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THE MECHANISM OF HYDROCARBON CATALYSIS
ON PLATINUM CRYSTAL SURFACES .
by
 G. A, Somorjai’
Inorganic'Materials Research Division, Lawrence Berkeley Laboratory and

' Department of Chemistry; University of California
- Berkeley, California 94720 '

Abstract.

In the past several years we have studied the atomlc structure of
platinum crystal surfaces and the structure of adsorbed hydrocarbons by
low-energy electron diffraction and the surface compos1tion by Auger
electron spectroscopy. Catalytic reactions of low reaction probability
(dehydrocyclization, dehydrogenation) have. been studied on one face of a
single crystal of area less than 1 cm2 by mass spectrometry at low pressures

-4

10 torr) and by gas chromatography at high- pressures (=10 -3 torr).

The atomic structure of high Miller Index,platinum surfaces is
characteriiedﬂhy’atomicvheight steps arranged periodically and separated
by atomic terraces of low Miller Index orientatiom [(lll)or(lOO)]. " Experiments
that compare the reactivity of crystal surfaces and supported platinum

particles indicate that the atomic structure of polydispersed catalyst. -

particles can be ‘'reproduced on these stepped crystal surfaces. The
‘ . ' D ‘ o .

structure.of adsorbed hydrocarhons have been studied On'both low and high
Miller Index platinum.surfaces. Atomic steps play a controlling role in
dehydrogenating the hydrocarbon molecules and in. dissociating hydrogen and
other diatomic molecules of large binding energy. n—Heptane may undergo
isomerization, hydrogenolysis and dehydrocyclization on the various platinum
surfaces. The atomic structure of the stepped crystal surfaces appear to

control the product distribution for these competing reactions.
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Introduction R e

Platinum is one of the most versatile elements utilized for hetero-

Tt

geneous catalysis. It is employed to catalyze a large variety of hydro-
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carbon reactions in reducing atmospheres, (for example 1n hydrogen), and
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oxidation reactions ranging from- mild(oxidation of alcohols to ketones

Y
to one of the most exothermic reactions,the ammonia oxidation. .-Moreover,

iﬁ@hasﬂbeenﬁpossibie to.ptrepare;platinum cagaly§§§ﬂ(§h£§g;§il%§ or
'dispersed:particledfonces)cinasuch"aaway;th&t-it;selectiyelyggatalyzeséone
- out iof Lmany competingmhydroéarbonareactions::vyIfAtneqcatalystgis;prepared
fdifferently;yitﬁcatalyzeécanother;hydrocatbon;teactiongseleegivg;yjéndk,

ryields anentirely:different product.distributionifrom,the same mixture

'uaofireactants;@’%AgliWeqhave;ﬁfor years ;been studying.platinum.crystal;,

suffacesﬁﬁy;aivarietymoﬁ techniques.:and.. I would li§e3t0;3uggestﬁtﬁatitne
key to the:platinumractivity:and.selectivity that.,is.built.in.by ;iappropriate

surfacempreparationhis;the;atomic&sugiace;stpuctnreﬂthatﬁfon@s,ﬁV,Ibe&;

»vacmicrostructure;iniwhich:platinum atoms have different.atomic environments

andmdiﬁferentanmbersgandbannangementsqof}nearesteneighbqrswdetermines1
whiqh;way the -complex:hydrocarbon-reaction-proceeds: ﬁﬁIhUS;minﬂprﬁerpgo

understand; and .control hydrocarbon catalysis:of:platinum, we have-to- uncover

@gthe%correlationﬂbetWeennthenatomic;sunﬁacenstrthufeéandnthe@reactivity.

:».This paper:reports.on,the-status:of -our research:in:this ;fleld in which

Lewe. util.i_(z.e;ua variety :of . techniques ::d-e'sclrib,.e_d sbelow. «ir . R P
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,wunernﬁorderato,solveAsuch:a‘cpmplexfproblem;asEthe{ﬁnderStandingﬁoﬁﬁthe
'mechanism’ofiplatinum1chtalysisHﬁfyhydfocarbonsgxweyhaVeidiyidedﬁourmnesearch
* and thus, this presentation into simaller ‘segments.. % ‘These parts..are s
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(a) The.kihetics and mechanism of hydrogen dissociation via studies of
Hy-Dy exéhange reaétion; (b) The adsoxpéiéhrof ﬁy&:§carb6ns on various.
platinum'surfaces; (c¢) Comparison of reaction réﬁeéféf'platinum crystals
at high ﬁrgsgures with réte$ on plafindm particiésvdispersed on porous
alumina shpports, and (d) ébrrélatiop of reactivity (turnover number)

for a given hydrocarbon reaction with the atomic structure of platinum

. and correiation of product distribution with atomic structure. We shall

v

discuss briefly and separately these various reseérch studies and summarize

only thé#e‘observations that are important fo fhefdh&erstanding‘of the
mechanism'of‘platiﬁum catalysis that we have»arri?éé.at up to the present.
It is hgpea.that clear statéments of the key obseyvations at the end of |
each‘dflfhese'seCCions will fécilitétertheoreticai férmulations of
outstandingvpfoblems of meﬁal catalysts. |

