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Abstract 

The hydrogenation of chemisorbed ethylene was examined on platinum 

(111) single'. crystals under ultra-high vaccuum using temperature programmed 

desorption. Ethane was formed in a self-hydrogenation process with an 

activation energy of 18 kcal/mole, while in the presence of preadsorbed 

hydrogen, ethane was formed with an activation energy of 6 kcal/mole. A 

mechanism is proposed for the low pressure hydrogenation which is supported 

by a computer simulation. 

At temperatures below 320 K, an ethylidyne saturated Pt (111) surface 

requires hydrogen pressures greater than 10-5 torr for coadsorption. Ethy­

lene binds to this surface very weakly or not at all, and consequently no 

ethane was observed to desorb from this surface during TPD. 

The results obtained support the model of direct participation of a car­

bonaceous layer during the steady state catalytic hydrogenation of ethylene 

on platinum (111) at atmospheric pressures and room temperature, as previous­

ly reported. 
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INTRODUCTION 

The adsorption of ethylene on platinum (111) has been extensively studied 

from 77 K to above .500 K [1,2,3,4,5]. Using temperature programmed desorption 

(TPD) and high resolution electron energy loss spectroscopy (HREELS), dif­

ferent adsorption states have been identified in different temperature 

regions [ 1, 2, 3] • Below 290 K ethylene chemisorbs molecularly to platinum 

(111) and lies parallel to the surface , with a carbon-carbon bond length of 

1.49 A [4]. Around room temperature a hydrogen atom is lost to the surface 

with a subsequent C-H bond shift so that the remaining hydrogen atoms are 

all bonded to one of the carbon atoms. The resulting ethylidyne species 

( CCH3), as id.entified through LEED I-V analysis [5], stands perpendicular 

to the surface in a three fold hollow, the a carbon atom being bonded to 

three platinum atoms with a carbon-carbon bond length of 1.50 A • Above 

450 K additional hydrogen atoms are lost, forming fifst hydrocarbon fragments 

of the stoichiometry CxH where x is between 1 and 2, followed by total de­

hydrogenation and graphite formation at higher temperatures. 

The adsorbed state of ethylene on platinum (and other metals) at room 

temperature is particularly important because of the role it plays during 

the catalytic hydrogenation of ethylene. It has been proposed recently [ 6] 

that the steady state catalytic hydrogenation of ethylene over Pt (111) at 

atmospheric pressures and at 300 K occurs not on the bare metal surface, but 

on top of a tenaciously adsorbed ethylidyne layer. This model is supported by 

the following results: i) the hydrogenation rate of ethylidyne is much slower 

than that of ethylene near room temperature; ii) a Pt (111) surface saturated 

with ethylidyne yields the same kinetic parameters for this reaction as does 

a clean surface; iii) ethylidyne is also present at the completion of a high 
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pressure ( ~ atmospheric) reaction when the crystal is returned to ultra­

high vacuum (UHV) • However, the state of the surface during the high pres­

sure hydrogenation is not known. 

Since it is difficult to probe the surface at pressures larger than 

lo-S torr using most surface science techniques, this work was undertaken 

to gather information relating to the hydrogenation of adsorbed ethylene 

over Pt (111) using temperature programmed desorption (TPD) under UHV. 

It was found that ethylene could be hydrogenated to ethane in low yields 

in the absence of hydrogen during TPD in a self-hydrogenation process. 

The ratio of desorbing ethane to ethylene increased when hydrogen was pre­

adsorbed on the surface. A mechanism was proposed for the ethylene self­

hydrogenation and the surface reaction between preadsorbed hydrogen and 

ethylene under UHV, and it was tested by a computer simulation using the ki­

netic parameters determined from this work and elsewhere. The coadsorption 

of ethylidyne and hydrogen under different hydrogen pressures was also exa­

mined, and evidence was found suggesting the formation of ethylidene (CHCH3) 

at higher hydrogen pressures. These results further support the model pre­

viously proposed where the steady state catalytic hydrogenation of ethylene 

occucs on top of an ethylidyne/ethylidene overlayer and not over the bare 

metal surface [6,7,8,9]. 

