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Abstract The impact of nanoparticle size effects in het-
erogeneous catalytic kinetics over supported metal cata-
lysts is discussed for clusters having several distinct active
sites. Theoretical analysis demonstrates that considerations
of different activity for such sites not only allow a
description of a smooth increase or decrease of turnover
frequency as a function of cluster size, but also can in
principle account for maxima in turnover frequency. Sev-
eral examples are presented addressing advantages and
shortcomings of the model (in some cases giving physi-
cally unreasonable values of parameters during numerical
data fitting). Comparison with a rival model with a con-
tinuous variation of activity is presented.

Keywords Cluster size - Structure sensitivity -
Kinetic modelling - Selectivity

1 Introduction

Kinetic analysis of catalytic activity in transition metal
catalysis as a function of cluster size in the nanometer
range, e.g. in the domain between 2 and 20 nm is currently
of substantial interest in academic and industrial research.

Itis very well known that the ratio between the surface and
volume increases with a decrease in size of nanoclusters, and
the fraction of surface atoms is increasing [1]. It is thus
logical to expect that catalytic activity calculated per total
amount of catalytic phase usually declines with the increase
of cluster size as fewer exposed sites are available for
catalysis. On the other hand changes in the cluster size result
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in modifications of the relative ratio between edges, corners
and terrace atoms. This is one of the explanations (in addition
to changes in the electronic state, alteration of resistance to
deactivation, etc.) of turnover frequency (TOF), defined as
the activity per unit of exposed surface, dependence in some
cases on the cluster size (so-called structure sensitivity)
[2-5]. For various systems it has been shown, that TOF
cannot only increase or decrease with cluster size, but also
pass through a maxima.

Quantitative analysis of activity and selectivity for a
number of simple reaction mechanisms based on a thermo-
dynamic approach was reported recently [6-9]. Comparison
of experimental data with theory presented in a review [9]
and in more detail in original publications [10-12] demon-
strated applicability of this approach, which is able to
describe even maxima in TOF as a function of cluster size.

In [13] the thermodynamic (and thus rather formal)
approach from [6-9], based on variations of the chemical
potential of nanoclusters in comparison with bulk metal
depending on the cluster size and presence of adsorbates,
was reassessed. The theoretical analysis in [13] took into
account differences in the activation energy between edges
and terraces, leading to different activities of edges and
terraces in terms of reaction rates and selectivity.

In [13] only terraces and edges as sites with different
reactivity were considered and Gibbs energy of adsorption
was expressed in the following way

AGadx = AGads,zermcesfferraCes + AGads,edgesﬁ’dges
= AGads,rerraces(] _f;.’dges) + AGuds,edges:ﬁ’dges
= AGadx,terraces “V‘fedgex (AGad‘r,edges - AGads,terraces)
(1)
where AG .4 rerraces A0 AG 4y cages correspond respectively
to adsorption on terraces and edges, while f., qcess fedges
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denote fractions of these surface sites, which sum is
obviously equal to unity.

Cubo-octahedral shape of nanoparticles was discussed in
[13] and the fractions of edges to the total number of atoms
on the surface, which includes besides edges also square and
triangular faces were calculated following [14] as

N, edges (2)

fedge‘v =
N, edges + N, square _faces + N, triangular _faces

After implementing a relationship between equilibrium
constants and Gibbs energy of adsorption

AGyuds terraces + Jedges(AGads.edges — AGads terraces)

Kads =e RT (3)

and linear free energy (or Brgnsted-Evans-Polanyi)
relationship between reaction constants k£ and equilibrium
constants K in a series of analogous elementary reactions
k = g K* where g and o (Polanyi parameter, 0 < o < 1)
are constants, the rate constant of adsorption is expressed.

