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The surface structure and surface composition of the crystals were
determined by low-energy electron diffraction and Auger electron spectroscopy.

At low pressures , atomic steps have been identified as the active sites
for C—H and H-H bond breaking processes. The dependence of the dehydrogenation
and hydrogenolysis rates on the platinum surface structure revealed kinks
in the steps as active sites for C-C bond scission in addition to their
ability for breaking C-H and H-H bonds. The catalyst surface was covered
with a carbonaceous overlayer, which was ordered or disordered. The properties
of this overlayer influence significantly both the rate and the product
distribution of the catalytic reactions.

High pressure studies confirmed the C-H bond breaking ability of atomic
steps . A flat (111) crystal surface is active for dehydrogenation at these
conditions but shows a strong sensitivity to deactivation by competitive
adsorption of the product benzene. Atoms at steps are not only more active
for bond breaking, but also are less susceptible to deactivation .

The dehydrocyclization rate of n-heptane to toluene showed a maximum
at an intermediate atomic step density. A flat terrace of a minimum width
is necessary, in addition to steps, for maximum activity.
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INTRODUCTION

In the late 1910~a and l92O~s, Irying Langmuir , Hugh Ta~].or, and

others integrated the existing experimental data taken wtth heterogeneous

catalysts and realized that cat alysis occurs’ when a strong association of

a reactant molecule with surface atoms alters the internal structure of

the reactant molecule, allowing a chemical change to occur more easily .

F~cperimental evidence demonstrated that catalytic surfaces have atomic-.

sized areas that are more active than other areas on the same surface.

These active areas , or “active sites” , were thought to be particular surface

atoms , or groups of atoms , whose relationship with surrounding catalyst

atoms allowed them to associate with, reactant molecules in a favorable va~r .

During the last 50 years, one of the objectives of heterogeneous

catalysis research has been to identify the surface atoms, the active sites,

whichcatalyze each step in a reaction of interest. In general, the technique

used is to vary the surface structure of the catalyst in a systematic way ,

and to observe the changes in activity and selectivity that may result.

Three forms of metal catalysts have been used in these studies: Metal

particles dispersed on porous supports, metal films and metal crystals.

Crystals are used because their surface morpholo~ r can be determined with

electron diffraction methods , and various structural features can be introduced

in a controlled manner .

In this work , five di!ferent faces of platinum single cr~-atals were

uaed to investigate the cata1~tic aetiyit~r of thxee surface features; Flat ,

close—packed planes of metal atomi, edge atoms present at the termination of

a flat plane ~ ee— g~-—±~) and corner atoms present at kinks , or zig—aags, in
~~~~~ (c~_~
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atomic steps . These may he thought of as models of atom groupings which may

be present on metal partIc Les. in industrial catalysts. Several hydrocarbon—

hydrogen reactions , representative of those that occur I~ commercial

petroleum reforming processes , were studied.,~~,,,The catalyst samples were

cleaned and characterized using ultra—high ‘vkc~itu~ techniques . Reactions

were studied at both low~ (10 Torr ) and atomspherin pressures . Results

on the debydrocyelizat ion of n—heptane and the dehydrog~enation of cyclo—

hexane are reported here.

EXPERIMENTAL SYSTEM

A sketch and si~hematic of one of the two apparatus used is shown in

Fig. 2. The main reactor is a 314 liter stainless steel ultra—high vacuum

chamber pumped by a 200 /L/s ion pump and titanium sublimation pumps . Base

pressure of the system Is about 5XlO~~
0 Torr . The crystal catalyst was

supported on nonreactive tantalum electrodes , enabling the catalyst to be

resistively heated to over 1 100°C. Crystal t emperature was measured with

a Pt— Pt/Rh thermocouple spotwelded to the crystal. A q,uadrupole mass

spectrometer and an Auger electron spectrometer are mounted on the chamber.

The crystal surface was cleaned before each experiment by heating it

to about 900°C in lO
_6 

Torr 02, then pumping out the ~2 with the crystal

remaining hot . The cleaned crystal was cooled and its surface composition

determined with. the Auger electron spectrometer. Low pressure 1O’
~~—1O~~ Torr)

reaction products were analyzed using the mass spectramete,r .

For high. pressure (ca 1 at~~ reaction exp.rtaents, the crystal i~as

Isolated from the main UHV chamber with the reactor cup, as shown in Fig. 2.

Reactant gas mixtures were circulated pest the cate.lyst In the 0.76 liter

.—
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batch. reactor flow~ loop . A gas cbxomatograph was used to monitor the

accumulat ion of products by ta.k,~~g 1 ml samples wttlL a valire included

in the flow loop . Conversions were su.fficiently’ low ~ io%) so the

reactant concentratIons remained approximately constant , and the reaction

rates for the systems studied were slow enough so there were no mass

transfer limitations . Reaction rates determined in this apparatus on

platinum crystals agree with reported data from supported platinum

catalysts to within a factor of two.

One millimeter thick crystal samples were cut from a one—quarter

inch. diameter platinum single crystal rod. The crystal rod was oriented

with a Laue X—ray diffractometer , and the samples were cut with a spark

cutter. Both faces of a crystal sample , each of the same orientation , were

polished to a mirror finish. The structures of the crystal surfaces were

characteri zed by Low—Ener~ r Electron Diffraction in the second apparatus

used , a UHV chamber where the low pressure reaction studies were performed. (2)

REACTION SYSTEMS STUDIED

Crystal faces studied in this work aze designated as the (iii), (755)

and (211) planes in Miller index notation (see Fig. 1). The (lii) plane

of platinum is a flat , close—packed hexagonal array. The (755) surface

has terraces of (111) planes with a monatomic step up to another (111) plane

every six atoms (on the average). A more descriptive notation for the

surface is ft(S)46(lll)X(J.QOL] , where ($)~ denotes a stepped surface.

Similarly, the (211 ) surface can be designated Pt(S)—[3(l11),x(lOOfl. It

has narrower terraces and a higher ete~ density (by a factor of two) than

the [6(ll l)x(loo)) surface.

__________ 

I



Studies of twn re~ction~ will he report ed here; The debydrocyclization

of n—heptane to toluene, and the deby’drogenatXnn of cyclohexane to henzene.

Hydrocarbon pressures~ were ~varied between 5 and 80 Torr , hydrogen pressures

between 0 and 760 Torr, and crystal temperatures between 220 and 325°C.

DEHYDROCYCLIZATION OF n—i~~PTAI~E

Figure 3 shows the results of tour experiments on the three catalyst

surfaces. Accumulation of the product toluene is’ plotted as a function of

time. The slope of each curve at a gIven t ime is the rate of reaction at

that time. Initially’, the flat (111) surface formed toluene rapidly, but

deactivat ed rather quickly’. DeactIvation was less apparent on the stepped

surfaces at 300°C, and the rate on the t6(Ul)x(l0O)] surface was twice the

rate on the 13(lll)x( 100)] surface.

As the temperature was increased to 325°C on the t6(l].1)x(100)), both

the initial rate and the rate of deactivation increased. This deactivation

was due to deposition of a carbonaceous overlayer on the catalyst during

the reaction . By stopping the reaction arid opening the reactor cup, the

amount of carbon could be measured with the Auger Spectrometer . The carbon

accumulation and the deactivation increased with decreasing hydrogen pressure ,

increasing n-.heptane pressure arid increasing temperature.

These resulta are similar to those obtained on the (ill ) arid

16C1U)x 0.00)] surfaces at low (.l0’~ Torr ) pressures in a study in

Professor Somorj ai~s laboratories. In that ~tudy, the rate was found to

decrease rapidly’ on the (111) aurface, where a &t*o~rdered carbonaceous over~

layer was observed. I.n contr*at , en ordered carbonaceous o’,~~leyer was

observed with L~~~ on the 16W.l)X (100)] surface , ~ iose dehy-drocyclization

rate remained constant fir at least one hour and was en order of magnitude greater .



Apparently the (111) s~irface is actiye for dehydrocy’clization, but

is rapidly’ deactivated by’ coverage of its flat surface by a disordered

carbonaceous overlayer . Step atoms of the IGClll)x (l00)] may retain their

activity’ by “sticking out” and not ‘being blocked by’ the overlayer. The

lower activity’ of the 13(lll)x(.lOO)] suggests that the presence of a flat

terrace large enough to accoiuod,ate a formi’ng toluene molecule next to the

step atoms is important. Although the 13(J-ll)xClOO)J surface has twice the

step density of the t6(lll)x(.lO0)), its terraces are one—half the width, too

narrow for a toluene molecule lying down to fit easily. Low pressure studies

indicate that the structure and ordering of the carbonaceous overlayer is

- Dortant for this reaction .

~ROGENATION OF CYCLOHEXANE

Carbonaceous overlayer deactivation was also apparent for this reaction ,

but to a lesser extent. In this reaction, product inhibition due to the

accumulation of benzene in the high pressure batch reactor was important.

Irreversible deactivation was less than one—third of the reversible benzene

inhibition, so data was fit with a first—order product inhibition function .

Table I lists the specific rates arid inhibition parameters for the

three surfaces at reaction conditions of 15 Torr cyclohexane , 100 Torr hydrogen

and 300°C. The (ill) surface was active for debydrogenation , but was very

susceptible to product inhibition. At these conditions, the inhibition

parameter , K, for the flat sur t ace was about 1~a. times those of the stepped

surfaces, and was yery aenaitiye to 4drogen pressure ; K ~ IH2J~~~. A negative

order dependence was also obaeryed for the d.ehyd,rogenation rate on this

surface.
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The I3(ll1)~~CLO0 fl crystal was approximately twice as active as the

j 6(l ll )x(lOO)] . Inhibition parameters on the stepped surfaces were

relatively insensit ive to hydrogen , and deh.ydrogenation rates increased with

hydrogen. At 300 Torr hydrogen, the rate on the (ill) decreased so that it

was less active than the 13C111)x(100)J, and the K’ s were approximately the

seine. No large differences in the activation energies or the amounts of

carbon deposited were noted.

Adsorption of the product benzene will cover platinum atoms and inhibit

the rate of dehy’drogenation. Benzene adsorption on the (111) surface was

very’ sensitive to hydrogen pressure . The large negative order dependence of

K on hydrogen is expected when an adsorbat e covering one site (H) blocks the

adsorption of a molecule covering a larger number of sites (C~H6).

Rapid partial coverage of the (iii ) terraces of the stepped surfaces

by a carbonaceous overlayer may explain the lower activity of these surfaces

at 100 Torr hydrogen. Uncovered edge atoms m ight retain their activity and

might not be as sensitive to benzene inhibition as (iii ) planes . Accordingly ,

the observed dehy drogenation rate doubled as step density doubled. Increasing

the hydrogen pressure increased the rate on the stepped surfaces , possibly

by decreasing the carbon coverage.

At low pressures we have found that the dehydrogenation of cyclohexane

and cyclohexene to benzene occurs at an appreciable rate only on stepped

platinum surfaces. The rate of cyclohexane deh~drogenation to henzene is

constant as long as the~’e are atepa (tested as low as 7% steps ) on the

catalyst surface , but is almost an order of magnitude lover on the Pt (J 1l)

surface , as seen in Fig. I4~ Thus atomic steps seem to be the preferred

surface sites for beakinig U-.H and C—~H ‘bonds’.
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The relatiye rates. ot’ deh~’d.ro&enation and hydrogenolysis for cyclo—

hexane can best be monitored by the ratio of benzene to n-.hexane in the

reaction products. As shown in Fig. 
~~, 

the rate of b~enzene production is

independent of step and kink density’, while n.-hexane production increases

s lowly with, step density’ and rapidly’ whth kink density. The rate of

n—hexane production per kink site is determined by’ the slope of the line in

Fig. lth, which gives ~ io
’23 mol s~~ per kink atom. This is almost an

order of magnitude higher than the slope in Fig 1
~a, which corresponds to

5 l0~~~ mol s~~ per step atom. The observed low- hydrogenolysis activity

on the stepped surfaces may be caused by thermally generated kinks in the

steps. Since the formation of n—hexane and other hydrogenolysis products

must be the result of C—C bond scissions , it seems that kinks are very

effective in breaking C—C bonds as well as C—H and H—H bonds . Thus we have

been able to identify two active sites of lower coordination number on

platinum surfaces , steps with C—H and H—H and kinks in steps with C—C ,

C—H and H—H bond breaking activities.

During the low pressure experiments , the catalyst surfaces were always

covered with a carbonaceous overlayer . The coverage was almost independent

of pressure ranging from 10 7_102 Torr , but varied markedly with temperature

and the molecular weight of the saturated hydrocarbon reactant molecules.

The higher the temperature and the reactant molecular weight , the higher

the coverage , reaching monolayer amount s for cyclohexane at 725 K or n.-heptane

at 575 K. Unsaturated hydrocarbons , such. as ethylene o.r benzene , form

complete nionolayers at all temperatures arid pressures , and double layers

in certain conditions • with the reactant adsorbed on the overlayer. The

• -a~~~~’ - * ~~~~~~~~~~ 
-
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overlayer consits of parttally’ dehydrogenated hydrocarbon species formed

from the dissociation of the reactants. ThIs carbonaceous overlayer may

be ordered or disordered depending on the platinum sii.rface structure, the

nature of the reactant and the hydrogen—hydrocarbon ratio ‘used in the

experiment . Several reactions are very sensitive to the presence of

ordering on the overlayer . Cyclohexene conversion to benzene is poisoned

unless the overlayer is ordered , and n.-heptane ~o toluene conversion occurs

only in the presence of an ordered overlayer. Other reactions like the

hydrogenolysis of cyclohexane occur readily even in the presence of a

disordered overlayer.

CONCLUSION

The feasibility of studying industrially importan :~ and chemically

interesting reactions on UHV prepared single crystal catalysts at reaction

pressures of one atmosphere has been demonstrated by this work. Catalytic

effects of two structural features of platinum catalysts on several complex

~‘ydrocarbon reactions were investigated. The capability to vary syste-

matically the surface morpho1o~ r of well—characterized catalyst surfaces

may lead to the identification of surface structures responsible for high

activity and selectivity, and to the development of models for use in the

design of improved industrial catalysts.
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SCHEMAT IC OF FLOW LOOP FOR HIGH PRESSURE (I ATM .) CATALYSIS
ON SINGLE CRYS TAL PLATINUM SURFACES

TABLE 1. CYCLOHEXAN E —
~~~ SENZENE

