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C O N S P E C T U S

The burgeoning field of nanoscience has stimulated an
intense interest in properties that depend on particle size.

For transition metal particles, one important property that
depends on size is catalytic reactivity, in which bonds are bro-
ken or formed on the surface of the particles. Decreased par-
ticle size may increase, decrease, or have no effect on the
reaction rates of a given catalytic system. This Account formu-
lates a molecular theory of the structure sensitivity of catalytic
reactions based on the computed activation energies of corre-
sponding elementary reaction steps on transition metal surfaces.

Recent progress in computational catalysis, surface science, and
nanochemistry has significantly improved our theoretical under-
standing of particle-dependent reactivity changes in heterogeneous
catalytic systems. Reactions that involve the cleavage or forma-
tion of molecular π-bonds, as in CO or N2, must be distinguished
from reactions that involve the activation of σ-bonds, such as CH
bonds in methane. The activation of molecular π-bonds requires
a reaction center with a unique configuration of several metal
atoms and step-edge sites, which can physically not be present on transition metal particles less than 2 nm. This is called class I
surface sensitivity, and the rate of reaction will sharply decrease when particle size decreases below a critical size.

The activation of σ chemical bonds, in which the activation proceeds at a single metal atom, displays a markedly different size
relationship. In this case, the dependence of reaction rate on coordinative unsaturation of reactive surface atoms is large in the
forward direction of the reaction, but the activation energy of the reverse recombination reaction will not change. Dissociative
adsorption with cleavage of a CH bond is strongly affected by the presence of surface atoms at the particle edges. This is class II
surface sensitivity, and the rate will increase with decreasing particle size. Reverse reactions such as hydrogenation typically show
particle-size-independent behavior. The rate-limiting step for these class III reactions is the recombination of an adsorbed hydro-
gen atom with the surface alkyl intermediate and the formation of a σ-type bond.

Herein is our molecular theory explaining the three classes of structure sensitivity. We describe how reactions with rates that
are independent of particle size and reactions with a positive correlation between size and rate are in fact complementary phe-
nomena. The elucidation of a complete theory explaining the size dependence of transition metal catalysts will assist in the ratio-
nal design of new catalytic systems and accelerate the evolution of the field of nanotechnology.

Introduction
Advances in nanomaterials research are bringing a

new perspective to several fields of technology.1

This is especially the case for heterogeneous catal-

ysis that uses high surface area materials often acti-

vated by small transition metal particles. Most

important is the possibility to study catalytic perfor-

mance on well defined particles in the nanosize

range as has been demonstrated by Somorjai2 and

Bezemer et al.3
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Progress in computational catalysis4,5,6b has generated a

detailed picture of reaction paths for surface chemical reac-

tions. This can be used to study in detail their dependence on

structural changes when particle size varies.

In the particle size regime between 2 and 20 nm, three

types of reactivity change can be distinguished.7,8 This is illus-

trated in Figure 1. The rate of some reactions, normalized per

exposed metal surface atom, decreases sharply when parti-

cle size decreases below a critical value. Other reactions are

independent of particle size; their rate uniformly increases

with decreasing particle size or may even show a maximum.

This remarkable dependence of catalytic rate on dispersion of

catalytically active particles has been known for nearly half a

century. Boudart9 coined the term structure sensitive and

insensitive reactions.

The nature of the chemical substrate bond that is activated

determines which surface atom rearrangement provides the

lowest activation energy. This novel insight provides the basis

for a classification of structure sensitive and insensitive reac-

tions. Surprisingly, for some reactions different structural

dependence appears to be complementary, depending on

whether a bond is broken or formed.

In the next section, a short discussion of the different reac-

tivity-length scale regimes of transition metal particles is given

to justify the use of surface science data to predict reactivity

of transition metal nanoparticles. Then in the following sec-

tions, we will review some key observations relevant to the

molecular theory of surface structure sensitivity.

