1,.1 
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been explained in terms of a competitive mechanism where the chemi­

sorbed species either dehydrogenate and desorb as products or decem-

pose and deactivate the catalyst. If this second pathway requires big 

ensembles of platinum atoms, it would then be inhibited by the addi­

tion of gold, which would favor the desorptto~ of products • 

The reaction of cyclohexene with hydrogen has also been studied 

over platinum surfaces in the 10-7 to 10-2 torr pressure range [61]. 

The selectivity for hydrogenation over dehydrogenation changes dras­

tically with changing pressures (Fig. 14): benzene is predominantly 

produced at low pressures (-1o-7 torr) while cyclohexane is mainly 

observed at high pressures (-1o2 torr). The low pressure reactions 

are structure sensitive and proceed over the clean metal surface. At 

high pressures such reactions are structure insensitive due to the 

continuous presence of near a monolayer of carbonaceous species, simi-

lar to the case for ethylene. Widely differing coverages of reactive, 

weakly adsorbed hydrogen could be crucial in the product selectivity 

reversal between high and low pressures. 

4.d Deuterium exchange reactions 

H-0 exchange of ethane has been studied over Pt(111) surfaces 

[69,75]. The activation energy and pressure dependences with respect 

to deuterium and hydrogen were similar to those reported for supported 

catalysts. The resulting ethane product distribution was U-shaped, 

peaking at on~ and six deuterium atoms per ethane molecule (Fig. 15). 

A competitive mechanism with two branches was proposed. It included 

multiple sequential hydrogenation-dehydrogenation equilibria on one of 
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the ethene carbon atoms after adsorption. The presence of ethylidyne 

and ethylidene as intermediates were proposed. 

Exchange rea~tions for isobutane, n-hexane and n-heptane have been 

reported as well [76]. As for ethane, the exchange product distribu­

tions were V-shaped for n-hexane and h-heptane, but it also had local 

maxima ~t d4 and d6 for isobutane. This difference is easily explain­

able, since ethane, n-hexane and n-heptane are all linear molecules, 

while isobutane has a tertiary carbon atom with three methyl groups 

attached to it. In addition, the exchange reactions were all shown to 

be structure insensitive and at least one order of magnitude faster 

than any other conversion process. 

4.e Hydrocarbon skeletal rearrangement 

There is a marked structure sen~itivity in the rates for hydrogen­

clysis for ethane, n-butane and cyclopropane over nickel surfaces, as 

reported by Goodman [77,78]. Hydrogenolysis over (111) faces is about 

one order of magnitude slower than over (100) crystals. This trend 

parallels that reported for ethylene hydrogenation [70], but in this 

case the differences in rate were established to be intrinsic to the 

surface topography and not due to selective poisoning by carbon. 

Hydrogenolysis_ and isomerization reactions over several platinum 

crystals have been reported for many hydrocarbons, including ethane, 

isobutane, n-butane, neopentane, methylcyclopentane, n-hexane and 

n-heptane [75,79-83]. Changes in reaction rates with differences in 

surface structure have been observed for most cases. Examples of ini-

tial isomerization turnover frequencies for different hydrocarbons and 

.. 
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platinum surfaces are shown in Fig. 16. For light alkanes there is an 

increase in activity when going from (111) to (100) terraces. Faster 

rates are also obtained when defects are present on the surface (as is 

the case for Pt(l0,8,7), Pt(557) and Pt(3J2) as compared to Pt(111)). 

These changes are not observed for methylcyclo.pentane or n-hexane. 

Total conversion rates also decrease with molecular weight of the 

reactant molecule. 

For n-hexane and n-heptane, cyclization and aromatization products 

are also obtained. Benz.ene formation from n-hexane is about four 

times faster on (Ill) terraces than (100) surfaces [82]. However, no 

significant .differences in rates occur when steps and kinks are pres-

ent, and the activities for Pt(lll), Pt(557), Pt(332) and Pt(l0,8,7) 

are all comparable. The same insensitivity to the presence of low 

coordination platinum atoms is seen for toluene formation from n-

heptane, where the rates are within a factor of two for the four 

platinum surfaces studied, all having (Ill) terraces but different 

defect concentrations [83]. 

