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In the elucidation of the crystallite size, 2R, of metals dispersed on inert supports, an assumption 
is made that nP CC RZ, where rzp is the chemisorption capacity of one particle. We have found that in 
many chemisorption studies the relation between rrp and R is more accurately given by np = Rb, 
-1.8 < DC < -2.2. It is shown that some basic models of area-size relations can account for such 
D, deviations from 2. These include small-size effects, size-dependent chemisorption stoichiome- 
try, and the size-dependent ratio of the crystallographic planes. o 19x9 Academic PI~SS, IK. 

1. BACKGROUND 

In this report we draw attention to a rela- 
tively small but significant effect (up to a 
factor of 2) regarding the calculation of par- 
ticle size of dispersed metal catalysts from 
chemisorption data. We show that the com- 
mon assumption 

nP = kR,2, (1) 

where np is the chemisorption of a single 
crystallite, 2R, is its calculated size, and k, 
here and in all equations below, is a con- 
stant (obviously with various units), is in 
many instances inaccurate. We also show 
that based on elementary considerations of 
chemisorption on crystallites, Eq. (1) 
should be replaced by 

nP = kRDc, (2) 

where 2R is the independently determined 
size and most of the D, (defined below) val- 
ues cluster in the range -1.G-2.2. It is 
shown in Section 2 that a large volume of 
chemisorption data obeys Eq. (2). In offer- 
ing an explanation for this phenomenon, we 
shall not resort to causes such as D, # 2 
reflects systematic experimental errors; 
that D, > 2 reflects (fractal) surface rough- 
ness (I); or that D, < 2 reflects a (fractal) 
sub-set of active sites (2). Our aim is to 
show that D, is expected to be different 

from 2 prior to any considerations of that 
sort, and that the most basic considerations 
of the details of chemisorptions and crystal- 
lite structures indeed lead to empirical D, # 
2 situations. In particular, we show that the 
effects of the mere small size of the crystal- 
lites, the effects of various chemisorption 
stoichiometries, and the effects of varying 
proportions of crystallite low Miller index 
planes all create D, # 2 situations. 

We refer to D, as the “chemisorption di- 
mension” (not necessarily fractal) in order 
to comply with the many reported cases in 
which particle size effects on physisorption 
(I, 3), chemisorption (2,4), and catalytic (5, 
6) and noncatalytic (7, 8) interactions were 
found to be describable in terms of a power 
law, similar to Eq. (2), with a characteristic 
D (subscript denoting the process) value. 
All fall under the same practically useful 
umbrella of elucidating structural informa- 
tion by performing a resolution analysis (in 
our case with R as a yardstick). In many 
instances such analyses lead to a charactcr- 
istic D value, from which information on 
the effective morphology, fractal or non- 
fractal, is obtained (9). 

2. THE SET OF EQUATIONS EMPLOYED FOR 
THE ANALYSIS OF CHEMISORPTION DATA 

The reanalysis of studies of chemisorp- 
tion data on dispersed metals (Section 3) 
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was performed basically according to Eq. 
(2). Practically, however, we applied the 
following modifications of Eq. (2), tailored 
to the ways the chemisorption data are re- 
ported: 

(a) Quite often, the chemisorption capac- 
ity is given in terms of the metal surface 
area, A,, (m2/g metal). This is calculated 
from averaged constants (10) as 

A,, = N,p;n,‘%, (3) 

where No is Avogadro’s number, nm is the 
chemisorption capacity (moles/g), it, is the 
number of metal atoms per unit area (at- 
oms/m2, for which an average of the main 
low index planes is taken), and X, is the 
chemisorption stoichiometry (i.e., the aver- 
age number of surface metal atoms associ- 
ated with the adsorption of one molecule.) 

(b) In many other instances the chemi- 
sorption data are reported directly in terms 
of the particle size derived from A,, . The 
procedure (II) is to use the specific volume 
of the metal, V,, (volume/g), in order to es- 
timate the thickness or size, 2R,, from 

V,, = 2*f*A,,.R,, (4) 

where f is the shape factor for the packing 
of the metal. Since V,, and fare constants, 
Eq. (4) can be rewritten as 

R, = kA,,-‘. (5) 

(c) Another common way to express the 
surface area is through the “dispersion” of 
the metal. The two are related through (12) 

dispersion = w, * A,, * N; l* n, , (6) 

where wa is the atomic weight of the metal. 
In order to apply these types of data for 

the evaluation of D, we first convert Eq. (2) 
to units of mole/g. Since, for compact crys- 
tallites which are not mass-fractals, the 
number of crystallites per g depends lin- 
early on R -3 (13), one obtains 

nm = kRD,-3. (7) 

And since the measurable quantity, n,, is 
related to the reported value of A, through 

constants (Eq. (3)), one arrives at the rela- 
tion 

A a” = kR=‘-3. (8) 

It is important to mention here that since n, 
and X, (in Eq. (3)) can change with size 
(see Section 4), the true surface area A(R) 
depends on R in a more complex way, 
through an R-dependent k: 

A(R) = k(R)RDc-3. (9) 

One is advised therefore to use either n, 
directly (Eq. (7)) or a direct representation 
of it (Eq. (8)). 

