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Our ever advancing abilities to examine nanosize metals and/or oxides with atomic and/or high

temporal resolution have recently started to reveal much that is new about the behaviour of such

systems. In many cases the notion of passive entities, upon which catalytic events occur, has been

overturned, and with it many ideas that for a long time were axiomatic to the understanding of

their behaviour. In its place a world of structuro-reactive dynamism is starting to appear wherein

the atomic scale structure and reactivity are intimately tied to the nature of the environment being

experienced. The aim of this tutorial review is to introduce the reader to these phenomena, to

discuss how we might observe and categorise differing types of dynamic change, and to give some

specific examples of where and how this fundamental structural dynamism can be tangibly linked

to the reactive behaviour of heterogeneous catalysts.

Introduction

Metal nanoparticles in a variety of circumstances, and by

virtue of their specific physical or chemical properties, are

central to an enormous range of processes and technologies

of industrial and economic importance. As components of

heterogeneous catalysts they are supported upon a range

of high area materials such as, for example, inorganic oxides

or high area carbons. In this state they catalyse a plethora of

important reactions—from cleaning up car exhaust emissions

or producing electrical energy in fuel cells, to refining crude oil

stocks and synthesising the raw feedstocks for yet further

catalytic processes.

Such supported metal nanoparticles have been, and con-

tinue to be, the subject of intense research at many levels.

Implicit in much of this research, historically speaking, is the

notion of metallic particles upon which the catalysis, or at least

part of the overall process at hand, occurs: the metal particle

itself is viewed as a relatively invariant conduit for the desired

chemistry. One could say that this axiom has underpinned

much fundamental Ultra High Vacuum (UHV) based study of

the chemistry of gases adsorbed upon well defined metal

surfaces. Whilst in some cases impressive, and quantitative,

explanations of some processes have resulted from UHV

studies of low index, single crystal surfaces1,2 it is clear that

in many cases this notion is at best incomplete.2

Amongst the potential candidates for explaining the short-

comings of a ‘‘static’’ metal particle model of a complex

material like a catalyst is simply that, in some structural-

reactive way, the nanoparticle is a fluid entity that can rapidly

change its habit or phase according to its environment; and

that this might be in some way deterministic, for better or

worse, in terms of the process being mediated. Even in the

rarified world of UHV single crystal metal studies the potential

for a reactive structural fluidity (via adsorbate induced surface

reconstruction) has long been known.

Evidence that a panopoly of other such ‘‘form altering’’

processes may exist in the world of supported metal nano-

particles has also been with us for some time: the volatilisation

of Ni as toxic Ni(CO)4 has long been known and utilised as a

central step in the Mond process;3 50 years ago infrared

spectroscopy (IR) provided evidence that, in the presence of

CO, supported Rh nanoparticles may transmute into a

supported RhI(CO)2 species;4 and at least 40 years ago it

became clear that, for the most part, deactivation of noble

metal based catalysts used for hydrocarbon reforming and

auto-exhaust processes was due to loss of active metal surface

area (sintering) through particle growth resulting from the

thermal and chemical rigours of these applications.5 Indeed,

undoing the effects of particle sintering, via ‘‘oxidative

redispersion’’ has long been an important process in the

petrochemical industry for reactivation of spent catalysts.6

Despite this, the detailed nature and timescales of such

structural change have remained, in general, far from clear.
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Thus their potential importance in determining the overall

behaviour of a catalyst in a given situation remains poorly

understood. However, developments in a number of areas are

starting to allow us to see inside catalyst behaviour with ever

greater temporal and structural-reactive resolution. What is

starting to emerge in many cases is that supported metal

nanoparticles are often far from structurally passive: indeed,

very rapid changes in form or phase often appear integral to

the conditions they experience and processes they mediate.

This article aims to provide an introduction to some of the

structuro-reactive behaviour that supported metal nano-

particles can display, how we might observe and quantify

them on the timescales that they occur, and how these

nanoscale phenomena might be correlated to aspects of their

catalytic behaviour. Further, whilst this article is couched in

the realm of heterogeneous catalysis, it is worth noting

that many other properties (for instance, magnetic, optical,

bactericidal, and biocompatibility) of metal nanoparticles, and

the practical applications that arise from them, will also be

dependent to a greater or lesser degree upon their precise form

and how that form may be maintained under the conditions in

which they are applied.

What types of structural change might occur and

why should they interest us?

Why should these phenomena be important? Firstly, it is clear

that differing phases (for instance, metallic, oxidic, organo-

metallic) are liable to have very different physical and chemical

properties. Thus, one really needs to know which phase is best

suited to mediating a given process, and how to maximise the

fraction of the metal component in the desired phase under the

reaction conditions. An understanding of how different phases

are produced or interconverted is therefore a key factor in any

rational approach to catalyst design.

Fig. 1 shows a generalised schematic representing types of

alteration that a metal nanoparticle might be foreseen to

undergo in response to interacting with a reactive phase.

These might be divided into two broad groups: in the first

the native internal structure (fcc, bcc, hcp) remains intact but

the particles reorganise in response to a physical or chemical

stimulus. As a result they may change size (sinter/disperse)

and/or shape (refacet/flatten). In the second grouping a reac-

tive event induces changes of phase (e.g. oxidation, or oxida-

tive disruption to yield organometallic species) in the metal.

A priori there is no reason why events of differing types

might occur together or as a consequence of another event. A

change of phase (to, for example, an oxide) may subsequently

trigger a change of morphology; or a change in size will result

in a different optimal shape and facetting arrangement. Thus a

considerable array of combinations of reactive structural

change is potentially possible. Even if a supported metal keeps

its intrinsic internal structure, and only changes size or shape,

changes to reactive chemistry can be expected in the nano

regime (see below).

The underlying factors that determine what might occur are

thermodynamic, and the overall driving force for any reactive

change will be that which best lowers the total energy of the

system. An extensive discussion of this is well beyond the

scope of this review and for an in depth study of the thermo-

dynamics of adsorption of metals upon oxide surfaces the

reader is referred elsewhere.7 For the purposes of this review,

however, it is sufficient to say that this is a multiparametric

problem wherein a number of physical variables—that are

often in themselves size dependent—are at work and compet-

ing with each other: for instance, the cohesive energy of the

metal particle; the particle surface free energy; the heat of

adsorption of the metal on the support material; and the heat

of adsorption/reaction and the coverage of any species

interacting with the metal nanoparticle.

