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Despite the great importance of heterogeneous catalysis, research in this field has long been 
characterized by its empiricism. Now, however, thanks to the rapid development of methods 
in surface physics, the elementary steps can be identified at the atomic level and the underlying 
principles understood. Defined single crystal surfaces are employed as models, based on the 
analysis of the surfaces of ‘real’ catalysts. Direct images, with atomic resolution, can be 
obtained using scanning tunneling microscopy, while electron spectroscopic methods yield 
detailed information on the bonding state of adsorbed species and the influence of catalyst 
additives (promotors) upon them. The successful application of this approach is illustrated 
with reference to the elucidation of the mechanism of ammonia synthesis. The catalyst surface 
is usually transformed under reaction conditions, and, as the processes involved are far-re- 
moved from equilibrium, such transformations can lead to intrinsic spatial and temporal 
self-organization phenomena. In this case, the reaction rate may not remain constant under 
otherwise invariant conditions but will change periodically or exhibit chaotic behavior, with 
the formation of spatial patterns on the catalyst surface. 

1. Introduction 

The term ‘catalysis,’ originally coined by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABerzelius in 1835 
was itself occasionally the subject of considerable controver- 
sy up to the end of the 19th century, until W Ostwald was 
finally able to clarify its relationship to the rate of chemical 
reaction. How exactly a catalyst works remains, however, 
something of a mystery to this day. It is for this reason that 
the strategy of extensive catalyst screening for technical ap- 
plications, introduced by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA .  Mittasch around 1909, still finds 
widespread use today. Between 1909 and 1912 Mittasch car- 
ried out about 6500 activity determinations on around 2500 
different catalysts, as part of the development of the Haber- 
Bosch process.“] His endeavors met with striking success- 
the catalyst composition he developed is still being used in- 
dustrially today, in largely unaltered form. For Fritz Haber 
the catalyst question had been solved with the discovery of 
the catalytic activity of osmium and uranium. It soon be- 
came evident, however, that the large-scale application of 
such materials was hardly a realistic proposition. 

Mittasch was inspired by the idea “in the catalytic produc- 
tion of ammonia some kind of intermediate nitrides are 
formed, even if of very labile Following the dis- 
covery of the increased activity of mixed catalysts (promotor 
effect), first described in a patent dated January 9, 1910,[31 he 
speculated, “that the nitrogen is taken up by one component 
and the hydrogen by another in a labile form and activated. 
As a result of the intimate association of both components, 
the strongly reactive nitrogen then unites with the similar 
form of the hydrogen, thus readily forming ammonia, which 
is then emitted”. He admitted, somewhat meekly, however, 
“that this is just a rough model, which in theoretical terms 
leaves us somewhat out on a limb.”[41 

Apart from the intellectual curiosity expressed in this 
statement, Mittasch had recognized that, despite the success 
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achieved, the situation would remain unsatisfactory in prac- 
tical terms as long as a better comprehension of the funda- 
mental atomic processes was lacking. Only such an approach 
would one day enable an optimal catalyst to be ‘tailored’ for 
a desired application. 

NevertheIess, one should always bear in mind that, for 
practical purposes, not only the intrinsic chemical activity 
but also other properties, such as the diffusive behavior, the 
strength, mechanical stability etc., can be decisive factors. 
This further complicates the situation and ensures that for a 
given reaction the catalyst is usually a pipe dream. 

Thanks to the development of powerful techniques in the 
area of surface physics and the accompanying theoretical 
advances, considerable progress has been made in the last 
few years towards answering the major questions concerning 
the characterization of the eiementary processes underlying 
a catalytic reaction. This paper will report some aspects of 
the advances which have been achieved as examples. 