The study of.éatalysig.on the atomic scale wé§ @ade possible by the
availabil{ty pf sensitive mass spectrometer and gés §hromatograph'detectprs
that cah ﬁonigbr‘tge products of surface reactionETcoming from cryscél
surf;ces éf'an area lgss than 1’cm2. In this way, single crystals.of
well—definéd orientation can be used as4cata1ysts;(4)’ The surface structure
is moﬁitoféd By IOernergyfelecﬁron diffraction,:tﬁéisurface compésit;bn

py Auger electronvépectros¢opy, and the kinetics of the surface reactions

- are monitored in a steady-state flux of reactahtéfét'ﬁigh‘(l atmosphere),

or at low (le torr) pressures, or in a well-defined molecular beam.
With the éombination‘of these powerful techniques -at hand;-the’féacﬁivity
can readily‘be followed as‘h.function of'surfacé strpctureband'surféce

composition. -

s 1
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The Platinum Crystal Surfaces and the VariousvTechniques_used Eg_Investigate

Their Surface Characteristics

Platinum is a face—centered cubic metal with a melting point of 1769°
The highest density lowest free energy surface in vacuum is designated by ‘
the Miller Index (lll) followed by the (100) crystal'face. In the presence
‘of surface ﬁmpurities or adsorbates, the relative surface‘free energyvof
the various cr&stal facesimay change. This can.result:in rearrangementv
of the atomic surface sturcturefs) The low—energy electron diffractionv
‘pattern characteristic of the clean'platinum (111) and (100) surfaces are
shown in Figure la and 1b, aleng‘with the schematic representation of
their real lattice structure.. In the (lllj crystal surface, each atom
has six nearest neighbors and the structure is similar”to.that'expected
from the'frojection of_the X-ray unit cell to the (lll) surface. ‘-The clean
»(100) crystal face along with thevclean (110) crystal_face are reconstructed,
i.e. the surface_structures are different from the one-e#pected from:the
.X—ray unit cell.h_ This surface reconstructionvhas beenvstudied in several
laboratories and it appears te be due to a hexagonal distortion of the
surface layer in the (100) crystal.face. The accurate_location of the
atoms in the reconstructed surface awaits the surface structure analysis'
from the low;energy electren diffraction beam'intensities:which is in
progress.in this_labcratory'and in others.’

When the crystal is cut at an angle‘with respect to‘the Jow Miller
Index surface aldng a high Miller Indexvplane, a stepped surface results.
Figure 2 shows the_low—energy'electrcn diffraction pattern of the (775)
surface that is.cut at 9.5° to the (111) face in the direction of the (100)

face along with the schematic diagram of the real space lattice that can
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be deduced from the diffraction pattern. Detailedéanalysis of stepped
surfaces of metals and semi-conductors have been made and the methods of
analysis are”described elsewhere.(6 7%he atomic surface structure of the
(775) face is composed of (111) orientation terraces separated by steps
of one atom height whose orientation is (100), as. determined by the angle
of cut. ‘The'step_periodicity gives rise to_the,douhling of the diffraction
beams at certain electron energies as'indicated h§.Figure ia. Experience
in this laboratory indicates that these stepped or vicinal surfaces have a
high degree of thermal stability if the terraces are five atoms wide on
the average, or wider. The'stepped surfaces can,readily be regenerated
after partialfdisordering-by heat_treatment nearfthe'melting point or ion

bombardment. Stepped'surfaces with three or four atom wide terraces

appear to undergo facetingvon heat treatment or during adsorption. In our

notation thef(775) surface is designated as Pt(S);[6(lll)x(100)] where S

indicates:a:stepped surface, 6(111) indicates'the uidths'and orientation

" of the terrace and (100) indicates the orientation of the steps that are'

of one atom in height (the l to’ indicate the step height is deleted for

brevity). . This notation describes the atomic surface structure more

realistically than the Miller Index notation. Figure 3 shows the diffraction

pattern and the schematic diagram of the real lattice structure of the
surface cut at 9 5° from the (111) crystal face and rotated 20° in the
direction of the (310).face. - Since the step orientation is one of high
Hillerlndex,"the steps should have a fairly highhéoncentration of.kinks
in addition to those that are thermally regenerated“in the step. Indeed,
the chemical behaviour of this Pt(S)- [7(111)x(310)] surface is different

from that of the other stepped surfaces with (100) step orientation( )
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These low index and stepped.surfaces arevrepresentative of 'the variety