Fig. 2 shows how the cohesive energy of some important

metals is calculated to vary as a function of the number of

atoms in a particle.8 It is clear that in each case, below a

certain particle size, a significant decrease in the cohesive

energy of the particle is predicted. To a first approximation,

therefore, one would predict that, as this starts to happen, the

Fig. 1 Some schematic examples of structural changes that supported

metal nanoparticles might undergo in response to physical or chemical

stimuli, such as changes in temperature and/or reactive environment.

Fig. 2 Variation of particle (icosahedral and cubooctahedral)

cohesive energies as a function of number of metal atoms, for three

catalytically important noble metals: Pt (solid circles), Pd (open

circles) and Rh (triangles). The bulk cohesive energies are also

indicated. After Bazin and reproduced with permission from ref. 8.
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potential for such metallic nanoparticles to be structurally

altered through chemical adsorption is increased; simpli-

stically speaking, they are becoming easier to pull apart.

Further, naked metal particles will self organise in order to

minimise surface free energy. This results in the formation of

particles whose surfaces terminate in low index surface planes.

Moreover, the three-dimensional structure representing the

lowest energy configuration for the particle can be predicted

from the Wulff construction and modifications of it.10–12w
Fig. 3 shows an example of this.9

The relative proportions of low index facets, along with the

interfaces that exist between them, change as a function of the

size of the particle. Geometrically, these facets offer differing

sites for adsorption, and have different propensities for

reconstruction as a result of adsorption. As a range of planes

co-exists within a single particle their interfaces may yield

unique reaction sites with no ‘‘extended surface’’ analogue.13

Further, the proximity of the planes to each other means that

chemical exchange/communication can exist between them. As

a result of this further complexity reactive behaviour can arise

simply through changing the size/shape of a particle.14

Lastly, below a certain size limit the formation of well

defined surface facets becomes progressively more limited

and the reactive behaviour displayed by the metal in question

may change completely as a result of a quantum size effect. As

a result, a transition from ‘‘metallic’’ to ‘‘non-metallic’’

behaviour is also expected at some point.15

It is noteworthy that all the above can be deduced without

even considering how adsorption or chemical reaction might

perturb the energetic balance of the system and how that

system might respond to such stimuli.

Fig. 4 shows a theoretical result that illustrates some of the

subtle, and potentially reactively important ways in which free

Au clusters respond to the molecular adsorption of CO.16

The calculations show that a molecular adsorbate can

facilely manipulate the cluster to maximise the number of sites

it would prefer to adsorb at. The result is a morphological

rearrangement within the cluster that creates more four-

co-ordinated Au sites: a flatter particle morphology and higher

overall dispersion thus results.

How do we dynamically observe and quantify such

phenomena?

As this review is primarily concerned with dynamic structural-

reactive change, by and large, ex situ techniques wherein the

sample under study needs to be removed from its working

environment are not deemed to be of great utility. That said,

some of the earliest and most important observations of, for

instance, particle restructuring17 and particle splitting/wetting

in response to oxidation,6,18,19 had, for reasons of the techno-

logy of the time, to rely upon this approach.

Latterly, however, developments in a variety of areas have

resulted in a battery of advanced structurally direct and in situ

techniques, and for the purposes of this review it is those that

we shall principally consider. The reader is also directed to a

recent review of a number of these techniques for more specific

assessment of their current structural and temporal resolving

powers.20

Obtaining atomic scale structural information requires

probes of suitably small wavelengths. Thus the methods that

Fig. 3 Distribution of metal atoms at corner, edge, and plane sites

divided by the total number of surface atoms as a function of the

relative diameter of the nanoparticle. Reproduced with permission

from ref. 9.

Fig. 4 Calculated phase diagram (P(CO) vs. T (K)) indicating the

preferred morphology of free Au79 particles as a function of partial

pressure of CO. CO rearranges the particle to expose more four-

co-ordinate (red) Au sites, flattening the particle and decreasing the net

Au co-ordination number. Reproduced with permission from ref. 16.

w In its original formulation10 the Wulff construction applies to
particles embedded within a single phase and at a fixed temperature.
Supported metal nanoparticles which are not embedded interact—to
varying degrees—with their support (and, indeed, the gas/liquid
phases and the adsorbates that result from them). Thus the Wulff
construction needs to be modified to take into account the presence of
the interfaces between the particles and support and how deformable
they may be in response to the contact with the nanoparticle. In the
case of a non deformable boundary the modified Wulff construction
due to Winterbottom11 is more appropriate. However, subsequent
treatments of this problem have shown that where metal–support
contact can significantly deform the interfacial region further
modifications to the treatment of the particle–support interface
problems need to be adopted.12
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may provide structurally incisive and dynamic information are

those based upon electrons and X-rays: microscopies, diffrac-

tion, and techniques based upon absorption or scattering.

Foremost amongst the canon of microscopies that are of

utility within the scope of this review are transmission electron

(TEM) and scanning tunnelling (STM) microscopies.20 Both

of these techniques have developed to a very high level of

sophistication, though the latter is constrained to planar

systems rather than real high area materials.

Fig. 5a and b show two examples of the exceptional

structural specificity that can be achieved on real systems

and in situ using high resolution TEM.21,22

Both of the above examples clearly show that extremely

precise investigation of nanoparticle (in these cases ca. 4–5 nm

in diameter) structure and structural change can be achieved in

‘‘real’’ reactive environments. They clearly show subtle

morphological rearrangements occurring as a result of inter-

actions with adsorbates for two catalytically very relevant

cases, cf. the theoretical results shown in Fig. 4. Moreover,

the latest designs of these instruments also permit some

ability to match these changes to some form of performance

indicator such as activity/selectivity measured using a mass

spectrometer.20

It does, however, need to be noted that in terms of the

absolute pressures of gases used even the most modern of these

instruments—and currently this can be said of STM as

well—cannot operate at feedstock pressures really typical of

many of the catalytic processes. In terms of direct relevance to

what might be occurring in the real process, therefore, ques-

tions in this respect will always remain. However, and as with

the pantheon of UHV studies, one cannot question the

intrinsic beauty of the experiment, nor its contribution to a

more fundamental understanding of how systems such as these

behave in the presence of the gas pressures obtainable.

These examples provide in situ snapshots of nanoparticle

structure but cannot, however, be regarded as ‘‘dynamic’’

within the paradigm of this article. Though ‘‘movies’’z can

be assembled from both TEM and STM experiments with

varying degrees of time resolution, as with many other tech-

niques, a concomitant loss of structure resolving power

generally accompanies the increased temporal capacity.