The formation of carbonaceous deposits over the catalyst surfaces 

is always detected after all hydrocarbon reactions. These deposits 

have been characterized by using several techniques, including AES, 

LEED, TDS, CO.titration and 14c radiotracer detection [37,84]. It 

was found that such fragments are mainly irreversibly adsorbed during 

reactions. covering most of the surface area. There are, however, a 

small fraction of platinum atoms uncovered that are the responsible 

for catalytic activity. The amount and kind of these metal atoms ~an 
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be measured by CO titration experiments [84]. Steps and kinks can be 

differentiated because CO chemisorbs more strongly on those defects as 

compared to (111) terraces, a difference that becomes evident by the 

presence of a high temperature peak in the thermal desorption spectra 

of CO. This is shown in Fig. 17 for Pt(557) [85]. It can be seen 

that the high temperature peak is observed in titrations after cycle­

hexane, neopentane, and isobutane reactions, but not after methyl­

cyclopentane or n-hexane reactions. These results correlate well with 

those from kinetic studies, where surfaces with defects displayed 

higher activity for light alkanes than (111) terraces, while no dif­

ference was noticed for methylcyclopentane or n-hexane conversion. 

Quantitative hydrogen thermal desorption studies were carried out 

as a function of surface structure and reaction temperature. The most 

important chemical properties of the carbonaceous deposits are their 

ability to store and exchange hydrogen with reactant surfa~e species 

and to provide desorption sites for product molecules. A model was 

proposed where dehydrogenation of hydrocarbons occurred over the de­

posits, followed by surface migration to the base platinum sites, 

skeletal rearrangement and migration back to the carbonaceous fragments 

for rehydrogenation and desorption [84] ·- The hydrogenation-dehydrog­

enation role of the strongly bonded hydrocarbon fragments is consistent 

with the model proposed previously for ethylene hydrogenation. 

5. . CONCLUSIONS 

The preceeding are representative studies of hydrocarbon reactions 

ove·r meta 1 single crystal surfaces, performed under contra ll ed 

• 

.. 
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environments. They show that high pressure experiments are recently 

being added to the vast knowledge available on chemisorption under 

·ultrahigh v~tuum using well characterized single crystal catalyst 

surfaces in order to bridge the gap between the two pressure regimes. 

One of the conclusions to be reached from these new results is that,. 

although the information obtained under UHV is useful for the under­

standing of gas-solid interactions, they are in general noncatalytic 

processes, and extrapolation to high pressure catalytic reactions has 

to be done with caution. While chemisorption of hydrocarbons under 

vacuum generally leads to decomposition and hydrogen desorption, cata­

lytic reactions take place at atmospheric pressures, including those 

where hydrogen-carbon bonds are formed. A good example of these dif­

ferences was illustrated for the cyclohexene reactions in Fig. 14: 

there is a marked inversion in selectivity from almost total dehydrog­

enation to benzene in vacuum to hydrogenation and cyclohexane forma­

tion in the 102 torr range. High pressures of H2 is also indispen­

sable for most skeletal rearrangement processes. A second main 

difference between the two pressure regimes, also illustrated in Fig. 

14, is the change in reaction probabi 1 ities, from almost unity under 

UHV down to less than 10-4 at one atmosphere. This change is ex­

plained in part by the formation of carbonaceo~s deposits over the 

catalyst surface under atmospheric reactant pressures, leading to 

changes in the reaction mechanisms. For example, while ethylene 

hydrogenation takes plac~ over clean platinum in UHV with an activa­

tion energy of 6 kcal/mole, the same reaction is catalytic and takes 
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place in the presence of an ethylidyne layer at atmospheric pressures 

with an activation energy of 11 kcal/mol. Similar differences exist 

in other ~ydrogenation reactions. Hydrogenolysis and isomerization 

processes take place at higher temperatures and do occur over the 

metal atoms, but again hydrogenation and dehydrogenation steps are 

necessary to make these reactions catalytic, and hydrogen transfer 

through strongly bonded hydrocabon residues makes the difference be­

tween high pressure and vacuum. 

In summary, the combination of surface science techniques with 

transfer devices that allow catalyst samples to be transported from 

UHV to high pressures and back is helping to obtain a better overall 

picture of catalytic reactions.· It has become evident that hydrogen 

plays a vital role in hydrocarbon conversion. Hydrogen transfer mech­

anisms are also being better understood. They may not always proceed 

directly from the metal surface to the reactant molecule but may some­

times involve intermediate states where the strongly bonded hydrocarbon 

fragments may be key components. In situ spectroscopies together with 

studies over well characterized surfaces are still needed to further 

clarify the mechanistic details of these reactions on the atomic scale. 
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Table I 

Comparison of hydrogenation and exchange rates over Pt(lll) single 
crystal surfaces at near room temperatures. 