Since industrial reactions proceed on complex catalysts 
and under conditions, e.g. high pressure, that rule out the 
direct in-situ application of most of the experimental meth- 
ods mentioned, the following stepwise approach has proved 
both expedient and successful: 

1 .  The surface properties, especially chemical composition 
and the distribution of various elements, may deviate consid- 
erably from those of the bulk. It is thus first necessary to 
characterize the surface, and in particular the ‘active centers’ 
of a catalyst, in as much detail as possible. The so-called 
‘pressure gap’ mentioned before can present special diffi- 
culties, as an examination under actual reaction conditions is 
problematical. Simplified model systems for the structure 
and chemical composition are therefore enlisted, above all to 
permit the systematic variation of these parameters. The 
most convenient systems for this purpose are well-defined, 
single crystal surfaces. Their use naturally introduces a ‘ma- 
terials gap’, meaning one subsequently has to check, in each 
case, the extent to which the properties of the ‘real’ catalyst 
agree with those of the model system. 

2. The essence of the surface science approach is the study 
of the energetics and dynamics of the interactions between 
the molecules participating in the reaction and the model 

Angrw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(‘hem. lnr. Ed. Engl. 29 11990) 12/9-1227 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 VCH firlagsgrsellschu~r mhH, 0-6940 Weinherm, I990 0570-0833/9011/1/-1219 $3.50+ .25!0 122 9 



surfaces mentioned and structures of the chemisorbed 
phases formed thereby. On this basis, one determines the 
microscopic reaction mechanism and the kinetics of the ele- 
mentary steps. 

3. Information on the reaction mechanism, which should 
be as complete as possible, enables one, in principle, to devel- 
op  a kinetic scheme for calculating the steady state reaction 
rate as a function of external parameters, such as tempera- 
ture, partial pressure, etc. When translating the results to 
industrial conditions, the agreement between the calculated 
(i.e. predicted) and experimental conversions is the yardstick 
for success. 

Although the strategy outlined has up to now only been 
realized thoroughly and successfully in two instances (CO 
oxidation and ammonia synthesis), these have demonstrated 
its basic soundness. Quite apart from this, even clarification 
of individual aspects can provide a rich vein of important 
data relevant to practical applications. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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2. From “Real” Catalysts 
to Single Crystal Surfaces 
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Industrial catalysts are, as a rule, very complex systems in 
terms of the structure and chemical composition of their 
surfaces. This is evident in Figure 1, which depicts a scanning 
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Fig. 2 Auger electron spectra from various locations on the surface of an 
ammonia synthesis catalyst zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA151. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEk,. = kinetic energy of the electrons. 

considerable concentrations of Fe and K (+ 0) is analyzed, 
while No. 2 largely consists of CaO, and No. 3 of A1,0,. The 
laterally resolved chemical composition of the surface is il- 
lustrated in ‘Auger maps’ in Figure 3. Remarkably, potassi- 

Fig. 1. Scanning electron microscope image of the surface topography of a 
commercial ammonia synthesis catalyst [S] 

electron microscope image of the BASF ammonia synthesis 
catalyst S6-10.[51 The topography exhibits a labyrinth of cat- 
alyst material and pores with a diameter of typically several 
hundred angstroms, which is reflected in the relatively high 
specific area of around 15 mz g-  ‘. The source material, mag- 
netite (Fe,O,), which is reduced to metallic iron during the 
activation process, contains low concentrations of A1,0, 
(+ CaO) and K,O as additives. As zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMiftasch discovered,[31 
these ‘promotors’ make an important contribution toward 
raising the activity. During the course of complex solid-state 
chemical reactions associated with catalyst activation,[61 alu- 
minum, in the form of its ternary oxides fabricates a kind of 
framework, which prevents the Fe particles from sintering 
together, and thus plays the role of a ‘structural’ promotor. 

The rather inhomogeneous distribution of the various ele- 
ments over the catalyst surface can be seen from Figure 2 in 
the series of Auger electron spectra taken at  different loca- 
tions. In the case of No. l ,  a catalytically active site with 

Fig. 3. ‘Auger maps’ showing the lateral distribution of the elements Fe, K, AI 
and Ca on the surface of an ammonia catalyst IS]. 

um is always found at  locations where iron is also present. 
Although the total potassium concentration is only around 
0.5%, its strong tendency to segregate out of the bulk leads 
to it covering about 30% of the metallic iron surface, where 
it serves as an ‘electronic’ promotor. More precisely, the 
catalytically active surface consists of metallic iron onto 
which a sub-monolayer amount of a two-dimensional K + 0 
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phase (with a stoichiometry of about 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 1) is chemisorbed. 
This is certainly not one of the known bulk compounds of 
potassium, since these would be unstable under the reaction 
conditions. 