Synchrotron based diffraction/scattering techniques and

spectroscopies such as extended X-ray absorption fine struc-

ture (EXAFS) have also long been used in situ to study

supported metal catalysts, and materials in general, to eluci-

date both long range and local structure respectively. Further,

given suitable experimental design they are not, a priori,

limited in the pressure regimes where they might be applied

as is the case for electron based microscopies.

In terms of the lengths scales where these approaches find

their most suitable application there is a very nice comple-

mentarity between EXAFS and both diffraction and electron

microscopies. EXAFS is very much a local probe of structure

and is very good at looking at systems wherein the species

contain isolated metal atoms (for instance, surface organo-

metallic species), small metal particles (with less than a few

hundred atoms) or mixtures of oxidic/metallic material. It also

has the significant benefit of being element specific.

However, EXAFS becomes rapidly and intrinsically less

precise in relating co-ordination numbers to metal nano-

particle particle sizes and possible morphologies as the particles

themselves get larger (4 ca. a few hundred atoms).23 Fortu-

nately, just as this is happening, diffraction and scattering

probes are becoming more and more exact in their abilities in

this respect.

Both EXAFS24 and various diffraction based techniques

have the potential to yield in situ and dynamic information,

often with high time resolution. However, the literature would

seem to indicate that in application to the study of the

dynamic reactive behaviour of supported metal nanoparticles

it has been the energy dispersive variant of the EXAFS

technique that has, by a long way, found greatest application.

In terms of time resolved diffraction or quick scanning

EXAFS, the current pickings are rather scant in this arena.

Fig. 5 (a) Top panels: in situ TEM from a Cu/ZnO catalyst at 493 K

and as a function of environment: (A) 1.5 mbar H2; (C) 1.5 mbar

(3 H2O : 1 H2); (E) 5 mbar (19 H2 : 1 CO). Bottom panels (B, D, F)

show the corresponding Wulff constructions10w of the Cu nano-

particles. Reproduced with permission from ref. 21. (b) In situ TEM

images of a single Au nanoparticle supported upon amorphous carbon

in (a) vacuum; (b) under 2 mbar H2; (c) under 2 mbar O2; (d) again

under 2 mbar H2. Reproduced with permission from ref. 22.

z An in situ TEM ‘‘movie’’ of Pt particle redispersion can be found in
the supplementary data of ref. 28.
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Two exceptions that demonstrate the (largely untapped) po-

tential for X-ray diffraction25 and Quick Scanning XANES26

are, however, worth noting. Both study the redox behaviour of

Cu based catalysts for methanol synthesis and water-gas shift

catalysis. The QEXAFS study26 is most notable for the sheer

speed of acquisition obtained (15 ms) for Cu K edge XANES

and thus provides a clear demonstration of the potential

that quick scanning variants of EXAFS might have in

this arena.

Time resolved (1 spectrum min�1) X-ray diffraction25 con-

cerning the reduction and oxidation of Cu within a mixed

CuCeO2 support is shown in Fig. 6.

Whilst relatively slow, the data obtained during in situ

reduction and oxidation reveal a highly intriguing pheno-

menon: a rapid and reversible dissolution of supported Cu

particles into the mixed oxide support which is not observed to

occur in the simpler Cu/CeO2 case. As we will see, this is not

an isolated occurrence of this type of potentially useful

behaviour.

It seems clear that the current sparsity of dynamic and high

resolution experiments utilising the variety of microscopies,

diffraction, and QuEXAFS techniques, and concerning the

behaviour of supported metal nanoparticles, cannot last and

we will return to consider this before the end of the review.

In the meantime, having delineated the types of structural

change that one might observe in working catalyst systems,

broadly discussed why they might be important, and what

possibilities we have to study them directly, we now review

some case studies. We will deal in detail only with the

behaviour of the three metals most commonly associated with

three-way car exhaust catalysts (Rh, Pd, Pt). Possibly as a

result of their extensive application, and the intrinsically

dynamic environment that exhaust catalysts work within, it

is this grouping that provides the richest seam of currently

available data. Moreover, within this grouping of metals

examples of each type of behaviour (e.g. Fig. 1), and combina-

tions of behavioural types, can be found.

Platinum based systems

Platinum has a hugely important and widespread usage: from

hydrocarbon reforming and the cleaning up of car exhaust

emissions, to application in fuel cell catalysts. It was from

within the petrochemical industry that many of the perennial

bugbears of many heterogeneous catalytic processes were first

recognised: that of poisoning by sulfur, early research into

which provided one of the first clear examples of adsorbed

induced refacetting in metallic nanoparticles from static

TEM;17 and that of sintering—a loss of active surface area

as a result of an increase in supported nanoparticle size.5

Noble metal redispersion, the rejuvenating antidote to its

problematic cousin, has been known almost as long as

sintering itself.6,18 It has, however, been limited by factors

that one would ideally want to avoid: it requires a high

temperature oxidation step, and, historically has only been

efficient—from an applied point of view—when Cl is used as

an adjunct to the catalyst formulation or within the oxidation

process itself. Through in situ and dynamic study, we are

starting to uncover a lot more about both these processes and

realise the possibility of redispersion in the absence of Cl; a

Fig. 6 X-Ray diffraction (l = 0.922 Å) during redox treatment of

Ce0.8Cu0.2O2 at 573 K. The rapid removal of the Cu(111) reflection

during the oxidising cycle is not accompanied by the formation of any

observable CuO or Cu2O. The Cu is switching between a solid solution

within the mixed oxide and extruded Cu nanoparticles states on the

oxide surface. Reproduced with permission from ref. 25.

Fig. 8 Temporal variation of Pt LIII ‘‘white line’’ for a sintered

Pt/CZY catalyst (initial average Pt particle size = 7 nm) during redox

treatment (20% O2–He gas and 3% H2–He gas, 60 s each) at 873 K,

and a schematic representation of the redispersion behaviour.

Reproduced with permission from ref. 27.

Fig. 7 (a) Pt LIII edge XANES collected using fluorescence yield

dispersive EXAFS from a 2 wt% Pt sample maintained at 873 K under

flowing 20% O2–He or 3% H2–He as indicated. Each spectrum is

acquired in ca. 1 s. (b) Correlation of changes in Pt LIII ‘‘white line’’

intensity (DI) with Pt particle size as determined by pulsed CO

chemisorption. Reproduced with permission from ref. 27.
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goal that has the potential for extending the working life of car

catalysts within their operational environment.