-15 torr Cyclohexane .

~ 300° C.
R
8

R =
• 1 + K (Benz ]

100 torr H2 
(111) [6(111)x(l00) ] [3(lll)x(100)]

R5 kmole/min.cm
2) 7.8 0.85—1.1 2.3

K (torr~~ ) 190 4.5 —5.0 4.].

300 torr H2 (111) (3 (111)x(100 )]

~~ 
(~~mo1e/min cm2 ) 2 .2—2.4 5 ,9

K (torr~~ ) 3 .3— 5 .2 3.9
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The Hydrogeno lys is of Cyc lopropane on a Platinum
Steppe d Sing le Crystal at Atmosp heric Pressure
1). It. F~A l lX ,* K. K. PETERSEN AN !)  ( A . S( ) MORJAI~

Di’~, i i i /m i ~nl.i of  ( ‘ h r m , - / r ~ ‘in,! CIiemici, t Ei l 9 in ee) I i Ig ,  ( uiv~,s i Iy  of Ca!ijorniAi.
B.- r kr !e y ,  ( ‘ au orn ia 947~

(,

Received March 13, 1974

Art app ara tus  was constructed to study catalytic reactions on one o~’ mo~’e p latinum
single crystals in .01., hotli u t  1 at ii, tot a l prcsrulre and in high vacuum (10~—10~’Torr) The th an. uiat tir. ’ of t h e  design is a novel movable bellows-~up mechanism by
w hich the ,‘atai~ ~t ian be encased in a small volume for the high. pressu re experiments.
1 .ii.g th~s app:Ii allis , t h e  .‘VclO lnOl :.Iue I. drogenolv~is was investigated at 1 atm on
a pInt i r iu i t i st. ,j ,.’,l slu g1.’ c rysta l ( Pt (s)— [6 ( ill) x ( 100)1) having a total surface
ari a of 0.76 ‘iii . lint .al ,‘eific i~~aet ion rates were repi oducible to ahout 10’,~ , and
to Ri t hin a fn€’tor of 2 ii u uh ’nt i n i  to published vaiue,w lvi’ t his rva. ’tion on highly
dispeis. cl so pport.’d platinum catalysts.

I NTR ODt CT1ON terpretation of chemical reactions on cata-
1)ur ing th u ’ last 7—8 yr a number of new lytic surfaces. The reader is referred to re—

tools ltave heentia’ ( ‘ommere ially available cent reviews (1— 4 for (ietaile(l descri ptions
for stuil y ing the surface of a solid on an of t hese te(’hni(1tles and their  various
atortile sea l(’ . ( )r it’ teclirli(lIIe IS l~~ ~~~~ 

applications.
electron .litlrat’tioti LEE!)) , whereby ine The use of LEE !) and AES has led to
can ,t i ’t er ini n e t h e  structure of well—defined an increasing interest in s tudying well—dc—
clean stt rf :tc ( ’s , the possible rearrangement fined catalyst surfaces , notabl y oriented
of tlI ( ’~-e surfaces in tlit presellee of adsorbed single crystals of known in iti al chemical
gases , an ti  the st ru ctu r e  of adsorbed gases purity. Lang , .Joyner and Sotn orja i (5 , 61 .
relative to the metal substrate. Another Joyner, Lang ant I Soniorjai t7) and Baron .
itwtho tl is Auger electron spectroscopy Blakely and Soinorj ai (81 have m easured
) .~ES), from which it is possible to obtain surface structure , composition , and some
a quant i ta t ive  t ’st imat~ of the composition rates of reaction on p latinum single crystals
of surface species down to 1% of a m ono— at low pressure. Both low Miller index and
layer , thereby gaining valuable information high Miller index crystal faces of l) lat inul fl
al,out, impurities at . the surface. It should have been exain immeil . The latter have’ been
be noted here that these t~clini ques are shown to Con sist of low index I l l )  and
tt su all v done in hi gh vacuum (10 ~— i o -~ 

(100 ) terraces of constant width , linked by
Torr ) elmtc to ti lt ’ nat t~re of the methods and steps of mo ima ton t ic h eig h t , and to exh ibit
the cqni~mwnt ttsed in th (~ analyses. LEEI) remarkable thermal st ability (5 ) .  One par—
and A ES are of parti cular importance to t iCt!llt r reaction which has been studied ex—
cata lyti c t~hiemis ts because of the obvious te’nsively is the dehydrocyclization of
value that  such information has in the in— n—l ~’l ta lme to form toluene (7~ - This was in—

vt —t ign t e d l)etween 100 mt ti.l 400°t’ at ~mte s—
* Present nchlr ess : Rockcldvne Division , It~.~k- sures in the 10-i Torr range on single crystals

well fnte ’rn nti on ,, l , Cnnoga Park. CA 91304. l)it~’ltlg surface areas ti f less th an I eHm~. A
t Also Principal Investigator , Lawrence llerkelev m ass spe’ctrolnetr ie technique wns used to

[nhorator , Univ er s it  of Californi a . mnon itor the format ion of produ ct. The m i —
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t ial rate’ of toluetie formation on t ime high crystal surface ’s . in this manner the results
index or ste ’pj meei surface was fount! to be of ultrahigh vacuum I UI ! Vi arid high P” ’5—
ap l) r oxunate ly an order of magnitude sure reaction studies could he compared on
greater than ini t ia l  rates on low index the same cataly st and under similar reaction
surfaces , conditions , the only difference being time

T u e  e’h eiim isor ~t t ior i  Properties of stepped total system pressure.
I c l a t i r u t i r n  surfaces have been shown to be Further justification for studies of this
~‘erv different from thos e of low index type comes fron t the analysis of tnore tra —
cla t inu n i  surfaces 6) . Two striking cx— ditional catalytic research performed on

ault l c les  w h i c h  are’ of par t i cular  importance highly dispersed supported metal catalysts.
to catalysis are ’ those ’ involving hydrogen 1)uring the last 6—7 yr additional emp h asis
ari d oxyg en. Both chemisorh readily at has been plact ’d on ( ‘h artte t er izi flg catalysts
relativ e ’Iv low temperatures e~m t stepped sUr— more ’ fu l ly ,  its tO detail s of preparatio n , sti r—
fa te s  but do not cheuni sorb e’asilv on low face’ area of metal exposeel (d ispersio n I
i imei ex faces t 6~ . I”tr rt imer tn or e , it has been average metal part mcli ’ size , and the distri—
show n that  time ’ cl isso cin tio mi of these di— butio n of parti c le size. m n order to make a
atomic m olecules takes place at the atomic rational interpret a t ion of catalyti c activity.
s teps  ott ti m e high index surfaces. Several excellent reviews of tec h niques for

in a rn olec ;tla r beani study of H~/ 1) 2 ex— characterizing highly dispersed cata lyst ”
change on low ant i high ~ l ilier index pl at— have appeared in time current lite ’ratur e
in tm m single ’ c rystal surfaces , Be’rnasek . (11—13 ) ,
Sie ’k imatis an(l Soniorjai (9 ( reported that Renewed interest in the ge ’omnetri cal fac —
time ’ exchange  react ion took place’ readily tor in catalysis ima s prompted studies of time ’
on a high index 1997 platinum single effect of metal c rys ta l l i t e  size orm specific
c rv s t : t t  surfac e ’ , wimer ete s ito detectable ’ H I) activity and selectivit y itt heterogeneous
could he nm m easu red using a l ew index ( I l l )  cataly sts . A itum nber of investigators have
i l a t in t u r n  stmr laee . The diffe re nce in re ’ac— found re?at ionshi ps of  thi s type which has

t iv i ty  was ascribed to the  unique properties led to cla ss ifying r eactions into two main
e f the ’ stepped st ir faec . groups ( 14 ) . The t e rmuis  ‘‘facile ” and ‘‘ struc—

A (lir ect correspondence i)etweelm the tur e—insensitive ” have’ been used to describe
:thuve ciu ’nmis&t r p t io ri  and surface reaction types of reactions where specific act ivi ty is
stu dies an ti th ose carrit’cl out in more con— independent, of the mode of lmr(’paration of
ventional catalytic systems is obscured by the catalyst or tim e cata l yst metal particle
a number of factors. Of particular signifi— size. He nce eacim surface site is about as
eance’ is the ’ enor tno tislv reduced pressure effective catalytically as its neighbor . On
unde ’r wimi c ’h LEEI ) , AES . or mass spec— the other hand , those reactions in which
trometr ic ~‘xpt’rinie’nts arc’ con(iuet ed. the specific activity or selectivity is a fun e—
Typically, ca t alytic reaction rate ’s are inc a— tion of metal particle size or mode of eata—
sured at rea ctant  partial tcre ’sstires on th( ’ lyst preparation have’ been termed “de—
orde’r of I a tm: ~v1iere’*t s LEE!) nmeastm r e— rnnnding” or “stru etur e— sensitiv e. ” Table I
tnents . for ex arri l i l e , are ’ rrmade ’ at 10 ‘ -~10~’~ lists a number of reactions which belong to
Torr—a uu rt ’s~t r r ’ some 10i _ 10 13 smaller each particular (‘lassification.
than ordinaril y used in cata l y t ic  studies . It One’ of the interesting aspt ’cts of the
is possil~le that  at higher pressures larger structure-sensitive studies has been that the
surface  overages may give’ ri se to ‘ on top” effect is only prevalent in the 15—50 A diam
~trtu ’ture  timat clot’s t to t form ut low partial particle size range ’. The question arises as
pre ‘ettc” c 1 0) .  Hence , che’misorption and to the unique properties that metal crystal-
surface r ea ction studies carried out at I atm lites of this size range’ possess. To gain a
may not be directly correlated with UHV more fundamental understanding of this
stt:di , ’~ It wou ld seeni logical timer efore to phenomenon , a number of models of small
st t t ’ l v  ca ta ly t i c  reacti tns at high pressures crystallites have been developed (16 , ~5—
( 1  atm or I t i t t i t er ) ni t  wel l—ori ented sing le p7). In brief , small crystallites have been
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TABLE i highly  dispersed supported metal catalysts.
~uavi :v ov STreuc’rute~~ ENsmT1vt1’r S’ruoim~s Sing le crysta ls containing low index sur-

faces as well as those exlmibiting ordereda. Betizene .rogena- a. l’.thane hy-
ticcn drogenolysis atomic steps could be independently studied .