of surface. structures that are used in our catalytic studies of platinum

il
e

One may vary the angle of cut, thereby changing the terrace widths and step
orientation of the platinum surface. . We have prepared surfaces with ,
5 to 18 atom wide terraces .of (111) or (100) orientation.' As long as the
stable stepped platlnum surfaces are clean, the step_height is monatonic.
On adsorption‘of hydrocarbons, the step heights and terrace widths may
change. | '
~The surface structure of platinum -and of adsorbed'éases have been
studied.byhloweenergy electron diffraction and the surface composition
monitored by Auger electron' spectroscopy. lhe'transport studies to
determine the reactivity of the platinum surfaces were carried out in.
three ways. By the.steady state transport method,'thedflux of'reactants
incldent'on the platlnum surface and the reaction products that form were
monitored by a mass spectrometer in a manner shown schematlcally in
Figure 4, (Q)Because of the mass spectrometer detector, the highest pressure
that can be employed is of the order of 10 ~4 torr. The schematic diagram
of the apparatus‘that is usedvat'reactant pressures as hiéh as two |
_ atmospheres is shown in Figure 5. Using the gas chromatograph detector,
this "stirred batch reactor” can readily monitor the rlng.opening of cyclo-
propane on one:facevof’a single crystal of area less‘than]l cmzflO)Reactions
at both low and high pressures can be investigated using‘the apparatuS'
shown in Figure 5. The detailed description and working-principles of
‘these instruments are described in recent publicationsﬁ 0,11)

Another method to study the kinetics of surface reactions is that of -

" molecular beam scattering. Figure 6 shows the scheme of ‘the molecular
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bheam scattering apparatus used in studies of the Hé-Dz exchange reaction ’
on the various platinum surfaces.,lzi well-collimated molecular beam of
the reactantugas or gas mixture is scattered from the crystal surface.'
and the products desorbed at a given solid angle are detected by mass
spectrometer., In this fashionm, the angular distribution of the scattered
vproducts can be determined Moreover, since the'incident molecular beam
is chopped at a well—defined frequency, usually between 100-5000 Hz, the
“flight time of the scattered molecules can be measured. Thus, from the
.flight time.the residence time of the reacting molecules on the surface;
i.e. the minimum residence time necessary to detect reaction products,

can be‘determined in the range of 10‘6 to 10 X seconds.( &his is in
contrast with the steady state transport method of reaction product
analysis which gives time averaged reaction product concentration.‘

a. The kinetics of H,-D, exchange on platinum crystal surfaces
Using molecular beams, the :HD product concentration”and angular ,

distribtuion was monitored from the Pt(lll), the Pt-[9(111)x(111)] and |
the Pt[5(111)x(111)] surfaces. %he chopping frequency of the incident
‘beam was varied in such a way that product molecules that formed in a period
of 10 -2 seconds or less were detectable, while those formed in times longer
than lQ 2-vseconds-were not. ~ Under these conditions, in the temperature
‘range of 300—?006K no HD molecules could be detected £ rom the (lll)
platinum surface while quite large HD concentrations were observed from }‘
the two stepped_surfaces. These observations indicate reactionlprobabilities
of.the order of lO -3 _on the stepped surfaces and less than 10 -6 on the |

(111)_face; ' The reaction rate was first-order in hydrogen or deuterium

pressure and from the temperature dependence of the HD signal'amplitude,
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an activation_energy;of 4.5 kcal_hasobeen deduced forfthis.reaction. Iheg'
- HD product had'cosine‘angular distribution indicating’complete'thernal
accomodation with ‘the platinum surface prior to desorption.

Atomic steps on the platinum surfaces are essential in dissociating
'hydrogen and'deuterium, (Without the presence of aglarge concentration
atomic stepsvtﬁe probability for'the‘exchange reaction“to occur is very
low). In tne presence of'atonic steps the hydrogen molecules dissociate
“with low activatlon energy and the surface is able to store a large
concentration of "atoms. This way, the surface converts the bimolecular
reaction between Ho and Dz which is improbable due to the large energy
of dissociation of the molecules. (~103 kcal) to an atOmfmolecule reaction

(H + Dy) at low‘activation:energy. . ‘The atoms react uitn»the incident
'molecules by a two branch mechanism. At low temperatures,(<700°K) the
" the rate limiting step appears to be the diffusion of the moleculeon the Surface
to a site where the hydrogen deuteride can be formed At hlgnvtemperatures
_the reaction betWeen an adsorbed atom and a molecule incident at'an-atomic

132

step competes with the diffusion controlled: low temperature branch. These
reactions take place on the stepped surfaces in residence.times of less
thanlO-2 seconds‘which appears to be too shortvfor the reaction to occur-
on the low Miller Index (111) crystal face. |
Summ arz. Atomic steps play controlling role in‘dissociating-hydrOgen
molecules on platinum.surfaces.‘ | o |

