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1. INTRODUCTION
The chemisorption and surface reactions of hydrocarbons on metal

surfaces have been investigated intensively from the viewpoint of
heterogeneods 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 understanding of
the organic-metallic interface at the atomic scale has emerged from
these invéstigations. 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



pressures. These types of investigatidns have been initjated in our
laboratory over the past ten years.

Most experiments have been performed in étandard u]tra-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 spectroscopy (HREELS),
and mass spectrometry for thermal desorption studies (TDS). Addition-
ally, these systems include an environmenta] 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 meta]ﬁ. 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 emphasized.

2. CHEMISORPTION STUDIES

2.a ﬂz Chemisorption

A detailed description of H, chemisorption over metal surfaces

2
have been already given in previous chapters, and therefore only its

most relevant aspects will be mentioned here. H2 chemisorbtion over



metals is generally dissociative and it is not activated. Several
adsorption states have been observed even over smobth singTe crystal
surfaces. Activation energies fof desorption range from 15 to 30
Kcal/mol, with no clear trend acroSé the periodi; table t1,2]. A
weakly chemisorbed state has also been'observed fn several éases, but
the nature of such hydrogen and its imporfance to catalysis are not
clear.

The results reportéd:for hydrogen cheﬁisorption on platinum singie
crystals are typical of those obtained for other metals, and will be
used hgre to illustrate the main features of éhe process. This system
has been studied using a wide variety of techniques by many groups
[3-10]. Thermal desorptibn spectra reveal the existence of more than
one adéorption state even over flat (111) surfaces. Additional
stronger bbnded states appeaf when steps and kinks are present (Fig.
l).[ll]. The values for the activation energies of desorption are
estimated to range from 5 and 9 Kcal/mol at low coverages over (111)
terraces, 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
therma]idesorption spectra (TDS) for H2 on Pt(lll) indicates a
change in activation energy from 9.1'Kca1/mol at low éoverages to 6.6
Kcal/mol at near saturation [3]. The area under the TDS can also be
used to estimate the saturation coverage;_Erfl and coworkers estimafed

e ~ 1 using this pfoceduref[B]. Unity saturation coverage was

sat
independently measured by Lee et al. [12] using He diffraction. They



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 spectroscopy (HREELS), ultraviolet photoe]ectrqn spectroscopy

(UPS), electron energy loss sbectroscopy (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 be found elsewhere [2,13,14].:

2.b Hydrocarbon chemisorption

Studies on the chemisorption of hydrocarbons on meta] single
crystals are extensive, and a comp]éte review of the subject is beyond
the scope of this articﬁe. Hére we will oniy 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‘generalyy
not observed at room temperature. Physisorption of heavier alkanes
can be attained at close to 1iquid nitrogen temperature, but such
adsorption is followed only by molecular desorption as the metal is-
warmed up [15]. Chemisofption under UHV may occur at higher tempera-
tures, and it ggnera]ly starts with an initial C-H bond breaking step.
Further heating of the system in such cases leads to fu11'decomposi-
tion of the hydrocarbon fragments with simultaneous hydrogen desorp-
tibn, while carbon is left behind on the surface [16].

Unsaturated hydrocarbons,-pn the other hand, can be easily

adsorbed; they have sticking coefficients close to one at either

4



liquid nitrogen or room temperatures. Chemisorption is followed by
stepwise decomposition as the temﬁérature of the metal is increased.
Studies for olefins, alkynes, cyclic olefins and aromatic ;ompounds
have been reported on maﬁy'surfaces [17-24]. The chemisorption of
v.ethyiene 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 compbsed‘of‘ethy1idyne moi-
eties, with a structure that is shown.schematically in Fig. 2 [25—35].
Ethylidyne then further decomposes above 400K to form CZH and CH
~ fragments, and the final dehydrogenation product is graphite, that is
1éft on the surface at highef temperatures [32,36e38]. Chemisorption
of ethylene over Ni(100), on the other hand, is followed by stepwise
decomposition and the successive formation of a vinyl group, an
acety}ene 1ike fragment, and a CZH moiety [86]. |