lSinfelt et a!. (19, 20)’ t imereby making it i) O$Smble to investigate

~~ SiO,—A110,, R h ’  directly the influence of surface mnorp imology
Pt ’SiOi Si01 on heterogeneous catalytic activity and

selectivity .
b. l )ehydrogenatton of b. Neopentane hy-

cyclohexane drogenolysis and , 
In summ ary , a survey of the current

Hydrogenation of Isomerizaticiri l i terature has revealed that there is a gap
cvelopent an e Boudart et a!. (2! ) he~wee’n chetnisorpt ion and surface reac-

H~/ l ) , exchange Pt/Al,O, , Pt /Sit ) 1, Pt ti omi studies performed in UHV on single
lPoltor ak and c ry stal surfaces and those carried out at

Boronin (‘~ )l I attn on highly disperzcd supported cata-
Pt/SiO~ lvsts . The work embodied in this and sue-

c. Cvclopropane hy- c. Hy drogenolysis of ceeding papers arose out of the need to
drogenolys is methy lcyclopen- bridge the gap between these two funda-

IBouda rt et a!. (17) 1 tune mne ’nta l areas of catalytic research . The
Pt/Al,03, 1’) , , 5102, Pt Corroleur et a!. (22)1 overall objective was to measure reaction

Pt/Al105, Pt/5i01 rates on well-defined single crystal sur-
d. Ethylene hvdrogena- d. Hydrogenation of 1,2- f a ces both at high pressure ( 1 atm) and in

tion and l ,3-bu adiene I~HV ) 1O~ — 10 Torr) within the same ap-
Dorling, Eaqtlake, Oliver and Wells paratus. The higher pressure measurements

and Moss (18) 1 (23) 1 would involve the use of gas chromato-
Pt, Si0~ N izAl t O ,, Ni/SiO,, Ni graphic detection while a mass spectro-

e. H ydrogenation of metric technique could be employed in the
benzene low pressure measurements. Studying van-

l~ oeneri , Van Meerten ous types of reactions on both low index and
and Rijnten (24) 1 high index single crystal surfaces would

Ni 510, enable a relationshi p between surface mor-
phology and catalytic activity to be

modeled as imperfect cubo-octahedra (fcc developed.
meta ls t .  It has been assumed that even in The present work describes the apparatus
the smallest crystallit e ’s , metal atoms oc- which was constructed to achieve these ex-
cupy crystallograp hic position s . Further- tensive goals and reports initial rate data
tnore , crystallite ’s are shaped so that their for the hydrogeno lysis of cyclopropane at
free energy is a m i nimum. This means I atm total pressure on a platinum stepped
maximizing t he number of bonds between single crystal. Platinum was selected as
atoms, including surface atoms, and results the catalyst to he investigated because of
in particles of roughly spherical shape. The its obvious importance in many industrial
mode ls have shown that  in the 15—50 A processes. The hydrogenolysis of cyclopro-
diurn  part i c le range , there is a high fraction pane was chosen as the first test reaction
of surf ace atonns in ed~e, step, and corner because of the considerable amount of data
p ccs i t iom m s .  In particular , for step sites, the and experience which has been amassed in
fraction of surface atoms in steps is ap— our laboratory for this reaction (~ 8—S~ ) .
proxi nma t e’ly 0.3 for 15 A diarr1 particles, The rate is known to be relatively high at
and tleereases an order of magnitude for room temperature on bulk and supported
.‘d .~ 

(11am parti cles, platinum catalysts. In addition , only one
Based on these studies of small metal product (propane ), is formed on platinum

crystallite~ it wotild appear that single catalysts below 150°C , thereby simplifying
crystal surf aces would be ideal models for e.hromatographie detection.
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EX I’~ R I M I ~NTAL APP AR ATu s between two knife edges, one on the re-
l’he apparatus was e ’ons trtmcted to per- actor cu~ and time other in the reactor

forum catalytic experi m ents on one or more flange. As m any as 20 cup closures h ave

p t : t t i m m u m m m  sing le crystals  both in ultra high been obtained using a single gold 0—ring.

va cut min [‘I l V i and at I attn total pres— With a pressure of 1000 Torn inside the re—
stire’ without . l)h ys ieall Y altering time posi actor cup the pressure in t ime UHV chamber

tion of or severing connections made to a ca~ he maintained at I X l 0 °  Torr , result-
cataly st  crystal. A schematic of the UHV ing iii a negligible loss of reactants or prod—

assenthly and tIme flow m o p  for the high ucts from the high pressure reactor during

pressure catalytic measurenments is shown the course of a typ ical catal ytic experiment.

in F’ig. I. Time p latint im crystal shown in the sche-

The UII V system consists of two 12-in. inatic is st ipponted by means of two 0.070-in.
i.d. inimltiflangeil stainless—steel cimambers 

diam ta ntalum electrode s, wh ich in turn are

separated by a Viton-sea led gate valve. connected via electrical feeeithroug hs to a
Time ’ lower l’H\ ’ t ’h nmnher contains a 200 dc regulated power supp ly capable of heat —

liter/sec ion p~~ni mend t i tanium sublima- ing time p latinum crystal to 1000°C. A Pt/
tion pu mp capal)le of reducing the pressure Pt— 10%Rh thermoco tmp le is spot-welded to

in t ime total assembly to 5 X 10’° Torn. The the edge of the p lat inum crystal , enabling

upper chamber consists of a hig h pressure the crystal te m perature to be monitored to
reactor witimin time I’I !V reactor. The main s~ithin ±0 . 1°C.

feature of time ’ design is a movable i)ellows- A close-t ip of the reactor flange as seen

c u p  m echanism by which time stationary throt igh the 6—in, viewing port flange’ is
cnm m l)e eimcased i i m a small volume provided in Fig. 2a and 2h . In Fig. 2a the

for time im i gh pre ssure experiments . The re— reactor cup has been partially withdrawn
actor cup attach ed to tim e bellows drive to expose the ca talyst crystal to the UHV
mechanism is capable of traversing the environment. Clearly visible is the 0.0625-in.
total internal tlimu m i et ~’r of the ’ reactor , and diamn gold 0—rin g wimich has been unif orm ly
is shown irm the ful l y  extended position in pressed into a 3.375-in. diam groove in the
the schematic. Flanges in the t1l)PC~ chamber reactor flange wall.  The two case-hardened
are provided for: 0.5-in. diam stainless steel rods welded to
a. Monitoring time pressure in the ~ HV the 6-in, reactor flange above and below

reactor by m eau ms of a nude ion gauge ; the reactor cup serve not. only to guide the
h. Measuring the t ’HV gas phase corn- reactor cup in i ts  transverse path , bu t also

position by a quadrupole mass spectrom- to prevent deform ation of the upper cham-
eter (cranv ill e -P l mi ll i ps Spectra Scan 750 her when applying the necessary force to

Residual (las Analyzer ) ; seal the high pressure reactor. Figure 2b is
c. Determining the composition of the a view of the reactor cup seated on the

catalyst cry stal  surface down to 1% of a gold 0-ring , thereby encapsulating the cata-
monolayer via the technique of Auger elec- lyst crystal in a small volume suit able for
tron spectroscopy ; the high pressure experiments.

d. Housing the movable stainless steel The hi gh pressure flow loop (GC loop)
welded bellows-rea ctor ctlp assembly ; is fabricated from 0.25-in. o.d. stainless

e. Supporting and heating the catalyst steel tubing and consists of a 0—1500 Torr
via suitable electrical feedthrou gh s and Heise gauge measuring absolute pressure
serving as one half of the hi gh pressure re- to ±0.25 Torr , a 0—5000 sec/mm Fischer-
actor volume. Porter flow meter , and an MB- b stainle ss

The high pressure reactor volume is i~~- steel welded bellows pump (Metal Bellows
lated from the UHV system by gold 0-ring Cor p.) providing a maximum flow rate of

electrodes, and Pt ‘Pt -lO ’~ Rh thermocoup le wires. (b) (bottom) Ite..ctor cup seated on the gold O-rmg to
form the high pr~~nre reactor.
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F,u . ;‘~. Itepr esent at ion f the P t — It ~( I I I  X I ( S) ) ! stur t ace nse i in t hi’ present st ndv (a Low energy
electro n diffraction pnt t er t , h)  schematic diagram ~f the p lamiii ’tm step tw ’il stir face , ill ustra t ‘°2 the sp~ t a I

arrangement ~~ the atoms .

2800 sec/mm of air tummder zero pressure a~ a cont immu ou s ly  stir red i) at c ) m recycle re—

drop. Composition of time gas mixture is actor operated u mmmder d iffe r ential reaction
measured by rot i t ing t imu’ flow through a conditions (less than 0.l~~ eonvcrsion/
sample va lve of a gas chromnat ograp h . The pass). Calculations imave simown t i m ~ t cx-

volume s of the reactor cup, GC loop, and ter nal mass tran sport resi stan ces are neg-
sample volume are 571 , 189 and 0.78 cm*. ligible and need not be considered in the
respectively , analysis of the kinetic data ~~8 .

