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! ' Abstract

‘The cheﬁisorption of hydrocarbons (n-heptane, tolueﬁe, benzene,
ethylene and cyclohexane) was studied by LEED on four different stepped
crystal faces of platinum, the Pt(S)—[9(111)x(100)], Pt(S)-[6(111)x(100)1,
Pt(S)—[7(lll)x(3lO)], and Pt(S)-[4(111)x(100)]. The first three surfaces
exhibit thermal stability (25-1000°C) in Qacuum and in the ﬁresence of

“hydrogen and ﬁydrocarbons, while the last faée is unstable aﬁd facets.
The chemiéorption of hydrocarbons produces carbonaceous deposits whose
characteristics depend on the sﬁbstrate structure, the of type of hydrocarbon cheni-
sorbed, the rate of adsorption and the surface temperature. Hydrocarbons
on the [9(111)x(100)] and [6(111)x(100)] crystal face, form mostly ordered
structures,whiledisorderedcarbonaceous layers are formed on the [7(111)3
_(310)] surface, which has a high concentration of kinks in the steps.

The distinctly different chemisorption characteristics of these
platinum surfaces can be éxplained by considering the interplay of four
competing processes: (1) the nucleation and growth of ordered carbonaceous
éurface structures, (2) dehydrogenation, (3) decomposition of the ofganic
molecules, and (é)vrearrangement 6f the substrate (faceting). Om the
[9(111)=(100)] and [6(111)x(100)] crystal'facés,‘processes (1) and (2)
preaominate. On the [7(lll)x(310)] face; process (3) is.predominaﬁt,

while process (4) is the most important on the [4(111)x(100)] face.



The effect df varying partial pressure of hydrogen on the
- chemisorption and ordering characteristics of hydrocarbons are also

discussed.
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Introduction

Sﬁudies of\several high Miller index clean crystal faces of platinum
have revealed the existence of stepped surfaces which are characterized
by the presence of terraces of weli-defined crystallographicIOrientation
[forvexample; (111) -or (100)] separated by ordered arrangements of mon-
atomic steps.- These Stepped.surfaces exhibit femarkable therwal stability,
and the step periodicity gives rise to extfa-diffraction'features that
pefmit investigation by low energy electron diffraction. Studiesl"2 of
the chenisorption of various diatomic molecules on these high index sur-
faces have shown chemisorptiop characterisitics that are entirely differ-
ent from those on low Miller index (111) and (100) crystal faces.2 Oxygen
and hydrogen chemisorb readily on most stepped surfaces, while these gases
have lOW'sticRing probabilities; and do not form surface structures3 at
low temperatures, on low index surfaces. ' Molecular beam scattering studies
have shown thét the hydrogen-deuterium exchange reaction takes place readily
on stepped surfaces, While.it'is hardly'detectabie on the (111) crystal
face.4 Carbon monoxide that forms several ordered surface structures on the
the (100) face of platinum, yields a disordered deboSit on stepped sﬁrfaces,
and upon heat treatment ﬁhere_iszévidence of dissogiatioﬁ.3’5 Carbon mon-
‘'oxide was fouhd to decomposevexciusively in the stepped regions of éricnted
thin films.6 Thgse.investigétionsvhavevshown that atomic steps play a kéy
rolé in dissociating large binding energy diatomig molecules, H2 (103 kcal);
02 (118 kcal), CO (256 kecal), which could be a majdr reason for their

markedly different structure forming and chemisorption characteristics.



Thére'is”anothér'impbrfant'prpefty dffstépped'éurfaces that wasjf
discovered dﬁring éhemisofptioﬁ df.,' L hydrocarbdnsi-rUpon chemisorp-
tion of vafiohs éliphatic énd aiomatic moleculeé, several ordered surface
structures have formed that can bé]identified due_to ca:bdﬁaceous deposits
by Auger elecﬁfén:spectfoscdpy.b The'SQrfacevstructures that form depend
on the struéturé of the clean platinum surféée, the type'of:hydrocarbon
molecule adsorbed; thg.hydrocarﬁonf'flux' incidgnt on the surface, and
the exposure, . V Thé.abundance of'shrfatg'étruétures shoulq be con~ j'3
trasted with the chemisorption'béhavior of thése molecules on low Millér'
index surfaces. .On the (111) and (100) crystal faces the.ordered surface
structures' of organic molecules are véry different,sfy’s if pfesQnt;_and
heating to elevated temﬁeratufes give fise to the formation of a gfaphitic“
overlayef indepehdént of the crystallographic ofientatién ofvthe substrate.
Thus, étepped surfaces have the.ability to nucleate thélfofmation of
ordered carbonaceous deposits that would not'form on low index crystal
surfaces. Recent studies of'caﬁalytic_ : reactions oﬁ sgepbéd
surfaces of_platinum*revealed thé importange‘ofvthese 6rdered'cafb6naceoué
surface struétures‘in hydrocérbon catalysis.g.lThus,vit appears'impoftant
to investigate, in detail, the nature of ordered:cérboﬁaceous-sﬁrface stfucturesv
and to undertake a systematic investigétion of the-depéndeﬁée of-the“carbon. |
deposiﬁ on both thé structufé of the platinum substrate and on the_sfrgcfure
of the hydrocarbon adsorbed. In this paper we report on-lo& energy elecf‘
troa diffraction studies of the chenisorption of'n—heptane,

toluene, benzene, ethylene, and cyclohexane on a



,.
) S
Fad
-
¢
G
N
»
o
)
o
:
.
3
FiY

series of stepped platinum surfaces that are distinguishable by the width
of their atomic terraces or by the orientation of their atomic steps.
Since the structure of the carbonaceous layer may change as a function of

temperature, the structure of adsorbed layer was studied in a wide temper-

ature range of 20°C to 850°C.
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Experimental