: b. Thexadsorption of nydrocarbons.on the low Miller;Index and

| .stepped-platinum surfaces | -
The adsorption of hydrocarbons on the (111) and (100) and stepped

platinum surfaces has been studied by low-energy electron diffraction and

work function‘change measurements in the surface temperature range of
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' 14,15) , o ,
20-300’CF" 'over forty organic molecules were investigated using the low

Miller Index surfaces at low pressures in the f?hgef°f 10—9 to 10—7 torr.
The obsérVeﬂ worg function change is always negggiyé iﬁdicating that the
organic mdleéuleé that adsorb are net electron5é§ﬁ§gs to the metal.
Table I 1iét§ftﬁe work function changes and the:;uffacé structures that
were o?tained on adsorption of the various hydrOCa:bons; Both the work
function change and the low-energy electron diffrgction_patterns indicate
that on fhese'low Miller Iﬁdex’plétinum surfacéé; the 6rganic_mqlecules
are stabie; do not undergo dehydrogehation-or cﬁéﬁiéél rearrangementé
readily;iﬁ'the temperature .range of 20-300°C. ”Foilowing .adsorption,
re—brientétion'bf thé moleculesAin the adSOrbéd iayer is necessary to
form’orderedEStructqres.' Molecules that have higher rotational symmetry
or have only'small size substituents on,the benzeﬁé;rings exhibit ﬁetter
ordering. : The adSqrbéd layers are more ordereﬁrgﬁ;fhe (111) crystal
face than oﬁ the (100) face of platinum. bBoth,ﬁﬁéidiffracton and the
work fuhéﬁién chéngevdata indicate that‘substifdféd‘benzenes chemisorb
with their:benzene ring parallel to the surface énd interact with the
metal via the W.electrons in the benzene ringr ~ Benzene itself‘undergoes
re—orienta;iqn on ﬁhe platinum surfa;e with iﬁcreasing exposure that
indicateé‘a éhange from predominantly ﬁ-bonding'gdigfbonding as the
surface cbverage increases. The large work fuﬁctibn change on adsorption
of pyridihe (-2.5 v) and the adsorption.charactefistics of‘substituted
pyridines iﬂdicate that'the nifrogen péfticiﬁétgs in the adsorbate-
_substrate bond. M

The chemisorption Qf hydrocarbons has enpirleldifferent characteristics
on stepped platinum surfaces.(S)Wﬁile the'hjd?oca?bqn:molecules remain

largely intact on the low Miller Index surface in the temperature range
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of 20—3b0°, ;he?IQndergp chéﬁicél féactions readiij; déhydgogenation 
and/or decoﬁéééi;ion even at 20°. Products of the Eﬁemiéorption are
. partially déh&&fbgen#ted carbonaceous deposits ﬁhpse'characteristics
~depend on the surface structure of the stepped platinum surfaces, the’
type of.h&drocarboﬁ chemisorbed, the fate of adsorptiég,:and phe surface
_temperature. ' The distinctly differént éhemisétpﬁién éharacte?istiés
of the varigus spepped platinum'aurfaces, that are déécribed in:detail
elsewhere, ﬁave been explained by considgriﬁg the inﬁéfp}ay of four
competing prbcesses§821) dehydrogenation, (2) decomposition of the organic
molecules, (3) the'nucleation and the growth of ordéfé& éarbonaceous
surface structures, and (4) the rearrangemeﬁt of the;ﬁlatinum substrate
by faceting. _The effect of increased partial preséurevof hydrogen over
thebsurface is té slow down the rate of decompositionvsbbthat bfocesses
(1) and (3) mayipredomiﬁate oﬂ a st;ble stepped cry§tal surface
Summary: - Atoﬁic steps and other microstructures due ﬁo ﬁlatinum-atoms
in various states of coordination present in steps control the rates of
breaking C-H and C—C.bonds. In the absence of large concentrations of
steps, the adsorbed hydrocarbon molecules remain intaéﬁ below 300°C so
that theixzn surface crystallography can readily be stadiéd.
c. Comparigon of reaction rates for the cyclbpfdpéne ring opening
on platinum crystals and supported platinum cétalysts |
There is a gap between chemisorption and surface reaétion étudies
performed in ultra—high vacuum on single crystal surfacés.and those
carried out:at_one atmosphere ér at higher pressures 6p;ﬁighly diséersed

supported cataiysts. The purpose of this line of research is to breach
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the gap-betwéen these two fundamental areas 6f1cataiy;ic reseérch; - “The
objectivé_waé to meashre reaction rates on well;défined single crystal
suffaces both at high pressures (1 atmosphere) and ét low pressures after
preparation j; ulgra-high vacuﬁm in the range dff10?4to 10f8 torr within
the same:appératus. The hydrogenolysis of cyclap#gﬁane was studied_at

