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Abstract \ 

We have investigated the oxygen and hydrogen chemisorption 

''" properties and catalytic activi ties of the (12, 9, 8), (10, 8, 7), 

(654) and (321) platinum crystal surfaces which have (111) terraces, 

(410), (310) and (210) step orientations Hi th 4.5, 5.9, 9.1 and 20% 

kink concentrations respectively. A UHV apparatus equipped for TDS, 

-s AES and LEED was utilized in these studies as a low pressure (10 -
-6 . 

10 torr) floH reactor. Partial oxidation of the terraces at 800 0 e 
-7 -6 

in 10 -10 torr of 02 enhanced the initial rates of cyclohexene 

hydrogenation and dehydrogenation and cyclohexane dehydrogenation. 

The ordered, (/3x/3)~R30~0,oxygen layer was partially subsurface, 

-1 strongly bound (Ed~60 Kcal mole in zero coverage limit) and completely 

stable under reaction conditions in excess HZ' The enhancement in 

dehydrogenation activi ty at lSOoe was great-est on the (10,8,7) 

platinum crystal surface with (310) step orientation (5.9% kinks). 

With a constant S-atom terrace width the maximum activity shifted 

to higher oxygen coverage with increasing kink concentration. 

St~ong chemiso~ption of hydrogen at kink sites was correlated with 

the greater resistance to self-poisoning of kinked surfaces as 

compared to PtClll) and stepped Pt(SS7). 

-1-
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1. Introduction 

The existence of strongly bound surface and subsurface 

o)...)Tgen is ,now well documented for most of the Group VIII transition 

1 . N· 1 ,2 R 3,4 Pd 5 
meta s, v.~., 1 , U , 

Rh 6-10 Ir 11,12 13-
and Pt 

15 h 'd .,.5urface d f· ·b1 11 1 d . T e OXl e-11keAcompoun s orm lrreverSl y, usua y at e evate tempera-

tures, and have chemical properties distinctly different from oxygen 

chemisorbed at ambient or lower temperatures. The oxide layers are 

either ordered (Ni, Pd, Rh, Ir), epitaxially ordered (Ni, sometimes 

Pd and Pt), or disordered (Ru, Rh, Ir), depending upon the tendency 

for oxygen dissolution into the bulk and, thus, the near surface 

region oxygen:metal stoichiometry. 

While all but a few studies have focused exclusively on 

characterization of the surface oxides, these compounds have marked 

influence on the catalytic behavior of transition metals. Virtually 

all commerica1 catalyst preparation procedures include calcination or 

other forms of oxygen pretreatment and temperatures where stable 

oxides form readily. An important question therefore concerns what 

effect strongly bound surface oxygen has on the catalytic activity, 

stability, and selectivityof Group VIn metals. Investigations of 

the effect of oxygen on the catalytic behavior of the flat Pt(lll), 

stepped Pt(557) (or Pt(S)-[6(lll)x(lOO)]), and kinked Pt(lO,8,7) crystal 

faces have revealed 13 that the strongly bound oxygen on the high kink 

concentration surface imparts to it unique chemical activity: much 

enhanced dehydrogenation and hydrogenation rates during low pressure 

catalytic studies. Under the same conditions surface oxygen had 

little influence on the catalytic behavior of the flat (111) and 
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stepped platinum crystal surfaces. The combination of a surface 

kink site and strongly bound oxygen appears to be the decisive 

factor controlling the rate and selectivity of platinum in a variety 
ttr car '...,!:r ..... ~ -. ..--~..-. •• ,.~-, ......... -.~~-__ ., •. _. ~..,r· .... ·· .• _· , •. 

of chemical reactions. Therefore, more detaled investigation of the 

chemical behavior of other kinked platinum surfaces in.the presence 

of strongly bound oxygen are warranted, 

We repott here results of chemisorption (oxygen and 

hydrogen) and low pressure hydrocarbon catalysis studies for a series 

of platinum crystal surfaces with variable kink concentrations. It 

IS shown that oxygen adsorbs at 800 0 e to form an ord~red, near sur-

face, oxide layer which activates the C~H bond breaking ability of 

kinked Pt crystal surfaces. 