Figure 4 depicts a high resolution transmission electron 
microscope (TEM) image of an activated catalyst particle, 
together with an  electron diffraction pattern, at  a selected 
location. The latter illustrates the single crystal character, 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. a)  Transmission electron microscope (TEM) image of an ammonia cat- 
alyst. Region zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA shows the lattice planes of a a-Fe lamella with (1 11) orientation. 
The arrows indicate the boundaries of this lamella within a stack of others 
having different orientations. The region on the left-hand side is amorphous 
carbon from the mounting support. b) Corresponding electron diffraction im- 
age. which can be identified as an iron single crystal (11 1) orientation [6]. 

which can be identified unambiguously as the (1 11) plane of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a iron.[61 Closer inspection of the TEM image reveals the 
individual network layers and indicates that the catalyst pri- 
marily consists of small single crystallite particles of iron, the 
external surface of which, as we have previously seen, is 
partially covered with a K + 0 adsorption layer. 

It therefore makes sense to use clean single crystal surfaces 
of iron with different orientations as a suitable model system 
for studying the influence of the atomic structure of the 
surface. The effect of electronic promotors can then be inves- 
tigated via deliberate dosing with potassium. 

Such samples have areas of at  most 1 cm', so that measur- 
ing the conversion of a catalytic reaction represents a consid- 
erable experimental challenge. Despite this, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASornorjai et al. 
were able to conduct such measurements successfully for a 
stoichiometric N, : H, mixture at  a pressure of 20 bar and a 
temperature of 500 0C.[81 They found that the activity varied 
between the various surface orientations by two orders of 
magnitude in the sequence (1 11) > (100) > (1 lo), that is to 

say it was strongly influenced by the surface structure. How- 
ever, even the Fe(1 l l )  surface exhibits only relatively low 
activity: the probability that a nitrogen molecule arriving at  
the surface will leave it as ammonia is only of the order of 
magnitude of one in a million. 

The direct determination of chemisorbed complexes 
bound on the surface using the techniques of surface physics, 
requires, as mentioned above, a shift to much lower pres- 
sures ( 5  10-3 mbar). Whether or  not the surface species 
formed at  high pressures remain stable under high vacuum 
depends on the temperature and the strength of the 
chemisorption bonding, and this has to be checked for each 
case individually. Provided one proceeds with adequate cau- 
tion, however, surmounting the 'pressure gap' presents no 
problems in principle. 

3. Elementary Processes in 
the Interaction between Molecules and Surfaces 

Conceptually, a chemical reaction can be envisaged in its 
general form as the motion of a system of atoms along a 
'reaction coordinate', in the course of which the energy 
changes in the manner shown in Figure 5. The local minima 

A + B  I' I* c 
P- 

Fig. 5. Schematic diagram ofthe energy changes along the reaction coordinate 
@ for a chemical reaction (A + B + C). I = intermediate. 

denote the nuclear configurations of intermediate com- 
pounds, while the maxima, representing the transition states, 
have to be overcome by summoning up the associated activa- 
tion energy. Knowledge of the intermediates' properties and 
the rates of the respective transformations furnishes the reac- 
tion mechanism and, moreover, enables one to predict the 
total rate of the reaction. With the exception of the simplest 
gas phase reactions, a complete a priori theoretical evalua- 
tion is, however, still a long way off and one still has to rely 
on detailed experimental data. 