Adsorption studies of other heavier alkenes have been performed as

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

2
Pt(111) are shown in Fig. 3. It can be seen that for all three ole-
fins three decomposition regimes can be identified. At room tempera-
ture the first H2 peak is observed, associated with the formation of
ethy]idyne or the corresponding alkylidyne ana]og'[39,40]. ‘Between
350 and 500K further decompositiqn takes'pTace, with formation of '
smaller hydrocarbon fragments 1ike CH and CZH' Fina]]y; total dehy-
drogenation above 600K leads to the formation of a graphitic overlayer
on the Pt(111) surface. B | |

Aromatic molecules follow a similar decomposition process as a

function of temperature. HREELS and LEED studies of benzene adsorption



over Rh(111l) indicate that the molecule adsorbs molecularly at low
temperatures with the ring parallel to the surface [22,41]. H2 TDS
show that the first major decomposition peak occurs at 470K, with

( formatipn of sufface speciés that are believed to cqnsist of CCH and
CH fraghents from HREELS studies [42]. Further graduql'decomposition
bccurs until graphite is formed at 800K. Similar results have been
reported for other surfaces [21]. | | ‘ _ -v’
3, SURFACE REACTIONS AT LOQ PRESSURES (10'8 - 10'5 torf)

In addition to thermal decomposition studieé 1ike those reported
in.tﬁe 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 éecond kind where reactions are carried out under
steady state conditions, generally by using molecular beams.  In this
section we will report results published for H2-Dz,exchange, ethyl-
ene hydrogenation and cyclohexene reactions over platinum sfng]e
crystal surfaces.

J.a HZZQZ Exchange

HZ—D2 exchange is probably one of the simplest keaction'that
invq]ves formation and breakage of chemical bonds, and therefore it has
- been studiedvextensively by several reséarch groups [43-48]. Engel and
Ertl have recently published a review on the subject [49]. The first
step for the overall reacfion involves thé dissociative chemisorption

2 2
on the surface, the reaction proceeds through a Langmuir-Hinshelwood

of both H 'and-D . It appears that once atomic hydrogen is present
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mechanism where the limiting step is the recombination of H and D

‘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 thé sticking
coefficient, s(e), 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 statglcoverage changes
with temperature, so does s{o).

H, -0,
topography. Several research groups have proven that steps are at

exchange have also shown a strong dependence on surface

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 (lll)] by using molecular
beams, and proved that the reaction at the bottom of the steps is
about séven 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.. |
Fina]]y,'thé angﬁlar and velocity distributions of the outgoing HD
from md]ecu]ar beam experiments have cosine and Maxwell-Boltzman dis-

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

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



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(111)
[54], Ni{( 100) [86] and Pt( 111 [55- 577 under UHV. Thermal desorption
experiments revealed the formation of ethane at around room tempera-
ture after ethylene saturation of Pt(lll).‘ The activation energy was

estimated to be 18 KcaT/mo], 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 {ncreases by about an order of magnitude
(Fig. 5). Based on the experimental results, the following mechanism

was proposed:

Hy(g) —> 2H(a) - ' (1)
C,Hy(9) —> CoH,(a) , (2)
C,Hy(a) ——> CoHs(a) + H(a) | - (3)
CoHy(a) + H(a) <==> CyHc(a) (4)
CHg(a) + H(a) —=> C,H.(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,
CCH3 (Fig; 2). A computer simulation using this model gave resﬁ]ts
that were in excellent agreement with the expérihents for both self- .
hydrogenation and.hydrogen.preadsorbed cases.

__H-D exchange is a related reaction that takés place simu]faneous]y
with hydrogenation. If deuterium is preadsorbed on Pt(111), deuterated

ethane and ethylene are produced from ethylene TDS [57]. Ethy]idyné



can also exchange hydrogen atoms in the methyl group. Exchange has
been observed by using TDS, HREELS and secondary ion mass spectroscopy
(SIMS) at submonolayer ethylidyne 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

1073

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 induqtion 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 sth 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 consfdered catalytic.