These kinked, oxygen pretreated platinum surfaces also 

exhibit resistance to self-poisoning, i-~~. reaction inhibition by 

adsorbed hydrocarbons. Thermal desorption studies indicate that the 111-

strength of 
creas ed/I hyd rogen bi nd i ng a t surface i rregu I ar i ties cou ld be the 

cause of this effect. 

2. Experimental 

Experiments were performed in a s t a in 1 e s sst eel U HV 

apparatus equipped for thermal desorption (TDS), low energy electron 

djffraction (LEED) and Auger electron spectroscopy (AES). The base 

-10 pressure was ~8xlO torr when the system was pumped by a 400 lit 

- 1 . sec VarIon pump as In thermal desorption experments. Alternatively, 

-9 an isolable 2" cryotrapped diffusion pump Cbase P ~8xlO torr) 
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enabled the system to operate as a low pressure flow reactor during 

crystal pretreatment and hydrocarbon catalysis studi~s. Conductance 

limited pumping speeds under these conditions were 11 lit sec- l for 

- 1 - 1 
HZ' O.S lit sec for C6HlZ ' and 0.5 lit sec for C6HlO and C6H6 . 

Additional details of the apparatus were reported previously.13 
. Z I 

Single crystals (ca. 1 mm thick and 1 cm ) were spark 

eroded from a high purity Pt ingot (MRC) and polished according to 

standard proc-edures. Crystallographic orientations were determined 

by LEED and Laue back ~ray diffraction. The orientations studied 

and angles of cut relative to the (Ill) terrace plane and lOll] zone 

axis are summarized in Table I. Idealized atomic surface structures 

expected for these orientations are illustrated in Fig.l. The (lZ, 

9,S), (10, S,7) and (654) surfaces have an almost constant 5-atom 

average terrace width and (410) '. (310) and (ZlO) step orientations, 

respectively. The average separation between adjacent kinks thus 

° varies from 4.8 to lO.OA. The (321) crystal has J.ZlO) step orienta-

tion and Z-atom wide terraces. 

The polished surfaces were cleaned in situ by argon ion 

sputtering at SOO°C, annealing at SOO-llOO°C, and pretreatments with 
- 7 

~ZxlO torr of 0z at 1000°C. Five to ten 4-hour 

~putter-overnight anneal cycles were initially required to uniformly 

remove all traces of P, S, C, and Ca as detected by AES. 

Oxygen was adsorbed by heating the crystals at 800°C in 

5xlO- S - 5xlO- 6 torr of flowing OZ' The resulting surface oxygen did 

not react with HZ below ~600°C and was completely stable under all 

" d" " A d "b d" d "I 1 h 13,16 " reactlon con Itlons. s escrl e In etal e sew ere , approXl-

mate oxygen surface concentrations were calibrated from the 05l0/ Pt Z37 
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Auger peak-to-peak height ratio. For Pt(654), Pt(lO,8,7) and Pt(654), 

a ratib 0510/Pt237::0.46-0.52 represented monolayer "coverage" based 

on discontinuities in plots of the adsorbate peak intensity against 

the substrate peak intensity. The average value of 0SlO/Pt 237 ::O.S=one 

oxygen monolayer was used below in the presentation of the catalytic 

results. Ease of oxidation followed the sequence Pt(12,9,8)~ Pt(lO, 

8,7) '\, Pt(654) ~ Pt(32l). 

To begin a reaction, hydrogen and hydrocarbon were intro-
- 4 - 6 duced into the chamber at a total pressure of 10 -10 torr using 

variable leak valves. The catalyst samples were brought to reaction 

temperatures before admitting the hydrocarbon. The temperature 

wa~ monitored continuously with a Pt-Pt/lO% Rh thermocouple spot 

welded to the edge of the crystal, and all hydrocarbons (Matheson-

"Spectroquali ty") \;rere degassed by repeated freeze-pumping prior to use. 

Steady-state reaction rates were calculated using 
\ 

TN. - PiS i / RT N 
1 g s 

where TN. was the turnover number for the formation of product i 
1 . I 

(1) 

in molecules per surface Pt atom per second; Pi was the corrected 

partial pressure of species i; S. was the pumping speed; Twas 300 K; 
1 g 

and N was the number of surface Pt atoms (ca. lxl0 15 ). Partial s 

pressures were measured with the mass analyzer (UTI-IOOC) calibrated 

against a nude ion gauge for the gases of interest. Rates were 

corrected for background or system reactivity by running blank 

reactions with the crystal contaminated by an unreactive graphitic 

multilayer. The graphitic deposit formed after the crystals were 

heated in hydrocarbon at 650-800°C. Reproducibility in clean surface 

reactivity was better than + 10% for C6HlO dehydrogenation and 
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about +15% for the other reactions. 

