
JOURNAL OF CATALYSIS 136, 631-632 (1992) 

Multiatom Sites and the Turnover Frequency 

The ideal basis for comparing the activi- 
ties of  different catalysts would be the turn- 
over  f requency per active centre under  
specified conditions. Unfortunately there is 
as yet no way to estimate the number of 
operating active centres in a working cata- 
lyst; at least for structure-sensitive reac- 
tions, it is generally accepted that the num- 
ber of  atoms participating in the active 
centre exceeds unity, but by how much is a 
matter  of  debate. Estimates can be made, 
for  example,  f rom the effect of  adding an 
inert e lement  in lowering the activity (1--4), 
but the values derived on the assumption 
that the additive is randomly distributed (4) 
do not always appear  reasonable;  if, how- 
ever,  the additive is assumed to aggregate 
into patches,  the size of  the centre will be 
decreased (5). What is quite certain, how- 
ever,  is that the turnover  f requency (TOF) 
estimated from the number  of  surface atoms 
titrated by H2 chemisorpt ion is lower than 
the true value per active centre for a reaction 
where the centre comprises more than one 
atom. 

The ratio of  the number  of  active centres 
to the total number  of  surface atoms has 
been called the Taylor  ratio; this is a pure 
number,  the maximum value of  which will 
be unity, attained when (as for structure- 
insensitive reactions) every  atom consti- 
tutes an active centre.  It is therefore surpris- 
ing to read in a recent  paper  (6) statements to 
the effect that, as the particle size increases, 
the limiting values of  the Taylor  ratio for  
centres containing two and three atoms are 
respectively three and two. This conclusion 
implies that the TOF  per centre can be less 
than the TOF per atom or that a fraction of  
an atom can act as a catalytic centre. It 
must therefore be based on a conceptual  
misunderstanding. 

The argument that the authors employ (7) 
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in deriving their conclusion is as follows. In 
a fcc octahedron,  exposing only (111) 
planes, the number of  centres comprising 
two atoms each of  coordination number  9 
(i.e., excluding the apical and edge atoms) 
is given by van Hardeveld and Hartog (8) as 

N ( B  9'9) = 12(m - 3)(m - 4), 

where m is the number  of  atoms along the 
edge of the octahedron.  The total number  of  
surface atoms of  all types Ns is given by 

N s = 4m z - 8m + 6 

so that the limit of N(B9'9)/Ns as  m tends 
to infinity is indeed three, and by a similar 
argument the limiting value of N(B9'9'9)/Ns 
is two. 

The confusion arises from the definition 
of N(B~ j2') adopted by van Hardeveld and 
Hartog (8) and from their method for count- 
ing centres which leads to their equations 
for number  of  centres.  They state explicitly 
that " w h e n  counting sites, we do not pose 
the condition that every  surface atom be- 
longs to no more than one site, for such a 
condition would make the number  of  sites 
found dependent  on where one starts count- 
ing . . . .  " (These authors used the term 
" s i t e "  where I have used " c e n t r e "  or "ac-  
tive cen t re . " )  The equation for N(B 9,9) cited 
above thus gives the number of different 
ways in which centres composed of two 
atoms can be made from atoms of coordina- 
tion number 9 in the surface of an fcc octa- 
hedron. 

This manner  of  computat ion is, however ,  
irrelevant to the operation of  a catalytic pro- 
cess, because it is inherent in the methodol- 
ogy used by Bennett  and Che (6), originating 
with Taylor ' s  view (9) of the nature of  active 
centres,  and implicit in the use of  van Harde-  
veld and Hartog 's  statistics (8), that each 
surface atom can participate in only one ac- 
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TABLE 1 

Statistics of Atom-Pair Sites on a Single Face 
of a fcc Octahedron 

m N(Cg) N(B~ '9 ) N(B 9'9)max 

5 3 3 1 
6 6 9 3 
7 15 18 7 

rive centre at any one time. What is there- 
fore of interest is the maximum number of 
ways in which atoms of a given class can 
form at any one time centres of a defined 
composition and geometry. Table 1 shows 
first how N(B92 '9) as  calculated by the equa- 
tion given above actually exceeds the total 
number of atoms of this class (see also Fig. 
11 of Ref. (8)) and second that N(B29'9)max , 

the greatest number that can function at any 
time, approaches a limiting value of one-half 
the number of atoms of the relevant class as 
m increases. This is indeed what common 
sense leads us to expect. 

The problem of actually counting the 
maximum number of centres grows greater 
as the number of atoms per centre is in- 
creased, especially if one distinguishes be- 
tween linear and triangular B 3 sites, but the 
limiting values for all types of site conform 
to the relation 

N(BJn)max = N ( C j ) / n ,  

where N(Cj)  is the total number of surface 
atoms of coordination numberj .  The prob- 
lem posed by van Hardeveld and Hartog (8) 
concerning the number of B4 sites in a 4 

z 4 array of (100) symmetry is imaginary: 
however many different B 4 sites may be pos- 
sible, the maximum number that could act 
catalytically at one time is four. 

In view of the widespread and continuing 
application of the results of the calculations 
performed by van Hardeveld and Hartog (8) 
to the interpretation of particle size effects 
and of the fact that the foregoing comments 
must apply to all the estimations of the popu- 
lations of active centres comprising more 
than one atom, it is worth bringing the mis- 
understanding, which is clearly still current, 
to the attention of those interested in 
applying small particle statistics. 
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