1 atmosphére'total pressure on a stepped singlézér§§ta1_Surfacélof
platinﬁm;" ;&he hydrogenolysis of cyclopropane Qé$ ého§en as the.test
reactipn because of the considerable amount of dété and experiencé which
has been collected in various iabqratories; The ;ate'is relatively high
at room tempefature on supported platinum catalySts and only one product,
propane, is:fbrmed on platinum catalysts below iSOf fhereBy simblifying
the aﬁélysis’of tﬁe results. Table II summarizésfthe reéults that were
.obtained?énd compares our results on stepped siﬁglé crystal surfaces at
atmospheric preséures with those.df others obtaiﬁed using supported
platinusm catalysts. It appears that at one atmésphere pressure, 'the
platinum stépped,single crystal behaves very mucﬁ like a highly dispérsed
supported piatinum catalyst for the cyclopropané hydrogenolysis. This
obServatioﬂ ;Ppports the conteption'that Well—defined crystal surfaces
‘are excelléﬁt models- for polycrystalline supportéd-ﬁetal catalets.' It
also tends to verify Boudart's hypothesis that the c&clopropane hydréf
genolysis:is an example of‘a structure insgnsitive.reaction; ‘ The initial
specific ieactioh rates that were reproducable yithﬁﬁ 10% were within a
factor of -2 identical to published values for this‘féaction én highly
dispersed pla;inum catalysts. The activation éﬁergies that were.observed

for this reaction, in addition to the turn-over number (number of molecules
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formed per platinum atom per width), are close eneugh on the various platinum
surfaces, that we may call the agreement excellent.

_Summarz' Single crystal platinum surfaces with.well—defined structures are

realistic models’for dispersed supported metal catalyst particles. Thus, N

the information obtained on crystal surfaces can be utilized to explain the
reactivity of suppbrted metal catalysts. | | |
(d) The reactions of neﬁeptane on platinum surfaces‘of varying atomic
sttﬁcture.
n—-Heptane may undergo a variety of chemical reactions on platinum surfaces

.that include hydrogenolysis, dehydrocyclization, and isomerization,

' CH3. -
O + 4Hy-

'_dehydrocyclization-"'-

Hy,P

- H,,Pt o
. 2 o
CH3~CHp~CHy=CHy~CH,=CHy=CHy —————CH,, CpHg, C3Hg, ...

Hy,Pt ‘ hydrogenolysis
CH3CH3

CH3~CH-CH-CHp—CH3, ... |
o (16) .

isomerization ,
It has been well-documented in the patent literature(i?2’3) that, depending
on the catalystvpreparation, the ratio of ptoducts thatqurm in these competing
reactions can be varied widely. The turn-over numbefs.(number of product
molecules per platinum atom per minute) have been measured and were in the>
range of 10“3 fqt_hydrogenolysis and isomerization and.lJ_é for dehydrocyclization. -
We have studied these‘various reactions‘in our steady state‘flux low-pressure
system(17) using a mass spectrometer detectof and hydrcéen to n-heptane ratio
of 5:1. In one'study we used stepped surfaces with (lll) terrace to (100)
stepped orientation which differed only by the width of their terraces from

4-10 atoms wide. ~The rates of.hydrogenolysis and isomerization reactions
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appearvtolincrease somewhat nith increasingpstep:density-without‘ekhibiting
"‘marked’structural‘sensitiuity. As long:as atomicnsteps'arecpresent
in fairlyllarge concentrations, these reactions occur readily»On'single
£frystal surfaces at low pressures with turn-over numbers comparable to
those reported on, platinum powders at high pressures. Low-energy'
' electron diffraction and Auger ‘electron spectroscopy studies have.reuealed"
that the platinum surface is covered with a layer of disordered carbonaceous
.deposit while these reactions take place at low pressures. : The presence
of this deposit does not hinder the catalyzed surface reactions in any way.
. While the over—all rate of the.hydrogenolysis reaction'shows minimal
surface structure sensitivity,when the.turn—overfnumbers are compared for
the variousvstepped platinum surfaces,.the productrdistribution isvmarkedly
'dependent on-theaatomic structure of platinum. ;:ﬁsing polycrystallineb
vplatinum foils that were cleaned by high temperature oxidation (approx1mate1y
"1400°C, 10_7 torr oxXyg en),vmethane,1s‘the predominant hydrogenoly51s
‘product qf.nsheptane at 350°. Using the Bt(S){G(lll)x(lOO)] surface,ithe
ratio of‘methane to ethane to-propane of15:3:2 uas’observedlat 350°. Thus,
the nature‘of C-C bond breaking depends very much“on surface.structure._v
These results indicate a similar mechanism for the hydrogenoly31s and
isomerization reactions to that suggested by Touroude and Gault(lg)
presence af carbonaceous residues on the metal surface was also observed
by Merta and Porec gg%ing cyclopropane hydrogenolysis and by Sinfelt( 1)
for the hydrogenolys1s of ethanef-

. The dehydrocyclization‘reaction to'form toluene exhibitedva behaviour_
very different from the other two competing.reactions.' .loluene-formatiqn
is detectable.onlyvif the stepped platinum surface is covered'with anv.