3. Resul t5 

3.1 LEED Studies of the Oxidation of Kinked Pt Surfaces: 

The clean surface LEED patterns for the crystals used 

in this investigation are illustrated in Fig.l. These orientations 

were stable in vacuum to over 1100°(. 

Ordered oxygen structures were initially detected for 

Pt(654), Pt(lO,8,7) and Pt(12,9,8) when the 0SlO/Pt 237 Auger peak-to­

peak height ratio was 0.20-0.25. As shown in Fig.2a for Pt(12,9,8) 

the predominant pattern \\'as due to a (l3xl3) -R300-0 structure on 
from the oxygen surface structure 

the (Ill) terraces. On Pt(10,8,7) the diffraction spotsAwere 
diffraction spots due to the 

occasionally split in the same direction as theAsubstrate _, indi-

cating that the oxygen layer was coherent over several terraces. 

On Pt(l0,8,7) and Pt(l2,9,8), with 0.25 ~ 05l0/Pt237~0.4, a less intense 
, 

(2x 2) - 0 s t ruc tu re samet imes coex i s ted wi th the (/3x/3}0 structure. 
-0 

Only the (/1x/3)-R30~structure was observed at 05l0/Pt237=0.5. The 

oxi de "monol aye r" has at 1 eas tone oxy gen atom for eve ry three Pt surface 

atoms or about 5xl0 14 0 atoms 

tected for oxygen on Pt(32l). 

-2 cm No ordered structures were de-

The growth of ordered multilayers was detected for 

Pt(12,9,8) and Pt(654) following extensive oxygen exposure at SOOO( 

(~103L). Oxide growth was accompanied by increased background 

intensity and gradual attenuation of the substrate giffraction 

features. The (/3x/3)-R300A~attern observed for Pt(654) with 
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0SlO/Pt 237 =1.18 and 2.,.3% compressed C/3x13) -.R300 pattern Cexpanded 

structure} which emerged for PtC12,9,8) with 0Slo/Pt 237 =1.O-1,8 are 

~ shown in Figs. 2b and 2c, respectively. The latter pattern was also 

accompanied by weaker C.lx4) diffraction features. 

3.2 Thermal Desorption Studies of Chemisorbed Oxygen and Hydrogen: 

The results of Dxygen thermal desorption from Pt(12,9,8), 

Pt(10,8,7) and Pt(6S4) are shown in Fig.3. The crystals were exposed 

to 02 at 800°C, cooled to ~SO°C to obtain an Auger spectrum, and there­

after flashed to ~llSO°C. The 0SlO/Pt 237 ratio following a TDS run 

was ~O.OS independent of the step orientation and initial oxygen 

coverage. The spectra for Pt(lO,8,7) and Pt(6S4) were obtained with 

the crystal mounted on O.Scm strands of 15 mil Pt wire. Heating rates 

were consequently non-linear and decreased from ~4SKsec-l at 650°C to 

-1 15 Ksec at 10SO°C. For Pt(12,9,8) the crystal was specially mounted 

on Ta strips and carefully shielded by gold foils to expose only a 

crystal face in close line of sight to the mass spectrometer ionizer. 

In this configuration the heating rate was ne~rly constant at 25+ 4K 

-1 sec 

At least (two adsorption 
apparently 

states (or site dependent manifolds thereof)l\exist for strongly bound 

oxygen on each surface. The state with the lower desorption temp-

erature (ca. 800°C) tended to populate first. The state with the 

higher desorption temperature (~950°C) began to populate before the 

first state reached saturation and, thereafter continued to grow on 

further 02 exposure at 800°C. A similar desorption temperature (800-
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5 17 900°C) was observed for subsurface oxygen on Pd(111) '. Both oxygen desorp-

tion peaks for Pt()2,9,8) had shapes and coverage dependences 

characteristic of 2nd order desorption kinetics. Desorption activa-

tion energies were estimated from deconvoluted spectra using Edward's 

expansion for 2nd order desorption kinetics 18 

ED = 3.5255 RTp2 [1-0.5673 (ilW") +0.2366 ( liW3z \2 + - - - ] (2) 
6W3z Tp Tp I 

where 6W 1 
.? 