The apparatus has been d¢scribed previqust;1'in brief,'the'high
purity,.eléctron beam‘é§ne refined, platinuﬁ single'crYStals'Gﬁéterials N
Reseavrch Corporation).were X*ray ofiénted.By b55k4refIQCtioﬁ Laue;tech”'-
‘nique, cut in the rgquiréd orientation,. polished, etched anﬁ’theﬁ thé“
orientation recheéked. |

The single crystals, on polycrystalline platinum holders,.were
mounted in a Varian ultra-high vacuum,gold piated chamber in ﬁhich the -
ambient pressure was typiéally‘Z x.lOfg’torr. Thé low energ? eiectron
diffraction patterns Wére observed using Varién 4-grid optics, a Vacuum
Generators Auger electron spectrometer waé-uéed.to monitor the platinum
surface compositioﬁ, aund a Quadrupéié maés spcctrc;eter (Electronié Associates
Inc.) was ﬁ#ed to analyze tﬁe gases in the éhambgr{'Témperature was measured with &
.platinum/platinuﬁfloz rhodium thermoéouple épot weided to the top edgé.
of the crystal, and aléé With-an-optical pyrometer. |

The only detectable impurity on the platinqm Surféhe was-carbqh;
rempved by repeated heat tfeatmenf in 6xygen (10-6 tor;,_8509C)...Thehclean
platinum surface structure éan Bé idéntified by bofh thé low éﬁergy elec~.
tron diffraction pattern anﬁ-the Lauve X-ray diffrdction pattern. Table T
lists the orientatioﬁs of variqus crystal faces that are used in these
studies with thevnotation that is described, in detail, elsewhere.l In
brief, (8) igdicatés a stepped surface, [6(lil)x(1005], for example, iden— .

tifies a surface with atomic terraces of (111) orientation six atoms
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wide, on the average, separatéd by steps of atomic height of (100) orienta-
tion(deduced from the directioh of the cut).I The first thfee samples that.
are listed in Table I are different only by the terrace width. The fourth
surface structure was obtained by cutting the crystal 20° from the [Olij
zone toward the [110] zone. The direction of the cﬁt and the angle wifh‘
respect to the (111) crystal face are shown in Figﬁre 1. Figures 2a, 2b, 2c, and
2d show schematic diagrams and observed diffraction patterns of the various
stepped surfaces. The step height is obtained ffom,the variatioﬁ of the
intensity maxima pf the doublet diffractién be&m:featuresvwith electron
energy which.has been discussed in detail els’ewhere‘.;L All

of the surface structﬁres, with the exception of the Pt(S)“[4(lll)X(100)J
crystal face, that are shown in Figure 2a-d exhibit remarkable thermal
stability. These sﬁrfaées can be heated in vacuum to at least 1100°C without
appreciable deterioration of the surface'sttucture. After chemisorptiou

of various hydrocarbons the surface structure characteristic of the clean
substrate could be regenerated readily. This removal of the carbon deposit
was carried out by oxygen heat treatment and by subsequentvremoval of the
adsorbed oxygen by vacuum heat treatment. The Pt(S)-[4(111)x(1.00)]

crystal face undergoes faceting when heatedbin vacuum to 1000°C, when new
diffractiqn feétures appear. The facéting‘was even more marked and took
pléce at 300° to 500°C in the presence of adsorbed hydrocarbons or hydrogen.
The original surface structure could be restored after'removal.of the
adsorﬁate by-heat treatment in bxygen at up to 900°C. Above that tempera-
ture féceting occurred even in the presence of oxygen:

The organic vapors were introduced through a needle that permitted
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direct incidencevof thé'QapOr:molecgié;'on theiplatinUm surface. ' The
‘rates of incidencé can be'calculatedlo'and vériéd‘f;om aﬁo@tilolé to 10‘7h
molecules per second per cm2 ofAérysta15:and.ekﬁOSureS'from 107" to 10°
Langmuirs. It ﬁas also poésible té-intfoducefhydrogcn‘alqhg wifh.;ﬁe
hydroéarbons (ih a variety éf:ratios) and“examine_the_efféct of surface
structures obtained as.éjresulf of’cd—adsorpfion of:these mixturé55 jn_
Table Ila, b, c, we listvéll the surface struCtutes’:haﬁ have Eeén'found
on the-platihumvstepped surfacég upon‘adsorpﬁion éf hydrogen,'n¥héptané,
toluene, benzene, ethylene;"énd‘éyclohéxéﬁe;’aloﬁg.with'phe‘éxperimental
conditions reéuifed ﬁd generate these stru¢tures} It sliould be noted
that thé type of surface structure whiéh-forﬁed depended on theAtemperature,
the magnitude of thébincident'fiux on.fhe crystal surfabe and the_eXposure
time. The effective pressure at:thé'Suriace.can be estimated,loaésumipg
isotropic, hemispherical effusion-frbmAa‘point source, and this has been
-incorporated_into’thevtablelv | |

The surface structures‘thét'have.Been fqund for:the majority éf'
species.onvthe platinum stepped simngle cryétals, and #he transformﬁtion
matrix, giving'fﬁe §oefficient$ of . the ﬁnit cell vectbré of the surface
structure with respect to the origiﬁal platiﬁﬁm surface unit célllvéctoré?
is given where possible in Tablé:II. Whenvthe admission of avgas had no
effect on thé.LEED pattern, this has been recorded as "nQ.changef in tﬁe
. table. When the backgrdund intensity of the LEEDvpéftétnvwas.high rela-
tive to the pattérh_from a clean surface then the "disorder" on the

surface has been noted in the table,
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When streaks occurred on.the LEED pattgrn, indicating disorder in
one particular'dimenSion; we have ﬁSéd tﬁelndmencla;ﬁre n(ld)—X'Qhere-l/n
represents the fractional positién_of the streaks withfréspect,to the
otiginél distancé 5etween the diffraction quts-from.the ﬁe;races,df the
stepped platinum surfacé§ (ld)vindibétesia‘dné¥diménsional diffraction
feature; and X’is the SPecies'éSSuméd’réspdhsiblé for the stfeaking. ‘Thus,
_for.example; 2(1d)-H means streaks on the LEED‘patterﬁ, due to hydrogeﬁ
adsorption, halfway between the'biatinum diffraction'épots. Soﬁe of the-
structures are not-well‘brdered, for examplé, diffuse 1/2 order indicatés
poorly resolved details halfway between the platinum spots.