The high pressure system can be modeled The platinum used in this s .udy was pun.
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e’hmaseel in t ime fo r im m ol 0.25—in. diam a single In what will he termed a ‘‘stammdard run,”
cry stal rods grown by el e ’ctro n —b emimn zone the platinum single ’ crystal is first pre.
r e’fining 99.99~~ u m u i n i u i m m m r m m  pur i ty )  (34 . treated in I X 10 ‘ Torr oxygen at 900—
Plat inum stepped surface’s are generated 925°C for 2 hun wi t i m th e reactor cup open.
by cu t t ing  time ’ p l a t i m m u i m u  crystal at smnall Tlmis is sufficient to re ’ui move ’ carbonaceous
angles front low index planes . Time re su ltimmg residues from time ’ crystal sorfa ce based upon
hig h Mill er index stmrfac es im av e been shown pr e ’viou m s LEEI )—AES u mme’ :t sune mne ’m mt s (36,
to consist . of terrace s of constant. widtlm 37). l’lme t x v g ei m is th en pum ped out of the
l im mked by steps of un o m m atom n i e heig imt (,5 , I ’ll V svst em n for mu I ’ l i t i onal I hr , while

A low energy elee ’tron diffraction pat— m n a i r mt a i r mi r mg th e crystal te m perature above
tern and a schemmmati e nepr e ’sent .atiomm of the 900°C , to retmlove’ aelsonbed oxygen espe—
ste ’plmed stirf aee’ used in timis study are given eial ly at the  plat immu m step sit4 ’s . Time’ crystal
j im Fi g. 3a ittl (l h. Time smmn fa c e  is (lem loted as is the ’n cooled rapidly to 300°C, at wimich
Pt s — 61 I I I  x t lOO t 1’ immilicating that timm ie ti m e reactor cup is closed and imydro gen
( h u e ’ te rrace is of t i l l )  ori entation , 6 atonmi e is a ( h l f l i t t ed l  to a total pressu re of 780 Torr.
rows in width , while the step is of (100 ) ‘Fhie pl atimmt m imm crystal is nmaimmta ined in I
orientation ami d one’ :t t o m mm imm heigimt . To oh— atm of stagmm ar mt hmydroge r m at 75°C for a
ta m t i mis  geonmet rv t ime  surface was first period of 2 lmr. These conditions are immore
X—ra y or i t ’t m t u ’ iI  by a hack re flection Laue titan sufli c iemmt to fu l l y  saturate the plat i—
t e ’ r im mmi q t me ’  to w i t i m i n  ± 0.5° , and the ’m m sp ark— num 1)111k wit i m imydrogen atoms based upon
tnaclmined at 9.5° fr o mm i t ime ti l l ) face the soluubilitv armd difftmsivitv (lata of
toward tIm .’ (100 ) plane’. A LEEr ) arm uui v si s E busu za km , Km mss mtn (i (YKeefe (38). Du rimmg
was commelul( ’te(l later to confirm time ori en— the re’du ction p( ’n it)( i a cvclo~)rop a lm e— imy —
at ium m Af te r  emit  t i um g, t ime  crystal was tne— droge ’mm m mi ixture is Pre ’l ‘are ’d in the ( ;c loop,

t ’hanica llv p ol i s l m eml by a series of abrasives , such t l ma t  when expa mme leel into time ’ total re—
time f imm a l  jmolisim being 0.25 1amm A120, 1)0w— actor ~‘ulmm mne’ I V~ + i’,,. = 760 cn~~ , the
de’r. anti fInally etebteel  in itot. 50% aqua initial jma rti al pressures of cyt ’lopropa mme and
regia for 10 m u m  prior to use’ . Time re ’sulting hm ydn oge ’mm are 135 ami d 675 Torr, respectively.
stepped crystal was 0.5 mmm t m i t h ick  and had Pre’—reacti o rm clmro nm at ogr amn s of time mixture
a to t a l  surface area of 0.76 ctn 2. Time cir— in time ’ (l(’ loop mere t t t ke tm to determine time
cunm li ’re m mt ial area repr e’sented approxi— in i t ia l  ( ‘om lm l ) os tt iotm of the ’ reactant mixture .
n mat e i v  I 3’ of time t otal  smirfa ce ’ are a and At the conclusion of time ’ reduction period
was pre sumne ’ I to I me po lycrvst a I line iii wit ii the he’i lows circulat ion pump on , time
orientation , valve ’s se p arating t i m e  reactor and GC loop

Time 0.070—iim. dia mm i tant alunm electrodes volunm e ’s are’ op.’mm.’d , tiierehy routing time
used to su pport t im. ’ catalyst crystal were fi w d irectl y past t Iii ’ ( ‘at iti st crystal and
ri pl v zone nefi mm e ’ 1 (99 .999% mum in inmu t n com mm m n enc mn g t i m . ’ i i i )  me l y t i e  ruin .

pur i ty )  arm d etc ime ( l iii atm 80% soltmt iomm of T u e  reaction ~~~~~~ were nmonitored
nitric’ and hydroflumoric acids for 10 tnin. p.’ni tdica ll y by ~, m . ’ mt m ms of a 6—port sample
The eyc lopr opatme Was obtained from valve imoum s .’d 1’ , a V an iamm Ae’rograph 1520

Matheson and contained less ti tan 0.4% ga~ chromatograp h containing dual thermal
im purities . Propylene accounted for ap- cot mducti ~’ity detectors . Hydrogen was
proximately 70% of t l m i s impurity. Th~ gas chosen es a carrier gas to maximize the
was passed throug h a bed of activated sensitivity of the thermal conductivity de—
Mg( ’lO , to re m ove’ trace’s of water. teetor and to avoid the anomalous behavior

hl y eh r o ge ’mm was ctht aine ’d from the Law- of He/H 2 mixtt mres reported by Purce ll and
remu. ’e Berkeley Laboratory and had a Ettre (39) . The components (propane,
mi tm i m m m u m puri ty  of 99.99% , the major im- propylene, and cyclopropane) were sepa-
pu ri ty  ix ’ imtg oxygen. This was also passed rated at 35°C using a carrier gas flow of
thro umgi m activated Mg(’lO~ prior to intro - 30 ml/mnin in a 20 ft X ‘/ s-ium. SS column
duction immto tb. gas cimr omntug ra ~m lu or re- packed with 30% bis-2-methoxy ethyl adi-
actor flow ioop. pate on 60/80 mesh A/W Cimromosorb P.

L -~~~ -~~__ _ __ _ _ _ __ _ _ _ __ _ _ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The output fromim the detectors was recorded m4 C , 
‘

on a Honeywell Eleetronik 15 strip chart ~~recorder. ‘rhe chro matograp hic peaks were ~~~~~ . ‘0’ PWPYIIflS 0~POflIy -

imutegratee l by the triangulation method. ~
Calibration curves for eacim hydrocarbon ~ tO.0 .

component (leveloped in a range of typ ical ,~~

operating conditions were used to convert ~
peak areas to hydrocarbon concentrations I 04

S R~ fl 24

Rm~suLTS AND Dmscu ssmoN

Ini t ial  expeniin.’nt s showed that the ap— ~° : lP~.ø#.0. ~~~~~~~~~~~~~~~~~~~~

parattis described iii time previous section I
was easily capable of mommitorin g the rate 40 60 ‘20 60 200
o~ formnation of propane at I atm total ~~~~~~~~ ~~~~~~ T’0~1 ~~~~

p”essure on time Pt (s~ — 1 6 t~ i l l )  X (100) 1 FIG. 4. Cyclopropane hydrogenolysis on the
single crystal hav ing a surface murea of only Pt( s)—(6(1 i i )  x (100) ) single crystal surface (A.s =
1 elm) 2 . 0.76 cm’). J’cp0 135 Torr. J~ff U 675 Torr.

Following time standard procedtmre for a Average crystal temperat u re = 74°C.
run, blank ex l a ’rimmme ml ts without time plati—
nu rn crystal im m (hue reactor were made to the system . The data hmav e been corrected
determine the act ivi ty of time stain1es~ steel for the prop yl e’mme impurity which reacted
wails , the t am mtal ui m i electrodes , and the comple’tely to propane imm less than 15 mm
plat inum therm n ocoup le’ wires. At 75°C of elapsed reaction time. The only im—
there was no dete ’ctahle propane’ formed portant  difference ’ between the two runs
during time first 55 nmin of elapsed reaction was that in Run b A  th~ initial crystal
time. There ’after a very small propane peak t emm mpe ’rature was 73.6°C, while that in Run
was observed in the gas chromatograms 12A was 74.4°C . It should he noted that
wimich increased slig lmt ly by time end of the the data poimm~s geume ’ra ll y follow a smooth
200-mimi run. However , time propane peak curve , indicating that  the experimental
formed never (‘xee’eded the size’ of time t echniques employed were good and that
diminishi mmg prop y le ’mm e ir u mpu n ity peak. 1mm t ime calculation of chronm atograp hic peak
summary, at. 75°( ’ there was no (ht ’t ectai)le areas by time triangulation method was con-
reaction of cyciopropane to propane in time sistcnt. Time curves are remarkably similar
reactor system witho ut . time platinum in shape. The init ial  rates for Ruins 1OA
crystal. The propane which was formed and 12A (1.96 X 10-” and 1.76 X 10 moles
could be attri b tmte d comp letel y by mass (‘ iL , mimm ‘eta 2 Pt, respectively) differ by
i)alance to t ime reaction of time propylene approximatel y 10% while time ’ conversion at
impurity contained in time cyelopropane . 2(X) mm of elapsed reaction time is iden-
Approximately 45~% of time ini t ial  0.22 vol tical in i)Oth cases at. 1.7% . Considering time
% propy icne impurity in th~ cyciopropane passible sources of error in these experi-
react4’d to form l)ropant ’, corresponding to me’nts , the agreement is quite good. The’se
4.4 x b0~ moles of propane . and other data have led t i5  to conclude

Time results of two ty 1t i  ~l exp erimental that  the reaction rates reported are prob-
ru m m s ( b A  and 12A ( carried omit under ably reproducible co about 10%.
identical conditions to ,le ’term inc the ’ repro- Additional rate measurements at two
ducibi l ity of the data are shown in Fig. 4. higher temperatures (100 and 132°C) pro.
The procedure mused in these runs was ex- vide’I a basis for calculating a value of the
actly the same as in the blank runs, with activation energy for the cyclopropane—hy.
t im. ’ cx eepti (mfl that now the Pt (mi ) . 16( i11t  X drogen reaction . The initial rate and tern-
(1(X )) single crys tm ul had been inserted into peraturc data for Run s b A , 12A , IS and

-.
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TABLE 2
St~ i~m c i t y  OF ‘~HK lNt’i’ m ,\ m. l t AT ~: I ) .~Tc  FOR THE I )~.T!~R M l N A T m o N  (IF Fold THE (~Y cm~n’m e,rA ~~F;

,s THE Pt (s ) — 1 6( l i ii X (100)) SINGLE CRYS TAl .

Ini t ia l  partial pre,~siIr,’ (‘ ry st a l temp averaged
I ( mm n of t ’vclopr opane ’ I’ c ’ over im i it  ial rate 1 7’, h u t  ial reat ’t io n rate /I’o
110. I Tu,rr me~.stur e ni em mt T. ( ‘C ‘ )< 1 (~ ) (zneiI ~~ C. II , . miii . em 2 Pt

WA 135 0 73 5 2 ss i 96 x I0 — ~
1:15 74 4 2 s~. m .76 x 10—6

15 us 0 1 ts 2 2 . a u.~ x 10—6
1(1 135 132 5 2 46 2 5 5  X 10—s

16 are se mm um narized in Table 2. An Ar— cr stal l ine supported platint imm i catalysts.
n imem u iu s plot of t iiese p o m mmts  was constructe’d Time’ rat t’s obt aim med in this  stt idy h ave been
in Fig. 5 am i d the  best st r ai g h mt line was corr f ( ’t .’e i ~~ 

75.~( ‘ using tim e ’ above act iva—
drawmm timrough time’ data .  The activation t to mm t ’mm ergs’ am i d presentet! in Table 3 in
e’mmergy of tIme’ evcIopro ~t am m e ’ i mvdroge ’no lysi s t m m m i t  s of mmmoI , ’~ (‘ .11 . mai n ‘ en~ Pt I . The

react iomm c a l  e u  1 a te ( I from t im is plot was average ’ vu It me given iii ti n its of molecules
E 12.2 ± 1 .0 keal m miole ’ . \‘alues of the ( ‘ a lL m im i mm Pt ~t te ’  was calculated by using
act iva t iom u energy re ’port e ’el in time literature ’ a eonmbin e ’d ~ tc density for time total cx—
for t l m i s  re’ae’tion on i m l a t im m un i  catalysts range posed p i a t im m u um surface area.
from 8.0 to 12.2 k ca i , . mole (~8-30, 40--48). Hegt ’dus 30, 49i carried out a series of

h aving obtain ed a va lue  of E0 , it was cyelopro~mane hmydrogeno lysis experiments
p ossi imle to compare time init ial  specific rates on single in ’ile ts of F ’t/A l 2Oa. Time ph ysical
of r ea ct ie mn on time stepped single crystal characteristic s of one typical  pellet and
surface ’ wi t i m specific rates reported on pOly— kinetic reacti omm rate data obtained on this

cataly st  t n .  givemi in Table 4A and B. Using
this infor m nation and assu ming 100% dis-

