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THE APPLICATION OF LOt~ EriERGY ELECTRON DIFFRACTIOi~ 
IN CONTACT CATALYTIC REACTIONS 

G. A. Somorjai 

Inorganic ~1aterials Research Division, La\·trence Berkeley Laboratory and 
Department of Chemistry, University of California 

Berkeley, California 94720 

Heterogeneous catalysis occurs \·Jhen a surface reduces the potential 

energy barrier in the path of reacting molecules so that thermodynamic 

equilibrium can be achieved. For example the reaction H2 + o2 ..... 2HD 

would never occur in the gas phase due to the large energy input 

(approximately 103kcal) necessary to dissociate one of the diato.mic 

molecules. Hm'lever this exchange reaction readily occurs at temperatures 

as low as l00°K on metal surfaces. 

Heterogeneous catalysis can do much more than reducing the potential 

energy barrier in the path of the chemical reaction. A good catalyst can 

selectively catalyze one out of many competing and thermodynamically 

feasible reactions and aid the formation of the desired products. For 

example n-heptane may undergo several types of chemical reactions on a 

metal surface. 

i som::ri za tion 
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· On platinum the complex dehydrocycl i zation reaction can occur at 

sufficiently high rates to produce aromatic molecule"s in large quantities. 

This is one reason for the widespread use of platinum as a "reforming11 

catalyst in the petroleum industry. The aromatic molecules have high 

"octane numbers" while the straight chain aliphatic molecules such as 

n-heptane have octane numbers near zero. 

What does the atomic structure of the metal surf~ce \'lhere catalysis 

takes place look like? Where are the surface sites \1here the selective 

breaking of the H-H, C-H, and C-C bonds occur? . Ho1t1 does the complex re

arrangement that accompanies dehydrocyclization take place on a metal 

surface? Answers to these fundamental. problems that are being probed 

are emerging from studies of catalytic reactions carried out on single 

crystal surfaces. 

A scheme of a metal surface is displayed in Figure 1. ~Ie can 

distinguish various surface sites where atoms have different number of 

nearest neighbors. There are atoms in steps, there are kinks in the 

steps. Atoms are present in large numbers in the well-ordered terraces 

\·Jhere they are surrounded by the 1 arges t number of n~a rest neighbors. 

There are atoms diffusing along the terrace called adatoms, \·thich have 

the smallest number of nearest neighbors. There are atomic vacancies in 

the terrace. There are.experimental evidences for the presence of all of 

these different surface sites that come mostly from loH-energy electron 

diffraction (LEED) and field ion microscopy studies. These techniques 

·\'till not be discussed here but they are described in detail in other 

publ~cations. 1 ' 2 
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Using single crystal surfaces, the atomic surface structures can be 

prepared in such_ a way that a large concentration of the desired atomic 

steps or kinks are present. This is carried out by cutting the high purity 

perfect single crystals at certain angles to obtain surfaces \·lith large 

r4i ller Index. 3 Surfaces \'lhere 20 - 30% of all atoms are located in 

steps have been prepared. Conversely, surfaces with very low density of 

irregularities (steps, kinks) have also been prepared by cutting single 

crystals along surfaces of lo\'l Miller Index. 

By studying the catalytic activity of these crystal surfaces that 

were prepared with well-defined atomic surface strU<;ture, the relation

ship between the atomic structure and the reactivity can be explored. 

Let us restrict our discussion to platinum that \'Jill serve as a 

model to introduce the atomic structure of the various types of surfaces 

that are important in catalysis and to describe the fundanrental steps of 

important catalytic reactions. 

The Atomic Surface Structure of Platinum 

.The figure belo\'1 shov1s the diffraction pattern obtained from the 

clean (111) crystal face of platinum by low-energy .electron diffractiofl 

at four different electron energies. The symmetry of the pattern and the 

distance bet'tleen diffraction spots yields the size of the surface unit 

cell and its orientation. Figure 3 shm·Js the intensity of one of the 

diffraction beams as it varies with electron energy. These intensities 

can be monitored for all of the d·iffracted beams and displayed similarly 

as in Figure 3. The I vs eV curves can also be computed using a 

scattering model in which the only adjustable parameters are the positions 

of the sLn-face atoms. These calculations have been cal4 ried out fol' the 
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Pt(lll) surfaces4 and the results that give the best agreement bet\<1een 

·calculated and experimentally determined intensities are also displayed 

. in Figure 3. The best agreement is reached if the surface platinum atoms 

are placed in equilibrium positions that are predicted from the bulk X-ray 

unit cell. Similar surface crystallography calculations for other metal 

surfaces show the atoms in the first layer are often nearer to the second 

layer than p,redi cted by the projection of the X-ray unit cell. 5 Such 

restructuring in the surface is the consequence of the anizotropic 

environment about surface atoms and their lmter coordination number uhen 

compared with atoms in the bulk. Sometimes the surface atoms occupy 

entirely new sites in the surface that leads to the appearance of a very 

' different surface unit cell that cannot be predicted from the X-ray unit 

cell. This happens in the clean (100) face of platinum \·there the surface 

atoms are located in a close.packed hexagonal arrangement instead of the 

expected square unit cell that is the result of atoms moving slightly 

out of place to new equilibrium positions.5 The diffraction pattern and 

the scheme of the (100) surface structure is shovm in Figure 4. 