_ordered layer of carbonaceous deposit. It appears that this complex

. reaction will take place only in thc presence of such a template that is
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a partially dehydrogenated ordered carbonaceous deposit. Tﬁe ordered
deposit, in turn, forms only on stepped platinum surfaces with the
appropriate et:ﬁic structure, terrace width,and_orientation and step
orientation.fiufhese cbemical reactions do not take place on thev(lll).
crystal face of platinum. Within minutes, (usingzthe‘sene'reaction conditions
as that for stepped surfaces), the low Miller Index surface ig covered with
a layer of graphitic carbon that poisons the catalytlc activity. If this
ordered layer fails to form on account of the presence of surface 1mpur1t1es
or high temperature oxidation of platinum or some other reasons of surface
preparation, thevdehydrocyclization‘reaction does not occur.

Summary: THe cstelytic activity of platinum in'hydrocérbon reactions is
controlledvby platinum etoms surrounded byvless neighbors than the atoms

in the close-packed 10& Miller Index crystel planes.

. The dehydrocyclization of n—heptane to toluene is ‘only detectable at
low pressures (lOfé torr) if the surface istcovered with e layer of ordered
carbonaceous deposits. wWhile the competing hydrogenolysis and isomerization
reactions do not require the presence of such ordered structures, the product
distributions of these two reections, just as‘in dehydrocyclization, are
markedly'dependent:on the surface structure of platinum.:'

Discussion

The various studies using platinum surfeces thet»uerevreviewed all
indicate that the key'to the reactivity of piatinum is the atomic.step'
structure. Since the steps ocCur.with weil—defined periodicity, the

atomic structure of these active sites can readily be studied by diffraction.
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Platinum atoms in'steps can enist in several:different atomicnenvironments
which are distinguishable by the number of nearest neighbors, by the |
._various nearest neighbor bond lengths and bond angles.‘ Changing such a
| microstructure by suitable: surface preparation can drastically alter the
relative rates of competing hydrocarbon reactions and the product distribution.
Thus, platinum catalysts can be tailored to yield desrred products by
' manipulation of the surface structure.“ The marked differences in the |
reactivity of the various surface sites indicate differences |
in,the“strengths-of the chemical bonds (Pt—C, Pt—H))from site:to site..
It is likely that;such differences-in chemical bonding arebdue'tof
density.variations for platinum atom in variousvsurfaces | |
sites. The largest difference in charge density is perhaps between
platinum atoms in a step and in a terrace ke

Sinceplatinum atoms may be placed in'seyeralddifferent atomic
env1ronments on a given surface each catalyst particle can be multi-
vfunctional and can catalyze several 51mp1e reactions 51mu1taneously.
It is our hope that using stepped crystal Surfaces of well—defined atomic -
_structure w111 allow the various catalytic functions of the surface
microstruotureS‘to be 1dent1f1ed and isolated

There is a significant body of data available ‘that indicates the
'presence of partially dehydrogenated carbonaceOus re51dues (ordered or
disordered) on the metal surface during hydrocarbon reactions at low or .
high pressures and in the presence of ercess hydrogen " More detailed

scrutiny of the mechanism of metal cataly31s of hydrocarbons must include

studies of the electronic structure of the adsorbed;carbonaceous layer.
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TABLE 1

. ..

Horll Funétion Changes end Structural ln!omtinn for Adeorption of Organic Oo-poumh
on tha Pe(111) and Pt(100)-(5*1) Surfeces