EXPERIMENTAL 

Temperature progcammed desorption experiments were performed in a 

stainless steel UHV system pumped with a liquid nitrogen trapped diffusion 

pump, the base pcessures obtained were less than 10-9 torr. The system 

was equipped with a fouc grid cetarding field analyzer used foe low enecgy 
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electron diffraction (LEED) and Auger electron spectoscopy (AES), an ion 

gun for argon ion sputtering, a quadrupole mass spectrometer, and a re­

tractable internal isolation cell for high pressure work ( ~ 1 atm). 

Pl:itimir:n single crystals (99.995% purity) were cut to within 1 o of the 

(111) orientation and both faces were polished. The area of the disks 

obtained was about 1 cm2 and the thickness was c:; 0.5 mm. The crystals 

were spot-welded to platinum wires (0 .o:w ln.) which in turn were spot­

welded to gold wire supports afixed to a liquid nitrogen cooled copper 

block at the base of the manipulator. Resistive heating was used and 

the temperature monitored using a chrome!/ alumel thermocouple spot­

welded to the edge of the crystal. The area due to the platinum support 

wires and crystal edges was less than 30%. A clean crystal was obtained 

by cycles of heating in oxygen followed by argon ion sputtering at 700°C 

and annealing at 1000°C until no impurities (mainly S,C, Ca,O) could be 

detected using AES. Research purity ethylene (Matheson 99.98% purity), 

hydrogen (Matheson 99.99% purity), and deuterium (Matheson> 99.5% atomic 

purity) were used as supplied. 

Hydrogen and ethylene were dosed at 5x1o-7 and 2xlo-8 torr respec­

t! ve1y and at 150 K unless otherwise specified. Pressures reported were 

rwt corrected for ion gauge sen'iitivity. Ethylidyne covered surfaces were 

prepared by holding the crystal temperature at 325 K while dosing with 

ethylene. Temperature programmed desorption was always performed after 

allowing the crystal to cool to 150 K using a heating rate of 30 K/sec. 

~sing of hydrogen at atmospheric pressures was accomplished using a re­

tractable internal isolation cell, as described in detail elsewhere [10]. 

The crystal temperature always increased to ~ 250 K while exposing to 

one atmosphere of hydrogen, even with liquid nitrogen cooling. 
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RESULTS 

Self-Hydrogenation of Ethylene~ Pt (111) 

Ethylene adsorbs molecularly on platinum at 150 K [1,Z,4], and during 

TPD the desorption of Hz, Cz~, and CzH6 were observed (fig. 1) • The mole 

ratio of desorbing Cz~, Hz, and CzH4 was 1:Z0:50. The formation of methane 

and C4 products was not detected. 

Ethane was produced from ethylene on platinum (111) in a self­

hydrogenation process. To prove that background hydrogen was not par­

ticipating in the hydrogenation, TPD experiments were carried out using an 

ethylene saturated surface while keeping a background pressure of 10-6 

torr deuterium. The intensity and temperature of the desorption maximum 

of the 30 amu. peak was the same whether or not Dz was present, and no 

deuterated ethanes (31 and 3Z amu.) were observed. 

The temperature of the desorption maximum (Tmax> of ethane for the 

self-hydrogenation process was found to be 30Z K and independent of the 

initial ethylene coverage indicating first order kinetics. Following an 

induction period below 0.4 LangmUirs (L, 1 L = 10-6 torr-sec.) of ethylene, 

the ethane yield increased almost linearly with respect to ethylene expo­

sure until 1.1 L at which point saturation occurs (fig. 2). 

Desorption activation energies were calculated from TPD using the me­

thod of Otan et. al. [ 11]. The desorption of Hz, Cz~, and CzH6 were all 

found to be first order in ethylene coverage, and the values obtained in 

units of kcal/mole were: 17 ± 3 for the first H2 evolution peak, 9 ± 2 for 

for ethylene molecular desorption, and 18 ± 4 for ethane formation (table 

I) • The values obtained for hydrogen and ethylene desorption are in agree-
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ment with those obtained by Salmeron and Somorjai [2] G 