5 torr total pressures

Benzene production from cyclohexene at 10~
- dispiayed little structure sensitivity over Pt(111), Pt(557) and
Pt(10,8,7) [63]. The activation energy'fof the dehydrogenation.was
calculated to be less than 4 kéa]/mo] for all three surfaces, and the

rates were first order in cyclohexene and positive fractional order in

hydrogen. Some n-hexane production was detected as well, with rates
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comparable to bgnzene production éver Pt(10,8,7) but an order of
magnitude slower over Pt(111).

The effect of gold deposition over Pt(100) have also been investi-
gated [62]. ‘Surprising]y, the activity for benzene formatidn increases-
by a factor of four at one mono1ayer of gold. Furtﬁér gold deposition
leads to slow poisoning and reaction rate redﬁction. If p]atinum is
deposited over Au(100), a broad maximum in rate is observed at 1-5
platinum layers, foi]owed‘by an asymptotic decrease to the activity of
pure platinum. There is not yet a clear explanation for this activity
enhancement observed. . v
4, ATMOS?HERiC PRESSURE REACTIONS OVER SINGLE 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-
tions of weakly bonded species that cannot be easily studied under
vacuum. In some cases the presence of such new chemiéorbed states
open new pathways for reaction mechanisms, Two main approaches have
been taken in order to Tink the two reaction regimes: 1) Surface
sensitive techniques HaQe been developed that cah.be used in situ to
characterize the catalytic system whiie'the reactions are taking
place; and 2) A low pressure-high pressure apparatus was constructed
that permits the transfer of the catalytic sample from UHV to atmo- 2

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.ﬂ

Most work that has been carriéd out on single crystals have been
performed using the second approach, and the foiiowing 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 envifonmental cell that
can be used to iso]ate‘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 spectfometry. After reactions the loop is
pumped and the cell opened so the catalyst is returned to UHV for
further ana1ysis. Several hydrocarbon reactions have been studied
this way, including hydrogenation of olefins and aromatic compounds,
H-D exchange and reforming reactions of several model hydrocarbonA
molecules. | |

4.a Reactions involving ethylidyne

It was mentioned in the previous section tﬁ;t when ethylene is
chemisorbed at room temperature under UHV over Pt(111), Pt(100),
Rh(111) or Pd(111), ethylidyne is formed (Fig. 2) [25,66}67,33]. This
moiety is stable upon hydrogen treatment even at atmospheric pressur;es,~
as revealed by the use of 14C ethylene and a radiotracer technique

[37], and it can only be rehydrogenated at temberatures 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 1ittle or no hydrogen
content is left on the surface. Hydrogen to carbon ratios for the -
~different fragments formed duriﬁg 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 deuterium, not only
hydrogenation reactions are seen, but H-D exchange is observed as well..
The exchange is possible under UHV only with submonolayer coverages of
ethylidyne, but at saturation high pressures of D2 are required for
this reaction to occur. HREELS and TDS have been used to determine
thaf the exchange occurs in a stepwise fashion, one hydrogen atom
exchanged at a time, and at comparable rates to ethylidyne hydrogené— ‘
tion [59,60,68,69]. An exampTe of such results is presented in Fig 9
for Rh(111). After 5 min. exposure of ethylidyne to 1_atm.vD2, new -
peaks appear in the vibrational spectrum, corresponding to Pt3C-CHZD.

Hydrogen can also be coadso}bed with ethylidyne. However, after
ethy]i@yne séturation, szchemisorption is observed only after expo-

5

sures at pressures above 107~ torr at 150K [57]. Furthermore, the

.exposure of ethylidyne to high H pressuresuat 320K results in the

2
formation of a new specie, probably ethylidene (=CH-CH3), as identi-

fied by TDS (Fig. 10).
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4 .b Ethylene hydrogenation

Few studies of gthy]ene.hydrogenation over sinQ]e crystal surfaces
have beén 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 p]ace over both kind of catalysts. Dalmai-Imelik and
Massadier [70] have reported a structure dependence of the reaction
rates as a function of crystallographic orientation of the exppsed
surface for nickel crystals. whi1e 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-exp]éined in_terms of the cracking of
C2H4 observed over the (100) face. Self-hydrogenation at preséures
of up to 0.1 torr has also been reported over nickel in the absence of
H, [54]. _