High 14iller Index surfaces are obtained by cutting the crystal at 

some small angle with respect to a lm., Hiller Index surface.6 For. 

example, a surface that is cut at 9.5° a\·Iay from the (111) face in the 

direction of the (100) face has a Hiller Index of (775). The LEED 

pattern that is obtained from this surface and the schematic diagram of 

its surface structure are shown in Figure 5. At certain electron 

energies the-diffraction beams split into doublets or triplets indicating 

the. appearance of a ne\·t periodicity on the surface. Othenlise the 

diffraction pattern is similar to that for a (111) crystal face. Analysis 
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of the pattern indicates that the (775) face is a stepped surface; it 

has a periodic step structure \·tith steps of one atom height. These steps 
' 

are separated by terraces of (111) orientation \'lhich are, on the average, 

6 atoms wide. By cutting the crystal at a steeper angle (14°) \·lith 

respect to the (111) face, a surface \'lith a higher concentration of steps 

and shorter terraces results. (Figure 6a) The (976) Miller Index face . 

iS cut at 9.5° from the (lll) crystal face and rotated 20° in the direction 

of the (310} face. This crystal face is characterized by steps of high 

• Miller Index. The second step must have a large concentration of kinks as 

shown by its surface structure in Figure 6b. Since the fvtiller Index does 

not reveal the real atomic surface structure, a new nomenclature has been 

devised. The (775) orientation is called the Pt (S)-[6(111) x (100)] 

surface. Thus, this stepped (S) surface has six atom wide terraces of 

(111) orientation separated by steps of one atom in height and of (100) 

;orientation. The various surface structures are identified by this 

nomenclature in Figures 5 and 6. 

By cutting the platinum crystal in different directions, a very large 
I 

number of stepped surfaces can be created. Their study revealed that 

most of them th·at are composed of steps and terraces of (111) and (100) 

orientation are remarkably stable and remain ordered under heat treatment 

to above l000°C. 3, 6 Thus these surfaces must play important roles in 

most catalytic surface reactions since these are commonly carried out in 

the temperature ranges of 150 - 400°C. 

The Structure of Adsorbates on Platinu:n Surfaces 

Adsorption of hydrocarbons on the Pt(lll) or (100) ct·ystal face 

often results in the formation of ordered surface structures of the 
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adsorbates. Figure 7a shO!.'IS the ordered surface structure of acetylene. 

It has a surface unit cell that is 't't1ice as large as the platinum unit 

cell and parallel to it. This is called a (2 x 2) surface structure. 

Benzene yields a more complex diffraction pattern that is shown in Figure 

7b. Studies of a large group of hydrocarbons7•8 indicate that these 
/ 

molecul~s remain largely intact on the (111) and (100) crystal faces. 

They do not decompose unless heated to about 200°C so that their surface 

crystallog~aphy can readily be studied. On heating to higher temperatures 

( ~ 600 - 800°C) a diffraction pattern is observed (Figure 8) that can be 

identified as due to ordered domains of graphite that show rotational 

randomness that gives rise to the ring-like diffraction features. 

Organic adsorbates behave in an entirely different manner \'then 

adsorbed on stepped surfaces. The adsorbate layer remains disordered and 

hydrogen evolution indicates rapid decomposition of the w~lecules. 6 

Under certain experimental conditions and depending on the stepped platinum 

surface structure, the disordered carbonaceous layer becomes ordered. 

One of these ordered structures is sho\'m in FigUt~e 9. This carbonaceous 

deposit, ordered or disordered, plays important roles in many catalytic 

surface reactions. 

Catalytic Reactions on the Various Platinum Crystal Surfaces 

Recent studies i!'ldicate that complex chemical surface reactions of 

lm-1 reaction probabilities can readily be studied on one face of a crystal 

of surface area of about 1 cm2• 9 At low pressures (lo-6 - 1 0.;.4 Torr) the 

1 reactant and product distributions are monitored by mass spectrometry;10 

while at high pressures (atmospheres), by gas chromfttography. 11 Catalytic 
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reactions ranging from the exchange of H2 + o2 to form HO to the dehydro

genation of cyclohexane and the rearrangements of n-heptane have been 

studied in this way. It was found that the reaction probability of 

forming HO at lm'l pressure on stepped surfaces \'las of the order of 10-l 

while as low as 10-4 on the (111) crystal face and hardly detectable.12 

It is clear that atomic steps play a controlling role in breaking the H-H 

bond that is the prerequisite to forming HD. Similarly, atomic steps are 

necessary to break C-H bonds efficiently that take p 1 ace during the 

conversion of cyclohexane (C6H12 ) to benzene (C6H6). On platinum crystal 

surfaces that have large concentrations of kinks, hydrogenolysis reactions 

that are the result of C-C bond breaking processes also occur efficiently. 