Particle Size Length Scale Regimes
There are different length scale regimes for transition metal

particles in relation to their chemical reactivity (Figure 2). In

transition metal particles with a size less than 1 nm, one can-

not distinguish interior from exterior surface atoms. Such clus-

ters often reconstruct when in contact with adsorbing

molecules and atoms. They react typically as a molecule. Their

reactivity can be directly related to their orbital structure,

which varies strongly with number of atoms.10 The energy dif-

ference δε of the molecular orbitals varies approximately as

δε ≈
EF

N
(1)

EF is the Fermi level (i.e., highest occupied molecular orbital

energy), and N is the number of atomic orbitals that partici-

pate in forming the chemical bond. For clusters of alkali metal

atoms, the quantum size effect δε becomes on the order of kT
for particles on the order of 100 atoms, which is about 1.5

nm.11 For clusters dominated with d-type atomic orbitals, this

occurs already for smaller clusters. Such small metal clusters

can be distributed on a microporous support and can be

shown to be highly reactive.12

Between 1 and 3 nm, the number of surface atoms

increases over the number of interior atoms. The shape of the

clusters is often that of the ideal Platonian structure, composed

of similar regular polyhedra, or Archimedian bodies, built from

different but regular polyhedra (Figure 3). At the upper bound-

ary of this particle size regime, the number of surface atoms

becomes less than the number of bulk atoms.

The particle size variations of relevance to the structure

sensitivity of heterogeneous catalytic reactions are typically in

FIGURE 1. The three different kinds of structure sensitivity-particle
size relationship plotted as turnover number for selected reactions
versus particle size: (1) benzene hydrogenation on Pt/SiO2; (2)
ethane hydrogenolysis on Pt/SiO2, (3) CO hydrogenation on Ru/
Al2O3

8 (adapted from Che and Bennett, Figure 7).7

FIGURE 2. Structure-stability regimes of transition metal particles
(schematic).

FIGURE 3. (a) Archimedian cuboctahedron, (b) Archimedian
decahedron, and (c) Platonic icosahedron.
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the size domain of 2-20 nm. On the surfaces of such parti-

cles apart from terrace, corner, and edge sites, also step sites

can form (Figure 4). Also in the size regime 3-10 nm, the

interior atoms in the bulk may not yet have a structure simi-

lar to the corresponding most stable bulk structure.13a An

example is the structure of small Co particles that have the fcc

structure instead of the more stable low-temperature hcp

structure.13b The relative stability of different surface geome-

tries then competes with the energy differences of different

bulk structures.

At least for particles with a significant d-valence electron

density at the Fermi level, the chemical reactivity of the sur-

face of nanometer-sized particles can be considered similar to

that of a surface site of the same structure at an extended sur-

face. The strong electronic interactions with the adsorbate

wash out the finer details of the surface local density of state

distributions.14,6 Therefore insights into reactivity-site de-

pendencies obtained from surface science studies can be used

to explain particle size dependent effects in heterogeneous

catalysis.

Chemical Reactivity as a Function of
Particle Size
A seminal early contribution was made by van Hardeveld and

van Monfoort,15 who noted unique step-edge type sites (B5

sites, Figure 4)16 on particles with the shape of incomplete

octahedra. For a crystal of octahedral shape, they identified a

critical size of around 2 nm. Smaller particles cannot accom-

modate the B5 sites. They proposed that B5 sites are neces-

sary for N2 activation. Many years later, surface science studies

by Zambelli et al.17 and computational studies by the group

of Nørskov18 confirmed the uniqueness of such sites for the

dissociation of NO and N2 at the surface step edges of

Ru(0001).

More recently computational and experimential studies by

Honkala et al.16 explained the maximum in the rate of ammo-

nia synthesis catalyzed by dispersed Ru particles as due to the

requirement for the B5 sites proposed by van Hardeveld and

van Montfoort. This work followed earlier surface science stud-

ies by Spencer et al.19 who demonstrated for the same reac-

tion the need for unique C7 sites present on the Fe(111)

surface. Such sites have a very similar structure to the B5 site.

Interestingly Topsoe et al.20 had earlier demonstrated that the

activity of ammonia synthesis catalysts correlated with the

area of the Fe(111) surface.

We will discuss below that, as first noted by Hammer and

Nørskov,4 such step-edge structure dependence of dissocia-

tive adsorption is quite general for the cleavage of the π
bonds of diatomic molecules as CO, N2, O2, or NO.

Computational evidence for activation of CO at B5 sites is

provided by the low value of the activation energy of 65

kJ/mol for CO dissociation found on the corrugated (112̄1)21

surface of Ru compared with 210 kJ/mol at the Ru(0001)

terrace22a and similar results on Co surfaces.23

Hydrogenolysis reactions of alkanes with cleavage of σ
C-C bonds are prototype reactions that increase in rate with

decreasing particle size.9,24 Taiet al.25 report increased reac-

tivity of 3 nm size Pd particles compared with surface terrace

atoms. Catalytic reactions that involve CH bond activation of

methane on group VIII metals also show increases in normal-

ized conversion rate with decreasing particle size.26

The dramatic effect of different degrees of coordinative

unsaturation of catalyst surface atoms on hydrocarbon con-

version reactions has also been demonstrated by Somorjai.27

Surfaces with a high fraction of kink sites showed for isobu-

tane the highest selectivity to hydrogenolysis versus isomer-

ization to n-butane. The latter is the preferred reaction for less

reactive terraces with atoms of lower coordination. On such

surfaces, the rate of CH bond activation is decreased and

hence C-C bonds remain less accessible for bond cleavage.