The elementary processes in heterogeneously catalyzed re- 
actions are as shown schematically in Figure 6: a molecule 
arriving at  the surface can be bound (chemisorbed) there; the 

non-dissoziotive dtssoriotive 

chernisorption sur face  reaction 

Fig. 6. Elementary processes in the interaction between molecules and a solid 
surface. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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bonding process can be reversed and the molecule desorbed 
as a result of thermal activation. The surface bonding can 
also lead to bond rupture within the molecule (dissociative 
chemisorption), in which case desorption occurs via recom- 
bination of the fragments on the surface. Finally, the forma- 
tion of new bonds can take place on the surface and, as a 
consequence of this, different molecules will then be de- 
sorbed. 

It is obvious that the determination of the chemisorption 
complexes, together with the dynamics of their formation 
and transformation, is the key to understanding the elemen- 
tary processes in a heterogeneously catalyzed reaction. 
Nowadays there is a whole variety of experimental methods 
available for such work.['] These have recently been aug- 
mented in a spectacular fashion by the invention of scanning 
tunneling microscopy (STM) by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABinnig and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARohrer."'] Fig- 
ure 7 illustrates the direct imaging of an Al(111) surface with 

Fig. 7. Image of an Al(111) surface with atomic resolution obtained with the 
help of scanning tunneling microscopy [ I  11. 

atomic resolution as obtained by this technique." Figure 8 
shows the same surface with three chemisorbed C atoms.[121 
One can see that these favor a coordination with three neigh- 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8. Scanning tunneling microscope image of an Al(111) surface with three 
chemisorbed C atoms, which are discernible as diffuse light spots over a triangle 
of neighboring substrate atoms [12]. 

boring substrate atoms, i.e. they occupy defined adsorption 
sites. 

Generally, neighboring chemisorbed particles interact 
with each other, and this commonly gives rise to the forma- 
tion of ordered two-dimensional phases. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs an example, a 
sequence of STM images of a Cu( 1 10) surface with increas- 
ing coverage of chemisorbed oxygen atoms is shown in Fig- 
ure 9.[l3] At low surface concentrations. small islands of a 

Fig. 9. Series of scanning tunneling microscope images of a Cu(ll0) surface 
with increasing 0 coverage [13]. a) Coverage 6 < 1/2: domains of a 2 x 1 phase 
together with patches of surface free from adsorbate. b) Fully developed 2 x 1 
structure at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ = l/2. c) For 6 > 1/2: domains of a c(6 x 2) phase are formed in 
addition to the 2 x 1 phase (depicted as parallel streaks). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd) Fully developed 
c(6 x 2) phase on terraces whose levels are separated by monatomic steps as 
differentiated by the gray scale. 

2 x 1 phase are formed (a), which at  higher concentrations 
cover the entire surface (b). Further increasing the degree of 
coverage leads to the formation of domains of an additional 
c(6 x 2) phase (c), rich in oxygen, which ultimately marks the 
saturation of the chemisorption phase (d) before the transi- 
tion to three-dimensional oxide formation. 

The actual structure of ordered surface phases can be de- 
termined by low-energy electron diffraction (LEED), a 
method which is analogous to X-ray diffraction for the de- 
termination of three-dimensional crystal structures. As an 
example, Figure 10 shows the structure of a 2 x 1 phase of 
chemisorbed oxygen atoms on a Ni(l l0) surface ascertained 
in this way['41 (this represents the counterpart to the previ- 
ously depicted tunneling microscope image of the 0-(2 x I)/ 
Cu(l10) phase). The formation of chemisorption bonds has 
a profound influence on the substrate surface: every second 
row of atoms in the [OOI] direction is removed ('missing row' 
structure), that is to say the surface is reconstructed, and 
there is also an effect on the positions of atoms in deeper 
layers. Since the strength of the chemisorption bond is usual- 
ly comparable to that between substrate atoms, it is entirely 
plausible that the most favorable overall atomic configura- 
tion may deviate considerably from that of the clean, i.e. 
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missing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 10. Structural model of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 x 1 phase formed upon chemisorption zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 0 
atoms (shaded circles) on a Ni(ll0) surface (141. Structural parameters: Z,, = 

0.2. LS,, = 0.1, LS, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.0, LS, = 0.0, D,, = 1.30, D,, = 1.23, D,, = 1.25, 
2BU, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi- 0.05 A.  a) Profile. b) Bird's-eye view. 