Other structures are difficult to‘intéfpret in terms of simple unit
cells. Thus, the'adsorption'of ethyiehe and éyclbﬁexéné (at 850°) c¢n
Pt (S)~[9(111)x(100)] produces a’éomplek structure Qith insufficient rTeso-
lution té identify'fhe unit cell of the éufface structure. ‘Likewise,
cyclohexane at 8505 on Pt(S)~[6(lll)g(100)] givés another complex structure
that could not be characterized. |

Where no experimental data exists a.dash has Séen shown in the tables.

The surfaﬁe structures of the same hydrocarbéﬁ moiecules_that form
on the low index Pt (111) cryStalffébe.are listed in.Tablé IIc for comp%rison.»

The Pt(S)—{6(1ll)x(lOQ)] surface was reproduced oﬁla.secondbcrystal' |
cut separétely-from the original Pf(é)—[G(llljx(lQO)] cryéﬁal. Thé results
.of'adsorptiﬁh; inéludiné tﬁe formafion of the ofdered éurfacé structures

were identical on both crystals to within the experimental error..



Results -

A. The Pt(s)- [9(lll)x(100)] surface |

‘This’ surface w1th tne w1dest atomlc terraces of all the stcpped
surfaces studled ‘was expected to behave 51m11ar to the (111) crystal
face. Indeed theiordered‘carbon deposits.freeuently Wefeffound to
coexist w1th a rotatwoudlly dlsordered‘graphltlc overlayer that is char-
_ an example of which is shown in Flgure 3
acterlzed by ring~ llke dlffractlon features/\' Oun low 1ndex platlnum ;
surfaces (111) and (100) only the ring-llke dlffractlon patterns appear
with heat treatment' of any hydrocarbon adsorbates (750 C or greater)
On the [9(111)x(1003] surface the rlno-llke ‘diffraction features- appear’
at as low as 300°C durnng the adsorptlon of most hydrocarbons that are
listed in Table II. Depending on the eonditions of exéosure, more_or
less of the surface is covered by;the‘ordered'carboﬁaceous structurejlﬁigh
incident flux-favor. thé‘férmationﬂof the grabhitic eVerlayer.while.the
ordered surface'struetures predominate during lower retes of adserptionﬁ.It
was found that ‘when hydregeﬁvis simultaneously incident‘witﬁ the hydroearbon
~on the surface the formation of»the~graphitic-eVerlayervis’reterded.
At'high partial pressures prhydrogen the ringélike diffractidn feeturee
do not form at”allf’ Many ef the surface Structures exﬁibit onewdimenéionai
order indicating'ordering only éleug the stepe‘while'the adéorbedvleYer
vis‘disbrdered in the terrace in directions away from the'Step direetiou.
Tue adsorption’ef most hydrocarBOQS'however'gives-rise to the formatien ef
erdered' two-dimensional surface structures.that are charecterizeu by
vunit_cells of various sizes'from.(/g x V3) rotated'at Bvato the original

platinum substrate unit cell to larger sizes.
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_Since the carbon Auger signal 1s of the same inténsity'in the presence
of surface structures of both small or large unit célls it-iS concludéd
that the latter diffraction featurés are pfobably due to thé pPresence éf
coincidence lattices in which close packing in the adsorbéd layer,ié-main—
tained. The appéfent large unit éelis afé‘dUe £0'the_small mismatch in
the lattice parameters in ﬁhe.adsorbed layer with‘réspéét to thaé in the
platinum substrate. The surface structure chéﬁges-as a function of témpcr—-
ature are indicated in Table II. These'temperature dependent éhanges are
general properties of the carbonéceous.structures onithe stepped platinum

surfaces.
B.  The Pt(S)~[6(111)x(100)] Surface

The adsorption of hydrocarbons of various types p;oduced many ordered
surfaée structures on this crystal face. .The type of siructure that forus
depends on the hydrocarbon molecule that is‘being adsorbed. It is apparent
that the geometry of the adsorbed molecule and smallbdifferences in thé
bonding characteristics-can,markedly change the structure of the.carbon~
aceous deposit. Heat treatment qf an adsorbed léyer on this crystal gggg
not produce a rotationally disordered graphitic overliyer. " The surface 
structures convert, as a function of tempgrature, to othér stfuctures that
are characterized by different uuit cells. However, the_fofmation of the

new;type of-surface structure depends on both the
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exposure and theﬁtemperature. For example, when ethylene.iS‘firsf adsorbed
o . 2 0
02

at low (257C) temperature, a surface structure with unit cell matrix,

~or a (2x2), is obtained as noted in Table Ila. When the layer is heated

61
-17

the clean platinum surface is heated in vacuun to ‘800°C and then exposed

to 800°C-a'| l diffractioh pattern appears as shown invFigﬁre 4e. I

to the same pressure of ethylene, a different surface structure, that is

"g g unit cell. * On this surface the

formation of the.variousfordered surface structures was ihdependent~of'

shown in Figure 4d, appears with a

the hydrogen partial pfeséure within the aCcUraCyIOf the experiment.