Calculations by Watwe et al.28 illustrate the large decrease in

activation barrier of the σ type C-C bond cleavage reaction

from ∼173 kJ/mol on the (111) terrace of Pt to 102 kJ/mol

along the (100) edge of the stepped Pt(211) surface. In the

case of C-C bond cleavage, the activation energy at the edge

atoms is decreased for the forward as well as backward reac-

tion, because of the stabilized preactivation states by agostic

interactions. An additional elegant example of such a barrier

FIGURE 4. A typical calculated Ru particle with an average
diameter of 2.9 nm. Atoms that belong to active B5 sites are shown
in red.16 From Honkala, K. et al. Science 2005, 307 (5709), 555 (ref
16). Reprinted with permission from AAAS.
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decrease for the forward as well as backward reaction is the

CH3,ads to CH2,ads conversion of methane fragments shown on

Ru.22b

Especially studies of alloys of a group VIII metal and cata-

lytically inert metals such as group IB or other metals indi-

cated for hydrogenolysis the need for large surface

ensembles.29 Also an early single crystal study on Pt(111) cov-

ered with Bi by Campbell et al.30 indicated a large ensemble

requirement for dehydrogenation of cyclic hydrocarbons.

Ensemble effect theory is challenged by the recent aware-

ness of the importance of the reactive edge atoms for such

reactions. For instance a very elegant experiment by Bengaard

et al.31 demonstrated the importance of edge atoms at steps

of a Ni(111) surface; addition of a small amount of Au poi-

soned the edge sites for methane activation.

Transition State Analysis
The three classes of surface sensitivity shown in Figure 1

relate to the different types of chemical bonds activated in a

particular reaction. The two types of bonds that we have to

distinguish are π bonds, as in diatomic molecules as CO or N2,

or σ bonds such as the CH bond in a hydrocarbon, NH bond

in ammonia, or OH bond of water. Analysis of activation

energy-reaction free energy relationships as a function of

reaction site topology show revealing differences in behav-

ior for the two different types of chemical bonds.32 In the case

that a linear relationship is found, such correlations are called

Brønsted-Evans-Polanyi (BEP) relations:4,6b,33

δEact ) αδEreact (0 < α < 1) (2)

In the BEP relation, δEact is the change in the activation energy

and δEreact the change in reaction energy of an elementary

reaction step.

It appears that for π bond activation, only a linear BEP rela-

tion is found as long as activation is compared on surfaces of

different metals of the same topology. For example, linear

relationships are found when activation of N2 on the {111}

surfaces of the group VIII metals is compared or N2 activa-

tion at a similar step site (Figure 5).34a

Similar BEP plots have been produced for CO and NO by

the group of Hafner35 and the group of Liu and Hu.34b,c The

value of the BEP parameter R for the forward dissociation reac-

tion is usually ∼0.9, implying a near complete cleavage of the

molecular bond in the transition state. Note that the backward

recombination reaction now is rather insensitive with respect

to change of metal. This is due to microscopic reversibility:

Ereact ) Eact(forward) - Eact(backward) (3)

and hence, consequent on eq (2),

δEact(backward) )- (1 - α)δEreact (4)

For CO23,36 and also for NO18b,37,38 (representing mole-

cules with a π bond), it is found that the activation energies for

the forward dissociation reaction as well as the backward

recombination reaction both decrease when reaction at dif-

ferent sites is compared. A BEP type relation is not valid when

reactions at different sites are compared. This is shown in Fig-

ure 6A,B for the dissociation of CO on a terrace and step site

of Ru(0001) and for NO on a stepped and nonstepped sur-

face of Pt(111).

As is schematically illustrated in Figure 7, this is quite different for

the activation of a CH σ bond as in CH4. Values of activation energy

changes for terraces and step and kink sites is given in Table 1. For

this reaction structural changes around the activating metal atom

give a BEP relation between activation energy and reaction energy

change.18,22,32,37 Interestingly BEP type behavior of the CH activa-

tion of hydrocarbons on Pt(111) has already been established exper-

imentally by Campbell et al.30

The reason for the different behavior of methane compared

with CO is that CH activation occurs over a single metal atom

(Figure 8). A change in local environment around the catalyt-

ically reactive center does not affect the transition state struc-

ture but will change the reactivity of the surface metal atom.