~%edges(AGads.edges — MGads.terraces)

kads = k:zdse K (4)

In [13] it was shown, that the fraction of edges can be
described in a simplified way as fogees & 1/dciysrer When
d is given in nm. Equation (4) can be implemented in
various kinetic equations giving a possibility to describe
reaction rates (or turnover frequency) dependencies on
cluster size.

For example in case of the two-step mechanism with
two kinetically significant steps [15, 16], and one most
abundant surface intermediates

2.71 )
. +Ay —~Z+B,

Al —|—A2 <—>Bl +Bz

where A;, A, are reactants, By, and B, are products, Z is the
surface site and [ is an adsorbed intermediate, the rate
expression is given by

Fig. 1 Fcc a cube (m = 5),

b cubo-octahedron (m = 4). (a)
Reprinted from [1] with

permission from Elsevier
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v(d)
(kaZPAIPA2 _k71k72PB]PBz)e(l_za)l/dL’]quer

(kIPAI +k—2PBz )e*az/dn[m-lfr + (k2PA2 +k—lPB| )e(lfo:)x/dcmmr
(6)

For an irreversible reaction (k_, =~ 0) Eq. (6) can be
rearranged into

<l _a)x/dz‘lusm‘
v(d) = pie

- l +pzel/ddu.yrer

(7)

where p, and p, are lumped combinations of constants and
partial pressures of reactants.

An alternative way of implementing the cluster size
dependence in reaction kinetics is to view reaction con-
stants as size independent. Then each type of sites (terraces
and edges) contributes to the overall rate according to

V(d) = rterracexﬁerraces + redgesfedges (8)

In the current contribution we would like to consider this
case and analyze cluster size dependent turnover frequency
and selectivity within the framework of this approach.

2 Geometrical Considerations

A simplified cubic geometrical model (Fig. 1a) is selected
to represent metal clusters, which is still sufficient for
analysis of cluster size kinetics.

In Fig. 1 only corners, edge atoms and atoms in terraces
are considered. Number of corners, edges and terraces cor-
responding to C5, CZ C#3 in the notation used in [1] is given
respectively for m > 3 by eight; 12(m — 2) and [6(m — 1)?
+ 6(m — 2)2], where m is the number of atoms in one edge.
The subscript j in the symbol C; denotes the nearest neigh-
bors, while the upper indices were introduced in [1] to dif-
ferentiate between atoms whose nearest neighbors are equal
in numbers but different in arrangement.
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The total number of surface sites [1] can be expressed by
12m* — 24m + 14, thus the equation for the turnover
frequency is

V(d) :rcornerxfcorners + redgesfedges + rterrucexflerraces

8 12(m —2)

= Fcorners 12m2 — 24m + 14 + Tedges 12m2 — 24m + 14 + Tterraces

redges(6% o 16)

3(fper)? — 12 4 14

at

v(d) =

6(m —1)* + 6(m — 2)*
12m2 — 24m + 14 )

2
o 12m Tterraces + m(lzredges - 36rterraces) + Srcorners - 24redges + 30rterraces

12m? — 24m + 14

For cubic geometry we will consider the size of clusters
as a face diagonal, which could be easily related to the
number of atoms in one edge and the atom diameter
through the following relationship

dcluster = m2dat (10)

leading to the dependence of TOF on the cluster size.

detuster |2 detuster
3( (111 )" Frerraces + (’Imr (6redges -

3 Analysis of TOF on Cluster Size

Numerical analysis of Eq. (12) for a case of metal-metal
distance equal to 0.28 nm (platinum) shows, that after an
initial obvious spike (no reaction when d = 0), the reaction
rate (or the ratio between v and 7,4, as in Fig. 2) is
declining in line with a large body of experimental data

18r, termces) + 87corners — 24, edges T 307erraces

v d — ar
( ) 3(dc§4m‘r)2 —12 dn‘l;xrrar +14

at

(11)

It should be mentioned here that Eq. (11) is valid
independent on reaction kinetics types, contrary to the
approach, developed in [13].