was the desorption peak full width at half maximum and T 
p 

Kas the temperature of the maximum desorption rate. For the first 
. - 1 . 

state En decreased from 62+ 6 kcal mole at low coverage to 46+6 kcal 

mole
- l .. 

near saturatIon. For the second state, ED was constant at 

~63+ 5 kcal mole-I. These states apparently originate from oxygen 

atoms at and just below the topmost surface layer, albeit the 

precise positions remain uncertain. Dynamic AES experiments confirmed 

that oxygen atoms segregate at the topmost layer from the near surface 

region during cooling from 800°C, especially following extensive 

oxygen exposures. 

Thermal desorption spectra for hydrogen chemisorbed at 

35+ 5°C on clean and oxyger. pretreated Pt(12,9,8) and Pt(10,8,7) are 
• 

shown in Fig.4. At least three distinct adsorption states w~re ob-

served for each surface. The more tightly bound state (Tp~220-230°C) 

exhibited 1st order desorption kinetics and populated first on each 

surface. This state had an initial sticking coefficient of at least 

0.2 and desorption activation of ~30 Kcal mole -1 It is a energy . 
centered 25K higher than any state previously reported for hydrogen 

on platinum (Pt(lOO) had a state with Tp ~ 195°C}~). We attribute 

this state to chemisorption at sites adjacent to kink atoms as it is 

"" 
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unique to and common among the kinked surfaces that were studied, 

The state from which hydrogen des orbed at the lowest 

temperature (Tp ~60-800G) appeared at lower exposures than the inter­
As shown in Fig.S, 

mediate state (Tp ~ 140°C). frh~ position of the intermediate state 

is virtually identical to that reported by Collins and Spicer 20 for 

H2 chemisorption at monatomic (100) steps on Pt(SS7). A terrace state 

with 1st order desorption kinetics and Tp ~60°C was also observed in 

their studi~s. Accordingly, we associate the Tp ~60°C and Tp ~140°C 

peaks with hydrogen chemisorbed at terraces and steps, respectively. 
from the step to terrace atom concentration ratios 

As expected,A the (Tp ~140°C)/(Tp ~22S0C) peak area ratios at satura-

tion were ~ 3:1 and 2:1 for Pt(12,9,8) and Pt(lO,8,7), respectively. 

Apart from perhaps a ~inor increase in the initial 

sticking coefficients for the Tp ~ 60°C and Tp~140°C adsorption states, 

no appreciable differences existed between TDS results for the clean 

and oxygen pretreated surfaces. This result indicates that step sites 

were not blocked for hydrogen chemisorption by the strongly bound 

surface oxygen. In contraSt, on Pt(llO) 21 and PtClll) 22, McCabe 

and Schmidt reported that surface oxygen created hydrogen binding 

sites with increased binding energy and Tp~120-l40°C. 

3.2 Reaction Rate Studies on the Kinked Pt Surfaces: 

a. Cyclohexene Dehydrogenation: 

The dehydrogenation of cyclohexene to benzene was 

studied as a function of temperature on the clean surfaces and as a 

function of the 0SlO/Pt 237 pph ratio at 150°C. Standard pressures 
-8 -6 

utilized for these experiments were 6xlO torr C6HlO and lxlO 

torr H2 . 
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The temperature dependence of the dehydrogenation rate is 

shown in Fig.6. The turnover number, TN (benzene molecules fonned per m 

surface Pt atom per sec ) consistently exhibi teo a maximum at about 120°C, and 

the apparent activation energy below the temperature of this maximum was small. 

The surfaces with 5-atom terraces behaved similarly, exhibiting the same small 

actuation energy of Ea~3-4 Kcal mole- l for T~llO°C. The reaction required essentially no 

actuation energy on the (321) crystal plane. 