Hydrogenation of Ethylene over the Hydrogen Predosed Pt (111) Surface 

The presence of ethylene on the platinum surface inhibited the coad­

sorption of hydrogen. However, when the surface was predosed with hydrogen 

or deuteriu~, ethylene coadsorption did take place and ethane formation was 

enhanced. TPD taken after predosing the surface with 25 L of hydrogen 

followed by 0.4 L of ethylene gave an ethane peak centered at 252 K and 

much broader than in the self-hydrogenation case (table I and fig. 3) • The 

mole ratio of desorbing ethylene to ethane decreased with increasing cover­

age of preadsorbed hydrogen from 50 for self-hydrogenation to near unity 

with 25 L of predosed hydrogen. This was qualitatively in agreement with 

results recently reported by Berlowitz et. al. [12]. When the surface was 

predosed with deuterium all deuterated ethanes, including d6 ethane, were 

detected indicating that considerable exchange occured on the ethane precur­

sors. A rigorous calculation of the ethane product distribution was compli­

cated by the simultaneous exchange occuring on ethylene. The TP D data 

recorded in. the 30-36 amu. r.g,nge were deconvoluted (fig. 4), but precise 

values for ethanes below d2 were not possible to obtain and only upper 

limits are reported. 

The coverage dependence for ethane production on hydrogen and ethy­

lene was examined. Predosing the surface with varying exposures of hydro­

gen followed by an ethylene exposure of 0.4 L gave an increase in ethane 

production and a decrease in Tmax with increasing hydrogen exposure (figs. 

3,5). Exposing the surface to 30 L of hydrogen followed by varying expo­

sures of ethylene also gave an increase in ethane production and a decrea-
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sing Tmax with increasing ethylene exposure (fig e 6). Interestingly, the 

temperature of the desorption maximum reached a minimum of "' 250 K near 

a 1 L exposure of ethylene and remained near 250 K while the C2~ desorp­

tion area continued to increase even at ethylene exposures of 20 L. 

Ethylene and Hydrogen Coadsorption ..!E_ the Presence of Ethylidyne ~ Pt ( 111) 

Ethylene chemisorption at room temperature forms ethylidyne on the 

surface [5] • Once the surface is saturated with ethylidyne, no further. 

ethylene will adsorb at either UHV or high pressure conditions. TPD 

experiments following exposures of ethylidyne saturated platinum to 1-108 

L of ethylene from 150 to 320 K showed no production of ethane or molecu­

lar desorption of ethylene. 

Th~ ability of the Pt (111) surface to adsorb hydrogen in the presence 

of ethylidyne was also examined. The H2 TPD of an ethylidyne saturated sur­

face was obtained (fig. 7a). The same spectrum was obtained when hydrogen 

coadsorption was attempted at 150 K under UHV, suggesting that no hydrogen 

adsorption takes place under these conditions e However, hydrogen could be 

coadsorbed at 5x1o-7 torr when a sub-saturation coverage of ethylidyne was 

present on the platinum surface (fig. 7, blicc). A."l ll2 TPD from clean plati­

num was recorded for reference (fig. 7d). Saturation of the surface with 

respect to ethylidyne occured at ethylene exposures near 1 .6 L (fig. 8). 

Hydrogen could be adsorbed on an ethylidyne saturated surface T~hen 

higher hydrogen pressures were used. For example, when an ethylidyne 

saturated surface was exposed to one atmosphere of hydrogen for one minute 

( "'10 10 L), the H2 TPD displayed an additional low temperature peak near 

2 70 K (fig. 9d) e This peak was most likely due to hydrogen desorbing 
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directly from the platinum surfacee Experiments performed with deuterium 

indicated that no deuterium exchange occured on the methyl group, and only 

the low temperature peak was seen in the deuterium TPD (fig. 9e) Ethylidyne 

hydrogenation is very slow at these temperatures [7], and was not observed 

during these experiments • 

It was also found that hydrogen could be coadsorbed on an ethylidyne 

saturated surface at pressures as low as 10-5 torr. The hydrogen adsorp­

tion state observed depended on the temperature of coadsorption (fig. 9, 

b&c) • When hydrogen was dosed at 150 K, Hz desorption peaks were observed 

at 219 and 298 K corresponding to desorption from platinum metal (fig. 9b). 

When hydrogen was dosed at 320 K followed by immediate cooling of the 

crystal to 150 K, an H2 desorption peak was observed at 385 K (fig. 9c). 