An approach somewhat similar to Eq. (11) was utilized
in [4, 5] when TOF dependence on the cluster size was
presented as a sum over contributions of terraces (f), steps
(s) and corners (c) with corresponding geometrical factors
(g) in an approximate way: TOF ~ k, + k,g,/d + k.g./d".
Note that this approach can only account for TOF decrease
with cluster size.

On the contrary Eq. (11) can explain not only this case
and increase of TOF with cluster size, but in fact it could be
demonstrated that Eq. (11) has a maximum in TOF,
sometimes observed in the literature.

Analysis of boundary cases could be done for Eq. (11),
assuming for example that the rate on terraces is much
smaller than on edges or corners. In addition if edges and
corners display the same activity one gets

detuster )2 detuster
3( 21 ! ) TedgesQs/e 1 égmr (6redgex - 18redge.vat/e) + 8redgesac/e - 24redges + 30redgesat/e

demonstrating that for many catalytic reactions decline in
TOF follows a reciprocal value of the cluster size.

Another boundary case is the situation when the rate on
terraces is much larger than on edges or corners. This case
gives a following rate expression

(3(dclu.rler)2 — 18 d‘(’l“—a:'” + 30)7'1erraces

d,
v d — ar
( ) 3 (dcg[:er)z 12 d‘;lil‘;:(r +14

(13)

Numerical analysis for Eq. (13) clearly demonstrates
(Fig. 3) that with a cluster size increase TOF will increase
also in line with expectations.

It was interesting to compare the experimental data on
allylic isomerization of allylbenzene to trans-[f-methyl-
styrene [17] on gold with the theoretical expression
developed in the current work. To this end Eq. (11) was
modified and activities of terraces and corners were related
to activities of edges

v(d) = u

at

3 (dr,‘liuxtﬂr)z —12 dl;zif:er +14
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Fig. 2 Normalized TOF as a function of cluster size according to
Eq. (12)
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Fig. 3 Normalized TOF as a function of cluster size according to
Eq. (13)

with
_ Tterraces

Aife = ;
Tedges

Tcorners
Acle Fedges ( 1 5)

Equation (14) has then three parameters, which could be
determined by numerical data fitting (Yeggess Qerer Qure)s
while the gold metal-metal distance could be fixed to
0.288 nm. Comparison between calculations and
experimental data is given in Fig. 4.

The data fitting was a bit challenging due to over-
parametrization, thus the errors are rather big especially
for a.,. From Fig. 4 the value of this parameter is 0.35 +
0.84, however, a similar description of the data can be
obtained (with different values of other parameters), when
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Fig. 4 Measured [17] and calculated (Eq. 14) TOF in allylic
isomerization of allylbenzene over gold catalysts
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aye =0.44:0.064
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Fig. 5 Measured [18] and calculated (Eq. 14) TOF in hydrogenation
of ethyne over palladium catalysts

a. 1s assumed even equal to unity (not shown). According
to the calculated results activities of gold atoms in edges
are more than one order of magnitude higher than on ter-
races. Within the framework of transition state theory the
differences in the rate constants could be associated with
either pre-exponential factor or activation energy on edges
and terraces. Detailed microkinetic analysis could be thus
incorporated in Eq. (14) for modeling of cluster size
dependence.

It should be noted here that although the general form of
Eq. (11) allows even modeling of maxima in TOF as a
function of cluster size parameter estimation could be quite
challenging. As an example in Fig. 5 calculations are
presented for hydrogenation of ethyne over supported
palladium on titania catalyst at stoichiometric ratio of
reactants [18].
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Although a good description was obtained (Fig. 5) in
order to have reasonable values of the rate parameters (e.g.
positive values of a.., a;.) the value of metal atom
diameter was let floating. As could be seen from Fig. 5
although the fit was improved and the values of rate
parameters are positive and reasonable, d,, is unrealisti-
cally large.