N

C. The Pt(S)-[4(111)x(100)] Surface

This cryst@l"Surfaée wa s not' stable when ﬁeatéd'iﬁ vacuun abs#e B
lOOOcC, when‘fﬁccting produced a new crystal plance whose tOO) diffraction
beém was rgadily detectable. From knowledge'of the geometyy .of the
system the angle between this”néwly“formedaplane’and the (111) fgce was
.estimated_tb be 31°. Thevt4(llljx(100)].Sﬁfface cOuld.bé fegenerated in
.oxygen by heating the surface to between 800°C and 900°C and subsequent
heating in vacuum to 700°C to remove the oxygeﬁ.v Faceting waé faster
and took piace ahove 300°C in the presence of various hydrocarbons.
Although no detailed study was made tovanﬁlyze the difffaction featpres"
that form, faceting yields the same Cryst51 planes”in_the preSénce of
j%dﬁorbed bydrocarbons as in vacﬁum. At large hfdtocérbpn-pres;ﬁrés
faceting whs véry.pronouncod with the formatibn'oﬁ praphitic Earbon at
high temperatﬁies. The sﬁrface rearrangement could not be.arfes;ed.by the

presence of large partial pressures of hydrogen.
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D. The Pt(S)-[7(111)x(310)] SQrface

This crystai face exhibips a very large'concentratidn of:kinks in
each step as shown in the ‘schematic diagram.in Figute 2d. ‘Therefore, it
wés expected to cxﬁibit’uniqué'chemisbrptidh‘énd'structure formipgfproperties.
Indeed, this cryétal face behaves veryvdifferently_in thg presence of
hydrocarbéns ghan the other stepped platinum sﬁrfaces that must have much
lowér kink concentrations. We have been .unable to.detect the formation
of.ordered_surface structures of carboﬁaceous deposits on‘this crYstél'
face. Initial'exposure to hydrocarbons only increaséé thevbackground.

- intensity of the diffraction pattern and also causes the doublets (due to
the step periodicity) to become diffuse, indicating disordered adsorption
Cand di;ordéring of the steps, Heating the surface had little effect on
thevdiffraction pattern, except that during the adsorptionAof ethylene

and toluene, graphitic carbon was produced.



. , ~14~ ¢

Discussion

Of the fourlstepped crystal faces that we stuaied; tHré§;;the h
[9(111)%(100)], [6(111)x(100)], and [7(111)x(310)], showed remarkal'vle.
thermal stability in'vacuum_and in the piesence of'adsorbed hydrbéafbons;
These surfaces couid be heated aﬁbve 1000°C.without'mérkédiréstrucfﬁring;-'

- thus they are likely to be impbfﬁant surface structures in various
catalytic surface reactions.  The [é(lll)x(lOO)} surface, ﬁowever, was
unstablebin vacuum at femperatures'greater.than'900°C and faceted cven.
at.300°C in the presence of hydrocatbons. -MéLean’and Mykurall found é
similar affect.when measuring surface energies of platinum crystal faceé.
Surfaces with a‘high angle (greater than 15°} between the surface normal

and the (111) pole "voughened"

ai temperaiures approsching 1000°C, whiile
lower angle surfaces were stable to approximately 1500°C. At this
;empefature the surfaces weré‘radically altered to form large (111) facets
while maintaining thg samé angle,bEtWeen=the macroscopic surface notmal
and the (111)'p91e.v High and.low angle faces of coppef were fouﬁd to be
stable in vacuum to at least 600°C, 5ut heat treatment iﬁ the frcsence

12

of carbon caused faceting. Niobiuw steps are stable to 1900°C, but

deform at 2400°C probablj from the presence of carbon’ on the_surface.l3

These studies confirm the thermal stability of steppéd'suffaces'pf sgverai'

-metalé to temperatﬁres'appfoaching the mélting point of:thc solid.
Hydrocarbons form several orderéd surface stfucturés on the various

stepped platinum surfaces. The structures that form depend on the width

of the terrace, and the geometry and bonding of the hydrocarbon molecules
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that are chémiso?bed. In additioh;vthe_surféce structures are dépendent.
on the;surface temperature and the hydrogen partial pressure as well;' Iﬁ
short, most of the variables that were'tésted'in.this,sfudy‘influenced
the formation oﬁsorde;éd carbonaceous déposits. Closer inépeétion,of.Table'
Ii reveals that ordering ofvthe hydroéarbon deposits improves with inQ"
creasing teméeratﬁre; The'excebtion to this ‘trend is the behavior of hydro~
carbons on the Pt(S)-t?(lll)#(310)] surface;v'Qn this high kink density, |
stepped surface, none of the molecules form ordered surface étructﬁres
in the'entire'femperéture range.(20°~850°C)‘thdt was studied. -

Both the tﬁermal behaviér and the Auger spectra ihdicate’that the
adsorbed layer contains carbon. .However, the amount of ﬂydrggen that is
contained in the ordered'deposits cannot be monitored directly. Table
ITc also reveals that these same  hydrocarbons form eﬁtirély differgﬁt types
of.surface stfuctures on the low index platihum (111) crystal face.

Detailed work functioh meaSufements which accompanied the LEED étudies

indicated the absence of dehydrogénatioﬁ of thé hydfocarboﬁsvon the (111)

surface at moderate temperatﬁres (< 200"0).8 Since ‘stepped surfaces

have been found to dissociate large binding energy diatomic molecules
_ .

'readily,z’é the steps are likely to facilitate the breaking of C~iI bonds

as well, causing rapid dehydrogenation of ﬁhé adsorbed hydrocarbons even

at low temperatures.

In.Table Ili we list the energies of the various ;bemical bonds of
carbon, hydfogen and.ﬁlatinum. The énergies of the bonds involvingﬂbnly'

" carbon and hydrogen have been obtained by expgriméntsvﬂhile ﬁhose'involviug

platinum have been : estimated.14 It is apparent that breaking of the C-H
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bonds should beveasier than breaking-of,thé various C-C bonds.and jﬁéf as
easy as_breaking tﬁe'H—H bonds. |