The hydrogen adsorption state corresponding to the 385 K desorption peak 

was found to decay rapidly at 320 K, and significant decay was observed 

even at 150 K after 10 minutes. Pressures significantly lower than 10-5 

torr (ie. 10-6 torr) were ineffective in producing the above hydrogen 

adsorption states on ethylidyne saturated platinum. 

DISCUSSION 

Model for the UHV Hydrogenation of Chemisorbed Ethylene on Clean 

and Hydrogen Predosed Platinum 

Ethylene decomposition on Pt (111) surfaces has been extensively 

studied [1,2]. The peaks at 320 and 530 K in the Hz TPD of ethylene 

correspond to the conversion of adsorbed CzH4 to ethylidyne and to the 

decomposition of ethylidyne respectively. Ethane is among the thermal 
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desorption products of ethylene, a product of self-hydrogenation. Self­

hydrogenation of ethylene has been observed previously on Pt, Rh, Ir, Ni, 

Pd, and W [ 1, 13-18]., .lhring the decomposition of adsorbed ethylene to 

ethylidyne on platinum, hydrogen atoms are spilled onto the surface., 

These hydrogen atoms are then able to hydrogenate other adsorbed ethy­

lene molecules to ethane which then desorb. The rate determining step 

(r .d .s .) for this process is the breaking of a C-H bond, which is res­

ponsible for the first order dependence on ethylene coverage for ethane 

formation at 302 K," and H2 desorption at 320 K. Additionally, activation 

energies calculated for both processes were equivalent within experimen­

tal error (18 ± 4 kcal/mole for C2H6 formation and 17 ± 3 kcal/mole for 

H2 evolution) • When hydrogen is coadsorbed with ethylene (as was the 

case for the predosing experiments), the hydrogenation proceeds directly 

without involving any C-H bond breaking. This is why the ethane peak 

became broader and shifted from 300 K for very low hydrogen exposures 

to 250 K for larger exposures. Based on these observations we propose 

the following mechanism for the self-hydrogenation: 

1 • C?.H4(a) + C2H3(a) + H(a) r .d .s , 

2. 2H(a) + H2(g) 

3. CzH4(a) + H(a) C2H5(a) 

4. C2H5(a) + H(a) + C2H6(g) 

5. C2H4(a) + C2H4(g) 

A computer simulation of the preceeding model was developed using 

the kinetic parameters determined from this work and elsewhere (table 

II). The kinetic parameters for step 1 were extracted from the first 

hydrogen desorption peak which was due the to decomposition of ethylene 

to ethylidyne. This is so because once hydrogen is formed on the surface 
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due to the breaking of C-H bonds, the temperature is high enough so that 

the recombination and desorption of H2 is fast. The parameters used were: 

Ea = 17 kcal/ mole and v = 4x10 13 The activation energy was taken 

from this work and the preexponential factor was taken from the paper by 

Salmeron and Somorjai [2]. 

The desorption parameters of H2 from Pt (111) were taken from the 

work of Christmann et. al [19]. The parameters used for step 2 were 

Ea = 9 kcal/mole and v = 0.075 for the second order process. Molecular 

desorption of ethylene was observed and the kinetic parameters used were 

taken from Salmeron and Somorjai [2]. They were: Ea = 9 kcal/mole and 

V = 9.2 X 106 • 

The kinetic parameters for steps 3 and 4 were not easily accessible. 

U the hydrogenation were to take place in a concerted way, the overall 

rate expression for the two hydrogenation steps combined would be: 

rate .. 

This expression is third order overall, second order in hydrogen and first 

order in ethylene. However, it is likely that the hydrogenation occurs 

in two success! ve steps, one of which is rate determining, and each of 

which is first order in hydrogen and second order overall. The coverages 

of hydrogen and ethylene for step 3 and the coverages of hydrogen and the 

surface ethyl radical for step 4 change with time (and temperature) in an 

undetermined way. For this reason it may not be possible to use the well 

established methods of determining kinetic parameters from the TPD for 

the hydrogen predosed system (fig. 3). This leaves four undetermined 

parameters to be fixed in order to get good agreement with the experimen-

tal data. 

