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1. Introduction

The concept of “active centres” was first introduced in heterogeneous catalysis in 1925 by H S Taylor [1].   This concept has also been extended to biochemical catalysis namely enzyme catalysis.   The concept of active centres has been extended and at least three categories have been identified as follows [2]: (1) Active sites being a priori present in the preparation of the catalyst. For example some specific Miller planes of the substances may be present on the surface by the epitaxial growth of the solid.    But it must be recognized that synthesis strategy alone is not responsible for a priori presence of active sites.
2. The substrate and the active environment (temperature, pressure and reactive substrate) may induce a reconstruction on the surface which will be generating ‘active sites’ with alternate co-ordination.

3. A concept of ‘spill over’ was introduced in 1960.    This has led to non active sites become active sites.   The role of these three kinds of active sites in promoting selective catalytic transformations has been elucidated and reported in literature [3].
In a scientific discussion with a colleague, the author came up with an alternate definition of surface of materials.   If a solid crystallizes in its native structure (for example sodium chloride crystallizes in interpenetrating face lattice) then the surface will be a non-native configuration.   Consider an alloy with composition AB.   The composition of this alloy will be 50 atomic percent in both the elements A and B.   However on the surface the relative concentration of the two elements will be mostly different from 1.   This accumulation of excess of one of the components on the surface can also be considered to be non-native configuration, while the bulk will still be 50:50 in composition which is the native composition.
Core shell structures that are being considered in nano materials can also be considered as non native configuration over a native configuration.  It is therefore possible that the same material can sustain native structure in the bulk and non native configuration on the surface.   This can be considered another manifestation of the concept of “active site”.

In multi-component systems, for example, the component with lower surface free energy will accumulate on the surface.   This accumulation can result in a variety of confurational alterations the primary among them is the change in the coordination sphere resulting in the change in coordination number or changes in the species coordinated to. 
It is appropriate if one can quote the accepted definition of active sites in catalysis.   In open literature it is stated that “the active site in heterogeneous catalysis to those sites in adsorption which are the effective sites for a particular heterogeneous catalytic reaction. The terms active site and active centres are often used as synonyms, but active centre may also be used to describe an ensemble of sites at which catalytic reaction takes place” [ Source: PAC 1976 Manual of symbols and Terminology for physic-chemical quantities and units Appendix II Definitions, Terminology and symbols in colloid and surface chemistry, Part II Heterogeneous catalysis in page 77]  In this presentation, some conceptual clarity is aimed at on this important concept in the field of catalysis.

2. What is an active site?

The concept ‘active site’ is different for different situations.   In the case of biochemical systems this has been identified as ‘lock and key’ configuration. One such pictorial representation reproduced from literature is given in Fig.1.

                   

Fig.1. The active site concept in enzymes ( http://en.wikipedia.org/wiki/File:Induced_fit_ diagram.svg)
In the case of heterogeneous catalysis, the concept of active centre has many manifestations.   Strangely, in the case of catalysis by porous solids, especially zeolites, the pore volume and the shape of this volume and pore size control the selectivity in a reaction and hence these volume elements also can be considered as ‘active centres for promoting the reaction in the desired direction.   But in the following one is not going to consider this special feature of activity and selectivity induced by pore sizes and volume.

It is necessary to understand the concept of active sites from the consideration of activation of small molecules on surfaces.  For example consider the activation of CO on surfaces especially metals and one visualizes as end on adsorption or bridge bonded configuration.   The hydrogenation of CO is more favoured by the bridge bonded CO thus implying that only surfaces that can promote this mode of adsorption can be effective catalysts.    This implies that the active sites are those that promote this mode of activation.

In the case of dinitrogen activation, one can envisage two modes of adsorption involving either one or both the nitrogen atoms.   In the case of end on adsorption, the two nitrogens are distinguishable, in terms of the binding energy of the core levels of nitrogen atoms in terms of screened and unscreened states while in the case of side on adsorption, both the adsorbed nitrogens are not distinguishable.    Thus these two states in subsequent reaction with hydrogen can give rise to selectivity differences. It is therefore possible to identify at least two different types of active sites for the dinitrogen activation. 

Let us consider the case of carbon dioxide activation.   The bond angle of ground state carbon dioxide is 1800.    However, in the activation and subsequent reaction, the band angle has to be reduced from 1800. Therefore a flat geometrical site activating carbon dioxide through the two oxygen atoms will not provide means of catalytic conversion of carbon dioxide.    On the other hand, if one were to have a stepped surface with appropriate step height, carbon dioxide can be activated with band angle being reduced from1800.   This means that these sites can not be in the planar configuration.