Pe(l11) ) PE(100)~(5%1)
Work Punction . Work Function . :
Te Change Adsorbate Change :::::::“ Adsorbate -
Adsorbate A " Diffractton Features - YD1t fraction Features : - .
_ - after .
. WFC [oc Surface Structure| Press WFC Adsorpelont®f Surface Structures
T(\'_o_l_t_s ) (Tore) [(Volts) hidg
20° 1- 1.5 (x1y a0 [ 168 | x| (/3 x Drese .
* - .
Acetylene 29 (10 “win) - 1.65 dls_erdcnd ) | ) . . ) . . P
150° | ex1077 |- 1.8 dtsordered oo™l 1o 1.7 | ) | T x SDrest
: 8 Streaks at 1/3 order -8 ) )
Anfline . 20° 1x10 -'1.8 diffuse (1/2 0) 1x10 -1.7% (1x1) disordered
) : . features : :
= . ~7 -7 | diffuse ring-like
) 20 4%10 - 1.8 poorly ordetred ) 10 " |- 1.6 (1x1) 1/2 ocder streak
Benzens 00 | 07 |- 1.s "i z
(5 mtn) |~ .
-7 ’ -7
o 4%10 -2 2 I*10 diffuse 1/2 order
20 €40 ain) |~ -7 s. Sl (2 hrs) |~ 1',3 (1x1) streak
Btphenyl 20° 22107 |- 1.85 |very poorly ordered | 2x10™7 |- 1.8 (1) disordered
t -
a-Butylbenzene 20* 810 |- 1.5 _ disordered 8x10™ |- 1.5 (1%1) disordered .
c-Butylbenzene | 20° | sx107% |- 1.7 disordered - - | sx107® [~ 175 | (x1) | datsordered
. 8 " d1ftuse (1/3 0) -8 tatac s
Cyanobenzene 20 1x10 - 1.6 . features 1x10 - 1.5 (3x1) dlurdgnd
20* | 221078 |- 1.75 | poorly ordered 21078 |- 1.7 | () [ 91ffuse 1/2 ocder ‘
. | streak
-8 -8 E
-t ohex; ' iges 12710 '-2 2I . 2%10 di#fuse 1/2 order
1.].-Cy-.ah-xadl¢ne! ®T g hr) - 1.3 & S he) [T 1.6 (2xd) streak
- o :
: e | 10”7 L. I-z I 107" | | diffuse 1/2 order
jo2oe (5 en) -8 5 s G ohesy |10 1 A e
i 20* 6‘16-9 = 1.2 {(1*1) low bcckghund 6"10-, - .75 (5%1) low background
1 : -7 -7 diffuse streaked
20° 4x10 - .7 |[very poorly ordered | 4x10 - .4 (1ix1)
! 2x1) patcter
Cyclohexane . : ; . . ¢ _) P . "
: 150° : w1077 {- 11 apparenc (2<1) | 4x107 |- 12 | axp :::‘::‘;:" b
. 300° ‘Lm.o‘_7 - 1.4 disordered | 4x107° |- 1.5 | ‘(1x1) | disordered
7 T '
i agel -7 2 2 -7 : ditfuse (1/2 0)
Cyclohexzne ! o gv10 L7 t’t -2' 6410 ° - 1.6 (1) features
! . .
Ry -7 |_ - -7 . streaked (271)
i 150 6%10 1.6 apparent (2x2) 6x10 - 1.5 (1x1) pattern
. ' 200 .| 7x107?{- .95 |(1%1) low background| 7x107? {= .4 | (5x1) | low background .
Cyclopentane ) 5 .
Yo ape -7 -7 diffuse features
R 0° ;4210 - .7 » disordered 4x10 - .3 (1x1) at 1/2 order
| -
: . . : -7 diffuse streaked
Cyclopentene | 20° - - —— . 2¢10 ’vl_" a~n {1/2 Q) teatures
4
2,6-Oteethyl | o -3 dtfeuse 1/3.2, Y faine N
* pyridine ¢ 20 4x10 L 1'_6 2/3.2 order atreaks 410 -Ls (_5"1) “.o.'d."d
B Ll et T, """_""""'f;"""’—'""L" —
3,9-Dtmethvl- |, ! .8 . diffuse 1/2 e . ) . : » |
pyridine ' e ) 610 |- 3 order atreak 10 -2 .(l L divordervd . o
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TABLE I,
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con't.

Horl: _Punction Changu and Structursl Information for Mlorpuon of Ocnnlc Compound-
on the Pt(111) lnd r:(mo) (S!l) Surfaces . :

Pe(111) " PE(100) - (3x1)
Work Punction Work Punction :
T Change Adsorbate . Change ’ ::::::::: ‘Adsorbate
Adsorbate '.‘:’ Diffraction Festures} trer Diffraction Features
Preu WPC lor Surface Structure| Press wrc Adl.' cionl°F Surhcn Structures
(Torr) ‘| (Volts) . (Totr) |(Volts) |AO0TPE0
200 |10 L as | d1fue (V200 Fggd | gn | aa) | 07 x /DRest
satures bl :
Ethylene . -8 : - -8 . g1 -

o i) 250° 1x10 - 1.7 - disordered  xoT j- s (k) diecrdered
Graphitic . - ringiike d1ffraction A ringlike diffraction
Ovcrl.yor 950 1.1 featurés 1.0 o (1) future-