In studies of hydrocarbon reactions on platinum crystal surfaces \·Jhere 

several reaction paths are possible, microstructures on the surfaces have 

been i denti fi ed \1here C-C bond breaking a 1 so occurs in addition to C-H and 

H-H bond breaking processes.13 At other microstructures only C-Hand H-H 

bond breaking processes predominate. It appears that surface irregularities 

or various surface sites with different coordination numbers have different 

and distinct chemical activity. Curiously gold, a neighbor of platinum, 

does not shm·l such a structure sensitive reactivity as platinum does.14 

It appears that transition metals \'lith unfilled d-orbitals (and high 

electron density of states) are the group that exhibit multifunctional 

reactivity behavior that is controllled by detailed atomic structure of 

the heterogeneous surface. 15 By preparing transition metal surfaces \'lith 

controlled concentration and configurations of atomic steps and kinks, the 

reactioh rate as \'tell as the reaction specificity may also be controlled. 
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n-Heptane may react along several reaction paths on platinum surfaces as 

shown above, and these various reactions have been studied as a function 

of the atomic surface structure of platinum. Rates of hydrogenolysis 

and isomerization reactions have not varied markedly (less than a factor 

of 10) from crystal face to crystal face, but the product distributions 

were a strong function of the atomic structures. The rate of formation 

of toluene, on the other _hand, may vary by a factor of 100 from crystal. 

face to crystal face. It \'las found that shortly after the beginning of 

the reaction the surface became covered with an overlayer of carbonaceous 

deposit that \'/as either disordered or ordered depending on the conditions 

of the experiment and on the platinum surface structure. The high initial 

rates \'Jere reduced somewhat as the carbonaceous residue formed but the 

surface was not poisoned by the formation of this deposit. Whether the 

reaction \'las. carried out either at lm·1 or at high pressure, the catalyst 

surface \"las a1'11ays largely covered by the carbonaceous overlayer. The 

model of the platinum surface that yields steady state rates and product 

distributions during the catalysis of hydrocarbon reactions is shmtn belm·1. 

(Figure 10) Islands of platinum atoms perform the various C-C, C-H, and 

H-H bond breaking functions and perhaps some of the molecular rearrangements. 

Then the specie breaks ·a.,.Jay from the metal atoms, defuse onto the terrace 

\'/here further rearrangements may occur, fo 11 0\'led by desorption of the 

product molecule. 

Other important catalytic reactions such as the nitrogen fixation 

that requires N:N bond breaking or the reaction of CO vlith H2 that 

necessitates C=O and H-H bond breaking are being studied. Similar studies 

on other metal surfaces Hill certainly lead to a molecular level 
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understanding of .the elementary steps of heterogeneous catalysis, 

adsorption, surface diffusion, bond breaking rearrangement and desorption. 

The understanding of catalytic surface reactions on the atomic scale, 

uncovering the relationship between atomic structure and reactivity, is 

the foundation of catalysis science that attempts to develop more ~elective, 

more poison resistant, and more efficient catalysts. 
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FIGURE CAPTIONS 

1) t~odel of the heterogeneous surface de pi cti ng the different surface 

sites: terrace, kink, step, vacancy, step-adatom, and ada tom. 

2) Diffraction pat~ern of the (111) face of platinum single crysta_l at 

four different incident electron beam energies: (a) 51 volts; (b) . . . 

63.5 volts; (c) 160 volts; (d) 181 volts. 

3) I vs eV curve of Pt(lll) and scheme of the (111) crystal face. 

4) Pt(lOO) and scheme of the (100) crystal face. 

5) Diffraction pattern and schematic representation of the Pt(S)-[6(111)x 

(100)] stepped surface. 

6a) Diffraction pattern and schematic representation of the Pt(S)-[4(111 )x 

(100)] stepped surface. 

6b) Diffraction pattern and schematic representation of the Pt(S)-[7(111 )x 

(100)] stepped surface. 

7a) The diffraction pattern resulting from acetylene adsorption on the. 

Pt(lll) s·urface at 20°C showing also the first order Pt diffraction 

features. 

7b) Diffraction pattern due to adsorbed benzene on the Pt{111) surface. 

8) Segmented ·ring pattern due to graphite carbon on the Pt{i 11} surface. 

9) Diffraction pattern due to ordered carbonaceous overlayer on the 

stepped platinum surface. 

10) Scheme of the catalytic platinum surface structure \'lith a deposit of 

carbona-ceous overlayer and islands of platinum c1t~sters due to atoms 

in steps and kinks. 
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Fig. 2. 
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Reconstructed layer 
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Pt (S)- [4(! II) X ( 100~ 
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Fig. 6a. 
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Pt CS)- [7(111)X(310~ 
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Fig. 6b. 
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Fig. 7a. 
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Fig. 7b. 
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Fig. 8. 
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Fig. 9. 
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Fig. 10. 
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