The effect of surface preoxidation on cyclohexene dehydrogenation 

activity is shown in Fig.7. Oxidation enhanced the initial rate of the reaction 

on all four kinked platinum surfaces. The extent of enhancement depended on 

the terrace width and kink concentration. For a constant terrace width, the 
" 

maximum enhancement in the rate of dehydrogenation varied from 60% to almost 

3-fold and shifted to higher oxygen coverage with increasing kink concentration. 
14 -2 

As indicated in Fig.5, half ''monolayer'' (~2.5xlO 0 atoms cm ) of 

strongly bound oxygen increased the dehydrogenation activity of Pt(654) at 

all temperatures. 

As illustrated in Fig.8, TNm refers to the maximum in 

the time dependent reactivity, TN(t), that was observed 3-15 minutes 

after starting the reaction. This reaction, as well as the others 

we investigated, self-poisoned over a period of 0.5-10 hours, depending 

on the pressure, surface structure (Fig.Sa), temperature (Fig.8b) and 

to some extent the oxygen coverage (Fig.8c). In all cases self-poisoning 

was accompanied by deposition of 60-90% of a monolayer of a disordered 

partially hydrogenated carbonaceous overlayer (C237/Pt237~3.2 

represents monolayer coverage).16 

By flashing the crystals in vacuum and on stream to 

150°C or higher temperatures following 100-200 minutes of reaction, 
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we determined that self-poisoning was slower. and largely reversible 

when the reaction temperature was below lZO°C. Self-poisoning 

was irreversible and comparatively fast on all the surfaces above 

140°C. At lSO°C, a rapid initial decline in activity, complete within 

half an hour, was followed by a low level, steady state, benzene 

production rate which persisted for several hours before diminishing 

to the background level. As indicated in Fig.8a, kinked Pt(6S4) 

irreversibly poisoned slower than stepped Pt(SS7) which deactivated 

slower than low index Pt(111)13 [Pt(654)<Pt(557)<Pt(111)]. The kinked 

surfaces deactivated at similar rates for a given reactant pressure, 
-, .. 

temperature and oxygen coverage. As shown in Fig.8c, surfaces oxidized 

to submonolayer coverages usually deactivated slower than clean sur-

faces, and both consistenly self-poisoned slower than platinum sur­

faces covered with oxide multilayers (D510/PtZ37~0.S). 

The hydrogen thermal desorption spectra in Fig.9 illus-

trate that after reactions at 150°C, the carbonaceous deposit con-

tained about 10 times as much desorbable hydrogen as clean platinum 

surfaces saturated with HZ at 35°C. After ieactions at lower tempera­

tures, the adlayer contained morebenzene Z3 and less desorbable 

hyd rogen. At temperatures higher than lSO°C benzene desorption was not detected and 

.. the hydrogen content was also reduced as compared to the amount of hydrogen that 
.. co'Jr~ 'h~ rteso-r'hert a+~eT r'ellc~i(m at lSBoC. 

b. Cyc10hexene Hydrogenation. 

Cyclohexene underwent hydrogenation as well as dehydro-

genation under the conditions of our experiments. Turnover numbers 

for cyclohexane production as a function of oxygen coverage are shown 
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in Fig.lO. Only the clean surfaces wtih (210) step orientation, viz. 

Pt(32l) arrrl Pt(654), exhibited measurable activity at l50°C. Hydro-

genation required no activation enersy (E < -1 
c a ~ 1 kcal mole ) on these 

surfaces and accounted for less than 10% of the total cyclohexene 

conversion. The total conversibn for the kinked surfaces was 0.3-3.5 

product molecules per surface Pt atom in three hours. All the surfaces 

produced cyclohexane at measurable rates following oxygen pretreatment. 

Similar low-level hydrogenation activity wa~ reported for stepped 
13 

Pt(557) but not Pt(lll) after preoxidation in an earlier study. 

The selectivity for hydrogenation (TNe/TNcv) varied with 

the oxygen surface concentration and was maximized at coverages 

corresponding to the mixima in the hydrogenation activity; i.e. at 

05l0/Pt237=0.0, 0.20, 0.12 and 0.25 for Pt(32l), (654), (10,8,7) and 

(12,9,8) respectively. More importantly, hydrogenation selectivity 

correlated with the formation of the carbonaceous overlayer. The 

selectivity was 10-15% at the start of reaction but decreased rapidly 
reaction 

during the first 15 minutes of A time. In situ AES analysis revealed 

that this time span is required to initially deposit roughly half a 

monolayer of hydrocarbon. Cyclohexene continued to dehydrogenate at 

a reduced rate in the presence of the overlayer after the hydrogenation 

reaction had self-poisoned. 

c. Cyclohexane Dehydrogenation. 