I I . persion of the platinum , time ra te of the
cyclopropane hydroge’nolysis at. 75°C and

- 
13,5 Torr CF was calculated and is presented

- 
in Table 3. A more realistic value for time
platinum dispersion , say 50%, would re-

~~~~ 6.fl 6 suit in a specific rate (820 mnolecules C,HS/
• . nu in ’Pt site) which is nearly time same as

~~~~~~~ ~~~~~~~ 
the average of the four rates in Runs b A ,
12A , 15, and 16 (81 2 molecule’s C,H0/

- min Pt s i t e ) .
Boudart and co-workers (17) have stud-

• \~ .n ~ ied time cyclopropanc—hydrogen reaction on
a number of tmig hi v dispersed ~7-A l ,O2 and
y— A l 2 O~ supported p la t in u m catalysts. A
turnover number molecules converted/
min ’cataly st site) of .V ~ S was reported
for a series of these highl y dispersed cat—
alysts at 0°C and 10 Torn init ial  eyeiopro-

240 260 280 
I pane partial pressure. Time specific rates

1/1,I K ” I O ~I calcu lated from t ’ iis data are also given in
Table 3, based upon time k inet i c  parameters

Fmo . 5. Activat io n energy for the hy drogenoly~is reported by I)oug imartv I ~8( and assumingof cv ctoprnp an e based upon mn i t m a l  reaction rat~~ on . .

the’ I’ m .
~~ - t l  t i l l  X H t t ) ~ single crystal (A. ~ plat inum site 

, 
density of 1.12 X 10”

0.7tl (n t ’’ F’er 0 135 Torr : F’s,’ 675 Torr. atorn~/cm . To wmth m n a factor of 2, the

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE 3
( d ) Mp.~ieLsoN (IF IN ITIAL. SPECIFIC I tATE l) .~TA FOR THE CycIswIeoP.CNE Hy ineo~~:so i.ysms

OS PLATINUM CATALYSTS

Calcd spec reaction rate @
Pci’° = 135 Torr and

T = 7 ~°C

(molecules
1)ata Type of (moi~. C,H8/ C1H,/min ’

source catalys t min’em’ Pt ) Pt site) Comments

Present Run IOA ‘2.1 X 10-’ Rate on Pt (~) -)6(l11 ) X
study Run 12A 1. 8 X 10 (100)) single crystal

Run 15 1. 8 X 10’ based on = 12 ‘2
Run 16 2. 1 X 10~~ keal /mole .
Am’ l . 9 5 X 1 0 ’ 81 2°

Hegedus (30, 4.9) 0 . 04 Wt% Pt on ~-Al,0, 7 .7  X 1O’~’ 4106
(see Table 111-5 ) based on

100% Pt
dispersion

Boudart et ai . ( 17)and 0.3% and 2 .0% Pt on~
, 

8.9 X 10’~ 480 ~~çp — 0.2 , E = 8.5 kcal/
1)ougharty (p8 ) ~-Al 20;; mole .

0.3 % and 0.6 % Pt on 2. 5 X 10’  1340 ~cp — 0.6 , E’ 8.5 kcali
)-AleO, mole. (L)ougharty reports

E 8-9 keal/mole and
n = 0.2-0 6)

Value based upon 87% ( i i i )  orientation and 13% pobycrysta llimme orientation.
Based upo n av Pt site density of 1.12 X 1016 atoms.’cm ’. This value would be nearl y equal to averag e of

above valimes if disper siomm was approximatel y .50% .

TABLE 4 initial rate data of Boudart et at. and that
A. PH YSICAL CH AR Ac ’T ERIS Tm CS OF THE PLAT I NUM of the present study are identical .

CATALYST PEL LET USED lIT HEDEDU S (30, 4~ ) The fact that at. 1 atm total pressure a

0.25 wt % Pt on ,7-A110. diluted with ,,-At,()6 ~ 
plat inum stepped single crystal behaves

0.04 ~~~ l’t very much like a highly dispersed supported
.1-A1,O, surface area, 230 m’/g platinum catalyst for time eyclopropane hy-
Wt of pellet, 0.295 g drogenolysis is a very significant result. It
Pellet den sity, 1.14 g/ em’ support~ the contention timat well-defined

B. INI TI AL RA TE DATA FOR THE CYC LOP RO PA NE 
single crystal surface’s are excellent models

HYDao ov.NoLYsms U smso THE Cc T AL Y ST PELLET for po lycrysta lline supported metal cat.-
OF H R G E DUS (30, 4.9) alysts. It also tends to verify Boudart ’s by-

pothesis that the cyclopropane hydrogenol-
Catalyst. calcimied in 3% 0, im i N2 ® 400-410°C fu r ysis is an examp le of a structure-insensitive

2 hr reaction , However , ad ditioima l experimnent8
Catab’st reduced in H , ® :100°C for 10 hr on other stepped and low index platinum

= 41.4 X 10.’ (moles/cm’) (P5, — 900 Torr) single crystals under conditions identical to
Cc,’° 3.45 X 10’ ’ (mobes ’cm’) (Pcp° = 7.5.0 Torr )

75°C that reported here are needed for more corn-
(ka o). — ‘2.61 sec~’ plete verification of the structure insensi-
Reaction found to be first order in cycloprop ane tivity of this reaction.

concent rat i(Ill . In conclusion , this work has shown that it 

I

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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is possible to nieas mmr( ’ rate s of reaction on a 15. DO RL I N D , T. A., AND Moss , R. L., .1. Ca/al. 5,
single pl at im i t im crystal imme vim i g a surface 111 (1966) .