A considerable amount of ~ ~ desorbed during TPD (fig. 4) when D2 
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and C2H4 were coadsorbed on the platinum (111) surface. This can be ex-

plained if a fast equilibrium is attained between adsorbed ethylene and 

the surface ethyl radical, and if the second hydrogenation step is rate 

limiting for the formation of ethane. The method of <llan et. al. [ 11] 

for a second order desorption was used as a first approximation and an 

activation energy of 6 ± 1 kcal/mole was calculated for the thermal de-

sorption processes shown in figure 3. This activation energy was assigned 

to step 4, the second and rate limiting hydrogenation step • 

The first hydrogenation step and its reverse were assumed to be fas­

ter than the second hydrogenation step. This leads to deuterium exchange 

as below: 

Furthermore, adsorbed C2H4 and CzHs are proposed to be in dynamic equi­

librium, then: 

l<eq = e c 
2
H

5 
I e c 

2
H

4 
e H • k3/k-3 = ( v 3/ v -3)exp[(E-3-E3)/RT] 

The following three parameters were selected for use in the model: 

( v 3/ v -3) ... 0.03 

The surface hydrogenation model is summarized in table II, and computer 

generated results accompany the experimental results in figures 1, 2, 3, 

5, and 6. They were in excellent agreement with experiment for both the 

self-hydrogenation and hydrogen coverage dependence for the hydrogen pre­

adsorbed system. 

Additional calculations were performed in order to justify the selec­

tion of the kinetic parameters for the hydrogenation steps. Keeping all 

other parameters the same, the activation energy for step 4, the final 

hydrogenation step, was adjusted with its corresponding preexponential 

factor so that the ethane yield during self-hydrogenation of ethylene 

.. 
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remained unchanged. The position of Tmax and the full width at half maxi­

mum (FWHM) for ethane desorption were computed as a function of the activa­

tion energy (E4) for ethylene hydrogenation when a large coverage of pre­

adsorbed hydrogen was present. Experimentally, Tmax was 250 K and the FWHM 

was 65 K under these conditions (30 L Hz predose). The model gave the best 

agreement with experiment (Tmax and FWHM) when E4 was 6 kcal/mole. As E4 

was increased, Tmax increased and the FWHM decreased. At E4 = 9 kcal/mole, 

Tmax was 265 K and the FWHM was too narrow at 45 K. On the other hand, as 

E4 was decreased, Tmax decreased rapidly and was 200 Kat E4 = 3 kcal/mole. 

Ethylene and Hydrogen Coadsorption in the Presence of Ethylidyne 

Zaera and Somorjai [6] have recently reported that a saturation layer 

of ethylidyne was formed immediately and irreversibly on the platinum (111) 

surface during the high pressure ( - 200 torr) steady state catalytic hydro­

genation of ethylene. Ethylidyne is stable under atmospheric pressures of 

hydrogen and at room temperature since the hydrogenation and exchange of 

deuterium for hydrogen on the methyl group is lllllch slower ( - 10-3 times 

slower) than the catalytic hydrogenation of ethylene [7 ,8,9]. Ethylidyne 

was always found on the Pt (111) crystal upon return to UHV conditions 

following a hydrogenation reaction. Also, restart reactions on ethylidyne 

covered platinum gave the same rates of reaction as for clean surfaces. 

All of the above suggest direct participation of the carbonaceous over­

layer during the steady state hydrogenation of ethylene at atmospheric 

pressure and near room temperature. We propose that after dihydrogen 

dissociates on the platinum surface, the hydrogen atoms are transfered 

indirectly from the platinum surface to weakly bound ethylene molecules 
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through the a carbon of the ethylidyne species, via the formation of 

ethylidene ( CHCH3) intermediates (fig. 10) • 

In support of this scheme it has been demonstrated that hydrogen 

could be adsorbed on an ethylidyne saturated platinum surface when the 

pressure was greater than 10-5 torr at temperatures between 150-320 K. 

The amount of hydrogen that could be adsorbed on this surface with a one 

atmosphere exposure ( ~ 10 !U L) was about 25% the amount that could be 

adsorbed on a clean platinum (111) surface with a 30 L exposure. 