adsorbate-free, surface. Conversely, there are a number of 
cases in which already the structure of clean surfaces deviates 
from the ideal bulk terminati~n."~' 

In the above examples, the chemisorption phase was 
produced via the dissociative chemisorption of oxygen mole- 
cules, rather than by the action of oxygen atoms on the 
surface. This process is of decisive importance for catalysis, 
and can be rationalized with the aid of the schematic poten- 
tial diagram shown in Figure 11. A molecule approaching 

a 

I 
Y 

atoms more than compensates for the dissociation energy, 
the overall process involves a net energy gain. The course of 
the potential along the reaction coordinate and, in particu- 
lar, the height of the activation barrier, determine the stick- 
ing coefficient, i.e. the probability that a molecule arriving at 
the surface will be chemisorbed dissociatively rather than 
bouncing back into the gas phase. Surface structure and 
coadsorbed particles, acting either as promotors or poisons, 
exert an appreciable influence at this juncture. As the rate 
constants of chemical reactions exhibit an exponential de- 
pendence on the activation energy, even slight energetic 
changes have a substantial effect on the kinetics. 

4. Mechanism of Ammonia Synthesis 

Let us now return to the problem of catalytic ammonia 
synthesis for a while. Figure 12 illustrates the increase in the 
surface concentration of atomically adsorbed nitrogen as a 
function of the nitrogen supply in the gas phase for the 
three low-index single-crystal surfaces of iron.["] 1 L = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
Y 
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Fig. 12. Increase in surface concentration of chemisorhed N atoms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Y, in rela- 
tive units) on Fe(l11), (loo), and (110) surfaces at 420°C as a function of the 
exposure to N, molecules from the gas phase [16]. 

2A,* 
- P  

I -  
Fig. l l .  Schematic potential diagram for dissociative chemisorption of a di- 
atomic molecule A,.  a) Contour plot as a function of the distances x from 
surface and y between the two atoms. b) One-dimensional Lennard-Jones po- 
tential. c) Variation of potential along the reaction coordinate. 

the surface experiences an initial decrease in its energy, can 
be weakly bound to the surface in the form of a molecular 
'precursor', and will subsequently undergo dissociation 
when the activation barrier is surmounted. Since the forma- 
tion of two bonds between the surface and the resultant two 

lo-" mbar s is a convenient unit for the gas exposure, be- 
cause it suffices for the saturation of a surface with adsorbed 
particles if the sticking coefficient equals unity. Two features 
can be recognized from Figure 12: 1) the rate of dissociative 
nitrogen chemisorption depends strongly on the surface 
structure according to the sequence (111) > (100) > (110); 
2) since typically not 1 L but > 10" L N, are necessary to 
achieve saturation, the sticking coefficient must be very low, 
i.e. of the order of Both findings are in full agreement 
with the results mentioned above concerning the catalytic 
activity of iron single crystal surfaces in ammonia formation, 
and demonstrate that the rate of ammonia synthesis is limit- 
ed by the dissociative chemisorption of nitrogen. The agree- 
ment is all the more remarkable when one considers that the 
reaction conversions were measured at 20 bar and the 
chemisorption at bar-the 'pressure gap' thus presents 
no serious hurdle in this case. 

As the Fe(ll1) surface exhibits the highest activity, the 
interaction of nitrogen on this surface has been examined in 
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greatest detail. It has been shown that three different forms 
of adsorbed nitrogen can arise in this case, which may be 
characterized using the differing ‘fingerprints’ in the N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,,- 
photoelectron spe~ t ru rn [ ”~  (Fig. 13a): I )  a very weakly 
bound molecular state (y), with terminal coupling[lsl and a 
N-N stretching vibration at  2100 cm-’, close to the value for 
the free molecule;1191 2) under mild thermal activation, the 
y-state is transformed into another molecular form zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(a), 
which is also directly populated from the gas phase and 
represents the actual ‘precursor’ for dissociative chemisorp- 
tion.[201 The frequency of N-N stretching is much reduced 
(ca. 1500 cm- ’) signaling a pronounced weakening of the 
N-N bond.f17. 19. 211 The molecular axis is tilted with respect 
to the surface, so that an interaction with both nitrogen 
atoms occurs;r17* 3) from the above state, the final disso- 
ciation ensues upon surmounting a modest activation barri- 
er, yielding the strongly bound, atomic p form, as illustrated 
schematically in the potential diagram in Figure 13 b. 