To illustrate the difference in the reactivity of the surface

atoms, in Table 2 the activation energy for CH4 activation is

dissected into the sum of first Estr,the gas-phase deformation

FIGURE 5. The calculated activation energies (transition state
potential energies) for N2 dissociation (Ea) on a range of metal
surfaces plotted as a function of the adsorption energy for two
nitrogen atoms (EN*). All energies are relative to N2(g). Results for
both close-packed surfaces (b) and more open surfaces are shown
(1). The inset shows a sketch of the energetics for the N2

dissociation reaction.34a From Z.-P. Liu et al. Appl. Catal., A. 2001,
114, 8244-8247, (ref 34a). Reprinted with permission from Elsevier.
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energy, and second ∆Eint, the interaction energy of a strained

molecule with the surface atom. Note the similarities of Estr

and the large differences in ∆Eint.
39,40

Liu and Hu32 were the first to make the key observation,

illustrated in Figure 7, that whereas for methane the activa-

tion energy of the forward dissociation reaction is strongly

structure sensitive, the reverse reaction in which adsorbed

methyl is hydrogenated then has to be only mildly structure

insensitive.

Reactions also tend to have different rates when catalyzed

by different surface terraces. This implies the type of struc-

tural sensitivity to which Balandin’s multiplet theory refers.41

FIGURE 6. Reaction energy diagram (a) for CO activation on terrace and step of Ru(0001) surface from DFT-VASP calculations36 and (b) for
NO activation and recombination on terrace and step of Pt(111) surface from DFT-VASP calculations.6b

FIGURE 7. Activation energy-reaction energy relations for CO and
CH4 activation as a function of structure (schematic).

TABLE 1. Comparison of CH4 Activation Energies (kJ/mol)

Ru(0001)a 76
Ru(1120)b 56
Rh(111)c 67
Rh stepc 32
Rh kinkc 20
Pd(111)c 66
Pd stepc 38
Pd kinkc 41
Pd atomd 5

a Ciobica et al.22a b Ciobica et al.22b c Liu and Hu.32 d Diefenbach et al.39
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In the work of Somorjai,27 referred to earlier, several elegant

examples of this behavior can be found.

A computational example is the recently discovered differ-

ence of the reactivity of ammonia activated by coadsorbed

oxygen on Pt(111) and Pt(100) terraces.42,43 Activation of

ammonia by oxygen on (100) surfaces proceeds with substan-

tially lower barriers than directly without coadsorbed oxygen

(Figure 9).

The crucial difference between reactions at a (111) surface

and (100) surface is that the square arrangement of the metal

atoms on the (100) surface enables formation of transition

states in which the fragments bind to opposite sides of the Pt

multiplet square of the (100) surface (Figure 10). This reduces

the repulsive interaction between reaction fragments that will

occur for transition states typical of the (111) surface, that

have to share a metal atom.6,44 A similar result has been

found by Ge and Neurock.37

Sometimes reactions at step edges have the same topo-

logical advantage as those at the (100) surface. Figure 11A,B

illustrates this for activation of NHads. Whereas activation by

Oads on Pt(111) has a high barrier since binding to the same

metal atom has to be shared in the transition state, lower bar-

riers on (100) and (211) Pt surfaces occur because in the tran-

sition state no binding with the same surface metal atom has

to be shared.45

Complementary Structure Sensitive
Relations
We now will use the linear activation energy-reaction energy

relationships discussed above to predict particle size depen-

dence for π and σ bond activation reactions (Figure 12).

Class I type behavior occurs for reactions in which the rate-

limiting step involves the formation or dissociation of a π type

FIGURE 8. Transition state structure of CH4 on corrugated
Ru(112̄0) surface from VASP-DFT calculation.22b

TABLE 2. Methane Activation by a Metal Atom and Metal Surface

Estr Eint

Pd atoma 216 -221
Rh(111)b 200 -130

a Diefenbach et al.39 b Bunnik and Kramer.40

FIGURE 9. Comparison of (a) reaction energy diagrams of
ammonia activation with (blue) and without (black) oxygen on
Pt(111) surface. In structures nitrogen is blue and oxygen is red. (b)
reaction energy diagrams of ammonia activation with (blue) and
without (black) oxygen on Pt(100) surface (after Offermans et al.
and van Santen et al.).42,43

FIGURE 10. Oxidation of NHx by Oads on Pt(100). The vertical
projections of the unit cells show the reactant, transition, and
product states of the dehydrogenation reactions of NHx,ads by
Oads.