The reactioﬁ over Pt(111) and Rh(111) crystals has been studied
using several surface sensitive techniques [68,69,72]. Ethylidyne was
found to be presént on the surfaces after high pressure reactions, as
confirmed by LEED, TDS and H&EELS results (Fig. 11). A1l three tech-
niques yie]ded similar results for Pt(111) saturated with ethylidyne
and after high pressure ethylene Hydrogenatidn reactions. Furthermore,
reactiong 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. Turnove%'fréduencies for the relevant
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proceéses are présented in Table I. Therefore, ethylene hydrogenation

must take place in.the presence of the strongly bonded hydrocarboh

fragments. Furthermore, TDS and HREELS have shown that direct chem%- .
sorption of new ethylene molecules over the metal is sterically hin-
dered, so the hydrogen incorpqration need to occur on a second layer
of weakly chemisorbéd ethylene molecules. A mechanism 1nVo1ving
hydrogen transfer from the~§urface through the ethylidyne fragments

~ has been proposed to explain these results [68]. It includes the re-
versib]e 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 surfaées ‘
has been studied by Dé]mai-Ime]ik and Massadier .[70]. They found no
structure dependence for this reaction, contrafy to what was observed
for ethylene hydrogenation. The rates for dehydrogenation of cyclo-
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 aé active as Pt(111), and both kinked
suffaces are appreciab]y'more active than fhe stepped surface. The v
effect of gold deposited over Pt(111) 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
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been explained in terms of a competitive mechanism where the chemi-
sorbed species either dehydrogenate and desorb as products or decom-
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 wou]d favor the desbrptioh o?-products.

The reaction of cyclohexene with hydrogen has also been studied

7 to 10_2 torr pressure range [61].

over platinum surfaces in the 10~
The-se1ectivity for hydrogenation over dehydrbgenétion changes dras-
tiqa]ly with changing pressures (Fig. 14): benzene is‘predominantly

" produced at low pressures (~10'7 torr) while cyc1dhexane is mainly
observed af high pressures ("102 torr). The low pféssubé reactions
are structure sensitive and proceed over the clean metal surface. At
high pressures such reactions are structure insensitive due to the
continuous presénce of near a monolayer of carbonaceous species, simi-
‘lar to the case for ethyfene. Widély differiné coverages of reactive,
vweakly adsorbed hydrogen could be crucial in the product selectivity

reversal between high and low pressures.

4.d Deuterium exchange reactions

H-D exchange qf,ethane has been studied over Pt(111) surfaces |
[69,75]. The activation energy and_presﬁure dependences with respect
to deuterium and hydrogen were similar to those reported for supported
catalysts. The resulting ethané prodpct'djstribution was U-shaped,
peaking at one and six deuterium atoms per ethane molecule (Fig. 15).
A competitive mechanism with two branches waslproposed.' 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. |

Exchahge reaCtidnsrfor 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

6

maxima at d4 and d. for isobutane; This differencevis easily explain-
_ab]e, s{nce ethahe,'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 af least one order of magnitude faster

than any other conversion process.

4.é Hydrocarbon skeletal rearrangement

There is a marked structure sensitivity in the rates for hydrogen-
olysis for ethane, n-butane and cyt]opropane over nickel surfaceé, as
reﬁorted by Goodman {77,78]. Hydrogeho]ysis over (111) faces is about
one order of magnitude slower than over (100) crystals. This trend
parallels that repdrted for ethylene hydrogenation [70], but in this
case the differences in réte Qere established to be intrinsic to the
surface topography and not due to selective poisohing by carbon.

Hydrogenolysis and isomerization réactions over several platinum
crystals have been reported for many hydrocarbons, including ethane, v
isobutane, n-butane, neopentane, methylcyclopentane, n;héxane and
n-heptane [75,79-83]. Changes in reaction rates with differences in
surface structure have been observed for mosf cases. Examples of ini-

tial isomerization turnover frequencies for different hydrocarbons and



" the case'for'Pt(10,8,7), Pt(557) and Pt(332) as compared to Pt(111)).
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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
Thesé changes are not observed for methylcyclopentane or thexane{l
Total conversﬁoh rates also decreasé with molecuTar weight of the
reactant molecule.