It might be argued that the cubic cluster model is too
simplistic and does not represent palladium nanoparticles,
which have cubo-octahedral shape. For such geometry
(Fig. 1b) number of corners, edges and terraces corre-
sponding to C¢, C3 + C7 C3 + Ca” in the notation used in
[1] is given respectively for m > 4 by 24; 36(m — 2) and
[83m* — 9m + 7)* 4+ 6(m — 2)*]. Taking into account
the total number of surface sites [1] for cubo-octahedron,
which is 30m? — 60m + 32, and validity of the relation-
ship (10), the dependence of TOF on the cluster size for
cubo-octahedron is

detuster |2 detuster
75( é ! ) TedgesQt/e + ém[ (lgredges - 42redgesat/e) + 24redgesac/e - 36redges + Soredgesat/e

such type of dependences might be needed to incorporate
in the analysis of cluster size dependent kinetics as was
done for example in [13].

For example multi-centered adsorption of large organic
molecules, requiring an ensemble of sites [8, 19], could be
a reason that even for terraces reactivity can depend on the
cluster size. A particular case of phenylacetylene hydro-
genation was discussed in [20], where it was demonstrated
that TOF increases almost three fold with an increase in Rh
particle size from 3.5 to 11.4 nm. One of the explanations
put forward in [20] was related with a requirement of
planar adsorption of benzene ring requiring larger terrace
surfaces. Earlier similar reasoning was utilized in [21] for
explanation of structure sensitivity and enantioselectivity
dependence on the cluster size in case of hydrogenation of
diketones, containing a phenyl group. Contrary to pheny-
acetylene, adsorption of 1-octene, also investigated in [20],
requires a small ensemble, thus it is not surprising that

v(d) = o

7.5(%ma)? — 304dee 4 3

(16)

Figure 6 showing calculations for hydrogenation of
ethyne [18] demonstrates an overall good description of the
data still with an unrealistically large value of d,,,.

Note that in Eq. (11) or Eq. (16) no dependence of the
rate constant on the cluster size was assumed, thus it was
supposed that adsorption/desorption and reaction rates on
terraces, edges and corners are always the same indepen-
dent on the d.,. This might be a too unrealistic view, and

10 Chi"2/DoF = 0.43293
RN = 0.96765
Fedges=12.25+2.01
8 ate =0.85+0.09
ac/e =0.80+0.15
dat  =1.21£0.06 nm
'._w 6 -
EL; n
'_
4 -
2 -
0 - | |
T T T T T T 1
2 4 6 8

Cluster size, nm

Fig. 6 Measured [18] and calculated (Eq. 16) TOF in hydrogenation
of ethyne over palladium catalysts

hydrogenation of this olefin is a structure insensitive
reaction.

It can be thus preliminary concluded that since even on
terraces adsorption modes of mainly complex organic
molecules can depend on the terrace size, leading also to
changes in the binding energy, and subsequently reactivity
in catalytic reactions, an approach developed in [13], based
on the variation of reactivity with the cluster size, might be
more fruitful for modeling of cluster size dependent reac-
tion rates.

4 Selectivity Dependence on the Particle Size

Let us consider now dependence of selectivity on the
particle size within the framework of the geometrical
concept for a cube discussed above. This concept, if
applicable, allows to separate reactions on edges, terraces
and corners each having distinct values of rates towards a
particular reactant. Let us consider as an example a parallel
reaction mechanism A — B, A — C where the rates
towards the reactants are given by

I'p (d) =T comers,Bf corners T 1. edges,Bﬂdges +r termces,Bﬁerraces
(17)
rc (d) =T comers,Cfmmers +r edgex,Cﬁzdges + 7 termces.,cﬁermces