The examples considered imposed some geometrical configuration for the active sites.    However, this needs to be the case.   It is always argued that ‘geometry’ versus ‘electronic’ factors control the resultant reactivity of catalyst surface.

In the case of fuel cell electrodes, it is usually conceived that the noble metals dispersed usually on carbon surfaces must display certain preferential Miller planes on the surface for it be efficient.   The relevance of this concept has been recognized for a number of years.    However, Norskov and his coworkers have been examining this structure activity correlation and have even come up with a multidimensional correlation.   One such example from the work of Norskov et al is shown in Fig.2.    Having realized that the concept of active sites is vital for catalysis, the next step would be to examine how one will be able to generate these sites on a given surface.
3. Surface – do we have proper understanding?

Surface has been usually identified as that possessing coordinatively unsaturated species.   This can be formulated in a different language.   If the bulk of a material crystallizes in a certain crystal habit for example CsCl crystallized under normal conditions in body centred cubic lattice and this can be considered as the native structure.   But the surface of CsCl cannot be considered as native configuration since the bond distances and other geometrical parameters may be different from that obtained in the bulk of CsCl.    Therefore, it is natural to state that all surfaces are in non-native configuration as compared to the bulk.
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Fig.2. (a) The Brønsted–Evans–Polanyi (BEP) relationships for dehydrogenation of methane over a number of fcc (211) and (111) transition metal surfaces. The stepped surfaces show a slightly higher dissociation barrier than the (111) surfaces at a given reaction energy (dissociative chemisorption energy), but the electronic effect is much larger than the geometrical effect,  (b) The BEP relationships for N2  dissociation over a number of stepped and close-packed surfaces. The BEP line for open surfaces lies significantly below that of the close-packed surfaces (on the order of 1 eV). At a given reactivity of the surface, N2  thus prefers splitting over the under-coordinated sites at the steps. Here the geometric effect is larger than the electronic effect,  [ Reproduced from reference 4]
In the core shell structures one is deliberately bring in non-native configuration on the shell as compared to the core.   This may be one of the reasons for the reactivity of these configurational systems.   Similar is the case of alloys AB with 50:50 atomic compositions in the bulk while on the surface one of the components of the alloy will segregate depending on the value of surface fee energy of the tow components.   This is a typical example surface being non native configuration while the bulk still takes the native composition of 50:50.

It is therefore necessary to recognize that all surfaces adopt non native configuration as compared to the bulk, which still be native configuration. It is therefore recognised that surfaces exhibit non native configurations and this yet another manifestaion of active sites.

Modulation of non native configurations on the surface:

One is faced to raise some questions at this stage.   Some of them are:

1. If surfaces are going to adopt non native configurations, is there any relationship between bulk native configuration and surface non native configuration?

2. What are the factors that control the sustaining of one of the non native configurations over the others?

3. If among the possible non native configurations, can one a priori predict which one will be active for a chosen reaction?

4. Having identified the appropriate non native configuration for the surface for example stepped surface for carbon dioxide activation, is there simple recipes for generating such non native configurations?

It is to be recognized that the listing of the questions is neither complete nor comprehensive and the reader can suitably add or subtract the possible questions.   Even though offering direct solutions to these stated or non stated questions is not immediately possible, it will be our endeavour to at least indicate the directions in this matter.

In the case of architecting porous solids one employs a variety of templating agents which ultimately and possibly control the geometry and pore size obtained in the solids.

In the case of non native configuration formation both thermodynamic factors as well as constructional factors can contribute.   If one were to consider an alloy of two elements, the constituent which can be easily oxidized will segregate to the surface.   This is an example of reaction induced non native configuration being formed on the surface.

If one were to consider pure aluminum metal, the surface is oxidized while bulk is pure metal.   This is also reaction induced non native configuration on the surface.   In the formation of appropriate surfaces, various pretreatments in multiple environments are given so that the suitable non native configuration is formed on the surface.   The so called capping agents in nano material synthesis are one such example. 

Since non- native configurations are meta-stable states, it is possible one will have more than one non-native configuration on the surface and among these possible states only one of them may be active for a chosen reaction.   This preferential non-native configuration is controlled by the nucleation and growth kinetics.   The protecting agents with functionalities control the kinetics of nucleation and growth, though other factors like initial concentration and temperature are also relevant.
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