43
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chemical bond. The rate may show a maximum (Ib) or may

uniformly decline (Ia) as a function of decreasing particle size.

The prototype reaction is dissociation of the CO or N2 chem-

ical bond. We have discussed earlier that such π bond activa-

tion requires step-edge sites in which molecules are activated

through multiple contact with several surface atoms. Such step

sites are geometrically not possible below a particular parti-

cle size. The relative probability of such edge sites at the edge

of a particle shows a maximum as a function of particle size.

Note that the reactivity of such a B5 site is larger near a

particle edge than as part of surface terraces, because of the

larger degree of coordinative unsaturation of metal atoms at

the edge sites.

In agreement with this analysis, the Fischer-Tropsch reac-

tion, which forms long chain hydrocarbons from CO, has also

been found to show class I behavior.3,46 Interestingly for Co,

the conversion rate shows a sharp decline below particle sizes

of 6 nm.46 This is consistent with CO activation at double step-

edges instead of single step-edge sites. Interestingly for

methanation such double step-edge site activation of CO has

been recently proposed.47

The relative number of the coordinative unsaturated edge

and corner atoms will increase with decreasing particle size.

The upward shift of the average position of the d-valence

electron density with coordinative unsaturation correlates with

the increase in the adsorption energies of the adsorbed atoms or

molecules.4,48 This upward shift of the average d-valence elec-

tron band energy is due to increasing localization of valence elec-

trons on the surface atom.49,44 It explains the larger reactivity of

edge and corner atoms compared with the terrace atoms. It

agrees with the increased adsorption energy of CO for small Pd

particles as measured by Shaikhutdinov et al.50

Methane activation is the prototype reaction of class II type

behavior, which shows a uniform increase in reaction rate with

decreasing particle size. The reverse reaction of adsorbed

hydrogen recombining with adsorbed alkyl species is inde-

pendent of particle size changes, and this class III type behav-

ior is typical for transition metal catalyzed hydrocarbon

hydrogenation reactions, consistent with the proposal that

addition of adsorbed hydrogen to adsorbed alkyl is the rate-

limiting step in olefin hydrogenation.51

The remarkable hypothesis that emerges from this analy-

sis is that we now find that class II structural sensitivity and

class III structural insensitivity are complementary. They are

the reverse sides of the same coin. They both are typical for

σ bond activation but correspond to dissociative bond cleav-

age and complementary associative bond formation reactions,

respectively.

Ammonia activation behaves very differently from CH4 with

respect to surface structural differences. Computational studies

show that activation of NH3 and NH2 has the same barriers on

FIGURE 11. (a) Activation of NHads on Pt(111) without (blue
lines) and with coadsorbed O (red lines). A comparison is made
with reaction of NHads with Oads on Pt(211) (green dots). (b)
Structures and relative energies of NHads and Oads along {211} Pt
step (after Imbihl et al.).45

FIGURE 12. The three classes of structure sensitivity.
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the Pt(100) and (111) terraces. Also on surface edges the barri-

ers do not change (Figure 13).52a As for methane, activation of

ammonia and its fragments occurs at a single metal atom or a

small surface atom ensemble. The difference in structure depen-

dence relates to the nature of the reaction coordinate. At the tran-

sition state, the NH bond is nearly broken, but the nitrogen atom

position is still close to the reactant state.

As is observed from Figure 13, the reverse reactions of NH

and NH2 hydrogenation now show large barrier differences.52a

Again a complementary structure sensitivity-insensitivity rela-

tionship is found, but it is different from methane activation.

Now hydrogenation of surface NHx fragments is strongly struc-

ture dependent (class Ia, Figure 12).

The structure dependence of ammonia activation is dra-

matically different from that of methane, because of the avail-

ability of the lone-pair electrons of ammonia.52b The

differences observed in the structure sensitivity of methane

and ammonia activation are consistent with early experiments

by Rostrup-Nielsen.53

Conclusion
On the basis of the accumulation of computed activation ener-

gies of many elementary reactions on transition metal sur-

faces with varying structures, it appears to be possible to

formulate a molecular theory of structure sensitivity. This

paper formulates such a theory. It is not only important to

identify the essential structural parameters, but it is as impor-

tant to distinguish different types of activation processes. It

depends on the nature of the chemical bond that is activated.

An important discovery is the complementary nature of

structure sensitive and insensitive behavior of reactions in

which σ bonds are activated.

For activation of π bonds, a steep decrease in the reactivity is

predicted when particle sizes decrease below a particular size.
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