b 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP -  

Fig. 13. N-1s photoelectron spectra of the various adsorbed N species on a 
Fe(ll1) surface (a) and the corresponding schematic potential (b) [17] 
I = intensity; 3.y = molecular states; p = atomic state: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAE = E - E,,,,,; 0 = 

reaction coordinate. 

An example of a structure formed by chemisorbed N 
atoms on a Fe(100) surface is illustrated in Figure 14.[221 The 
nitrogen atoms occupy sites with fourfold coordination and, 
additionally, exhibit a strong interaction with the Fe atoms 
of the second layer. In other cases, the formation of the 

chemisorbed nitrogen phase is associated with considerable 
reconstruction of the substrate (see Section 3). Such phases 
can generally be denoted as ‘surface nitrides’ (the familiar 
bulk nitrides are thermodynamically unstable under the con- 
ditions of the ammonia synthesis!). Mittasch’s speculation 
that “in the catalytic formation of ammonia some kind of 
intermediate nitrides” arise, is thus entirely vindicated in its 
essence. 

0.59 
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Fig. 14. Structural model of the c(2 x 2) phase formed by chemisorbed N atoms 
on an Fe(100) surface [22]. d = layer separation. 

The role played by ‘electronic’ promotors can be studied 
by application of sub-monolayer amounts of potassium to 
pure iron surfaces. In this manner, it was shown that the 
sticking coefficient for dissociative nitrogen chemisorption 
could be raised dramatically.[’31 This is essentially due to the 
increased substrate electron density in the vicinity of an ad- 
sorbed K*@ atom, which leads to a stabilization of the molec- 
ular cc-state through increased n-back donation. This state 
(a2) has a higher adsorption energy and the frequency of the 
N-N vibration is further lowered, thus facilitating dissocia- 

The occurrence of various binding states for nitrogen on a 
potassium doped Fe( 11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 )  surface is manifested also in the 
thermal desorption spectrum, which exhibits maxima at  the 
respective desorption temperatures (Fig. 15, curve a).r191 For 

tion.[21. 13-25 ]  

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N2 
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Fig. 15. Thermal desorption of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN, from a K covered Fe(ll1) surface (curve a) 
and from a commercial ammonia catalyst [curve b) 1191. Left: desorption from 
the molecular states y,a, and c t2 .  Right: Desorption following recombination of 
the atomic state p. 
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comparison, this figure depicts (curve b) data determined 
upon heating a nitrogen covered industrial catalyst.[261 It is 
notable that the temperature maxima, i.e. the respective 
bond energies, are in full agreement with one another. This 
demonstrates that the adsorption behavior of the commer- 
cial catalyst is simulated really well by the model system 
(Fe(l11) surface, covered with around 1.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl oL4  K atoms/ 
cm’). It further shows that the ‘materials gap’ mentioned 
above can be overcome in this case, and thus that the infor- 
mation obtained from surface science studies can form a 
basis for the quantitative modeling of ‘real’ catalysis in its 
own right. 

The quintessential features of the results obtained from a 
large number of detailed studies on the individual steps of 
the catalytic ammonia synthesis are summarized in the ener- 
gy diagram shown in Figure 16: 17, 271 the homogeneous reac- 

N + 3 H  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P -  

Fig. 16. Schematic potential diagram for the course of catalytic ammonia syn- 
thesis along the reaction coordinate in comparison to the energy differences for 
the corresponding non-catalytic steps (energy in kJ mol-’) [7, 271. 

tion in the gas phase would require a prohibitive amount of 
energy for the dissociation of the H, and N, molecules. In 
the presence of the catalyst, on the other hand, this process 
may be achieved by overcoming only relatively low energy 
barriers, the formation of chemisorbed nitrogen and hydro- 
gen atoms actually even producing surplus energy. The fur- 
ther reaction steps comprise the successive recombination of 
N,, and H,,, ending with the desorption of NH, . The corre- 
sponding energy demands of these elementary processes are 
easily met by virtue of the high reaction temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 2  400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA?C). 