The dehydrogenation of cyclohexane to benzene was also 

investigated on the clean and oxidized surfaces. Results obtained at 

- 6 - 5 
lSO°C with 2xlO torr C6H12 and lxlO torr H2 are illustrated in 
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Fig.lO. The shapes of the ,curves were generally similar to those for 

cyclohexene dehydrogenation, but the reaction probabilities were about 

two orders of magnitude smaller. With a constant terrace width, the 

maximum activify shifted to higher oxygen coVerages with increasing 

At 0 
5l0/Pt237 '\,0. 2, t~e Pt(10,8,7) crystal face exhibited a 

platInum I , 

kink concentration. 

3_fold activity enhancement over the clean~surface. Cyclohexene was 

sometimes produced as a minor dehydrogenation product (TN ~2xlO-5 m 
- 1 - 1 

mole site sec ) after two to four hours on stream. Results for a 

series of reactions with varying pressures are summarized in Table II. 

As indicated, ~he initial rate 

carbon and fractional positive 

was approximately 
pressures 

order in H2~ The 

1st order In hydro-

pa rame ter t1 was the 
;z 

time required for the activity to drop to one-half its maximum value. 

It reflects that self-poisoning and 
pressure 

order in H2~and consistently slower 

. that 
adlayer bUIldup ratesAwere inverse 

cyclohexene 
than during A dehydrogenation, 

even when the cyc10hexane pressure was 25 times greater. 

4. Discussion 

4.1 Reactivity oCOxygen Pretreated Platinum. 
-- -0 

A (l3x/3) -R300/l structure was observed for the ordered 

oxygen layer independent of the substrate step orientation. Neither 
-0 

the (lJxI3)-R30° structure for Pt(ll1) vicinal surfaces, nor the (2x2)-O 

structure for Pt(1ll) 13 seemingly correspond to epitaxial growth of 

PtO or Pt0 2 . Epitaxial growth of PtO was reported for Pt(llO) at 

'\,800°C. 14 The appearance of the bulk oxide coincidence 

mesh was preceeded in the coverage range spanning our st~dies by the formation 
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of asimpler c(2x2) transient oxide structure. Both ordered layers on 

Pt(llO) decomposed at about 10000e in reasonable agreement with our 

TDS results. Unique oxygen bonding states which exist in the near 

surface region stabilize the ordered layers at temperatures far ex-

ceeding the thermal decomposition of bulk oxides, e.g. 450-600 o e 

for Pt0 2 and ptO. 24 

It is possible for the kink sites alon~ the step edges to be 

fully occupied by the oxygen atoms of a (l3x/3)-R300-0 overlayer 

structure when the step orientation is (210), (510), or (3n-l,10) 

with n an iriteger. Thermal desorption spectra for hydrogen chemi-

sorbed along the (210), (310) and (410) step edges of Pt(654), Pt(lO,8,7) 

and Pt(12,9,8) were not modified appreciably by oxygen pretreatment. 

These facts, along with a general absence of one dimensional ordering, 

suggest that the oxygen layer formed preferentially at or below the 

terraces and not in direct coincidence with the step edges. 

The dehydrogenation activity of the kinked surfaces with 5-

"LOIf; terraces was enhanced by low coverages of strongly bound surface oxygen. 

The maximum in activity shifted to higher oxygen coverage with in­

creasing kink concentration. The maxima appeared at about the same 

coverage as the initial onset of ordering in the oxide layer and, 

also, at about the same coverage where ~he second oxygen adsorption 

state began to populate. The activity decreased sharply at higher 

coverages corresponding to a buildup of subsurface oxygen. The 

reactivity of ~ll the surfaces dropped and attained the same low 

values at coverages we have associated with an oxide monolayer, i.e. 

05l0/Pt237'\;0. 5. 

The terrace width was also important in determining 

the catalytic activity. The reactivity of Pt(321) and its poisoning 
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behavior changed little with oxygen pretreatment. This is probably 
o 

due to a steric effect since the Pt(32l) terraces (ca. 5 A) are 

barely wide enough to accommodate n-bonded cyclohexene or benzene 
o 

molecules (Van der Waals radii 7.2-7.6 A). 