At pressures around 10-5 torr detectable quantities of hydrogen could 

also be adsorbed on the ethylidyne saturated surface between 150-320 K, 

but equivalent exposures at < 10-6 torr gave no detectable hydrogen ad­

sorption. COmpetition between adsorption and desorption produced a steady 

state surface concentration of hydrogen. larger coverages were obtained 

with higher hydrogen pressures until saturation was reached. Two dif­

ferent hydrogen states were seen in the TPD depending on the adsorption 

temperature. The Hz desorption peaks around 290 K (fig. 9b) were probably 

due to hydrogen desorbing from the platinum surface while the 385 K (fig. 

9c) desorption peak was possibly related to a hydrocarbon decomposition. 

The presence of the 385 K peak suggests the existence of ethylidene 

( OHli3) on Pt ( 111) when higher hydrogen pressures were applied to an 

ethylidyne saturated surface. The peak was found on.the low temperature 

side of the ethylidyne decomposition peak, consistent with calculations of 

Kang and Anderson [20] which predict that ethylidene is less stable than 

ethylidyne at low hydrogen pressures. A high steady state concentration 

of ethylidene would be favored by high hydrogen pressures. Under UHV, 

however, the ethylidene - ethylidyne equilibrium would be completely 

shifted towards the more dehydrogenated moiety. The!"efore, the ethyli-

" 
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dene decomposition product is probably ethylidyne, and within experimental 

error, the area and shape of the hydrogen desorption peak from ethylidene 

above 420 K was no different than the area and shape of a typical ethylidyne 

desorption spectrum (fig. 9) • 

The Steady State Catalytic Hydrogenation of Ethylene over Platinum 

These results have implications for the catalytic hydrogenation of 

ethylene. First, if ethylene was hydrogenated directly on the platinum 

surface, an activation energy of 6 kcal/mole would be observed- instead 

of 8-15 kcal/mole as reported elsewhere [6,21-26]. Extrapolating the sur­

face hydrogenation model proposed here (table II) to steady state condi­

tions and moderate pressures gave a rate expression very different than 

that determined by laera and Somorjai [6] for ethylene and hydrogen on 

platinum (111). Also, the ethane deuterium distribution obtained from 

D2 + C2H4 experiments under UHV (fig. 4) was much different from that 

obtained for high pressure deuteration [6]. 

There have been observations made in the literature that support the 

proposed direct participation of carbonaceous deposits during the catalytic 

hydrogenation of ethylene on metallic surfaces. Laidler and Townsend [27] 

reported two activation energies for ethylene hydrogenation over Ni films 

(7.8 and 10 kcal/mole) depending on whether hydrogen or ethylene was intro­

duced into the reactor first. When hydrogen was introduced first, the fast 

initial rate gave way to the slower rate obtained when ethylene was intro­

duced first, indicating that as surface hydrogen was depleted, surface metal 

metal atoms became available for the adsorption of hydrocarbon which forms 

stronger bonds to the surface than does hydrogen. Similar rate dependences 
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have been seen for other systems [17]. 

The possibility exists that on the platinum (111) surface, the 

catalytic hydrogenation still proceeds directly on the metal surface, 

but a larger activation energy is observed because ethylidyne hinders 

the approach of ethylene to the surface. Although this explanation can­

not be discarded, it seems unlikely since neither ethylene nor ethane 

were found to desorb when attempts were made to adsorb ethylene on an 

ethylidyne saturated surface, even at atmospheric pressure. 

Finally, Wieckowski et. al. [28] reported an activation energy of 

5.9 kcal/ mole for the hydrogenation of ethylene over platinum (111) in 

solution where g+ was reduced at the surface giving surface hydrogen. 

They propose that ethylene is hydrogenated directly on the clean platinum 

surface, similar to the process of surface hydrogenation observed under 

UHV in our experiments. 

CONCWSIONS 

The hydrogenation of chemisorbed ethylene under UHV on a clean pla­

tinum (111) surface and over a layer of preadsorbed hydrogen was shown by 

TPD to proceed by a different mechanism than the steady state high pres­

sure catalytic hydrogenation of ethylene over the same surface. The deu­

terium distribution obtained during the above two processes were also 

very different. 

