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In the 1950-1970 period catalysis science was driven by the need for high conversion production of motor fuels from naphtha, and the production of commodity chemicals and polymers from ethylene and propylene.  The emphasis was on quantity, to produce more per unit time, and it is not surprising that research into the activity of catalysts (turnover rates) was emphasized over the need to understand selectivity.  In the 1970ies, the energy crisis induced renewed interest in research to produce synthetic fuels, and clean air concerns gave birth to the automobile exhaust catalyst and clean fuel standards, which then dominated the direction of much of catalysis research in the area of catalysis science.  

The rise of molecular catalysis, that is to understand catalytic reactions, elementary steps and mechanisms on the molecular scale, started in the 1970ies, and has been a frontier of catalysis science ever since.  Model catalysts were used in most of these studies.  The reaction of nitrogen and hydrogen to form ammonia shows extreme structure sensitivity.  The (111) and (211) surfaces are orders of magnitude more active than the close packed (110) crystal face of body centered cubic iron. The ammonia synthetic catalyst contains two additives, alumina and potassium, that are added as promoters to improve and maintain catalytic activity.  It was found that alumina forms iron aluminate, which under reaction conditions forms a template on which the (111) crystal face of iron forms a thin layer.  When potassium is added to iron the heat of adsorption of ammonia (the product of ammonia synthesis) on iron is reduced by 2.4 kcal.  As a result there is less product poisoning and the equilibrium between gas phase and surface adsorbed ammonia shifts toward the gas phase.  This results in a substantial increase in the reaction rate in the presence of ammonia.

Molecular surface science studies of catalytic systems were expanded rapidly when techniques became available that provide molecular characterization of surfaces during the catalytic reaction.  One example of this is the study of ethylene hydrogenation catalysis by platinum.  Using sum frequency generation surface vibrational spectroscopy studies were carried out under reaction conditions at high pressures of ethylene and hydrogen.  There are two destinct species detectable: di-(-bonded ethylene and ethylidyne.  These species are stagnant spectators, they are strongly bound and do not influence the reaction rate.  The reaction intermediates are the weakly bound (-bonded ethylene and ethyl, C2H5, that are only present at high pressure, which desorb upon evacuation.  

The challenge in the 21st Century, I believe, is to produce catalysts that provide 100% selectivity for catalyst based chemical processes.  This way we can achieve clean manufacturing without by-products.  This eliminates the need for waste disposal, and provide environmentally sound, green, catalysts based chemical processes.  However, our knowledge of selectivity is much poorer than our understanding of what controls the activity or the turnover rate of the catalysts.  There are four ingredients of selectivity that have been identified.  These are 1) the surface structure of the metal surface, 2) the importance of selective site blocking, 3) bifunctional catalysis, and 4) the importance of oxide metal interface sites.  These will be discussed.

The industrial catalysts are usually produced by adsorbing transition metal ions from solution on high surface area support, oxidizing them, then reducing them to the metallic state.  In such preparations one cannot control the precise size, location, structure and promoter distribution on the catalyst surface.  To do that one has to develop high technology catalysts where all these variables are precisely controlled.  One approach in my laboratories to obtain such catalysts is the use of electron beam lithography, which will be discussed.

Let me now turn to other fields of catalysis science that should be emphasized in the 21st Century in addition to selectivity and catalyst material science.  One important area is high temperature short contact time catalytic reactions.  Pyrolysis as well as combustion fall into this category.  Understanding and controlling this surface free radical process could lead to selective chemistry using short contact time, high temperature processes.  I believe methane is likely to be the feedstock of the 21st Century for many reasons.  It can serve as a starting molecule for conversion to liquid.  It is present in the continental shelves under the ocean in enormous quantities in the form of methane hydrates. Their mining and conversion could be a priority for the 21st Century. 

Polymerization is a most important reaction that produces what I consider the steel of the 21st Century: the formation of structural polymers.  They are all produced by catalytic reactions. It is entirely possible that both homogeneous and heterogeneous single site catalysts that give desired molecular weight distribution and mechanical properties can be prepared with greater control.

Another area of importance is environmental catalysis.  Clean air, clean water and clean soil will always be a major concern for all of us.  There is a great deal of good research being carried out in the area of atmospheric chemistry and atmospheric catalytic processes.  There is need for more research in the field of water and soil chemistry.  Global catalytic processes have by and large been rarely studied.  These include the reactions that give rise to the pH balance of the ocean, carbonate balance and production, methane production, and nitrogen fixation by the nitrogenase enzyme.  It is important that we understand global catalytic processes before we can try to regulate and control them, or utilize them.  

The fields of enzyme catalysis, homogeneous catalysis and heterogeneous catalysis have been developed independently.  It is most important that we correlate enzymatic homogeneous and heterogeneous catalytic processes, preferably under very similar conditions, to identify the molecular ingredients common to all these catalytic systems.  The field of chiral catalysis is most important for the pharmaceutical industry as our body knows the difference between left-handed and right-handed molecules.  Theory and simulation is becoming an integral part of catalytic science studies.  Close correlation between experimentalists and theorists to validate theory using experimentally well defined reference states will enhance the development of both theory and experimental catalysis science. 

The development of surface instrumentation to characterize the surface under reaction conditions is at the heart of the future development of catalysis science.  We have continual need for the development of techniques with ever improving spatial, down to single molecule detection, resolution, and increasing time resolution to monitor the dynamics of surface processes on an ever shorter time scale.