The attempt to predict the conversion in high-pressure 
industrial reactors using commercial catalysts on the basis of 
detailed information about the kinetic parameters for the 
individual steps, as obtained from the single-crystal model 
systems under the high vacuum conditions described, has 
been tackled by several research groups employing differing 
approaches.128-291 As is evident from Figure 17, the agree- 
ment, e.g. in the analysis by Stoltze and N5r~kov,[’~] is really 
surprisingly good. This example illustrates that catalysis is 

xNHplexp.l - 
Fig. 17. Comparison of the ammonia yields determined experimentally under 
industrial conditions with theoretical values calculated with the help of model 
studies on a single surface. Taken from Sroltze and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANorskov [28]. x = mol 
fracrion. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo = 1 atm, 0 = 150 atm, o = 300 atm. 

by no means a ‘black art’, and that even complex technical 
systems can be described quantitatively via an analysis of the 
underlying elementary processes. 

5. Nonlinear Dynamics: 
Temporal and Spatial Intrinsic Organization 

The possibility of being able to calculate exactly the rate of 
a chemical reaction from a detailed knowledge of the kinetic 
parameters (i.e. reaction order and rate constants) for the 
individual steps, can admittedly, in certain cases, come up 

against fundamental limitations having their origins in the 
mathematical structure of the underlying equations. 

For a catalytic reaction taking place in a continuous flow 
reactor, an open system well-removed from equilibrium is 
involved, the temporal behavior of which can be described 
by a series of coupled, nonlinear differential equations for 
the individual concentration variables (in our case the cover- 
ages by the various species), hence the expression ‘nonlinear 
dynamics’. Systems of this kind need not behave in a station- 
ary (i.e. time-independent) manner, even when external 
parameters (temperature, pressure) are maintained at con- 
stant levels, but can undergo transitions to temporal and 
spatial self-organization. Such phenomena were classified 
as ‘dissipative structures’ by Prigogine et a1.[301 and were 
later incorporated into the general area of synergetics by 
H ~ k e n . ~ ~ ’ ]  

Temporally oscillating reaction rates were observed early 
on in detail, e.g. with the Belousov-Zhabotinsky (BZ) reac- 
tion in homogeneous solution1321 and with electrochemical 

Such effects were first described for a hetero- 
geneously catalyzed reaction, CO oxidation on supported Pt 
catalysts, by Wicke et al. about twenty years ago.1341 Here 
too, the reaction mechanism could be clarified using the 
strategy described. 

For Pt(100) and Pt(ll0) single crystal surfaces at low par- 
tial pressures and under strictly isothermal conditions, the 
presence of CO triggers a structural transformation of the 
surface, with an associated increase in the sticking coefficient 
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for oxygen. In this way, the adsorbed CO is removed by 
reaction with a high probability and the surface reverts to its 
original structural modification. Under certain conditions, 
the surface can thus alternate between two states with high 
and low activities, giving rise to corresponding oscillations in 
the reaction rate. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs an example, Figure 18 shows for a 
Pt(l l0) surface the development of regular oscillations fol- 
lowing a rapid change of the 0, partial pressure to a new 
value at  the point marked by the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

300 

250 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Rco* 

150 

100 

5 0 ~  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t ’  

0 b-: i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAti ib 12 i i  16 i a  20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-22 
10-2t [sl - 

Fig. 18. RateR,,ofcatalyticCO,formationona Pt(llO)surface(marbitrary 
units) as a function of time under steady-state flow condltions [37]. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT = 470 K, 
pco = 3.0 x mbar, at the point indicated by the arrow,po* was raised from 
2.0 x lo-& to 2.6 x mbar. 

