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SMALL MOLECULE REACTIONS ON STEPPED SINGLE CRYSTAL PLATINUM SURFACES
S. L. Bernasek and G. A. Somdrjai
Inorganic Materials Research Division, Lawrence Berkeley Laboratory

and Department of Chemistry; University of California,
Berkeley, California

ABSTRACT .

| Ultra high vacuum molecular beam techniques cbdpled with LEED
an& Auger Electron Spectroscopy are‘partiéularly well suited to the
study of surface chemical reactions becausé'of“th; ;bility tobésséss
the effect of the surface conditions on the reaction probability{
Investigatioﬁ-of the hydrogen—-deuterium exchange-réaction on a séries
of low and high Miller Index platinum single crystals has indicated
that the steps present on the high in&ex surfaces are necessary for
the dissociafion and subsequent recombination of-ﬁydrogen. We have
undertaken a systematic study of a series of small molecule reactions
on these stepped surfaces.to determine the reaction'probability.on
stepped platihum surfaces. Reactions involving dissoéiation of_Hz, D2,

0 OH, NH,. and CH bonds proceed on the stepped surfaces with much

2’
higher reaction probabilities than reactions requiring dissociation
of Nz; or CO bonds. All of the reactions studied resulted in cosine

product angular distributions except for the formation of COZ; which

exhibited a distribution more peaked at the normal to the surface.



1. INTRODUCTION

Small molecule decomposition, oxidation, andthdrogenation
reactions are important prototybe surface reactions. By studying the
reaction'ﬁechanisms of simple sméll molecule reaétiéns, and the.effecﬁ
of surfacev¢onditions on their catalysis, we can propose models for
the initiallstéps of more complex and technologically more interesting
,heterogehebus cata1ytic systems. In order to uncobe% the mechanisms
of thesé Simpie surfaée reactions, a variety of'feéhniques must bé
used. Of_pfiméry importance is thé ébility to characterize, on an
atomic scale, the surface on which tﬁe réaction'pfééeeds. This caane
donevthrough ;he use of bulk single crystal surfaces prepared and
studied in'ultré high vacuum and characterized by Low Energy Electron
Diffractidn (QEED) and Auger Electron Sﬁectroscoﬁy'(AES). The adsorption,
,reaction,'desﬁfption process itself can be studied byrthe'usé'pf molecular
beam scatférihg from these well characterized Surfgces."The modulated
molecular béam tédhniquel'is particularly useful iﬁ_sfudying reactions‘
at surfaces. ’Figure 1 shows a schematic diagram df.ah apparatus”’
‘constructed to use these techniqués for the study 6f surface chemical
reactions and‘énergy transfer in gas-solid interéq#ions,

We have investigéted several simple reactions of molecules on
platinum stepped surfaces, in order to gain infbrﬁapion about the reactioﬁ
pfobébiiities on ;hese suffaces. In each case, thé reaction was |
- studied by introducing one of the reactants to the background of the . .
scattering Chaﬁber in order to produce a significant'ﬁoverage of

dissociated reactant on the surface. The other reactant in the pair



was incident on the surface from the beam at a pressure about an order
of magnitude lower than the pressure due to the background reactant.

The reactions studied and the dominant products formed are listed in

Table 1.
Reactants Prodﬁct - Reaction Probability
Beam Background o ' |
1y HZJ D, | HD Li_-:- 5.5x1073
2) D, H, HD | © 5.5x1073
3). D, 0, - D0 't 2.x107*
4 o, H, | H,0 o 2.x107
'5) N, | 0, N0 6 x10™
6) Né o, NO s w0
7) N, 0, NO, o« x1078
8) co | 0, 0, C4.7%107°
9) 02 co co, o« x078
10) N, H, / Nﬁ3 | 1 x107°
11) HCOOH - co,  8.2107
12) CH,NH, — N, | 2.0x10™%

Table 1. Reacténts, products and reaction probabilities for several
small molecule reactions on the Pt-(S)[5(111)x(111)] surface.
Surface temperature,= 1000°K; beam temperature = 300°K;

P = 4X10 torr; P = 5x10~8 torr; modulation
background beam A

frequency = 40 Hz (detection discriminates against residence
times > 25 msec.) ' :



If the dissociation of the diatomic molecules on the surface from thg
background gas gives rise to the build-up of a sufficiently large atom
surface conéentration then the incident molecules may undergo atom-
molecule reactions,and-the'magnitude of the product'signalvcan used
to determine the reaction probability. It should'be.notéd that without
the surféée atomization of the molecule froﬁ the backgfound gas none
of thé products WOﬁld be detectable due to the vefy'large activation
energies of'the largeiy endothermic molecule—moiecuie reactions. Thus
the appearénce of the product-?ields the reactioﬁ probability of the
atom-molecule surface reaction which indirectly &ields tﬁe probability'
of dissociatibn of the diatomic molecule on the stépped platinum

surface.