Not sufprisiﬁgiy, tﬁe raﬁe'and the éxtent'of dehydrdgenation pf‘thé
adsorbed hydrocarbons can be controlled‘tolsome extent by changing the
partiai breésure of hydfogeﬁ over the platinum Surféce, For"eXaméle,_the
ratio of hydrogen to hydrocarbon and the rate of.iﬁcident flux_héve a’i
marked effect on the surface struétufe formed én the Pt (S)~-{9(111)x(100)]
Crystal face}' As the surface éempéruture is raised to above 300°C’theré
is a competition between thé formation of ordered surface étructures_and
rotétionally‘disordered gréphitic structures. Figure 3 shows the dif-

fraction pattern of the most common ordered structures, a composite of
. 3

two structures, or (2x2) and a “i % or (¥3xv3)-R306°, along with

20
02
the disordered graphitic overlayer. The orderedvstructures form best
under'iow incident hydrocarbon flux and/or high hydrogen flux.. A ioﬁ
flux allows the adsofbed hydfocarbon flux and/or high hydrogen flux. A
low flux aliows the adsorﬁed'hydrocarbon:ﬁolecules time to diffuse unob-
structed to a favorable position along the Step before déhydrégenation
and the formatiSnAof an immobile layer occurs. Hydroéén,‘incidcnf én the
-surface, shouldvslow the rate éf dehydrogenation and give surface species
‘more time to order. On low index'érystal faces, ring-like difffaction‘

3,15 or higher indicating the impor;anée

features do not'éppeér until 500°C
of steps in initiating dehydrogenation.
In addition to being able to break strong chemical bonds (l--H, C-H)

another striking property of the stepped surfaces is to serve as substrates

for the nucleation and growth or -ordered carbonaceous surface structurcs.



These are totally absent from the low index Pt(111) or Pt(lOO) surfaces.
It is likely that dehydrbgenation and the formation of ordered carbonaceous
deposits are interrelated, as the behavior of the Pt(S)—[9(lll)x(1005] surface
discussed above, indicates. The rate of dehydrogenation can certainly
effect the mobility of the adsorBed species so necessafy-fof ordering to
take place in the surface léyer. Improvement in the ordéring with iﬁgreés;
ing temperature may also be caused by increased mobiliﬁy or enhanced
dehydrogénatiou or bothf Debydrogenation and brdering of the hydrocarbon
residues are the most significant characteristics of stepped surfabes H
which disfinguish them from the hydrocarbon ghemisorption‘characteristics
of low Miller index platinum surfaces. |

The Behavior of the Pt(S8)-[9(111)x(100)] crystal face représenté a
transition between the behavior of the Pr(111) and Pt(S)~[é(lll)x(lOO)]
surfaces;. Its steb density is.high enough to cause dehydrogenaﬁion.'
Neverthgless, the rafe of dehydrogenation can be controlled by yarying"
the partialvpressure of hydrogen. Similarly, there is a competition
between the formation of a rotationally disordefed‘graphitic léyér thaf
forms exclusively on the Pt(111) surface up&n dehydrogenation of adsorbed
hydrocarbons, and the formations of ordered carbonacéoﬁs surface strucﬁﬁres
" that form on the Pt(S)~I6(lil)x(lOO)] surface. -

The P;(S)~[6(lll)x(100)] face haé tﬁe most favorable surfacé atomic
érraﬁgement (of .the fouf types of stepped surfaces studied) to ihduée the
nucleation and growth of ordered carbonaceous deposits. Inspéctioﬁ of
Table Ila indicates that ordered structures were obtained on this surface

during chemisorption of all of the hydrocarbons'thatvwere studied. The surface



~18~

structure may change as a function of temperature for a specific'adsofbed
hydrocarbon species,and it also varies from one hydrocarbon to another.

When the surface structure formed by the chemisorption of benzene or . ° .

90
09

transformation is accompanied by a change in the step periodicity as evidenced by

n-heptane is heated above 700°C the’ vstructure forms, Figure 4a. This.

the absence of doublets with spacing one-sixth that of the plétinumfplatinum ‘
unit cell distaﬁcé. The.new.step width is prqbably more

than 50 atows wide (that is, a step spacing that is too wide to résolve

the doublet). Reversible changes 'in step periodicitiesvhéve been reported
previously on Pt,vau,12 andUOz._l8 The change of periodicity can be
causéd by the well ordered; specifically_oriented, carbonaceous éQerlayer‘
if it lowers the'suffacé:énérgy'of the’(lll)rorientétion with respect_to_- 
the stepped surface enouéh>to ééuéé growth of .the tlll) terraces.  Surface o .$; .

“carbon has been shown to preferentially décrease the surface energy of some

metals in'alloy.sdlutionslg‘an& could stabiliée certain érystal:faée ofieﬁ%I"? e ifﬁﬁ
fatiohs;

What is the likely:structure of the ordered carbonaceous layer?
One type of surface structure that may form is composed of a hexagonal nvv %
overlayer, similar to thg structure of the basal plane of graphite; depos- . -
ited on the (111) orientation atomic térraces of platinﬁm.' Since the
' cafbohadebus deposit may be at Qafioug stages'of dehydrogenafion we may - .
" assume that'fhe C-C distance is either 1.42 A or 1.39 & corresponding
to the C~C distaﬁce in graphite or in an aromatic molécule, respectivély.

In Table IV we tabulate some of the coincidence lattices that can be
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generated by the fotation of the ﬁexagonal @érbonaéeous stfucture with :
‘respect to the platiﬁuﬁ uniﬁ_celi. Since the‘Pt—Pt'distanée is 2.78 &,
the large number of coincidence latticeé are geﬁérated due té’the mismatch
of the unit cell size of the carbon structuré énd the platinum substrate.
The ratio qf the magnitudes of the platinum unit ce11 véctor C2.78 R) to
- the graphite unit celi vector (2.46'X)bis nearly 9'to‘10, and thé platinunm
unit céll vectqr‘to’aromatic unit cell vector (2.40 &) is nearly /3/2 (0.866)
to 1. Table IV shows that some of»the carbohaceous surface structures that
form (for example,‘(/Bx/3)~R30°, (9%x9), etc.) can be generated by this model
thle:pthers,[for examﬁle, (2x2)] cannot, The table als§ indicates that
only a few of the mahy bredictable coiucideﬁcévstrugtures have been detected.
Theth(S)e[é(lll)x(léﬂ)] crystalvfaée is unstable in vacuum above
'1000°C. ”ILé faceting is accelerated in'thé presence of hydrocarbons or
hydfégen so that restructuring occurs répidly even at 300°C. It appears’
that faceting dominates the structurél transitions, and that ordered
chemisorptionfof'hydrbcarbons could not take place at all on this.crystal
surface. | |
The Pt(S)é[7(lll)x(310)] face must contaiﬁ'a high concentratioﬁ of
kinks in the steps. This surface exhibits thermal stability similar to
“the Pr(s)-[9(111)%(100)] and Pt (S)-[6(111)x(100)] crystal faces. As a
result of'its unusual surface structﬁré,héwever, adsofption ofvall of thé
hydrocafbons prodqced a disordered layer. Ordering coﬁld not be indﬁged
by changing the temperature of the paftial pressure of hydrogen. It
.appears thaf thiS'sﬁrface is so reactive tﬁat in addition to aehydrogena~
tion (breaking of C-1 bonds), the breaking of C-C bonds also takés blace