An ethylidyne saturated platinum (111) surface was found to adsorb 

hydrogen with H2 pressures in excess of 10-5 torr between 150 and 320 K; 

however, ethylene did not chemisorb to this surface and not ethylene nor 

ethylidyne were hydrogenated during TP D. Evidence for the formation of 

.. 
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an ethylidene intermediate was observed and is further evidence that 

ethylene decomposition products (ethylidyne and perhaps ethylidene) formed 

on Pt (111) near room temperature directly participate in the steady 

state catalytic hydrogenation of ethylene. 

Acknowledgements 

This work was supported by the Director, Office of Energy Research, 

Office of Basic Energy Sciences, Materials Sciences Di. vision ot the TJ .S. 

Department of Energy under COntract Noe DE-A003-76SF00098e 



16 

REFERENCES 

1. H. Steininger, H. Ibach, S. Iewald, Surf. Sci. 117 (1982) 685 

2. M. Salmeron, G. A. Somorjai, J. Phys. Chem. 86 (1982) 341 

3. A.M. Baro, H. Ibach, J. Chem. Phys. 74 (1981) 4194 

4. a) J. E. ~muth, IBM J. Res. ~v. 22 (1978) 265 

b) Hiett, Flores, Grout, March, Martin-Rodero, Senatore, 

Surf. Sci. 140 (1984) 400 

5. L. Kesmodel, L. Il.lbois, G. A. Somorjai, J. Chem. Phys. 70 (1979) 2180 

6. F. laera, G. A., Somorjai, J. Am. Chem. Soc. 106 (1984) 2288 

7. S. Iavis, F. laera, B., Gordon, G. A. Somorjai, J. Catalysis 92 (1985) 240 

8. B. Koel, B • .Bent, G. Somorjai, Surf. Sci.146 (1984) 211 

9. F. laera, Ph. D. Thesis, u., C., Berkeley, (1984) 

10., D .. Blakely, E. Kozak, B. Sexton, G. A. Somorjai, J. Vac. Sci. Techno!. 

13 (1976) 1091 

11. C. M. Chan, R. Aris, w. H. Weinberg, App. Surf. Sci.yl (1978) 360 

12. P • .Berlowitz, C. Megiris, J. lbtt, H. King, langmuir 1 (1985) 206 

13., H. L. Pickering, H. c. Eckstrom, J. Phys. Chem. 63 (1959) 512 

14. R. w. Roberts, J. Phys. Chem. 67 (1963) 2035 

15. G. I. Jenkins, E. Rideal, J. Chem. Soc. 2490,2496 (1955) 

16. G. c. Bond, Catalysis by Metals, (Acad. Press Inc. London and 

New York 1962) p. 230 

17. J. Horiuti, K. Miyahara, Hydrogenation of Ethylene on Metallic 

Catalysts NSRDS-NBS 13 (1968) 

18. w. Hasse, H.-L. Gunter, M. Henzler, Surf. Sci. 126 (1983) 479 

19. K. Christmann, G. Ertl, T. Pignet, Surf. Sci. 54 (1976) 365 

20. D. B. Kang, A. B. Anderson, Surf. Sci., To be published 



17 

21. A. Farkas, L. Farkas, J. Am. Chem. Soc. 60 (1938) 22 

22. o. Beeck, Rev. Mod. Phys. 17 (1945) 61 

23. G. C. Bond, Trans. Faraday Soc. 52 (1956) 1235 

24. V. Kazanski, V. Strunin, Kinet. catal. (Engl. Trans!.) 1 (1960) 517 

25. T. Dorling, M. Eastlake, R. Moss, J. catal. 14 (1969) 23 

26. J. C. Schlatter, M. Boudart, J. catal. 24 (1972) 482 

27. K. J. Laidler, R. E. Townsend, Trans. Faraday Soc. 57 (1961) 1590 

28. A. Wieckowski, S. Rosasco, G. Salaita, A. Hubbard, B. Bent, F. Zaera, 

D. Godbey, G. Somorjai, J. Am. Chem. Soc., To be published 



18 

Table I: 

~lit. / Pt(lll) 

Kinetic Parameters From TPD 

B ;... 30 K/sec 

Process Tmax (K) Ea (Kcal/mole) 

CzH4 molecular 291 9 ± 2 
desorption 

CzH6 formation 302 18 ± 4 
with desorption 

Hz evolution from 320 17 ± 3 
CzH4 + cru3 

CzH6 formation 252 6 ± 1 
when H preadsorbed 
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Table II: 

Model for the Hydrogenation of Chemisorbed Ethylene on Pt (111) 

Step Rate Expression Ea (kcal/mole) v ref. 