2. HZ—D2 EXCHANGE

The dissociation of hydrogen can be studied‘by following the
isotope exchange reaction between hydrogen and deuterium.oﬁ the
platinum éufface. LEED studies4 had indicated thét‘hydrogen chemisorption
was much more likely on;stepped platinum surfaces than on high density
low Miller Index (111) surface. In order to test this observation
the reaction of deuterium on a platinum surfgce in a.hydrogen ambient
to form HD was used to compare the reactivities'of“iow index and éﬁépped v
surfaces. Thé stepped surfaces used in this study are the -
Pt-(S)[9(111)%(111)] and Pt-(S)[S(lll)x(lli)] and.are'cﬁafacterized
by terraceé of (111) orientation 9 and 5 atoms Qide-respeétively;>
separated by monatomic height steps also of (lll)'orientation. A LEED
pattern and schematic diagram of the Pt(S)-[9(111)x(111)] surface is
shown in Fig. 2. '

- The results of these comparisons, which are discussed more fully
elsewhere,_s’6 indicated a very strong;dependence‘on.the presence of steps
for the reaétion to form HD'té proceed. The reactioﬁ probability,
defined here as the fraction of incident reactant ﬁolgcules leaving
the surface as product at the specular angle, was aﬁout three orders
of magnitude less for the (111) surface than for thé'[9(1ll)x(111)] or
[5(111)x(111)] stepped surfaces under identical conditidns_of surface
composition, temperature and pressure. Also noted Qas the fact that
doubling the step density doubled the reaction prbbability at higher
temperatures (> 600°K) in comparisons between the t5(111)x(111)]>and
[9(111)X(111)] surfaces. . This is seen in the sufface'temperéture |

dependence.plot of Fig. 3.



. Angularodistribution measuroments of the product and scattered
reactants froﬁ these surfaces giﬁes a clue to thé working of the sfeps
in promoting phe dissociation of hydrogen on a platinum surface.

Figure 4 showé the angulaf distfibutions of H,, D, ano HD ffom tﬁe;
(lil) and the ‘two stepped surfaces. The angle of incidence, indicated
By the arrow'is at the same‘angle that cdrresponds ;o_the moximum intensity
‘in the. scattered Beam (the éngles are defined with feépect to tﬁe
surfaoe normal) signifying the specular nature of these patterns.

1t canbbe seeﬁ that the width of the scattering poﬁtern incréases and
the speCular‘iptensity decreases as the stepvdensity is increased from
.'(111) to t9(111)x(111)] to [5(111)%x(111)]. This change ié indicative
of more complete energy transfer between the incident gas and the
surface as thé.step density'iS'iﬁcreased. The anguia? distribution ’
of the desoroed HD reéction product is cosine (peéked at the surface
normal) ihdicatipg complete thermal accommodation'with_the surface
prior to désorotion. |

/ Investigation of the feaotion probability and phase shift (related
to surface reoidence time) as-abfunction of surface“température,
incident beaﬁ'temperature, beam modulation frequency, and incident
beam oreséure have allvindicaﬁed a two branch atdm¥molecule feaction»
for tho-formation of HD, with one branch dominant in the temperature
range below 666°K and both branches operating in thé range of temperature
from 600° to 1300$K. These branches can be identified with reactant
molecules fed to the dissociating step site via the terrace atvlow
temperatures and'direotly from the gas ohase at highéf temperatures.

A schematic diagram of this model is shown in Fig. 5.




3. OTHER SMALL MOLECULE REACTIONS

The behavior of the steps in promoting the oissociation of H2 on
the platinum surface led to the study of the reattion orobability of
other small molecule roactions on these stepped.surfaces. Could these
steps promote the dissociation of any diatomic molecule ot small
molecule bond; or is there a limit to the diSSOoiating strength of
these stepo? 1In order to answet this question a‘vériety of smail |
molecule réaotions were studied as indicated in'Table 1. By monitoring.
‘the reoction probability for the formation of wvarious products in these
reactions under identical conditions of incident pressure‘ano surface
temperature, the dissociating power of the steppedtéurfaces for
diatomic moiecuies with varying bond strengths can be determined. vThe
bond strengtﬁs tested ranged from the N-H bond for_monomethylamine at
4.3 eV to the C = 0 bond of carbon monoxide at ll;l eV.7 The reaction
probabilities for these reactions are listed in Table 1 for the highest
step density crystal, the Pt(S)-[5(111)x(111)] at ibOO°K. Reaction
probabilities for the (997) are roughly half those shown at the same
reaction temperature. Reaction probabilities on the (111) surface were
about three orders of magnitude lower for tho formation of HD By the
HZ—Dkoxchange and for water formation by the reattions of 02 and D2,
the oﬁly direct compérisons made. As noted before;this reaction
probability is the product signal at the specular:ahgle'(augle
of reflection = angle of incidence) . divided by thé incident reactant beam
signal. A total reaction probability Qefined ao'totol product signal
over incident reactant signal can be obtained by intégrating-ovet the

entire product scattering distribution (assuming a symmetrical in plane



and out of plﬁne distribution) and dividing.by the incident beam
signal. In the case of products showing a cosine aﬁgular distribution
(all but‘COz) this amounts to ‘a simple multipiiéatioﬁ of the listed
reaction probabilities by 4.44. For COZ’ which.éxhibits a cpszﬁ
distribution, the factor is 2.96.