Fig. 7–9 summarise the results of recent studies in this

direction carried out by Toyota. Their extensive research27,28

has utilised a cross referencing of static measurements (EXAFS

and TEM) combined with in situ fluorescence yield energy

dispersive XANES. Through this combination of techniques a

relationship between the Pt LIII edge ‘‘white line’’ height (DI)
and the size of the supported Pt particles is suggested. Changes

in this parameter can then be measured in situ using fluores-

cence yield dispersive EXAFS on a timescale of ca. 1 s. As such,

and within the paradigms advanced, investigation of the

dynamic character of chemically induced Pt sintering and

redispersion results.

The results shown in Fig. 8 indicate that in certain cases

(in this case Pt supported upon a support comprised of Ce, Zr

and Y) a very considerable redispersion (from an average

diameter of 70 Å) can be gradually achieved, toward an

apparent limiting Pt particle diameter of ca. 30 Å. What is

more, this method starts to tell us something about the kinetic

nature of this process. The first oxidative cycle produces the

largest redispersion. Subsequent oxidative cycles augment this

initial redispersion, but to progressively smaller degrees. The

process is also seen to be intrinsically rapid (occurring in a few

seconds) and reversible, according to the feedstock being

experienced.

This behaviour is not observed for equivalent Pt/Al2O3

catalysts,28 showing that the structure and composition of

the support material are crucial in determining the structural-

reactive behaviour of the metal (cf. the Cu based example of

Fig. 6 and further examples of behaviour in Pd based systems

given below.)

Nor are these results consistent with simple ‘‘morpho-

logically static’’ oxidation (be it surface limited or bulk) of

the Pt (other possible interpretations of the observed changes

in the Pt LIII XANES). A bulk oxidation process should show

a parabolic rate law with fast oxidation of the outer layers

followed by diffusion limited slow oxidation of the bulk of the

particle.29 Surface limited oxidation should show a pheno-

menologically similar kinetic profile. However, in both of these

cases, an isothermal experiment would not result in the

temporal changes observed in the intensity of the XANES

feature from cycle to cycle.

However, whilst these EXAFS measurements can tell us

much about the overall nature of the process they cannot tell

us exactly how this process is occurring. To establish this,

Toyota have turned to in situ TEM in both static and dynamic

modes.28 Fig. 9 shows quite conclusively that Pt is redispersed

through what is known as ‘‘atomic migration’’ of PtOx species

as opposed to the particles being split into progressively

smaller entities by the action of adsorbed O. The atomic

migration model was proposed long ago on the basis of

ex situ TEM18,19 and finds its driving force in the surface

limited formation of a PtOx (or, in the presence of Cl, a

PtOxCly) layer. The strain induced between this thin oxidic

layer and the remaining metallic core is proposed as a suffi-

cient driving force for the ‘‘sloughing’’ of this layer and the

transport of Pt over the support. It would appear that on its

own the Al2O3 cannot stabilise the resulting PtOx layer

sufficiently, and therefore maintain the Pt redispersion. The

CSY, however, can, leading to an efficient and Cl-free reversal

of the sintering of the Pt.

Supported Rh systems

Relative to Pt, Rh is an intrinsically more oxophilic element

displaying a much more diverse organometallic chemistry

(most notably a rich variety of complexes with CO and NO).

Both of these properties, and a simple deduction based upon

the much lower cohesive energies of Rh relative to Pt

(cf. Fig. 2) add even more potential for a variety of dynamic

structuro-reactive behaviour on the nanoscale.

Within the reams of research regarding Rh catalysts, as with

Pt, a great deal of attention has been paid to two basic

conversions, i.e.:

2CO(g) + O2(g) - 2CO2(g) (1)

CO(g) + NO(g) - CO2(g) +
1
2N2(g) (2)

The first evidence that suggested organometallic aspects of its

chemistry, rather than purely its metallic surface behaviour,

might be important to its catalytic function came from the

Fig. 9 In situ TEMz images for 2 wt% Pt/CSY at 1093 K. (a) Initially

sintered catalysts with average particle size of 6 nm. (b) After exposure

to 1.3 kPa O2 for 480 s. Each of the circled Pt particles is seen to

decrease in size or disappear completely during the oxidative treat-

ment. Reproduced with permission from ref. 28.
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infrared studies carried out by Yang and Garland in 1957.4

They found that, alongside CO vibrations indicative of linear

and bridge bonded CO adsorbed on metallic particles, a

further pair of absorption bands indicated the formation of

isolated RhI(CO)2 species. The first structural affirmations of

the surface organometallic nature of the RhI(CO)2 came from

the EXAFS of Koningsberger et al.30 Their pioneering work

also indicated that there appeared to be particle size limitation

to this ‘‘oxidative disruption’’: above a particle size of ca.

10–15 atoms the formation of the RhI(CO)2 was ostensibly

extinguished (cf. Fig. 2).

But how do species like RhI(CO)2 form from nano-

particulate Rh? What are their structures, and what role might

they have to play in, for instance, the two chemical conver-

sions noted above? It was not until recently that a structurally

direct technique, with a time resolution sufficient to see within

some of these processes, was applied to their study.31

Fig. 10 shows results from transmission energy dispersive

EXAFS studies made during the interaction of small

supported Rh nanoparticles with CO. Fig. 11 summarises

the structuro-reactive deductions made from them.

Firstly, the corrosion of small reduced Rh particles is very

rapid indeed, with Rh–Rh co-ordination indicative of these

particles being lost within ca. 2 s of exposure to CO; hence the

correspondingly low apparent activation energy derived from

the dispersive EXAFS measurements.31

Secondly, it is the initial adsorption and formation of linear

carbonyl species that is proposed to drive the eventual collapse

of the small Rh particles. The rapid accumulation of these

species collectively withdraws electron density from the Rh

until the cohesive energy of the small particle is compromised

to the degree where formation of individual Rh(CO)2 species

becomes the energetically favourable option. This model is

favoured over an alternative mechanism wherein Rh(CO)2
species might form directly at sites of lowest Rh–Rh

co-ordination (corner sites for example) and the Rh atom is

subsequently extracted from the starting particle.

But what about the role of this phase change within a

catalytic process? Structurally indirect infrared measurements

have played a significant role in unravelling some of these

questions: time resolved, concentration modulation infrared,32

for instance, most elegantly establishing the ‘‘spectator role’’

of this species within catalytic oxidation of CO to CO2 by O2.

It is the case, however, that as spectator species go, the

RhI(CO)2 species is somewhat special—it is a spectator that

actually contains an atom of the catalytically active metal

component. As such one might ask whether it has any other

role to play? Surely, if one forms more and more of this species

there must be less and less Rh present in catalytically active

forms to mediate the catalytic process at hand?