1 • e v e -E/RT 17 4x10 13 a C2H4 

2 0 
e2 v e-E/RT 

H 9 0.075 b 

3. Keq .. k3/k_3 ... v e+E/RT 2 0.03 c 

4. e e C2H5 H 
v e-E/RT 6 1.47x1o-3 c 

5. e v e-E/RT 
C2H4 9 9.2x106 a 

a) This work and ref. 2. 

b) Ref. 19 

t:) This work and parameters adjusted to fit the self-hydrogenation process. 

... 
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captions for Figures 

1. TPD products of ethylene on Pt (111), heating rate: B =30 K/sec. 

Left panel from experiment: Tads=150 K, exposure = 6 L (saturation) 

Right panel from model (see text): Tinit = 150 K, 

a) Hz, Z amu TPD b) CzH6, 30 amu TPD c) CzH4, Z7 amu TPD 

Z. Ethane production yield for self-hydrogenation as a function of 

ethylene exposure over Pt (111). The experimental points fall on the 

curve generated by the computer model (see text for details) • 

3. Ethane TPD as a function of hydrogen exposure for Hz + CzH4 on Pt 

(111) • Heating rate: B = 30 K/sec. Variable hydrogen dose was 

followed by 0.4 L ethylene dosing. Left panel, experimental CzH6 

TPD: Tads = 150 K. Right panel, computer generated TPD: Tinit = 150 K 

4. Deuterium distribution in ethane produced during temperature program­

med desorptio~ when a Pt (111) surface was dosed with 30 L deuterium 

followed by 6 L CzH4. 

5. Ethane TPD area as a function of hydrogen exposure for Hz + CzH4 on 

Pt (111) • Variable hydrogen dose was followed by 0.4 L ~~. Tads 

= 150 K. The solid line was generated by the model. Inset: Position 

of the temperature maximum o Experimental ~ Model 

6. Ethane TPD area as a function of ethylene exposure. 30 L hydrogen 

exposure followed by variable ethylene dosing. Tads = 150 K. The 

solid line was generated by the model. Inset: Position of the 

temperature maximum. o Experimental, ~ Model 

7. Hz TPD following ethylidyne + Hz exposure on Pt (111) • Et hylidyne 

was deposited by dosing the surface with 10-7 torr CzH4 at 3ZO K. 

Hz was introduced at Sxl0-7 torr after crystal cooled to 150 K. 

a) Ethylidyne saturated surface followed by 30 L Hz exposure. 
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b) 1 .0 L ~H4 followed by 30 L Hz. c) 0.5 L ~~ followed by 30 L Hz. 

d) 30 L Hydrogen adsorbed on a clean platinum surface. 

8. Hydrogen yield from the prepared surfaces of figure 7. Ethylidyne 

+Hz on Pt (111). o The Hz TPD area as evolved from uncovered Pt 

(low temperature peak) was normalized to the TPD area of Hz desorbing 

from clean Pt (fig. 7d). • The H2 TPD area evolved from ethylidyne 

decomposition (high temperature peak) normalized to the TPD area of 

H2 produced from an ethylidyne saturated surface (fig. 7a). 

9. Hz or Dz TPD from Pt (111) for: a) 6 L ~H4 dosed at 3ZO K (saturated 

ethylidyne) followed by b) 1ZOO L Hz, 10-5 torr at 150 K c) 1ZOO L 

Hz, 10-5 torr at 3ZO K, then cooled immediately to 150 K 

d) ,... 10 lU L Hz, 1 atmosphere at Z50 K e) ,., 10 lU L Dz, 1 at­

mosphere at Z50 K, 4 amu TPD. 

10. Proposed mechanism for the steady state catalytic hydrogenation of 

ethylene on Pt(ll1). The second panel shows schematically the 

proposed ethylidene intermediates derived from ethylidyne and surface 

deuterium • 
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