Significant oxygen induced activity enhancements were 

detected only for kinked platinum surfaces that also had wider 
G 

terraces (5 atoms wide or ~14A) of (Ill) orientation. A factor of 

two or more enhancement in reactivity was obtained py the combined 

presence of oxygen and kink sites on the surfaces. As noted earlier, 

surface oxygen was not notably effective in activating the C-H bond 

breaking activity of the low index (Ill) and stepped platinum surfaces. 

The resistance of the (Ill) and (557) platinum surfaces to self-

13 poisoning was also unchanged by surface oxygen. In contrast, on the 
crystal faces 

kinked Pt(654), Pt(lO,8,7) and Pt(lZ,9,8)Asurface oxygen inhibited 

deactivitation, especially at lower temperatures and thus stabilized 

sites that would otherwise poison rapidly. Surface oxygen promoted 

both the activity and stability of the kinked surfaces with 5 atom 

,."ide terraces. 

We have not observed any evidence for oxygen induced 

surface reconstruction, faceting, or compound formatio~ between 
apparently 

hydrogen and surface oxygen. The change in reacti vi ty iSA due to 

a change in the electronic structure of Pt atoms on kinked surfaces which 
13 

from charge transfer from platinum to oxygen. result 

It should be emphasized that the hydrocarbon reactions 

we have investigated at low pressure are not strictly catalytic 

because the time integrated turnover frequencies were usually less 

than one product molecule per surface Pt atom. Nevertheless, there 
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are striking similariti.es between our results and result~ obtained 

near atmospheric conditions with supported catalysts~ In studies of 

supported Pt by Poltorak and coworkers,25 highly dispersed catalysts 

exhibited enhanced activity for cyclohexene hydroBenation after 

oxidation at 400°C. The activity of catalysts with low dispersions 

° (i.~. crystallites~SOA) was not altered appreciably. Mitrofanova, 

26 et al reported similar behavior for cyclohexane dehydrogenation 

over supported Pt catalysts. These results are consistent with our 

own if we assume that highly dispersed particles have high concentra-

tions of edge and kink sites while larger crystallites are more 

representative of (111) and stepped crystal faces. On the other 
the results of 

hand, the re a re a 1 s 0 sign i fi can t di ff erences betweenA high and low 

pressure studies since, at high pressures, these reactions often run 

without poisoning for many hours with a maximum reaction probability 

on the order of 10- 7 . 

4.2 Clean Surface Reactivity: 

Among the clean surfaces at 150°C, Pt(321) (20% kinks) 

was distinctly more active for cyclohexane dehydrogenation and cyclo-

hexene hydrogenation, but generally less active for cyclohexene 

dehydrogenation. The order of activities of the clean surfaces for 

cyclohexane dehydrogenation,(32l»(6S4)~(IO,8,7)~(12,9,8»(SS7)~(111), 

correlates to some extent with kink concentration. Nonetheless, the 

difference in reactivity between the least and most active planes 

was only about a factor of two. Our low pressure results concur with 

27 28 tl t results for dispersed catalysts at high presssures' ·la 

indicate that cyclohexane dehydrogenation is essentially structure 

insensitive# 
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From the vieHpoint of structure sensitivity, the most striking 

result of this study is that both clean surfaces with (210) step 
LPt(32l). and Pt(Q54)] . . . 

orlentatlonAexhlblted measurable hydrogenatIon actIvIty at l50°C. 

Moreov~r, the hydrogenation activity was proportional to the density 

of monatomic (210) steps. The (12,9,8), (10,8,7) ,(557) and Dll) 

crystal faces produced quantifiable a~ounts of cyclohexane only after 

the surfaces were preoxidized. It is interesting that Cunningham and 

GHathmey 
29 found a Ni(32l) crystal to be at least a factor of two 

more active for ethylene hydrogenation than Ni(lOO), Ni(llO) or 

Ni(lll) in the first reactivity study using oriented crystal catalysts. 

Experimetns presently in progress should more decisively establish if 

sites associated with (210) steps are selectively active for olefin 

hydrogenation. 