area ot I cm 2 at atmmlos pb ( ’ri e pressure using ~~~ Po L T ORAK . 0. M ., AN D I14 ) KON I N , V. S., Russ. J.
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oge ’ncom ms cat a ly t ic  stuthcs and those using 

~~~ I~~l Kl ,mN; . T. A. , AND E.esi’r.AK E, M. J., AN D

mmcmv analytical  tools to prohe time stirface of Moss. H . L.. I. Cola!. 14 , 23 (1969).
a catalyst om an atomic settle’. Using z’~imgle 19. CARTER , ~i. c . ( ‘ m~~I ’M ~~~~~ .t. A., AND SINFEI.T ,
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ABSTRACT

The dehydrogenation and hydrogenolysis of cyclohexane and cyclohexene

were studied on platinum single crystal surfaces of varying atomic surface

structure at low pressures (lO
_6 

torr) in the temperature range of

300—723 K. The quantitative reaction rates were monitored by a mass

spectrometer , the surface structure and surface composition were determined

by low—energy electron diffraction and Auger electron spectroscopy .

Atomic steps have been identified as the active sites for C—H and H—H

bond breaking processes . The dependence of the dehydrogenation and

hydrogeno].ysis rates on the platinum surface structure revealed kinks in

the steps as active sites for C—C bond scission in addition to their

ability for breaking C—H and H—H bonds. The active catalyst surface was

covered with a carbonaceous overlayer , which was ordered or disordered.

The properties of this overlayer influence significantly both , the rate

and the product distribution of the catalytic reactions. An expanded

classification of structure—sensitive reactions is suggested.

L - . .-
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Introduction

One of the importan t aims of studies of hydrocarbon catalysis is to

uncover the sites where c—li , C—C , and H—H bonds are broken followed by

suitable rearrangements of the hydrocarbon fragments. Identificat ion of

these active centers might permit the architecture of catalyst surfaces

with optimum concentrations of surface sites with a variety of bond

breaking activities.

The dehydrogenat ion and hydrogenolysis of cyclohexane and cyclohexene

were studied on platinum single crystal surfaces at low pressures (about

io
_ 6 

torr (1. torr — 133.3 N/rn
2)) to find the correlation between the

reactivity and the atomic surface structure. We would like to report the

discovery and identification of two such surface sites on platinum crystal

surfaces that differ in the number of nearest neighbor platinum atoms

surrounding them . H—H and C—H bond breaking processes predominate at one

of the sites while C—C bond breaking occurs in addition to break ing H—H

and C— I bonds at the other. We shall also present evidence tha t during

the catalytic reactions the platinum surface is partially or completely

covered with a layer of carbonaceous depo8it , ordered or disorde red ,

whose properties play a significant role in determining both the resistance

to poisoning and product distribution during the catalytic reactions .

The reactions of cyclohexane and cyclobexene are well suited for

identifying active surface sites with various bond breaking activities

for several reasons . The dehydrogenat ion occurs rapidly at relatively

low temperatures and at low partial pressures of hydrogen , since it is

thermodynamically favored at these conditions. Since dehydrogenation
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requires only C—H bond breaking activity , the effectiveness of the platinum

crystal surfaces to breaking C—H bonds could be investigated in a

systematic manner. The appearance of hydrogenolysis products much as

n—hexane would signal the presence of sites with C—C bond breaking activity .

Since the mass spectra of benzene and n—h exane are readily distinguishable

from cyclohexane both the dehydrogenation and hydrogenolys is activity of

a given crystal face were readily monitored using a quadrupole mass

spectrometer.

The dehydrogenation of cyclohexane , cyclohexene, and cyclohexadiene

on the Pt(lll) crystal face has recently been stud ied in this laboratory .1

The (111) crystal face of platinum is catalytically quite inactive; it

apparentl y lacks the active sites that must be present in large enough

concentration for efficient dehydrogenation and hydrogenolysis. Both

cyclohexane and cyclohexene were maintained on the surface without much

dehydrogenation at 300 K and their ordered surface structures were

identified . Cyclohexadiene , however, instaneously dehydrogenated to

benzene even on this inactive platinum surface. The rate—limiting steps

in dehydrogenating cyclohexane to beazene was the dehydrog enation of the

cyclohexene intermediate. The Pt(lll) crystal face will not dehydrogenate

cyclohexane beyond cyclohexene even at higher temperatures (>425 K).

In this paper it is shown that the reactivity of cyclohexane and

cyclohexene is entirely differen t on platinum surfaces with a high

concentration of atomic steps than it is on the (ill) crystal face ; in

this case these molecules dehydrogenate readily. Atomic steps , which were

found responsible for breaking H—H bonds in studies of hydrogen—deu terium

exchange ,
2 were also effective in breaking the C—H bonds. It appears that
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at~mic steps are the active sites on platinum surfaces for performing

these impor tant bond scissions. The atomic surface structures where

C—C bond scissions occur efficiently , in addition to C—H and H—H bond

scissions , have been identifie d as kinks in steps. The quantitat ive

reaction rates (as turnover numbers) for dehydrogenation and hydrogenolysis

were determined and correlated with the various atomic surface sttuctures .

Thus , the structure insensitivity of the cyclohexane to cyclohexene dehydro—

genation reaction , and the structure-sensitivity of the dehydrogenat ion of

cyclohexene and hydrogenolysis of cyclohexane have been established .

Experimental

The measurements of the dehydrogenation and hydrogenolysis rates of

cyclohexane and cyclohexene were carr ied out at low pressures (l0~7_10 6 torr

total pressure) in the presence of excess hydrogen. The hydrogen to

hydrocarbon ratio was varied to investigate the hydrogen pressure dependence

of the reaction rate. The temperature range of our studies was 300—725 K.

The schematic of the low pressure reaction chamber is shown in Fig. 1. It

is equipped with UTI lOOC quadrapole mass spectrometer that is placed about

5 cm from the single crystal catalyst surface. The two catalyst samples

mounted in the center of the chamber may be independently heated resistively

to 1900 K, if desired . The presence of the second carbon—con taminated

catalyst sample at ambient tamperature does not affect the reaction rate

measured for the sample under study . Each single crystal catalyst sample

has approximately 1.0 cm
2 
of surface area. Hydrogen and the hydrocarbon

reactant may be introduced into the reac tion chamber independently by the

use of two variable leak valves. The gases in the 15 liter reaction

— — - -~~ ——- — ~~~~~~~ 
*
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chamber are well—mixed since the mean free path (approximately 20 m at

8 ~< 10~~ torr) of the reactant is much larger than the d imensions of the

chamber. The reaction chamber is equipped with low—energy electron

diffraction optics for studying the struc tures of the catalyst surface

and adsorbates , with a retarding potential Auger electron spectrometer

to monitor the surface composition, and an ion bombardment gun for ion

sputter removal of unwanted surface impurities .

The ultra—high vacuum pumping system consisted of a 140 liter per

second Vac—Ion pump and a titanium getter pump which could be independently

isolated by gate valves. Ultra—high vacuum of 5 X ~o~~
0 torr could readily

be achieved after baking the chamber walls to 250°C.

The platinum single crystal catalyst samples used in this study were

prepared from three different single crystal rods obtained from

different manufacturers , Materials Research Corporation and

Research Organic/Inorganic Chemical Corporation. The rods contained

different impurities (carbon and calcium; carbon and phosphorus; and

carbon, phosphorus and sulfur ) which when removed gave a reproducible

catalys t surface both by low—energy electron diffractio n and the catalytic

reaction rates .

The catalyst samples were prepared by orienting with a Laue back—

- 
- reflec tion X—ray technique , spark cutting an approximately 1 ma thick

slice with the proper crystallographic orientation exposed, polishing

bo th sides and etching. The carbon, phosphorous and , sulfur impurities

could be removed by oxidation in 5 X icr8 torT of oxygen at 1075 K.

The adsorbed oxygen was removed by heating the samples to 1375 K in

vacuum. A high concentration of calcium impurity, which possibly remained
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in the samnle from the reduction of the platinum ore , could only be

removed by extensive oxidative heat treatments. The sample was oxidized

at 1500 K in l0~~ torr of oxygen for 24—48 hours. This treatmen t fixes

the calcium on the surface in the form of a stable oxide which will

decompose with calcium vaporization from the surface with brief heating

to 1900 K. A small calcium impurity may be removed also by argon ion

bombardment and 1100K anneal cycles . The clean platinum surface

structure can be identified by both the low-energy electron diffraction

pattern and the Laue X—ray diffraction pattern. Table I lists the

orientations of various crystal faces that are used in these studies with

the notation that is described , in detail, elsewhere.3 In brief , (S)

indicates a stepped surface~ [6(lll)x (lOOfl, for example, identifies a

surface with atomic terraces of (ill) orientation six atoms wide, on the

average , separated by steps of monatomic height of (100) orientation

(deduced from the direction of the cut). The orientation of the

samples on the unit stereographic triangle is shown in Fig. 2.

The fi rst five samples differ only in the step density and the number

of kinks in the steps, all catalysts having (ill) orientation terraces

and monatomic heigJt steps. The fourth and fifth catalyst samples were

obtained by cutting the crystal rod off the 1 110) zone toward the [OIl]

zone. The sixth sample was cut to expose (100) orientation terraces .

‘The (100) orientation surface of platinum reconstructs to form a

buckled hexagonal layer of platinum atoms atop of the square bulk lattice

characterized by a (5x20 ) low—energy electron diffraction pattern .4

This surface was not stable in monatotnic height step configuration , but

face ted to give greater than 50 wide steps of (100) and (311) orientation.
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The relative structural stabilities of the various high Miller Index surfaces

5will be discussed further  in a subsequen t paper.

Figure 3 shows schematic diagrams and the observed diffraction patterns

of two catalytically representative stepped catalyst surfaces . In Fig. 3a

a catalyst surface with straigh t steps of monatomic hei~,!’t and a 6 atom

wide terrace giving a step atom density of 2.5 X l0
14

atoms/cm
2, 18% of the

total number of surface atoms , Pt (S)—[6(lll)x(lOO)], is shown. While the

catalyst in Fig . 3b has the same terrace width and step density, there are

kinks in the steps with a density of 7 x10~
3 atoms/cm

2 
(or 30% of the total

number of step atoms, 5% of the total surface). The step height is obtained

from the variation of the intensity maxima of the doublet diffraction beam

fea tures with electron energy which has been discussed elsewhere.6 After

catalytic reactions of hydrocarbons, the catalyst surface could be readily

regenerated . The carbon deposits were removed by oxygen heat treatment

and subsequent re~~val of oxygen by vacuum reduction. The purity of the

catalys t surface was checked by Auger electron spectroscopy before each run.

Af ter the catalys t sample is cleaned , the temperature is lowered to

reaction temperature and hydrogen is introduced to the reaction chamber

at the desired flow rate, 3 X molecules/second. The valve to the

ion pump is then partially closed to reduce the pumping speed to approximately

2 liters/second and increase the hydrogen pressure to 8 X lO~~ torr.

Background mass spectra are taken and the hydrocarbon , cyclohexane or

cyclohexene, is introduced through a separate valve to a pressure of

4 x 10~~ tor r. The standard conditions for the measurements taken in this

study are 4 x io 8 torr of hydrocarbon reac tant, 8 x l0~~ torr of hydrogen

and 2 liter/sec pumping speed. Under these flow conditions , a reactan t
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hydrocarbon molecule strikes the catalyst surface , on the average ,

approximatel y fives times before it is pumped and conversions are 1—2%

for cyclohexane and 1—50% for cyclohexene . With the valve to the ion

pump partially closed to give a conductance of approximately 2 liter/see ,

there is very little backstreaming of decomposition products from the

ion pump.7 The rates for backatreaming and reaction with the chamber

walls have been monitored in blank control reactions and is less than

10% of the rate of production of any reaction product except methane

where it is approximately 80%. The mass spectrometer was used to monitor

the partial pressures of reactant and product gases and was calibrated

using the nude ionization gauge as a standard for all of the hydrocarbons.

The temperature of the cat: lyst was measured with a platinum/platinum—10%

rhodium thermocouple spot welded to the top edge of the crystal. After

the run was finished the conductance of the valve to the ion pump for

hydrogen was measured so the reaction rate could be quantified. The

reactions rates were calculated using the measured pumping speed and

partial pressures in the equation for a back mixed reactor ,8

Hi — 3.2 x io16 s (1)

where Ri is rate of production of product i in molecules/sec , S is the

pumping speed in cm3/sec and is the partial pressure of i—th product

in torr. Auger electron spectra were taken only after the reaction

mixture was pumped from the chamber. tow—energy electron diffraction

observa tions could be made during a reaction without affecting the

reaction rate or observed diffraction pattern . Dehydrogenation rea ct ions

were studied , since at the low hydrogen pressures used , equilibrium greatly
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favors the dehydrogenated products cyclohexene and benzene over cyclohexane.

RESULT S

A. The Dehydrogenation and Hydrogenolysis of Cyclohexane .

In a series of studies , we have determined the variation of the turnover

number , the number of product molecules per platinum surface atoms per second ,

with the hydrogen to hydrocarb on ratio at a constant hydrocarb on pressure of

4 x l0~~ torr . The results are shown in Fig. 4 for the several stepped

surfaces studied. The variation is very similar for all catalyst surfaces.

The reaction rates increase with increasing hydrogen to hydrocarb on ratio. If

no hydrogen is introduced into the reaction chamber the catalyst behaves very

differently. No benzene is produced and cyclohexene production is reduced

greatly. There is also a higher than normal amount of carbon residue on the

surface , approximately one monolayer. Pretreating the catalyst in hydrogen

and then removing it prior eo hydrocarbon introduction does not increase the

activity for dehydrogenation of hydrogenolysis.

We shall present the results of the reaction rate studies for dehydro—

genation and hydrogenolysis that were obtained on stepped platinum surfaces

first. Then we shall presen t the same rate data obtained for stepped surfaces

which have a large concentration of kinks in the step. In Fig. 5a the turnover

number for dehydrogenation to benzene and hydrogenolysis to n—hexane are shown

as a function of step density at 423 K. The dehydrogenation rate Is independent

of step density, while the hydrogenolysis rate increases with increased step

density. The hydrogenolysis rate that was measured via the rate of formation

of n—hexane , one of the hydrogenolysis products was lower than the rate of dehydro—

3enation to benzene . The molar hydrogenolysis product distribution , (saturated

-—.,.~,
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alip hatic hydrocarborn only), appears to be C6:C3:C1 = 1:1:4. Even though

n—hexan e is a minority hydrogenolys is product , it is a reliable measure

of the degree of hydrogenol ysis because of its ease of mass spectrcinetric

detection and it is not formed in a background reaction with the walls of

the reaction chamber. Besides the saturated hydrogenolysis products and

benzene , we find the olefinic products cyclohexene , ethylene , and propylene.

Cyclohexene is an intermediate in the dehydrogenat ion to benzene and its

various reactions will be discussed separately in the next section. The

olefinic product distribution of ethylene:propylene : cyclohexene:banzene

is 10:1:0.5:1.

The turnover numbers for dehydrogenation and hydrogenolysis on kinked

surfaces are shown in Fig . 5b. The kink density is defined as the number

of kink sites per square centimeter (the total number of atoms on the

surface is approximately 1.5 x 10
15

/cm
2
). For example, on the

Pt(S)— [7(lll)x(3l0)] surface every third atom along the step should, on the

averag~, be in a kink position . Therefore , for this surface the step

density is 2.0 )( 1014/cm
2 and the kink density is approximately 7 x l0

13/cm2.

By comparing the turnover numbers with those obtained from stepped surfaces

that were shown in Fig. 5a, it appears that the rate of hydrogenolysis is

markedly higher in the presence of kinks. The dehydrogenation rate is

approximately constan t and remains unaffected by variation of kink

density while the hydrogenolysia rate increases by an order of magnitude

f r om a surface free of steps, Pt(lll). The kinks in the stepped surface

appear to be very effective in breaking C—C bonds leading to much enhanced

hydrogenolys is rates . The hydroganolysis product distributions do not
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change appreciabl y with step or kink density, only the rate increases.

The independence of the dehydrogenetion rate from the step andkink density

shows that this reaction is indeed structure—i nsensitive. The hydrogenolysis

rate increases with kink density just as with increasing step density, thus ,

hydrogenolysis appears to be structure—sensitive.

There was always an induction period of 10 to 20 mis before the benzen e

product reached its steady state rate of production as detected by the mass

spectrometer after the introduction of cyclohexane onto the crystal surface .

This is shown in Fig. 6 for several catalyst temperatures. The catalys t was

initially at 300 K. When steady state reaction rates were obtained , the

catalyst temperature was rapidly increased (in approximately 30 seconds) to

423 K and the reaction rate monitored. This was repeated with heating to

573 K and 723 K. The benzene desorbed during rapid heating of the catalys t

surface is approximately 1 x ~~~ molecules or less and represents only a

small fraction of the carbon on the surface. The steady state reaction

rates at a given temperature are the same whether the catalys t was initially

at that temperature or another . This induction period coincides with a

higher than steady state uptake of cyclohexane. A mass balance calculation

on carbon , utilizing the 1n~own adsorption and desorption rates of reactants

and products during the induction period indicated carbon was deposited on

the surface. The amount calculated agreed reasonably well with that determined

by the Auger electron spectra taken after the reaction mixture was pumped

from the chs~~er, since the electron beam may induce polymerization of

hyd rocarbons and further carbon deposition. The formation of the adsorbed

carbon layer always precedes the desorption of benzene and olefinic products.
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However , the amount of adsorbate changes as a function of temperature.

This is shown in Fig. 7. A 4:1 ratio of the carbon 274 eV Auger peak

to the platinum 238 eV Auger peak corresponds to a complete monolayer of

carbon by calibra tion with acetylene. The carb on coverage ranges from

0.1 monolayer at 300 K to almost 1.0 monolayer at 723 K. The line has

a slope of 2±0.2 kcal/mole. During and after the reaction this carbon

deposit was always present on the surface not only at our low pressure

reaction conditions , but also after reactions that were carried out in

another apparatus at higher pressures
9 (approximately 200 torr total pressure) .

The temperature dependence of the dehyd rogenat ion and hydrogeno lysis

rates for the various crystal faces at a fixed hydrogen to hydrocarbon

ratio of 20:1 is shown in Fig. 8. The dehydrogenation rate to benzene

decreases with increasing temperature , reaches a minimum of 573 K, then

increases slightly at 723 K. The rate of formation of olefinic products

have a similar temperatur e dependence as that of the rate of formation of

benzene . The hydrogenolysis rate to saturated products increases with

increasing temperature and an Arrheniu s plot gives an act ivation energy of

3±0.3 kcal/mole that is the same for all of the crystal faces within our

experimental accuracy.

We have found that the dehydrogenation reaction of cyclohexane to form

benzene was sensitive to the ordering of the carbonaceous overlayer as

shown in Fig. 9. Initially, the overlayer was ordered on all of the

stepped surfa ces that were stud i d  and debydro genat ion yielded more benzene

than cyclohexene . The low—energy electron diffraction pattern from the carbon

deposit formed on stepped surfaces in 20:1 hydrogen to hydrocarbon reaction mixture

-4
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at 423 K and above has a hexagonal unit cell approximately 5.1 A on a side.

This is ab out 5% larger than the next nearest neighbor distanc e of Pt and

considerably smaller than the Van der Waal ’s radius of either benzene

(7.3 X) or cyclohexane (7.6 A) indicating that the adsorbed layer is at

least partially dehydrogenated and the diffraction pattern is certainly not

due to the intact reactant or product molecules . Complete dehydrogenation

that occurs on heating the adsorbed layer to above 1000 K yields graphitic

deposits characterized by ring—like diffraction features of 2.46 A unit cell

size.1° The platinum d i f f raction features af ter a react ion are read ily

visible and identical to those from the clean surface (except Pt(S)_ [7(100)x (lll)]

where the surface reconstruction disappears).4 The diffuseness o~ the

ext ra diffeac tion f eatures correlates with the terrace wid th, sharper spots

on wider terraces2~ This and the different diffraction pattern on the

Pt(lll) surface indicate the formation of the carbon overlayer is intimately

associated wi th the steps. After several hours of reaction time , the

carbonaceous overlayer slowly disorders. Simultaneously, the rate of

production of cyclohexene increases while the rate of benzene formation

decreases until  the product becomes predominantly cyclohexene. As shown

in Fig. 9 for the Pt(S)_ (6(lll)X (lOO)J surface at 423 K, the initial 2:1

benzene to cyclohe xene product ratio typica l for dehydrogenation on ordered

carbonaceous •verlayers becomes 1:3 on a disordered overlayer . Thus , for

all practical purposes , the dehydroge nation on disordered overlayers

produces cyclohexene as further dehydrogenation to benzene is poisoned .

A small amoun t of oxygen on a stepped surface is an effectiv e poison

for dehydrogenation . If the catalyst sample was not vacuum reduced at 
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1375 K after oxygen cleaning, approximately 0.1 of a monolayer of oxygen (b y

Auger electron spectroscopy) would be left on the catalyst. This was enoug h

to completely stop the production of benzene and decrease the cyclohexene

production by 50% at 423 K on the Pt (S)_ [6(lll)x (l00)J. The low—energy

electron diffraction features seen in Fig. 3a, but the background intensity was

higher. The 0.1 monolayer coverage would be less than one oxygen atom per step

atom if all the oxygen was adsorbed at the steps. (But , since the cyclohexene

production is decreased as well as the benzene production , there may be some

oxygen on the terraces as well as at the steps.) The oxygen was still present

on the surface after 1 hr of reaction at 423 K and standard pressure coeditions .

B. The Dehydrogenat ion and Hydrogenolysis of Cyclohexene.

The turnover number for the dehydrogenation of cyclohexene to benzene is

about two orders of magnitude greater than for the dehydrogenation of cyclohexane .

In Fig. l0a we plot the dehydrogenation rate as a function of step density.

The turnover number increases rapidly with step density indicating that unlike

the slower dehydrogenation reaction of cyclohexane , this reaction is structure—

sensitive. In Fig. lOb the turnover number is plotted as a function of kink

density. Although there is a small increase in the dehydrogenation rate , it

may be considered insignifican t compared to the marked change of rate with step

density .

Unlike the dehydrogenation of cyclohexane , the cyclohexene d.hyd rogenatio n

reaction poisons rap idly on many catalyst surfaces . Using a hydrogen to

cyclohexene mixture of 20:1 , the rate of d.hyd rogsnation reac hes a maximum,

then it decreases rapidly as poisonin g occurs , the catalysts losing

approximately one—half of their activity in 10—12 am a. Figure 11 shows a

representative plot of the turnov er nu~~er as a function of t ime . On many