readily which causes rapid decomposition of the
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hydrocarbons. As a ?esult,.an amorphous layer forms before ordering of
fhe carbonaéeous deposié.can occur. |

The studied four éteﬁped platinum surfaces (Pt(S)~[9<lil)x(100>],
Pt (S)-[6(111)x(100)1, Pt(S)—[4(lli)x(lOO)]'and Pt(S)~[7(lll)x(310)] exhibit
§ery different behavior dﬁring the chemiéofption of various hydrocarbons
(n-heptane, toluene, bénzene, ethylene, and cyclohexaﬁe). ATheir behavior
is different when ﬁompéred with the chémisorption characteristicé of the
Pr(111) surface’as.wellJ It is pbsSible;'héwever, to rétionélize-these‘
diverse characferistics if»ﬁe consider the‘intefplay of four competing
processes that .can take place during the chemisorption of hydrocérbons
on these varioué piatinum surfaces. These procesées areﬁ' (1) the

nucleation and growth of ordered carbonaceous surface structures; (2) the

dehydrogenation of the_bfganic molecules (bxeaking of C-H bonds); - (3) the

decomposition of the organic molecules (breaking of both C-H and C-C bbnds;

and (4) the rearrangemeﬁt'of the-substratq'(faceting).

On auloﬁ index, (lil)'dr”(lddf;-Crystél face of platinum,'noné of
: these’four processes take place at less than 200°C at éﬁ appreciéble fate;
Thus, the chemisorbed moleculésvcan be mainfained on the surface for
experimental times long'enough to study their packing and ordering charac-
teristics., At eievated temperaturgé (above 500°C), thermal cracking
producés decomposition and, in the absencé Qf'high deﬁsity surface step$
that mayvact és nucleation sites, a rotationally disordered graphitic
overlayer forms. |

On the Pt(S)-[9(111)x(100)] surface the presence of atomic steps leads
to increased rates of dehydrogenatién, and nucleationlaflérdered carbonaceous

structures becomes possible. At low hydrogen partial ﬁressures, dehydrogenation
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is more rapid and a disordéfed carboﬁaceous7&eposit forms .on these wide
terraces before the domains of ordered carbon strﬁctures, that nucleate
at the steps, can grow large enough to coGer the terraces. Heating the
overlayer will aggregate the disordered carbon and yields the rotationally
disordéred graphitié carbon deposits on the terraces, far from the steps.
By increasing the hydrogen partial pressuré over thé substfaté during the
chemisorption of hydrocarbons, the rate of dehydrogenation can be diminished
and the mobility of adsorbed species increased to the point where the rate
of nucleation and growth of ordered carbonacebus structures can compete
with it successfully. Thus, in the presence of high partial pressures
of Hydrogen,the'formation of ordered carbdnaceous'surface structures predominate.

On the Pt(S)n[G(lll)x(IOO)] surfacé the rates of C-C bond brezking ére slower -
than the rate of‘nucleation'gnd growth of the ordered carbonaceous structure. ’
It appears that increasing the step density by decreasing the terrace
width produces a situation favorable for the growth of highly ordered,
very stable, carbonaceous oyerlayers. This surface represents the most
favorable substrate structure tested so far for the formation of ordered
carbonaceous structures. If theée struétures are important in hydrocarbon
catalysis, and there are indications that they are,9 the stepped substrate
surfaces with tefraces between 4 and 9 atoms wide should show oftimum
reactivity.

The Pt (S)~-[4(111)x%(100)] crystél face is no longef stable in thé préesence
of édsorbed hydrocarbons. The rate of structural rearrangement of the

substrate to new crystal faces is promoted by the presence of both hydrogen
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and carbon aﬁd théreforé becoﬁéS‘féstef'with the dehydrogenationiof the -
hydrocarbonS"gt the étepé.  Faéeting'of this:cryétél face'is.thus fasﬁefi'
" than either dehydrogeﬁaﬁion or the growth or ordered ovérlayers. The -
new crystal féces'that appear are apparenﬁly stabilized by the éresence
éf carbéh. |

Finally,_pﬁ the Pt(S)—[7(lll)x(100)] kinked surface the rate of
hydrocarbon decomposition is very rapid comﬁared to the other three processes.
Therefore, ordered carbonaceous layers cannot be produced at all. These
crysﬁal faces are thermally stable, however, and should bé presént on
catalyst surfaces. Although’excesé.hydrogen'does nqt appear to detectably-
reduce the ability of this surface to decompose drganie molecules, more
strongly adsorbed speciés (sulfur, for example) could block the active
kink sites and slow down, perhaps markedly, fhe decomposiﬁion ol hydrocarbons,

- s0 that thé_nucleétion and growth of ordéred layers can compete with it.

The expefimental vériables that coﬁtrol.thé'rates of these four
pfocesses will be the~squect of future research. The stepped platinum
surfaces that have been studied here may be viewed as prototypes whose
different surface structures permit.oné of the competing surface reactions,

a different one on ecach surface, to predominate.