For n-hexané and n-heptane, cyc]iiatioh and aromatization productsﬂ
are also obtained. Benzene formation from n-hexane is about four
times faster on (11i) terraces than (100) surfacés [82]. However, no
significant differences in rates occur when steps and kinks are pres-
ent, and the activities for Pt(111), Pt(557), Pt(332) and Pt(10,8,7)
are all comﬁarab]e. The séme insensitivity to the presence of low
coordination platinum atoms is seeh for toluene formation from n-
heptane, where the rates are within a factor of two for the four
platinum surfaces studied, all having (111) terraces but different
defect concentrations [83].

The formatioh of carbonaceous deposits over the catalyst surfaces
is always detected after all hydrocarbon reactions. These deposits
héve been characterized by using several techniques, including AES,

140 radiotracer defection [37,84]. It

LEED, TDS, CO titration and
was fouﬁd that such fragments ére mainly irreversibly adsorbed during
reactions, covering most of the surface area. There are;'however,_a
small fraction of platinum atoms uncove}ed fhat are the responsible

for catalytic activity. The amount and kind of these metal atoms can
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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
compéred to (111) terraces, a dffference 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 titrationé after cyclo-
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 disp]éyed
higher activity for 1ight alkanes than (111) terraceé, while no dif-
ference was noticed for methy]qyc]opentane or n-hexane conversion.

Quantitative hydrogen thermal desorption studies were carried out
as a function of surface struéture and reaction temberature. The most
important chemical properties of the carbonaceous deposifs are their
ability to store and exchange hydrogen with Eeactant surface species
and to provide desorption sites for product molecules. A model was
proposed where dehydrogena;ion 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 strohg]y bonded hydrocarbon fragments is consistent
with the model proposed previously for ethylene hydrogenation.
5. . CONCLUSIONS

The preceéding are representative studies of hydrocarbon reactions

over. metal single crystal surfaces, performed under controlled
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environmgnts. They show that high pressure experiments are recently
being added to the vast knowledge available on chemisorption under
“ultrahigh vacuum using well charaéterized single crystal cata1y$t
éurfaces in.order to bridge the gép between the two bressure regimes.
One of the conclusions to be reached'ffom thése new results is that,.
a]though the information obtained under UHV isvusefu1 for‘thevunder-
standing of gas-solid interactions, they are in general noncatalytic
processes,‘and extfapo]ation to high bressure catalytic reactioné has
to be done with caution. While chemisorption of hydrocarbons under
“vacuum géneré]]y leads to decomposition,aﬁd hydrogen desorption, cata-
lytic reactions take p1a¢e at atmospheric pressures, including those
where hydrogen-carbon bonds are formed. A good example of these dif-
ferences was illustrated for the cyclohexene reactions 1h'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 probabilities, from almost unity under
UHV'dOWn to less than ld'4 at 6ne'atmosphere. This change is ex-
plained in parf by the_formation of carbonaceous deposits over the
 cata1yst.surféce under atmospﬁeric reactant pressures, leading to
changes in the reaction mechanisms. For example, whi]é ethy]ené
hydrogenation takes place 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 djfferences exist
in other hydrogenation reactions. Hydrogenolysis and isomerization
brdcesses take place at higher temperatures and do occur over the
metal atoms, but again Hydrogénation and dehydrogenatfon steps are
necessary to make fhese reactions catalytic, and hydrogen tranéfer
through strongly bonded hydrocabon residues makes the diffefenée be-
tween high pressure and vacuum, -

In summary, the combination of surface science techniques with
transfer devices that allow cataTyst 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. Hydrﬁgen transfer mech-
anisms are also being beiter underétqod. They may not a]ways proceed
directly from the metal surface to the reactant molecule Sut 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 surfacés are still needed to further

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

Comparison of hydrogenation and exchange rates over Pt(111) single
crystal surfaces at near room temperatures.