200 | pa07® |- 1.1 disordered sx1078 |- (1x1) - | d1eordered
- -8 -8 g o
= . 5%10 . §x10 . .
.n Hexane 20 (5 brs). .9 dtl.ordfr’d (5 hrsy.|” . (:.lil) d!aorc’end
2s0* | sx1078 [~ 1.5 disordered s<10°8 |- 1.2 [ .(1x1) | disotdered
. -8 |_ diffuse (1/30) and | -8 ; i
; Isoquinoline 20 6x10 1.9 (2/3 0) features 6x10 - 2.1 B {1x1) disordered
8 Stresks at 1/3.4 "
20° 4x10 - 1.7 order diffuse 4x10 ~ 1.7 {5x1) 1/3 order streaks
Mesitylene -(2/3.4 0) festures .
L 200 | wao”’ - 1.3s disordered ax1077 |- 1.2 | (1x1) | dfsordered
2-Methyl- -8 Cax10”? faine
naphthelene 20° 6x10 - 2.0 |very poorly ordered | 4x10 I - 1.6‘ . (5x1) digordered
Nephthalene 20 mo:: - 1.95 | apparent (3x1) 9x1o:: -7 | | dteordered
: o 150 9x10 - 2.0 (6%6) 9x10 - 1.65 1 (1x1) disordered
4
+ -
| " diffuse (1/30) | . g N
Nicrobenzene 20° 9%10 --1.5 features (pattern | 9x10 - 1.4 . (1x1) disordered
| ’ electron beam O
sensitive)
Pj.peridlne 20° 8*10_8_- -2.1 disordered 8)‘10-8 - 2,05 | féi;‘; - | disordered
\ -8 (2%2) (pattern _a 1/2 order streaks -
Propylene 20° 2x10 - 1.3 electren beam 2x10 - 1.2 (1x1) (pattern electron
sengitive) beam sensitive)
200 | 11078 [ 2.7 diffuse (/200 | 11078 |- 2.4 | (x1) | dtsordered
Pyridine -8  _|well defined streaks -8 ’
250° 1%10 - 1.7 at 1/3, 2/3, 33 1x10 - (1x1) (/7 x VTIR4S®
order :
diffuse (1/2 0) . .
: . -8 features (pattern -8 . ; diffuse (1/2 0)
Pyrrole 20 6x10 [~ 1.45 electron beam 6x10 - 1.6 (l."l) features
. ' sensitive)
. pac® | o Gsxqy | diffuse 1/3 order
. (6 min) FA streaks
Quinoline 20° 3,(10-8 - 1.45 diffuse l'/3 order |. -8 .
o scresks TN B (1x1) disordered
: (14 min) ‘ : A
 Styréne 20° 6"10_8 - 1.7 [streaks at 1/3 order 6“10-e - 1,65 (1x1) very poorly orde'r_ed
20° [ 131070 {- 1.7 fatresks ae 1/3 order| 11077 |- 155 [ (sx1y | Beresks at 1/3
Toluene -9 - _9 . L i
150° 1x10 - 1.65 (4x2) 1x10 ~ 1.5 L(1x1) disordered
RSN SO S . .
oYy Lene 200 1o |- 1.g [8freaks ar 1/2.6 a0 - es b (%) streaks at 1/3
J A order < , orter
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TABLE II
Comparison of Initial Specific Rate Data for the Cyclopropane
Hydrogenolysis on Platinum Catalysts

_Calculated specific reaction |
rate @ P°cp =135 torr and

Data source Type of Catalyst T = 75°C .
- , . [moles C3Hg\ fmolecules C3Hg
!min'cmth J \min * Pt site.
Present sthdy Run 10A - . 2.1 x 10 -6
Run 12A _ 1.8 x .10 -6
‘Run 15 _ 1.8 x 10 -6
Run 16 _ 2.1 x 10 . -6
; Average 1.95 x 10'6 312
Hégedus3o’49 0.04 WtZPt | 7.7 x,lO—7 " 410
; : based on '
-omn - Al03 4007 Pt
‘ dlsper31on
R | 17 - -7 :
Boudart et al. 0.3% and 2.0% 8.9 x 10 480
Pt on n - 1\1203; '
and - 6

g 0.3% and 0.6% 2.5x 1079 1340
Dougharty ' Pt on Yy - AlsO3 ‘ .
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B ‘Figure Captions

Ial waéepergyvelectton,diffraction pattern an&lschematic

v‘repfeseﬁtation of'the Pt(111) face.

[b] Diffréction-pattern.of‘the Pt (100) surface and schematic

' representatioﬁ of the (100) surface with a hexagbnal overlayer.

Diffraction pattern from the Pt(5)-[6(111)x(100)] surface and its

schematic representation.

Difffactién'pattern and schematic representation of the

Pf(S)-[?(lil)x(310)]‘surfaée,

-Schematic diagram of the‘diffraction'chamber-that was also used to

carry out the low pressure (~10f4vtorr).surface reaction studies.

Schematic of the UHV assembly fqr'high pressure catalysis on single-

:crystal piatinum'sQrfaces.

Molecular Beam Surface Scattering Apparatus.
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Figure 1b
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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