~~~~~~ ~

L -- 



— 1.5—

catalyst surfaces, par ticularly on those with (111) orientation terraces ,

a disordered carbonaceous overlayer forms which poisons further dehydro—

genation of cyclohexene. The poisoning is greatly decreased , however, if

the carbonaceous overlayer is ordered.

The overlayer is disordered on (111) ori entation terraced stepped

surfaces while the overlaye r orders on surfaces with (100) orientation terraces

upon cyclohexen e—hydroge n adsorption at 423 K. With an ordered overlayer ,

the rate of dehydrogenation rema ins high for hours and there is only slow

deactivation of these catalysts . On both types of catalyst surfaces the

coverage is approximately 1.0 monolayer of carbon after the induction period .

Discussion

A. Ac tive Sites for C—H , H—H , and C—C Bond Breaking,

Dehydrogenation of cyclohexane and cyclohexene to benzene occurs readily

at low pressures (less than io 6 torr) on stepped platinum catalyst surfaces.

This is in contrast with the very slow or negligible dehydrogenation rate

of these molecules on the Pt(lll) catalyst surface .1 Thus, C—H bond

breaking takes plane at atomic steps, the same steps that are effective in

breaking H—H bonds as revealed by studies in this laboratory of the hydrogen—

deut erium exchange reac tion at low pressures, using molecular beam scattering

techniques.
2 Atomic steps on platinum surfaces appear to be the active sites

for C—H and H—H bond scissions.

We have been able to identify another active site by studying the ra t io

of the dehydrogenation rate to hydrogenolysis rate of cyclohezane to benzene

and n—hexane , respectively. While the bsnsene:n—hexane ratio is 3:1 on a

stepped surface (with rough ly 17% of the surface atoms in step positions), 

. •
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the ratio decreases rap idl y with increasing kink density (Fig. 5b). Using

a set of catalyst surfaces that were cut to maintain the same terrace width

(step density equal to 2.5 x 10~
4/cm

2), but with variable kink density in the

steps , we have found that the hydrogenolysis rate increases linearly with

kink density while the dehydrogenation rate r~~aina unaffected . On a

Pt (S)— [7(l].l)x(3 10) ] catalyst surface approximatel y 30X of the atoms in the

step are in kink positions , (in addition to the thermally generated kinks).

For this surface the benzene to n—hexane ratio has reached unity . Thus,

the microstructure of kinks in the steps is effective in breaking C—C bonds

in addition to C—H and H—H bond.. The selectivity of these bond breaking

processes at different atomic surface sites on platin um is certainly significant

in that the atomic surface structure of plat inum may be properly tailored to

provide selectivity in chesical reaction s where C—H and C—C bond b reaking

processes are to be separated .

B. The Carbonaceous Overlayer.

During dehydrogena tion of cycloh.xane and cyclohexene , the platinum

crystal surfaces are alway s covered with a carbonaceous deposit of 0.1—1.0

monolayer judged by the carbon to platinum Auger pea k intensity ratio .

The coverage appears to increa se with increasing reaction t emperatur e, but

is rather independent of pre ssure as indica t ed by recent high pressure

studies on the Pt(S )_ (6(l l l )X(lOO ) ] catalyst surfaces in this laboratory Y

The overlayer coverage also depends on the particular surface reaction , higher

molecular weight reactants and produ cts (cyclohexene, benzene , n—heptan e,

toluene) yield greater coverag e than law molecular weight reactants and

products (cyclopropan e, propane, etc.). Low molecular weight hydrocarbons

(cyclopropane , etha ne) which do not form carbonaceous overlayera do not
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readily react on platinum surfaces at low pressures. The build—up of

adsorbates during the induct ion period for cyclohexane and cyclohexen e

dehydrogena tion to beuzen e indicates the need for the formation of a

carbonaceous over kyer to obtain the products. This is not a build—up

of the product benzene since it will desorb at a two orders of magnitude

hi gher rate as evidenced by the rate of cyclohexene dehy drogenation.

During the dehydroge nation of cyclohexane the carbonaceous overlayer

is ordered initially. After a few hours of reaction at 423 K , however ,

the overlayer becomes successively more disordered as judged by Its low—energy

electron diffraction pattern. The amount of carbon in the overlayer ,

however, remains constant at approximately 0.3 monolayers as determined

by Auger el!ctron spectroscopy. Simultaneously the product distribution

in the dehydrogenation reaction changes as well. While benzene is the

dominant product in the presence of the ordered over].ayer, cyclohexene

becomes the major product of the dehydrogenation reaction in the presence

of the disordered overlayer . This is shown in Fig. 9. Thus , the

disordering of the carbonaceous overlayer poisons the formation of benzene ,

i.e. the dehydrogenation of cyclohexene , and under the reaction conditions

the cyclohexene intermediate becomes the final product . It should be

noted that the turnover number for the cyclohexene—benzene reaction is two

orders of magnitude higher (approximately lO 3/second ) than for the cyclo—

hexane—benzene reaction (approximately lO~
5/second). Thus , the presence

of the disordered overlayers poisons the fast second step , but not the

fir st slow step in the dehydrogenation of cyclohexane to benzene .

The marked effect of the ordering characteristics of the carbonaceous

deposit on the reaction rate is also clearly displayed during our studies
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of the dehydrogenation of cyclohexene. As shown in Fig. 11, there is

rapid poisoning of the dehydrogenation rate within minutes as the

disordered carbonaceous overlayer forms. However, when the overlayer

is ordered (on (100) orientation terraced surfaces), the catalytic activity

decreases much more slowly. Again , the poisoning of benzene production

is prevented by the formation of an ordered overlayer. Since the platinum

catalyst surface is covered with a carbonaceous layer at low as well as at

high pressures , we must consider this layer an important part of the surface

reaction.

Carbonaceous overlayers can have an important effect in both the catalytic

activity and selectivity of a metal surface. Weinberg, Deans , and Merrill12

postulated that the carbonaceous overlayer is the catalytic site for the

hydrogenation of ethy lene on the Pt(lll) surface and similiarly , by

Gardner and Hansen’3 for tungsten stepped surfaces . Yasutnori et al.,
14

found preadsorbing acetylene prevents poisoning or restores the activity

of a palladium film for the hydrogenation of ethylene . In all three cases ,

the structure of the carbonaceous overlayer has a marked effect on the

catalytic activity in a manner which is not simple site blockage poisoning.

Holbrook and Wise15 found a specific pretreatment of their Pd catalyst

which involved oxygen activation and hydrocarbon preadsorption could

markedly affec t the selectivity of an isomerization reaction. The rate

of dehydrocycliza tion of n—heptane , as well as the selectivity to isomeri—

zation and hydrogenolysis , was observed in this laboratory’6 to be dependent

on the ordering of the carbonaceous overlayer . These observations, in

addition to the data presented in this paper indicate that the formation

of the carbonaceous overlayer on the catalyst surface can affect the

t L
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selectivity as well as activity of a catalytic reaction . The presence

of these effects at both atmospheric and low pressure and on a variety

of metals Indicates the importance of the carbonaceous overlayers and the

need for their further characterization. This leads to the conclusion that

not all carbon on a catalyst surface is deleterious and only amorphous

forms cause site blockage poisoning.