Estimated Turnover Rate

Process (reactions/metal atom « sec.) Reference
H,D exchange in 10-5 68,69,72
saturation CCH3
methyl group
Hydrogenation and 6 x 10-5 37,69
removal of saturation
CCH3 from surface
CoHg hydrogenation 25 68,69

20 torr

PE,O
100 torr

PH2
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FIGURE CAPTIONS

Fig. 1  Thermal desorbtion spectra for hydrogen chemisorbed on the
flat (111), stepped (557), and kinked (12,9,8) platinum single
crystal surfaces; | o

Fig. 2 Atomic surface structure for ethylidyne species chemisorbed
on P(111). | |

Fig. 3 Hydrogen thermal desorptiqn'spettra i]]ustrating the sequen-

| tial dehydrogenation of ethylene, bropylene, and cis-é—butene

chemisorbed on Pt(111) at about 120 K (8 = 12 K/sec).

Fig. 4 HD production asva'function df angle of incidente, e, of éhe
molecular beam, normalized to the incident 02 intensity.
(a) Pt(332) surface with the step edges perpendicular to the
incident -beam ($ = 90°); (b) Pt(332) where the projection of
the beam on the surface is parallel to the step edges (¢ =
9°); (c) Pt(111).

Fig. 5 C,H, (27 amu) and C,H. (30 amu) TDS curves corresponding to

24 26

the decomposition of C H4 adsorbed over clean (dashed lines)

2
and hydrogen predosed Pt(111) surfaces at 150 K. Exposures

were 6 L for C2H4

Fig. 6 A comparison at ISOfC of the Cyc]ohexene dehydrogénation rate

and 30 L for hydrogen.
over Pt(223) at low pressures with the simultaneous bui]d—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.



Fig. 8

Fig. 9

Fig. 10

Fig. 11
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Composition and reactivity of 14C-ethy]ene chemisorbed on

Pt(111) at 320-670K. The irreversibly adsorbed fracfion

determined by radiotracer analysis displays an excellent
correlation with the average hydrogen content (H/C) of the
strongly bound surface species.

Vibrational 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 DZ’ respectively. CCH3 and CCD3 spectra are shown for
combarison.

Thermal desorption (amu = 2) spectra from.Hz-ethylidyne

- coadsorption experiments.

a) 6L C2H4 dosed at 320K (saturated ethylidyne).

Followed by

10~ torr at 150K

b) 1200 L H2,

cf 1200 L HZ; 10'5 torr at 320K, then cooled immediately
to 150K

d) ~1010 L H2, 1 atmosphere at 240K

e) ~1010‘,L DZ’ 1 atmosphere at 240K, 4 amu TDS.

Evidence for the presence-of ethylidyne on the Pt(111) sur-
face after hydrogenation of gas phase ethylene at atmospheric
préssures over this surface. -Temperature programmed desorp-
tion, low energy electron diffraction, and high-resolution
electron eneréy loss spectroscopy data for ethylidyne are

compared with the results of these techniques on Pt(111)



Fig. 12

Fig. 13

Fig. 14

Fig. 15

Fig. 16

Fig. 17
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after ethylene hydrogenation at atmospheric pressure and
return of the crystal to vacuum. |

Schematic representation of the mechanism for ethylene
hydrogenation over Pt and Rh(111) singie crystal. surfaces.
Benzene production accumulation curves over platinum single
crystals as a function of surface structure. |
Correlation of cyclohexene reaction ratés and reaction
probabilities over 10-orders of magnitude pressure range.
The reactions were performed at 425K over the stepped Pt(223)
crystal surface with H2/HC,= 10. | |
Deuterium atom distribution in the resu]fing ethane from the
exchange with deuterium over Pt(111). PC'H = 10 torr,

26

P, =100 torr, T = 550K.

D

Stgucture sensitivities for alkane isomerization reactions
over platinum single crystal surfaces. Shown are the initial
reaction rates as a function of crystallographic orientation.
Comparison between CO thefma] 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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