Inasmuch as high density atomicrsteps ﬁucleate thg formatiocn of ordered
;surface structures, theilr presence are desirable when surface structure
analysisvis to be performed. They would facilitate the formation and growth
of large ordered domains of adsorbates so important in obtaining repro-

- ducible high intensity diffraction patterns.



oo oWos 9oy

-23-

Wﬁy are these ordered carbon deposits formed and stabilized onvthe
‘platinum surface in a wide range of temperapurés and hydrogen or hydro-"
carbon pressures? The stability of these structures can be expléinéd by
the thermodynamic properties of the Pt-C and PE-H systems. - Carbon and
hydrogen have relatively low solubilities in platinum, and there are no
platinum-carbon or platinum-hydrogen compounds in the so0lid state that

at elevated temperatures. _
are thermodynamically stablep Thus, the deposited carbon or hydrogen
cannot undergo cheﬁical reactioﬁs subsequently that would transform the
ordered structure to a different chemical eﬁtity. On the other hand,
simple calculations indicate that the Pt-C and Pt—H bondg are stfong;
62 kcal and 67 kcal, respectiveiy.'14 Thus, the strong substrate-adsorbate
interaction is responsible for the formation and stability of the ordered
carbonaceous structures. Future étudies should explore the ordering of
carbonaceous layers on other ﬁetéls that exhibit similar thermodynamic

.properties in the presence of carbon and hydrogen as that of platinum.
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Adsorption and Cofadsorptibn of Hydrogen

Haatingv;he varioué stepéed platinum surfaces in hydrogen (10‘7 - 107°%
torr) has inducedrmarkéd changes in 6hé diffraction patterns which are
‘indicated in Table IT The appearanée of'étreéks pefpendicular to»;he'
airection of the steps indicate the appearance of a one-dimensional struc—
ture that is ordered along the steps while disordered perpendicular to
the steps. In the abéence of surface stfucture analysis, using the dif- "~
fraction beam intensities, it is difficult to decide whether hydrogen héév
caused reconstruction éf the stepped platinum surface or that the new.
structure is due to the chemisorﬁed hydrogen. Nevertheless, the surface
structural chaﬁges are marked and readily detectable.

When-hydroéen>was co-adsorbed with n«hepténe,
toluene, ©F benzene several éuiface'struCtgres formed that were different
from the.surface sﬁructures‘that form in the presence of either
hydrbgen or hydrocarbon. These surface.structureé are listed in Table ITb.
Hydrogeﬁ may change the ordering chafacteristics by a)'retarding dehydrb-
genation or by b) formihg co—~adsorbed structures with unit cells that
contain both the hydrogen and the hydrbcarbon molecule. There are several

2,20 27
a

examples reported for the ordered co-adsorption of CO nd 02 " with

H Comparison of the ceo-adsorbed surface structures that form on the

2t
stepped surfaces with the surface structure of n-heptane and benzene on

the Pt (111) crystal face allows one to distinguish between the processes

a) and b). 1f the surfacc structures on the stepped and low index platinuﬁ
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surfaces are identical, the presence of adscrbed hydrogeh merely retards
dehydrogenation. The data listed in Table 1Ib indicafes tha; the Hydrogen
surface structurés-on the stépped and low index surféces are different.
Thus, hydrqgeh forms co~adsorbedAsurfa¢e struétureé with hydfocarbons.
Further exploration of these surf;ce structures should be carried out

since the hydrogen partial pressure may'change the nature of carbon deposits
. : |

if dehydrogenation at elevated temperatures proceeds via the co-adsorbed

- structures instead of via the adsorbed hydrocarbon.
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. Table I

Miller Indices, and Designation

of the Stepped Platinum Surfaces

Designation

Angle of Cut Miller Index
14.5° from (111) (533) Pt (S)-[9(111)x(100)]
9.5° from (111) (755) Pt(S)-[6(111)x(100)]
6.2° from (111) (544) Pt (S)-[4 (111)x(100)]
9.5° from (111)  (976)

‘rotated

20°

Pt(S)*[7(lll)x(310)]




Exposure

Table IIa

Pt(S)—[G(lll)x(lOO)j

Gas Pressure x107torr Pe(S)~-[2(111)x (100}
(sec) Ambient| At the 20°C 350°C | 850°C - 20°C 350°C 850°C
Surface
Hvdrogen 60 100 220 . | No Change | (1d)-H {No Change No Change 2(1d)-H 2(1d)-RK
Ethvlene 600 |. 100 490 | Complex - Complex |2 0] - 3 2]and| 61
| | 0 2| -250 {-17
" Cyclohexane| 60 100 650 Disorder Discrder| Complex 2(1d)-C |Disorder|Complex .
n-Heptane | 600 2 14 |No Change| |5 0] "210' N — _ -
, ' ’o 5‘ 6 2|"
+ C Ring i 1 1!
. . |"1.2= 1
. o
_ - , e
100 19 70 ‘2 ol, Disorder|Haif Order| |2 0 |11 90
0 2| Diffuse 02 -1 2 ‘o 9
11 : '
-1 2
60 100 | 700 |Disorder | 2(id)-C {2(2d)-C - - -
Benzene 900 4 27 Disorder Disorder | 11 3(1d)-C - 20
' ’ » |-1 2 0.9
+ C Ring
Toluene 100 10 67  |Diffuse (1d)-c | (1d)-C Disorder | ~— 19 0]
i/3 Order ‘ EO 9
Band
65 100 670 Disorder Disorder|1/2 Order — - —
: Diffuse
+ C Ring

.
T A

L



tlydrocarbon Ratio

Exposure {Hydrocarbon .. , :
Hydrogen: (sec) |Pressure x10'torr S PE(S)=-[9(111)x(100}] _ Pr (S)-[6(000)x(100)]
Hydrocarbon Anbient|At the | 20°C |  350°C  1850°C | 20°C | 350°C| 850°C
Surface S -
n-Heptane 30:1 60 100 14 |No Change 2'o| - - - -
5:1 300 10 3 - 200 11l - - - -
| jo2|"]-1 2| |
5:1 1000 10 3 — 2ol f11]f - Disorder || 1 -1| | |9 0
- ! 02|7]-12 -1 1| |log
'{ + C Ring
1 . -
1:10 300 10 4 - 11 C Ring- - - -
- -12
+ C Ring