C. The Mechanism of the Dehydrogenation of Cyclohexane and Cyclohexene .

Expanded Classification of Reactions According to Their Structure Sensitivity.

In dispersed metal catalysts, the metal is dispersed Into small particles ,

the order of 5—500 A in diameter , which are generally located in the

micropores (20—1000 A) of a high surface area support. This provides a

large metal surface area per gram for high , easily measurable reaction

rates , but hides much of the structural surface chemistry of the catalytic

reaction . The surface structure of the small particles is unknown; only

their mean diameter can be measured and the pore structure could hide

reactive intermediates from characterization . Some of the same difficulties

also hold for thin films. However, we can accurately characterize and

vary the surface structure of our single crystal catalysts and in our reactor

reactive intermediates can be readily measured ; both are prerequisites for the

mechanistic study of the catalysis on the atomic scale.

We have been able to identify two types of structural features of

platinum surfaces that influence the catalytic surface reactions :

(a) atomic steps and kinks, i.e. sites of low metal coordination number and

(b) carbonaceous overlayers, ordered or disordered. The surface reaction

may be sensitive to both or just one of these structural features or it

- . —- - -- — --—  — —
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may be totally insensitive to the surface structure. The dehydrogenation

of cyclohexane to cyclohexene appears to be a structure-insensitive reaction.

It takes place even on the Pt(lll) crystal face that has a very low density

of steps and proceeds even in the presence of a disordered overlayer. The

dehydrogenati~on of cyclohexene to benzene is very structure—sensitive. It

requires the presence of atomic steps (does not occur on the Pt(lll) crystal

f ace) and the presence of an ordered overlayer (it is poisoned by disorder).

Others have found the dehydrogenation of cyclohexane to benzene to be a

structure—insensitive17 21 on dispersed metal catalysts. On our catalyst,

surfaces which contain steps, this is also true, but on the Pt(lll) catalyst

surface, benzene formation is much slower. Dispersed particles of any size

will always contain many step—like atoms of low coordination , and therefore ,

the reaction will display structure-insensitivity . Based on our findings , we

may write a mechanism for these reactions by identifying the sequence of

reaction steps :

C6H1~ (gas) C6H10(gas) C~H~ (gas)

ordered or
disordered
overlayer

C61112(ads) slow C6H 10(ads) step ) -C6H6(ads)
ordered
overlayer

The slow step in the dehydrog.nation of cyclohexane to benzene is the

production of the cyclohexane intermediate at these low pressures on

stepped surfaces. Cyclohexene dehydrogenate . very rapidly at a ~~~ to
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form benzene; approximately 1 in every 3 collisions of a cyclohexene

molecule with an unpoisoned step results in the formation of a benzene

molecule. However, on the Pt(lll) surface, which is practically free of

steps, the rate of dehydrogenation of cyclohexene had become slow enough

to be rate—limiting . 1 Sinfelt, Hurwltz, and Shulman 22 concluded the

dehydrogenation of methylcyclohexane to toluene, a very similar reaction

to cyclohexane dehydrogenation to benzene, was rate limited by the desorption

of toluene. Their arguments are equally valid if the slow step was the

desorption of methylcyclohexene , followed by its very rapid dehydrogenation

to toluene which would be hidden by the pore structure. Maatman, et al. ,
l9

postulated the slow step, in agreement with our results, as the formation

of an intermediate species. Haensel, et al.,
23 

have observed the

intermediate cyclohexene species at very high (approximately 30,000 LHSV)

space velocities. This indicates the intermediate is also found at

atmospheric pressure reaction conditions and is very reactive at the step

and ed ge atoms which must exist on the dispersed metal particles .

In addition to dehydrogenation reactions , hydrogenolysis is also

taking place on the platinum surfaces. By monitoring the benzene to

n—hexane ratio on the various catalysts as a function of surface structure,

we have identified steps as primarily responsible for C—H and H—H bond

breaking and kinks for C—C bond breaking in addition to C—H and H—H bond

scissions. Thus, hydrogenolysis is initiated at kinks in the atomic steps .

Since we need specific surface sites for hydrogenolys is to occur this is

also a structure—sensitive reaction. However, hydrogenolysis is insensitive

to the state of ordering of the carbonaceous overlayer. It proceed ° ‘‘~ether

the carb onaceous overlayer is ordered or disordered. 
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It appears that the classification of structure—sensitive reactions
24

should be expanded to separate those reactions that exhibit step (or kink)

sensitivity into one group and those that are also sensitive to the structure

of the overlayer, into another group. This expanded classification is

shown in Table II. In addition to the dehydrogenation and hydrogenolysis

reactions described in this paper we have included two other reactions that

16,25were studied recently. It would be of great value to include in this

classification several other hydrocarbon reactions (isomerization , hydro-

genation, exchange). More reactions are presently being studied to expand

26
these results on characterized surfaces. Monogue and Katzer have proposed

a subdivision of structure—sensitive (demanding) reactions along very

similar lines. ‘Primary structure—sensitivity ’ is the effect of changing

particle size or step and kink density. Their ‘secondary structure—

sensitivity ’ includes effects of self—poisoning and oxygen impurity on

reaction rate. The self—poisoning phenomena is, for hydrocarbon reactions

on platinum , at least at low pressure, the sensitivity of a reaction to

the order in the carbonaceous overlayer. However, caution must be

exercised in studiea of structure—sensitivity as the reaction mechanism

or the surface structure may change markedly with pressure, temperature ,

and reactant ratio. Most of the surface structure—sensitivity of various

catalytic reactions was derived from the particle size dependence of the

reaction rate on polydispersed metal catalyst systems. Although there

is excellent agreement between the classifications of the various reactions

based on studies using supported metal catalys ts with variable particle

size and our studies using various single crystal surfaces , this may not

---- . - -~~~-- - -__
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be the case for all reactions . Perhaps the step density or the

kink density is proportional to particle size while the ordering

characteristics of the carbonaceous overlayer may or may not be affected

by changes of particle size. In addition , studies similar to those

reported on platinum must be carried out using crystal surfaces of other

transition metals to ascertain that these arguments are more broadly

applicable to describe the catalytic chemistry of transition elements.

There is evidence that the heat of adsorption of hydrogen on palladium

crystal surfaces varies markedly with step density
27 

while gold crystal

surfaces exhibit chemisorption behavior that is independent of step

28
density.

D. A Descriptive Model of Hydrocarbon Catalysis on Platinum Surfaces.

Stodies ~-o c-orre-iate, the reactivity and the surface structure and

composition of platinum surfaces indicate that the active platinum crystal

surface must be heterogeneous. The heterogeneity involves the presence of

various atomic sites that are distinguishable by their number of nearest

neighbors (atoms in terraces, in steps and in kinks) , and also variation in

surface chemical composition. A model that depicts the active platinum

surface is shown schematically in Fig. 12. Part of the surface is covered

with a partially dehydroge nated carbonaceous over layer , ordered or

disordered , from which ‘islands’ of platinum clusters protrude. These are

the platinum atoms in steps and at kinks that are active in various C—C ,

C—H, and 11—H bond breaking activity. Perhaps because of the ease of

dissociation and higher binding energy of hydrogen at the steps , these

sites and their vicinity remain clean and represent areas of high turnover



—24—

number . The species that form as a result of bond scission at these

clusters may rearrange and then diffuse away onto the terrace that is

covered with the overlayer , where desorption takes place . Alternately ,

rearrangement takes place on the ordered carbonaceous overlayer prior to

desorptlon . The heat of desorption should be lower on the portion of the

surface that is covered with the overlayer than at an exposed step.

The discovery that kink sites in steps are effective in breaking C—C

bonds in addition to C—H and H—H bonds, thereby initiating hydrogenolysis

reactions may also explain the effect of trace impurities or second component

metals that introduce selectivity. Since these kink sites have fewer

nearest neighbors than step or terrace sites , they are likely to bind

impurities or other metal atoms with stronger chemical bonds. Thus, these

sites are readily blocked by impurities. As a result selective “poisoning”

of hydrogenolysis may be obtained by minute concentrations of well—chosen

impurities or another metal component.
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Tab le I

Anile of Cut~,

Miller Indices and Designation of Stepped Platinum Surfaces

Angle of Cut Miller Index Designation

0° from (Ill) (ill) Pt—(lll)

9~~~50 from (Ill) (~57) Pt(S)—[6(lll)x(100)J

19.5° from (lii) (112) Pt(S)— (3(lll)X (l00)J

9.5° from (Ill) (ir , 12, 16) Pt(S)—(6(lll)x (710)]
rotated 7°

9~~~50 from (Ill) (~79) Pt(S)—[7(lll)x (3l0)]
rotated 20°

nominally ,
6.2° from (001) (1, 1, 13) Pt(S)—[7(lOO)x(111)]

facets to (100) and (311) planes.
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Figure Captions

• Fig. 1. Schematic diagram of reaction chamber used for low pressure

catalytic reaction studies.

Fig. 2. Crystallographic orientation and Miller Index of the platinum

single crystal catalyst surfaces studied.

Fig. 3. Low—Energy electron diffraction patterns and schematic represen-

tation of:

(a) Pt(S)—[6(]J.l)x(l00)] which has a step density of 2.5 X 10 14

step atoms/cm2 and

(b) Pt(S)—[7 (lll)x(3l0)J, step density of 2.3 X 10 14 atoms/cm

and kink density of 7 x 1013 
atoms/cm

2
.

Fig. 4. Initial steady state rate of production of benzene (—) and

cyclohexene (———) from cyclohexane. The reaction conditions

are 4 x io
_8 

torr of cyclohexane and 423 K catalyst temperature

— Pt(S)— (7(lOO)x(lll)];D— Pt(S)— [3(lll)x(lOO)];

o — Pt(S)—[6(lll)x(lOOfl; 0 — Pt(S)—f6(l11)x(710));

• — Pt(S)—(7(lll)x(310)].

Fig. 5. Cyciohexane dehydrogenation to benzene (—0—) and hydrogenolysis A

to n—hexane (—ti—) as a function of (a) step density and

(b) kink density.

Fig. 6. Induction period for production of benzene (—) and cyclohexene

(— ——) from cyclohexane. Hydrogen:cyclohexane ratio 20:1;

cyclohexane pressure 4 x io
_8 

torr .

Fig. 7. The amount of carbon on the catalyst surface at steady state reaction

under standard conditions. An Auger peak height ratio of 4.0

corresponds to approximately 1.0 monolayers of carbon . Line

through points has a 2 keal/mole slope.

• - ~~~~~~~~ -

•

~ 
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Cafl., contd .

Fig. 8. Temperature dependence of dehydrogenat ion of cyclohexane to

benzene (—0—) and hydrogenolysis (—s--). The overall activation

energy for hydrogenolysis is 3±0.5 keal/mole. Standard reaction

conditions, data for Pt(S)—[6(lll)x(100)].

Fig. 9. rn hibition of benzene (—0—) from cyclohexane and increase in

cyclohexene formation (—0— ) with t1mt~ on P t ( S ) —( 6 ( l l l )x ( l 0 0 ) 1

surface. All catalysts with (ill) orientation terraces behave

similarly.

Fig. 10. Cyclohexene dehydrogenation to benzene as a function of:

(a) step density and (b) kink density . Standard reaction conditions.

Fig. 11. Inhibition of benzene formation from cyclohexene on disordered

carbonaceous overlayers (—), Pt(S)—[6(1l1)x(lOO)] and

Pt(S)—[13(lll)x(3l0)]; and lack of inhibition on ordered

carbonaceous overlayer (———) , Pt(S)— [7(lOO)x(lll)].

Fig. 12. Schematic representation of a platinum catal yst with a monolayer

of carbonaceous overlayer showing the exposed platinum clusters.

L 
_ _ _ _ __ _ _ _
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