Fig. 12 shows further time resolved insight into this

question, and indeed further aspects of this catalytic conver-

sion from in situ dispersive EXAFS.33 Here reduced 5 wt% Rh

samples are subjected to 5% (CO + O2)–He gas flows—of

varying CO/O2 ratio—before being heated in a quartz micro-

reactor whilst EXAFS and mass spectrometry data are taken.

Analysis of the EXAFS yields an average local Rh–Rh

co-ordination number (NRh
I ). In this case, and in tandem with

observations of the near edge structure of the Rh EXAFS, it

can be shown33 that for CO/O2 ratios Z 1, below the light off

for CO conversion, significant amounts of the Rh are tied up

as catalytically inactive RhI(CO)2 species and significant

conversion is only achieved once this has been transformed

back to metallic Rh. Thus the facile liability of Rh nano-

particles in the presence of CO can become a significant factor

in determining the efficiency of the catalyst for this conver-

sion.33 Moreover, in their initially reduced state the Rh

Fig. 10 (a) Rh K edge dispersive EXAFS, in k3 weighted form, from

a reduced 2 wt%Rh/Al2O3 sample during exposure to CO. (b) Fourier

transform (FT) representations of the same data. The rapid loss of

Rh–Rh bonding as a result of the CO adsorption is clearly seen in the

diminution of the FT peak between 2 and 3 nm�1. Reproduced with

permission from ref. 31.

Fig. 11 A model of the oxidative redispersion of small supported Rh

particles by CO derived on the basis of the dispersive EXAFS results

and simultaneously acquired mass spectrometry. The transient forma-

tion of linear carbonyl species upon the small Rh particles is implied to

act as the catalyst for their subsequent disruption into isolated

RhI(CO)2 species. Reproduced with permission from ref. 31.
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particles in this catalyst are, on average, ca. three times greater

in size than the limiting size derived by Koningsberger et al.

for oxidative disruption of Rh by CO alone.30

A further aspect of the structural-reactive behaviour of

supported Rh nanoparticles is also revealed by this work. As

the CO : O2 ratio decreases below the stoichiometric condition

(2 CO : 1 O2) to {1 the light off temperature for CO

conversion drops. At the same time XANES/EXAFS indicates

that the Rh phase present during catalysis is progressively

oxidic (RhIII rather than Rh0 or RhI), even at very low

temperatures. This implies three things: the first is that a

highly oxidised Rh phase is very readily formed under such

conditions; secondly that this oxide is actually the most active

(lowest ‘‘light off’’ temperature) phase for CO conversion by

Rh; and thirdly, that the local structure, and therefore reactive

behaviour, of the highly dispersed Rh system can only be

understood in terms of a dynamic equilibrium involving three

phases of Rh i.e.

RhI(CO)2 2 Rh0 2 RhIII2 O3 (3)

The right hand side of this equilibrium has also been studied

and is a good example of rapid, but apparently ‘‘morpho-

logically static’’, phase change. Oxidation (by O2) of ca. 11 Å

diameter Rh particles34 is well described by a parabolic rate

law20 and there is nothing indicative of significant spatial

transport of the Rh during this process; a fact that appears

to be borne out by high resolution electron microscopy from

much larger Rh particles.35

A similar overall picture is emerging for NO reduction by

CO.36 However, this situation is again more complex. NO may

dissociate and act as an oxidant. It can also form stable Rh

nitrosyl species. However, an increased number of possibilities

arise due to the extra electron that NO possesses relative to

Fig. 12 Top panel: CO conversion to CO2 over pre-reduced 5 wt%

Rh/Al2O3 catalyst as a function of temperature and feedstock

(CO–O2) composition. Bottom panel: Rh–Rh first shell co-ordination

(NRh
I ) determined from Rh K edge dispersive EXAFS during

temperature ramping to 573 K under the differing reaction mixtures.

A NRh
I of ca. 7–8 is equivalent to that derived from the pre-reduced

(under 5% H2–He) sample. Reproduced with permission from ref. 33.

Fig. 13 (a) Selectivity toward N2O during NO reduction by H2 over

5 wt% Rh/Al2O3 catalysts as a function of temperature and feedstock

composition. (b) Rh–Rh first shell co-ordination (NRh
I ) from Rh K

edge dispersive EXAFS during temperature ramping to 673 K under

the differing reaction mixtures. A NRh
I of ca. 7–8 is equivalent to that

derived from the pre-reduced (under 5% H2–He) sample. Reproduced

with permission from ref. 37.
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CO. Thus, adsorption of NO to metallic Rh can have a variety

of structuro-reactive consequences. Fig. 13 shows the relation-

ship between the selectivity of NO reduction by H2 as a

function of the composition of the feedstock, temperature,

and the nature of the supported Rh phase.37

In contrast to the observations made for CO oxidation by

O2 is the observation that light off for NO conversion

decreases as the reaction feedstock is made more reducing.

Appreciable amounts of N2O are, for the most part, observed

only during the transition of the Rh from oxidised to reduced

states and in amounts that decrease with increasing H2 con-

tent. Indeed, in the most oxidising conditions used no evidence

for the formation of a metallic phase of Rh ever arises.

Correspondingly, only a low level of NO turnover, that

produces high levels of N2O and that fizzles out to nothing

at ca. 600 K, is observed.

A comprehensive study38 of the interaction of NO with

small metallic Rh particles has followed. Fig. 14 summarises

the results obtained during 60 s of NO exposure to reduced Rh

at a variety of temperatures. In this experiment infrared

spectroscopy and dispersive EXAFS are applied synchro-

nously with mass spectrometry with ca. 60 ms time resolution.

At 373 K NO adsorbs in a predominantly molecular manner

(n(NO) = 1680 cm�1), practically no Rh oxidation occurs,

and Rh particles of this size largely resist oxidative disruption,

retaining their native fcc structure. However, both the net

Rh–Rh co-ordination falls and the average Rh–Rh bond

length visibly increases (from 2.68 Å to 2.70 Å): the adsorbed

NO molecules, it appears, are trying to pull apart the 11 Å

diameter Rh particles. For these ca. 11 Å diameter particles

they fail, but the changes in Rh–Rh co-ordination could be

interpreted as indicative of the NO severely reshaping the Rh

particles in a manner similar to that shown in Fig. 4.

However, if we decrease the starting particle size of the Rh

to ca. 10–20 atoms (ca. 7–8 Å diameter)39 large scale and rapid

oxidative disruption to form Rh(NO)2 (the nitrosyl analogue

of RhI(CO)2) is, at least in the first instance, observed.