(18)
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From (17) and (18) one gets

r_B _ 8rcomers,B + 12(111 - z)redges,B + (6(m - 1)2 + 6(1’)’[ - 2)2)rlerraces,B

(19)

rc a 8rc0rners,C + 12(’” - Z)Fedges:C + (6(m - 1)2 + 6(m - z)z)rtermces,C

and finally taking into account the relationship between the
rates on terraces, corners and the rates on edges

ry  Tedgess(3 (dizz,e,)zat Jes + 2222 (6 — 180 5) + 8ace s — 24 + 30ay/c )

This analysis is in line with commented in [9] litera-
ture, showing that for many hydrogenations or oxidations

re r‘?dges-,c(S(dtgj:w)zat/e,c + %{j” (6 - 18“t/e,C) + 8ac/e,C —24+ 30at/e,C)

(20)

Let us analyze Eq. (20) using allylic isomerization of
allylbenzene over gold catalysts [17]. As mentioned above
when the size of gold nanoparticles increased from 2 to
40 nm, TOF decreased from 110 to 0.5 h_l, with particles
larger than 40 nm being practically inactive.

The cis/trans ratio was influenced in a less prominent
way, e.g. it was almost constant in the region 13-34 nm

B _Ta—Tc _

1-S=1-

rc redgex,C(B(d(g::”)zat/mc + d(#j,w (6 - 18at/e,C) + Sac/e,C — 24+ 3Oat/e.,C)

of various organic molecules containing similar functional
groups (e.g. C=C or C-OH respectively) only a minor
dependence of selectivity on the cluster size was
observed.

Similar type of analysis could be made for consecutive
reactions A — B — C. The selectivity towards the inter-
mediate product B is given by

Sp =

rA T'A rA

otz (3(%&,)20[ Jen + 2 (6 — 18ay/e.0) + 8acsen — 24 4 30;/c4)

(23)

being equal to 0.21, although increasing to 0.45 at smaller
particles sizes.

For quantitative analysis of data given in [17] and
showing very low TOF on terraces, it can be assumed that
ayec ® 0 and ayeg = 0.

Instead of (20) one then arrives at

deluster
rp redges,B(6F£(+:: + 8ac/e,B - 24)

21
rc redges,C<6 dlz;::” + 8ac/e,C — 24) ( )

At sufficiently large cluster size the ratio between the
rates is given by just
r, Tedges
B _ edges,B (22)
rc Vedges,C

This expression should be corrected at smaller sizes
(when dj,510,//d,; 1s Of the same order of magnitude as other
terms, especially a..p and a..c) giving deviations in
selectivity at smaller sizes.

Equation (21) was compared with experimental data
from [17] showing rather good correspondence between the
theory and experiments (Fig. 7).

@ Springer

Equation (23) provides a possibility to evaluate depen-
dence of selectivity on the cluster size. Detailed numerical
analysis of various cases is beyond the scope of the current
paper, however, it should be stated, that in some instances,
like glycerol oxidation [22] selectivity to the intermediate
glycerate increased significantly within the range from 3 to
17 nm, while selectivity in hydrogenation of triple bonds
(acetylene [23] or 1-hexyne [24]) over Pd was seen to be
independent on the cluster size.

5 Conclusions

Differences in the reactivity of edges, corners and terraces
was considered to be responsible for cluster size effects in
heterogeneous catalysis using as a model fcc cubic and cubo-
octahedron clusters. The theoretical concept advanced in the
present contribution leads to kinetic equations, somewhat
different from previously derived [13] when dependence of
the rate constants on the cluster size was directly incorpo-
rated in the model. Comparison between experimental and
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Fig. 7 Measured [17] and calculated (Eq. 21) cis/trans ratio in allylic
isomerization of allylbenzene over gold catalysts

calculated data demonstrated applicability of the kinetic
equations to explain various TOF behavior as a function of
cluster size. There exists, however, some challenges in
parameter estimation calling for utilization of microkinetic
analysis in addition to kinetic analysis of cluster size effects
based only on geometrical considerations. Quantitative
analysis of selectivity could be also made within the
framework of the proposed approach.
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