4.3 Poison Resistance of Kinked Pt Surfaces: 

The cyclohexene dehydrogmtion activi ty increased rapidly 

between 25 and 100°C. Thermal desorption studies 23 indicated 

that the benzene desorption rate becomes appreciable in this tempera-

ture range. The surfaces reversibly poisoned and saturated \\ith 

benzene, or a precursor, Hhenthe reaction Has carried out 
of 12qOC 

below the benzene desorption temperatur~. A~ bigher temperatures 

the rate decreased and the kinetics were dominated by rapid irreversible 

self-poisoning, At 150°C the deactivation rate was comparable to the 

benzene production rate. 

Irreversible poi-

soning was facilitated by a rapidly decreasing ~oncentration of chemi-
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with increasing temperatures. 
sorbed hydrogen' The residence time for the reacting species de-

creased more rapidly than the mean time necessary for benzene pro-

duction as the steady state hydrogen coverage diminished with increasing 

reaction temperature. Hydrogen was chemisorhed tightly on the kinked 

surfaces and, consequently, kinked surfaces irreversibly poisoned more 

slowly than stepped Pt(557) or Pt(lll). Comparison of Fig.5 with 

Fig.S shows that the poisoning behavior and structure sensitivity of 

cyclohexene dehydrogenation correlate convincingly with the strength 

of the metal-hydrogen chemisorption bond. Surface hydrogen is ~ 

important additive inhibiting irreversible carbon buildup during 10\'" 

pressure hydrocarbon dehydrogenation. 

5. Conclusions 

Low concentrations of strongly bound surfa~e oxygen 

enhance the C-H bond breaking of kinked Pt crystal ~urfaces and alter 

the product distribution during hydrocarbon hydrogenation and dehydro-

genation. A combination of high surface kink concentration and the 

presence of strongly bound oxygen are needed to obtain this effect. 

Chemisorbed hydrogen, bound strongly at surface kinks, 

also plays an important role in inhibiting irreversible self-poisoning 

reactions and concomitant buildup of carbonaceous deposits. 

Similar phenomena, due to surface additives, are ex-

pected to be important for supported Pt catalysts where stable surface 

oxides could form during oxygen pretreatments or by chemical inter-

actions between the metal particles and the oxide support. HyJrogen 

prevents self-poisoning of kinked Pt surfaces. 
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Figure Captions 

Fig.l 

Fig.Z 

Fig.3 

Fig.4. 

Fig.S 

Fig.6 

Fig.7 

Fig.8 

Fig.9 

Fig.lO 

Fig.ll 

Idealized atomic surface structures and LEED patterns for the platinum 
surfaces studied. 

LEED patterns for ordered (/3x/,3)-R30° oxygen layers: (A) Pt(lZ,9,8), 45V 
0SlO/Pt Z37=0.38; (B) Pt(6S4), 10SV, GSlO/PtZ37=1.18; (C) Pt(lZ,9,8), S6V 

°SlO/PtZ37=1.3. 

Thermal ~5sorption of Oz from Pt(10,8,7), Pt(6S4) and Pt(lZ,9,8); 
1 L = 10 torr sec. 

Thermal desorption spectra for HZ chemisorbed at 3S+S o C on clean and 
oxygen pretreated Pt(10,8,7) and Pt(12,9,8). 

Thermal desorption spectra for HZ chemisorbed on flat Pt(lll),stepped 
Pt(SS7) and kinkedPt(IZ,9,8). The lower curves are taken from Ref.ZO. 

Temperature dependence of cyclohexene dehydrogenation to benzene with 
P -6xI0- 8 torr and PH =lxlO torr. 

He Z 

Maximum turnover numbers at ISO°C for the dehydrogenation of cyclo­
hexene to benzene as a function of oxygen coverage. 

Time dependent poisoning behavior duri~g cyclohexene dehydro8enation 
to benzene at constant pressure (6xlO- torr CHand IxIO- torr H ) 
(a) effect of surface structure; (b) effect of temperature; (c) effect 
of surface oxygen. 

Comparison of hydrogen thermal desorption spectra for clean Pt(6S4) and 
Pt(6S4) following a three hour cyclohexene reaction at 150°C. 

Maximum turnover numbers at ISO°C for the hydrogenation of cyclohexene 
to cyclohexane as a function of oxygen coverage. 

Maximum turnover numbers at ISO°C for the dehydrogenation of cyc1o­
hexane to benzene as a function of oxygen coverage 
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Fig.2 
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