Thus a highly significant change in the physicochemical

properties of supported Rh nanoparticles occurs over a

relatively small range of average particle size (between 8 and

11 Å diameter, cf. Fig. 3).

As the temperature is increased NO dissociation by the

(initially) metallic Rh particles becomes increasingly

dominant. This results in an increasingly fast oxidation of

the Rh and a change in the types of NO species that are

observed to be formed. By 573 K the only significantly IR

observable species is linear Rh(NO+) at ca. 1910 cm�1. This

species can only form at oxidised Rh sites that have been

rapidly created through NO dissociation. If we again reduce

the starting size of the Rh particles to 7–8 Å diameter and

repeat this experiment at 573 K, no differences in structural

reactive behaviour are now observed.39 When rapid oxidation

of the Rh dominates, size dependent differences in behaviour

driven by molecular NO adsorption at lower temperatures

disappear.

A further IR visible nitrosyl species (a ‘‘bent’’ nitrosyl at

1745 cm�1) only appears in between these two extremes—at

indicative Rh particle stoichiometries of RhO4–Rh4O3. At the

same time the selectivity of the interaction to N2O is

maximal.38 A direct relationship between the degree of Rh

oxidation, the nitrosyl species formable upon differently

oxidised phases, and the net chemistry that results may there-

fore be established.

Increasingly, at least in the case of highly dispersed Rh, the

lively interplay between reduced, oxidic and surface organo-

metallic phases during reactions such as these is being

revealed. As a result the potential importance of such reactive

phase change in determining catalytic light off, overall activity,

and, perhaps most importantly selectivity, can be quanti-

fied and understood. As a last point we might also quite

reasonably expect Ru—of importance in methanol fuel cell

applications, for example—along with other metals displaying

an extensive organometallic chemistry, such as Ir, to have a

similar structural-reactive potential in the presence of gas such

as CO and NO.

Supported palladium systems

As with Rh and Pt, Pd is applied in auto-exhaust catalysis but

is also widely researched in many other areas such as methane

oxidation and carbon–carbon coupling chemistry (Heck and

Suzuki reactions, for example). In each of these areas of

application the potential for reactive change in the structure

Fig. 14 Correlations between nitrosyl infrared bands (at the wave-

numbers indicated), and the net selectivity of the interaction of NO,

with the degree of Rh oxidation (from Rh K edge dispersive EXAFS).

Results derived from exposing pre-reduced 5 wt%Rh/Al2O3 catalysts—

average Rh particle diameter of 11 Å—to NO at the temperatures

indicated. Reproduced with permission from ref. 38.
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of the catalyst is of great interest: sintering and poisoning (and

their avoidance) are ever present concerns but, in the case of

Pd, the exact nature and relationships and interconversions

between metallic and oxidic Pd have been very much centre

stage. In liquid–solid phase conversions, such as Heck

chemistry, leaching of surface bound Pd into the liquid phase

(either as an organometallic or colloidal species) is yet another

example of a structural-reactive process that has considerable

applied importance—though one that has received little by

way of detailed dynamic structural-reactive attention.

It has long been known that the oxidation of supported Pd

nanoparticles is anything but simple or ‘‘morphologically

static’’. The seminal ex situ TEM studies of Ruckenstein and

Chen19 showed as early as 1981 that oxidation of Al2O3

supported Pd nanoparticles is accompanied by an array of

size dependent particle splitting and flattening phenomena.

The very recent application of X-ray diffraction using both

conventional (10 keV)40 and high energy (85 keV)41 X-rays

to model planar systems has started to probe Pd nano-

particle oxidation with a previously unaccessible structural

specificity—one that can assess in situ the size of supported

Pd/PdO nanoparticles but also their detailed morphology.

This is possible due to the utilisation of a highly oriented

substrate and the subsequent formation of truncated octa-

hedral Pd particles with well defined (100) and (111) facets

from which crystal truncation rods are clearly observable in

the reflection XRD experiment. Moreover, a particularly

elegant experimental strategy permits a further rapid determi-

nation of how particle size effects manifest themselves in this

case.41 Fig. 15 and 16 show aspects of the size dependent

structural-reactive understanding that results.

Above 9 nm diameter an essentially ‘‘morphologically

static’’ oxidation takes place that is self limited by the forma-

tion of a thin, passivating, layer of PdO which remains atop

the remainder of the metallic Pd core. Between 5 and 9 nm

particle size the oxidation process takes on a new character

wherein a continual shrinkage of particle height and diameter

is observed under 56 mbar O2 and at 570 K. At the same time

evidence for the growth of epitaxial (on the MgO substrate)

PdO appears. Below ca. 5 nm Pd particle diameter, O2

completely removes any evidence for metallic Pd within

the timeframe (as low as 9 s per diffraction pattern)41 of

the experiments and only small domains of epitaxial PdO

are observed.

It is clear that such a wide ranging and dynamic response to

oxidation as a function of Pd particle size should have

important ramifications as to the behaviour of real highly

dispersed nanoparticulate Pd systems operating in net

oxidising and/or ‘‘redox’’ conditions. As such, we now turn

to some salient examples of what can happen in such real high

area catalysts in situations that start to mimic in some ways

the environmental fluctuations they might experience when in

use as, for instance, car catalysts. Firstly, in studying the

dynamic structuro-reactive response of 1 wt% Pd systems

supported upon 10 wt% ZrCeO4/Al2O3 during cycling

between 5% CO–He and 5% NO–He at 673 K a rapid and

Fig. 15 Size dependent behaviour observed for the oxidation of Pd

particles adsorbed upon MgO(100) at 570 K. (a) Particle height and

(b) particle diameter as a function of treatment (as indicated). Three,

size dependent, regimes of oxidative behaviour of the Pd nanoparticles

are indicated (Roman numerals). Reproduced with permission from

ref. 41.

Fig. 16 Schematic illustration of the size and pO2 dependent regimes

of oxidation at 570 K, for Pd particles supported upon MgO(100).

Derived from hard X-ray (l = 0.14 nm) surface X-ray diffraction.

Reproduced with permission from ref. 41.
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reversible sintering (in CO–He) then redispersion (in NO–He)

has been reported, and is shown in Fig. 17.42

During cycling between these two feeds, the average Pd–Pd

co-ordination number (from EXAFS) was found to oscillate

with the change in feed: under 5% CO–He it rapidly

augments; in 5% NO–He it rapidly diminishes. To a first

approximation23 the average size of the Pd nanoparticles is

rapidly changing in response to the environment it

experiences. Importantly, we note that an extreme ‘‘flattening’’

of the nanoparticles cannot be explicitly ruled out on the basis

of measurement alone (cf. the ‘‘loss of height’’ observed in the

previous X-ray scattering studies40,41 discussed above and the

theoretical results shown in Fig. 416). Either way, however, the

dispersion of the Pd changes very rapidly under these redox

conditions in the absence of any significant oxidation.