Estimated Turnover Rate 
Process (reactions/metal atom· sec.) Reference 

H, D exchange in lQ-5 68,69,72 
saturation CCH3 
methyl group 

Hydrogenation and 6 x lo-5 37,69 
removal of saturation 
CCH3 from surface 

C2H4 hydrogenation 25 68,69 
PE,O = 20 torr 
PH2 = 100 torr 
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FIGURE CAPTIONS 

Fig. 1 Thermal desorption spectra for hydrogen chemisorbed on the 

flat (111), ste~ped (557}, ~nd kinked (12,9,8) platinum single 

crystal surfaces. 

Fig. 2 Atomic surface structure for ethylidyne species chemisorbed 

onPt(111). 

Fig. 3 Hydrogen thermal desorption spectra illustrating the sequen­

tial dehydrogenation of ethylene, propylene, and cis-2-butene 

chemisorbed on Pt(111) at about 120 K (s = 12 K/sec). 

Fig. 4 HO production as a function of angle of incidence, e, of t~e 

molecular beam, normalized to the incident 02 intensity. 

(a) Pt(332) surface with the step edges perpendicular to the 

incident beam (6 = 90°); (b) Pt(332) where the projection of 

the beam on the surface is parallel to the step edges ((J = 

9°); (c) Pt(lll). 

Fig. 5 c2H4 (27 amu) and c2H6 (30 amu) TOS curves corresponding to 

the decomposition of c2H4 adsorbed over clean {dashed lines) 

and hydrogen predosed Pt(111) surfaces at 150 K. Exposures 

were 6 L for c2H4 and 30 L for hydrogen. 

Fig. 6 A comparison at 150°C of the cyclohexene dehydrogenation rate 

over Pt(223) at low pressures with the simultaneous build-up 

of the irreversibly chemisorbed carbonaceous overlayer. A 

c273 /Pt237 ratio of 2.8 corresponds to monolayer coverage. 

Fig. 7 Schematic diagram of the low pressure-high apparatus for 

combined surface analysis and catalysis studies. 

., 

• 
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Fig. 8 Composition and reactivity of 14c-ethylene chemisorbed on 

Pt{111) at 320-670K. The irreversibly adsorbed fraction 

Fig. 9 

determined by radiotracer analysis displays an excellent 

correlation with the average hydrogen content (H/C} of the 

strongly bound surface species. 

Vibrat~onal spectra of ethylidyne on Rh{111) spectra illus­

trating the deuterium exchange in the methyl group. Spectra 

B and C were obtained from ethylidyne after exposure to 1 atm 

H2 and 02, respectively. CCH3 and CC03 spectra are shown for 

comparison. 

Fig. 10 Thermal desorption (amu = 2) spectra from H2-ethylidyne 

coadsorption experiments. 

a) 6L c2H4 dosed at 320K (saturated ethylidyne). 

b) 

c) 

d) 

e) 

Followed by 

1200 L H2, 10-5 torr at 150K 

10-5 1200 l H2, torr at 320K, then cooled immediately 

to 150K 

-1010 L H2, 1 atmosphere at 240K 

-1010 .L 0 . 2' 1 atmosphere at 240K, 4 amu TOS. 

Fig. 11 Evidence for the presence of ethyli~yne on the Pt{ll1) sur­

face after hydrogenation of gas phase ethylene at atmospheric 

pressures over this surface. Temperature programmed desorp-

tion, low energy-electron diffraction, and high-resolution 

electron energy loss spectroscopy data for ethylidyne are 

compared with the results of these techniques on Pt(111) 
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after ethylene hydrogenation at atmospheric pressure and 

return of the crystal to vacuum. 

Fig. 12 Schematic representation of the mechanism for ethylene 

hydrogenation over Pt and Rh(lll) single crystal ~urfaces. 

Fig. 13 Benzene production accumulation curves over platinum single 

crystals as a function of surface structure. 

Fig. 14 Correlation of cyclohexene reaction rates and reaction 

probabilities over 10-orders of magnitude pressure range. 

The reactions were performed at 425K over the stepped Pt(223) 

crystal surface with H 2 /H~ = 10. 

Fig. 15 Deuterium atom distribution in the resulting ethane from the 

exchange with deuterium over Pt(111). P = 10 torr, 
C2H6 

P0 = 100 torr, T = 550K. 
2 

Fig. 16 Structure sensitivities for alkane isomerization reactions 

over platinum single crystal surface~. Shown are the initial 

reaction rates as a function of crystallographic orientation. 

Fig. 17 Comparison between CO thermal desorption from the clean (557) 

platinum surface and Pt(557) following hydrocarbon reactions. 

The adsorption temperature was 310-315K, 80 K/sec, and CO 

exposure = 36 L. 
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the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
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