Toluene 30:1 100 i i0. 1 o Change [Unstable — - - —

30:1 60 | 100 13 - laay-c — ~ - -

1:1 100 10 3 —  |Unstable - - - — ~

1:1 - 60 100 31 ~ [C Ring - —~ —~ —

1:5 100 10 1 ~ leRring  lcring| - - -

Banzene 1:1 100 10 3 -~ - - Disorder - {(1d)-C

_ | ,

-0g-



Table Ilc

Gas Exposure Pressure-xlC7torr - Pe(S)-{4(111)x(100)] Pt (8)-[{7(111)={310)] Pt(111)
(sec) Ambient| At the 20°C 350°C | 850°C 20°C 350°C 850°C | 20°C 350°cC 900°C
Surfeace ' . : : :
‘Hydrogen 60 100 220 |Weak Weak Weak - - - No - -
' Facets | Facets .|{Facets Change
Ethvlene- 60 100 - 490 Disorder Disorder!Facets |Diffuse |Diffuse |C Ring | Disorder|Disorder{C Ring
. +.C Ring| Doublets|Doublets ’

Cyclohexane| 100 - 10 €5 Disorder|Diffuse | |4 O - — - 20 _ Disorder € Ring
+ Faint |0 2 02 | :
2(1d)-C

60 100 650 Disorder|Diffuse |Disorder! — - - - - C Ring
S : ' : + Faint '
2(18)~-C

n-Heptane | 100 10 70 |]4 0] |Disorder]l4 Ol ~ Diffuse |Diffuse | |2 0 Disorder |C Ring

’ 02 IO 2| Doublets{Doublets] [0 2 o
60 100 | 700 |pisorder|(1d)-cC - - - - - C Ring
: ' |+ Faint
2(1a)-C
Benzene 100 ?"- 10 70 Disorder Facets Facets = - - -2 2| |Disorder |C Ring
s ‘ ,
60 i 100 640 Disorder |Disorder |Facets - - - - - 1C Ring
o - + C Ring | -
Toluene 100 10 67 |Disorder |Disorder|2(1d)-C |Diffuse |[Diffuse |C Ring |3(1d)-C |Disorder |C Ring
: i ' i+ Facets {+ Facets Doublets {Doublets 1 , :
i . )
50 . o 100 £7C  iDisorder {Disorder {2(1d)-C | Diffuse |Diffuse |C Ring. -~ - C Ring
' + Facets |+ Facets Doublets {Doublets

- -Te-

L e,

e
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Table III

List of Bond Lengfhs and Bond Energies (for Platinum, Carbdn; énd Hydrogen)

Bond - Order Length Bond Energy Remarks
&) (kcal/g mole)
Pe—C 1 2.15 62.5
: See Reference 14 for
Pe-H 1 1.685. 67.1 details of calculation.
PE-Pt 1 2.77 43.6
- 88 CH3-—.CH3 (ethane)
c-C 1 1.54 80 . average
. 66 ~ 97 spread
C=C "l%” 1.42 116 graphite
c-C ‘"1%” 1.39 121 arvomatic
‘ 167 H,C=CH, (ethylene) =
C=C 2 1.33 145 average :
140 - 170 spread
c=c 3 1.20 ~170. 'HC=CH
104 H,C-H
C-H 1 1.09 104 average
73 - 112 spread
H-H 1 0.75 103
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- Table IV
. Close-packed—Coincidenée lLattices oh-Platinumv,
Coincidence structures generated assuming close~pACked haxagonal
carbonaceous layers on platinum (111).

a)' Strﬁctures'generéted'with c-C boéd distancesvof.l.39 (graphite).

lool* | 51 b1 72 31 ’ 2%
09| > |-14] |-1 3] -2 5{* |-1 2|’ |-3 5} —2 3
. s } .
(V19xv/19)-R23.4°, ' ; I, and _i ;! or (/3x/3)5R30°

b) Structures generated witheC~C bbnd distances of 1.42’(benzene).

7 0! 6 o 1| ales 31] |83 |52
07| > -1 817 @™ {4 s|* |-12]® |-3 5|° |-23] "
(/195/19) R23.4°, ! Al and| 7 %’* or (3x/3)-R30°

Notes

An asterisk denotes-a surface structure observed in these studies.

- The unit cells of the surface structures with respect tc the platinum
unit cell are given in matrix notation. For simpler structures the
magnitude of the surface unit cell and its rotatlon with respect to
the platinum unit cell is also 1nd1cated



Figure 1.

Figurce 2

Figure 3
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- Figure Captions.

Angles of éutg.Miiler iﬁdiﬁes, and designétion of the

stepped platinum surfaces.

Diffractioﬁ patterns and schematic representations of the
platinum_étepped surfaces used in these studies. -

() PE(S)-[8(111)x(100)] at 84V,

(b)  Pt(S)-[6(111)x(100)] at 75V.

(c) Pt(S)-[4(111)x(100)] at 34V.

(@) PE(S)-[7(111)x(310)] at 49v.

Difffaction pattern obtained from the Pe{3)-{9{(111)»~(10G)]
in the‘preéence of carﬁonaceous deposits-bfv(/3x/3j~R30°

and (2x2) unit cell dimensions, and domains of graphitic,

" as a result of coadsorption of hydrogen'and n-heptane at 350°.

"Diffraction'patterns'obtained from the Pt(S)-[6(111)x(100)]

surface.
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ORDERED CARBON STRUCTURES
ON P+ ©)-[6(111)X(100)]

N-HEPTANE, BENZENE, TOLUENE CYCLOHEXANE

ETHYLENE # ETHYLENE #2

Fig. 4 XBB 734-2807
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