Subsequently the behaviour of 2 wt% Pd/Al2O3 was inves-

tigated during switching between CO and NO and CO and

(5 O2 : 1 NO) feed.43 The results of this are shown in Fig. 18

for a single switch from reducing to oxidising conditions. This

experiment shows firstly that the ceria–zirconia is not required

for this structural reorganisation of the Pd to occur—in sharp

contrast to the example of Pt sintering and redispersion given

earlier. Secondly, the same behaviour is observed for rather

larger Pd nanoparticles (in this latter case43 up to ca. 3 nm in

diameter). More surprising, however, was the result obtained

by replacing the 5% NO–He feed with 5% (1 NO : 5 O2)–He.

The EXAFS derived Pd–Pd co-ordination data (left ordinal

axis) are compared to the results of a Principal Component

Analysis (PCA) of the XANES region (right ordinal axis); the

latter quantifying the levels of Pd2+ formed during the

redox cycle.

From these data we see that the presence of a large amount

of oxygen in the oxidising feed actually promotes the degree to

which the Pd particles are observed to flatten/diminish in size.

Moreover, the majority of this structural change occurs before

any substantive evidence of the formation of Pd2+ (i.e. formal

oxidation of the Pd) can be derived.

As with the X-ray scattering measurements, two distinct—

and, as it turns out, very rapid—processes appear to exist

within the overall notion of Pd nanoparticle oxidation: a non

oxidative, adsorbate induced, structural reorganisation that is

then followed by a change in the phase of the supported metal

(eventually to PdO).

This may be contrasted with the example given earlier

regarding the behaviour of Pt catalysts within a more tradi-

tional paradigm of oxidative redispersion.6,18,19 Within this

paradigm the rapid formation of the oxide species itself is

deemed to be the key event in redispersing the ‘‘sintered’’ Pt

particles into much smaller entities. At least in the case of the

high area Pd catalysts, any Pd oxidation observed under the

conditions used in refs. 42 and 43 seems to be a secondary

Fig. 17 Temporal variation in the apparent size during cycling

between 5% CO–He and 5% NO–He at 673 K over a 1 wt%

Pd/10 wt%ZrCeO4/Al2O3 catalyst. Estimates of average particle atomi-

city are derived from analysis of dispersive EXAFS data collected at a 3 Hz

spectral repetition rate. The shaded areas show the period under the

reducing (CO–He) gas flow. Reproduced with permission from ref. 42.

Fig. 18 Temporal variation in Pd–Pd co-ordination (from dispersive

EXAFS analysis) and % Pd2+ (from XANES PCA analysis) observed

within a single redispersion cycle. Solid circles/solid line = (5 O2 : NO),

open circles/hatched line = NO only. Within the shaded region, and

with O2 present, the Pd–Pd CN drops from ca. 9 to 6.5 within 2 s and

with no obvious Pd2+ formation. Reproduced with permission from

ref. 43.

Fig. 19 (A) Pd K edge dispersive XANES spectra derived at 673 K

from oxidised 1 wt% Pd supported upon Al2O3 (A), ceria–alumina

(CA) and zirconia–ceria–alumina phases (ZCA). (B) Corresponding

XANES derived from the samples after a brief reduction treatment.

(C) The relative rates of reduction of Pd(II) to Pd(0) during the

reductive cycle as a function of the support material. Reproduced

with permission from ref. 44.
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event that can account for only a minority of the redispersion

of the Pd observed to occur.

In the above these rapid structural-reactive changes of Pd

nanoparticles appear not to be affected unduly by the detailed

nature of the support material, in contrast, it should be noted,

to the examples (for Cu based catalysts25) given in Fig. 6, and

the redispersion behaviour observed for Pt based catalysts

shown in Fig. 7–9.27,28 But what of the reduction behaviour of

initially oxidic Pd species that might follow such events under

more realistic—in terms of car catalyst function—changes in

feedstock conditions?

Fig. 19 shows clearly how the nature of the support material

can drastically affect the ability of oxidic Pd to be reduced to

Pd nanoparticles during a reductive switch—in the presence of

hydrocarbons—from a Lambday= 1.02 to Lambda = 0.98,44

a compositional switch that is an accurate model of a change

in engine operation from ‘‘fuel lean’’ to ‘‘fuel rich’’ conditions.

What is evident is that (again) these sorts of events occur very

rapidly and that the nature of the support material has a very

significant bearing on events.

The overall speed of Pd reduction is close to five times

slower for Pd on a 10 ZCA support compared to an Al2O3

support. The kinetics of the reduction process are also tangibly

different. From the point of view of the catalysis at hand in

these studies, this paper also shows that there is a considerable

‘‘knock on’’ effect regarding the ability of each catalyst to

convert CO to CO2 that follows as a direct consequence of

their differing susceptibilities to reduction.

The ‘‘intelligent’’ catalyst: a structural-reactive redox solution

to the problem of sintering

As has been stated, metal particle sintering has been a

perennial bugbear in many catalytic processes, shortening

the working lifespan of catalysts and, as a result, requiring

the implementation of separate reactivation (redispersion)

methodologies. A research group from Daihatsu has demons-

trated new catalysts having a seemingly inbuilt resistance to

sintering processes and, as a result, a much improved perfor-

mance in certain types of auto exhaust application.45,46 This

catalyst is based upon a low surface area LaFeO3 Perovskite,

wherein part of the Fe component is substitutionally replaced

by Pd (to yield, for example, LaFe0.95Pd0.05O3). A combina-

tion of Anomalous Fine structure and EXAFS firstly estab-

lished that when oxidised the Pd atoms occupy the (B) sites of

the Perovskite structure (Fig. 20) and become part of the

support structure itself.

Reduction at high temperatures has the effect of pulling this

framework Pd to the surface of the oxide whereupon it clusters

to yield small Pd particles (cf. the diffraction based example of

the behaviour of a CuCeO2 catalyst given in Fig. 6).25

The hypothesis therefore became that the superior proper-

ties of this catalyst during testing procedures (Lambda

cycling + ageingz) compared to, for instance, Pd supported

upon Al2O3, arose from the ability of the Pd to switch bet-

ween these two states with such alacrity and efficiency that

‘‘ripening’’ and particle agglomeration simply cannot occur.