The occurrence of such oscillations is usually restricted to 
a certain range of values for the external parameters. In the 
example shown in Figure 19, small amplitude oscillations 
commence upon adopting a particular value of the CO par- 
tial pressure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(p,, = 5.6 x mbar) (a). The amplitude ini- 
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Fig. 19 Various forms of oscillation encountered during the catalytic oxida- 
tion of CO on a Pt(ll0) surface under steady state conditions. T =  530K. 
po, = 1.1 x mbar, pco was varied between 5.6 x lo-’ (a) and 5.2 x 
lO-’mbar (d) [37]. 

tially grows upon further reduction ofp,,, while the frequen- 
cy remains unchanged (b); this signals the occurrence of a 
so-called Hopf bifurcation. Reducing the CO partial pres- 
sure still further leads to a doubling of the period (i.e. with 
alternating large and small amplitudes) (c), which is then 

itself superseded by a further doubling (not shown here). 
Finally, atp,, = 5.2 x mbar, irregular dynamic behav- 
ior is observed. A detailed analysis[381 indicated that this 
reflects a transition to deterministic chaos via the so-called 
Feigenbaum route.[391 In contrast to the regular oscillations, 
the dynamic behavior is no longer predictable, hence the 
term ‘chaos’. This effect occurs despite the fact that the exter- 
nal conditions, and thus also the mathematical formulation, 
are well defined (apart from small stochastic fluctuations, 
which can never be eliminated entirely), hence the adjective 
‘deterministic’. 

Chaotic phenomena occur in totally different areas and 
have shaken the scientific credo of being able, in principle 
anyway, to predict the temporal behavior of macroscopic 
systems. 

The system under consideration exhibits a further pecu- 
liarity : the manifestation of temporal variations in the reac- 
tion rate integrated over the entire surface of 30 mm2 neces- 
sitates some form of communication between different 
locations, i.e. an additional, spatial self-organization. For 
the Belousov-Zhabotinsky reaction mentioned earlier, local 
variations in concentration can be rendered visible by means 
of color differences, and manifest themselves, for example, 
as expanding concentric rings or spirals[401. With the system 
just described, corresponding differences in CO and 0 cover- 
ages can be visualized using a recently developed photoemis- 
sion electron microscope for which the contrast is deter- 
mined by variations in the (local) work function associated 
with the dipole moments of the adsorbates. Two examples of 
the numerous different patterns formed (the phenomenology 
of which is dictated uniquely by temperature and partial 
pressure) are shown in Figure 20, corresponding to the rings 

Fig. 20. Spatio-temporal pattern formation on a Pt(ll0) surface during the 
oscillatory CO oxidation. Both figures depict a section of the surface with a 
diameter of approximately 0.5 mm as imaged by photoemission electronmi- 
croscopy [41]. a) T =  430 K, po, = 3.2 x lo-“  mbar, pco = 3.0 x lo-’ mbar. 
b) T = 435 K, po, = 3.0 x mbar, pco = 2.8 x lo-’ mbar. 

and spirals of the BZ reaction mentioned earlier. It should 
once again be stressed that these patterns are truly two- 
dimensional. The contrast is created only by local differences 
in the coverage on an initially homogeneous surface (dark: 
O,, coverage; bright CO,, coverage). The patterns change on 
a time scale of about 1 s (sometimes much more rapidly too); 
when conditions are no longer suitable (e.g. one of the gases 
is cut off) the patterns disappear immediately and the surface 
once again assumes a fully uniform appearance. 
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6. Conclusion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
In this paper, an attempt has been made to show how, 

even for a phenomenon as complex as heterogeneous cataly- 
sis, basic research can enable one to proceed to underlying 
fundamental principles. This route and its likely future rele- 
vance for practical applications was formulated by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMittasch 
several decades ago as 

“When one considers that catalysis is truly a ‘land of un- 
limited possibilities’, one cannot exclude the likelihood that 
continued experimental research will not only provide com- 
plete theoretical explanations, but could also become of im- 
portance in the further refinement of commercial processes.” 
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