Several general observations can beimade upoﬁ inspectioﬁ of

Table 1. The high'reactidn probabilities of reéétions involving Hz,

D2 and 02 in;the‘background indicate that these diatomic molecules

readily dissociate on the stepped platinum surface. In the case of

reactions with nitrogen molecular beams the formation of N, O requires

2

the rearrangement but not the rupture of the N=N bond. The equal

reaction probability for formation of N,O and NO could indicate that

2

the same intermediate or similar mechanism is operative in their
surface reactions.’ It is possible that NO forms by the fast reaction

ovaZO with atomic oxygen on the Pt surface. This route could provide

a large concentration of NO without the need of dissociating the strong

N=EN bond. The very low NO2 and NH3 yields seem to‘indicate that breaking

the NZN bond during the surface reaction is an unlikely process.

While the formation of CO, is readily detectable with oxygen in

2

the background (i.e. between atomic oxygen on the surface and o in

the molecular beam) CO, will not form when CO is in the background and

2

O2 is in the molecular beam. This may be explained either by the low

sticking probability of CO at the reaction temperature of 1000°K or by

the blocking of the reaction sites by carbon, the product of CO dissociation.

- Further studies are necéssary to uncover the mechanism of this surface

reaction in_mbte detail.




Bonzel and Ku11 and Palmer and Smith10 have,obser?ed a similar
behavior in their studies of CO oﬁidation on Pt;v»Tﬁéy ascribe this
to a boisoning of the surface by preadsorbed CO.  Palmer and Smith
observed a shérply peaked distribution of'prodUCt“C62.. Thevpeaking
was much more pronounced, however, and the anguiar distribution Vas.
'well fit by a cds69 dependence. | |

The decomppsition'of formic acid and methyiaﬁine.are readily
detectable Via the formation of 002 and NH3; respectively. It is
difficult to deduce the bond breaking process that occurs during the
surface reaction since the reactant molecules afe quite complex.
Nevertheless it appears likely that the Stepped platinum surface
.cataiyZes the dissociation of the -;>C - H;—O-—I%_énd -;ﬁ - N bonds
in these moleéuleé..

Anguléf distributions of the products of these reactions was
cosine in gvery case except the formatipn of COé,_Bqth by oxidation-of
CO and by decompoéition of formic acid. Figurev6 shqws tﬁe angular
distribution of CO

2

formed by decomposition of formic acid. The curves
shown indicété that the data is better fit by a.cosze dependence.

This angular distribution is particuiarlyvinteresting in light of

8,9 onvthe'decomposition

recent work by Madix, Falconer, and McCarty
of formic acid on Ni surfaces. Flash desorption studies indicate an
autocatalytic "surface explosion' mechanism for this reaction. If

this were the case, CO, product leaving the surface could possess

2
‘excess kinetic energy. An angular distribution sharply peaked at the
normal to the surface may therefore be associated with a reaction

product having excess translational energy.
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CONCLUSION

'Studies of several small molecule reactions on stepped platinum
surféces yielded reaction probabilities for several reactions on these
sufféces. -High reaction probabilities for several of the reactioms,
involving Hy, Dy, 0,, formic acid and methylamiﬁe‘indicate that Fhe\v
stepped surfaces facilitate dissociation of H—H;-D—D, 0-0, C-H, 0-H
and C-N bonds. Low reaction probabilities in the'cases'qf the N2 and
CO reactions give evidence that bonds weaker than about 5.5 eV are
much more readily brdken_by the stepped surfaces.. The angular

distributions of CO, formed by CO oxidation or fofmié acid decomposition

2
indicate the possibility of translationally excited products in these
reactions. - One must be careful in drawing conclusibns about such a |

wide variety of chémical reactions, due to geometric#l and sterié
considerations which become important as the reaction complexity

increases. One must also be cautious in coﬁpérin8 feaction probabilities
measured by the.modulated beam technique when compléte knowledge of the
reactidn megﬁanism is not available. Nevgrtheléss;.&e beliéve that

the work completed thus far offers indication bf'ché reaction

probabilities on the steppedvplatinum sufface.._Hoﬁefully, informatibn'

~ of this type-will bg useful in unraveling thé complexities of heferogenéous‘

catalysis of small molecule reaction. ' ' ' a .
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FIGURE CAPTIONS

Fig. 1. Schematic diagram of molecular beam‘apparétﬁs uséd for
- surface reaction studies.
Fig. 2. Low Energy Electron Diffraction Pattern and real space
schematic of Pt-(S)[9(111)x(111)] surfaceﬁ |

Fig. 3. Surface temperature dependence for HZ—D2 exchange on

Pt-S[5(111)X(111)] and Pt-S[9(111)x(111)] surfaces.’

Fig. 4. Angular distribution of Hy, D, and HD from Pt(111),

Pt—S[é(lll)X(lll)] and Pt-(S)[5(111)x(111)].

Fig. 5. Model for H exchange on stepped platinum surfaces,

27D

Fig. 6. Angular distribution of CO, formed by decomposition of formic

2

acid.
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