Yet again dispersive EXAFS46 has been used to investigate

this hypothesis, it being the only currently available structural

technique with the potential temporal resolution to determine

whether this was indeed the case. The results of such testing for

the reduction (in pure H2) cycles are shown in Fig. 21.

From these data it was firstly shown that observable differ-

ences in the rates of reduction of the Pd in the Perovskite and

Pd/Al2O3 systems do indeed exist: the former being faster than

the latter (though, as can be seen from Fig. 21, both events are

very rapid indeed). Moreover, despite the Al2O3 providing an

order of magnitude greater surface area for Pd dispersal than

the Perovskite, the latter particles remained small after the

principal reduction event, whereas the former continued

to grow.

After equivalent doses (only six seconds) of reductant the

Al2O3 particles were implied from the EXAFS to have grown

to almost twice the size of those on the Perovskite support.

The structural-reactive redox comparisons are therefore:

an oxidation of Pd to PdO followed by reduction and

Fig. 20 Schematic diagram of the structural basis of the behaviour of

the ‘‘intelligent’’ Pd Perovskite catalyst. In an oxidising environment

the Pd may form an ultra dispersed solid solution within the frame-

work Perovskite support material. Under reducing conditions it may

switch from this state to form reduced fcc Pd nanoparticles residing at

the surface of the support. Reproduced with permission from ref. 46.

Fig. 21 Results derived from Pd K edge energy dispersive EXAFS

showing the rapidity and extent for Pd particle formation during a

switch to a reductive environment at 873 K, over (a) an ‘‘intelligent’’

Perovskite based catalyst and, (b) a simpler, Pd/Al2O3, catalyst of the

same nominal Pd loading. Reproduced with permission from ref. 46.

y Lambda cycling refers to the periodic and rapid (in ref. 45 at 0.6 Hz)
oscillation of the feedstock composition above and below that deemed
ideal to achieve maximal reduction of NOx, and, in almost the same
breath, maximal oxidation of CO and hydrocarbons to CO2. As such
for the structural reactive processes to be considered as candidates for
improved catalytic performance under these conditions it should
be demonstrated that they may actually act on sufficiently short
timescales.
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ripening/agglomeration of the Pd metal particles on Al2O3;

and, a novel structurally dispersive oxidation event followed

by a reduction wherein ripening/sintering of the Pd particles is

curtailed. That the metallic phase produced on the Perovskite

should avoid these sintering processes points to a much higher

heat of adsorption of the Pd on this material than on Al2O3; as

the Al2O3 proffers 10 times the dispersing surface area of the

Perovskite it would seem logical to conclude that the mobility

of Pd particles or atoms in a reducing situation must be at least

of the same magnitude greater on Al2O3 to achieve this effect.

Lastly, and importantly from an applied point of view, this

same group has recently shown that this behaviour can be

extended to both Pt and Rh versions of this catalyst.46

Summary and outlook

It seems only likely that given the continual refinement of

structurally direct probes, and ever more powerful theoretical

methods, that the sometimes subtle, sometimes gross, rearrange-

ments that supported metal nanoparticles may undergo in

response to adsorption and chemical reactions will become

better understood. This will inevitably lead to a much more

profound and incisive understanding of the manifold processes

and applications they are used for.

Advances in various forms of microscopy, particularly

STM20 (which we have not dealt with in this review)

and TEM, continue apace from both hardware and data

processing perspectives.20 This is leading to ever higher spatial

resolution and potential for temporal resolution within

elevated pressure ‘‘in situ’’ environments. Computational

methods for restoring detailed structural information from

the images these microscopies yield are also becoming more

and more sophisticated and are leading to new experimental

possibilities, especially for increasingly small nano-

particles.47,48 The combination of advances on both these

fronts promises much in respect of a heightened ability to

investigate in situ structural-reactive change in nanoparticulate

systems as it is occurring.

A similar state of affairs exists within the world of X-ray

based techniques though, as stated earlier, many of the

methods that could be brought to bear on these issues still

await their full expression within the framework of the

phenomena discussed in this review. Whilst time resolved

EXAFS has been in the vanguard of in situ investigations of

these phenomena its lack of precision in some circumstances

requires that, in order to go further, techniques such as

diffraction20,49 and small angle X-ray scattering (SAXS)50 on

both powder and planar model systems need to be developed

in this arena. There is already abundant evidence that these

techniques have advanced to the state wherein coupling

detailed in situ structural investigation with subsecond time

resolutions is clearly now possible. One only needs to consider

the surface X-ray diffraction work of Stierle et al.40,41 shown

here, along with others,20 the SAXS work of Renaud50 and

co-workers, and recent developments in applying Pair

Distribution Function (PDF) methods with high energy

diffraction measurements49 to see that the tools required to

derive very detailed dynamic structural information on

previously intractable systems, and within the dynamic

paradigm of reactive processes, now exist and will only

become more developed.

Conclusions

Supported metal nanoparticles are far from passive, immu-

table, entities that merely provide a surface based conduit for

reactive chemistry and catalysis. Instead they are dynamic and

flexible entities whose structures can actively react and

respond to the environments that they experience. It is this

inherent atomic scale structural flexibility and responsiveness

that can ultimately determine the nature and efficacy of the

chemical and catalytic processes that may result under a given

set of conditions.

The heart of this behaviour is an often finely balanced game

of energetics which may be driven in one direction or another

by relatively small changes in the overall free energy of the

system: changes that may be caused by, for instance, gas

adsorption, desorption, chemical reaction, and/or changes in

the metal/support adhesion energies.

We are now, courtesy of ever more structurally and tempo-

rally precise measurement, starting to recognise the potential

importance of these diverse structural-reactive nanoscale

possibilities. A much greater appreciation of how rapid,

adsorbate induced, structural-reactive transformations might

contribute to, or even dictate, the properties of nanosize

metals systems within the environments wherein they are

technologically applied is therefore starting to accrue.

However, the only thing that seems to be absolutely certain

about this newly dynamic nanoworld is that we are only just

at the beginning of fully comprehending it, and just how

important these phenomena might be to a whole variety of

existing and future technologies. It is an area that exists very

much at the confluence of a number of disciplines: here the

worlds of catalysis, classical surface chemistry and physics,

surface organometallic and co-ordination chemistry collide.

Each of these disciplines has its own history, liturgy, and

viewpoint but it will only be through their effective braiding

that a complete comprehension of these phenomena, and their

practical ramifications, will emerge.
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