Similarly, since R, is related to A,, 
through a constant (Eq. 5)), one can use 
reported values of R, as follows (from Eq. 
8)): 

R c = kR3-Dc (10) 

Equation (10) is an important result. It em- 
phasizes that a priori one cannot make the 
assumption R, = R ; it holds only for D, = 2 
andk= 1. 

Also, since the dispersion is related to 
A,, through constants (Eq. (6)), one gets 

dispersion = kRDcp3. (11) 

In summary, Eqs. (8), (lo), and (11) allow 
the use of reported chemisorption data for 
the evaluation of D, . 

When this type of conversion of equa- 
tions is carried out on a single-particle 
level, different relations are obtained. For 
instance, from Eqs. (1) and (2) one obtains 
directly the single-particle analog of Eq. 
(lo), 

R c = kRD,/2. (12) 

Notice that Eqs. (10) and (12) are seemingly 
contradictory. This is explained in Section 
5. 

3. THE RESULTS OF THE REANALYSIS OF 
CHEMISORPTION DATA 

The reanalysis of a large volume of che- 
misorption data showed that this process is 
describable in terms of the more general 
Eq. (2) (rather than Eq. (l)), or in terms of 
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FIG. 1. Ag crystallite size, 2R, (A), measured by O2 chemisorption as a function of Ag crystallite size 
measured by X-ray diffraction (data source: Ref. 34). 

its modifications, Eqs. (8), (lo), and (11). misorption data obey Eq. (2), but many do 
The data and the analysis results are col- so. Judged from all cases we reanalyzed, 
lected in Table 1. It is seen that many and about 75% of the chemisorption data can be 
diverse systems obey these equations, with characterized by a D, value. Figures l-3 
examples including Pt, Pd, Ag, Ni, or Fe illustrate some of the cases: A “standard” 
supported on silica, alumina, magnesia, case of D, = 2.0 (02/Ag/A1203 (34), Fig. 1); 
mica, or charcoal, on which HZ, 02, or CO a common case of D, # 2 but close to it 
were chemisorbed. Obviously, not all che- (HZ-02/Pt/A1203 (24), Fig. 2); and a rare 

log particle size 2R (A) 

FIG. 2. Pt crystallite size, 2R, (!I), measured by Hz-O2 titration as a function of Pt crystallite size 
measured by microscopy (data source: Ref. 24). 
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TABLE 1 

D, from Chemisorptions on Dispersed Metal Catalysts 

Catalyst Adsorbate DC Particle size (W)O Data source 
(no. of points) ref. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

Rh/A1203 Hz, 02, Hz-O2 tit. 2.00 k 0.03 

Rh/A&O, 02 1.87 t 0.09 

Rh/A120j HZ, Hz-O2 tit. 1.89 k 0.07 

Rh/A&O, H2, 02, Hz-O2 tit. 1.93 c 0.07 

Rh/A1203 Hz. 02 2.30 2 0.05 

Pt/SiO, H2 1.81 2 0.01 

Pt/SiO, Hz 1.95 ” 0.11 

Pt/SiOz H2 1.67 ? 0.05 

Pt/AI,O, Hz-O2 tit. 1.92 2 0.02 

Pt/AI,O, Hz-O2 tit. 2.09 + 0.14 

Pt/A1201 co 1.95 k 0.20 

Pt/A1203 H* 1.96 + 0.11 

Pt/n zeolite HZ 1.98 f 0.03 

Pt/C electrocatalyst Hz, 02, 2.10 * 0.23 

Pt/C electrocatalyst Hz 1.87 f 0.15 

Pd/Si02 HZ 1.94 ? 0.24 

Pd/SiOz co 2.05 e 0.23 

Pd/SiOl co 1.98 5 0.11 

Pdlmica co 2.03 ? 0.04 

Ag/SiOz 02 1.98 r 0.03 

Ag/SiOl 02 2.04 2 0.04 

Ag/SiOz 02 2.09 2 0.04 

Ag/SiO* 02 1.99 2 0.17 

Ag/Si02 02 2.05 k 0.05 

Ag/A1203 02 2.02 2 0.05 

Ni/A&O, H2 2.34 2 0.13 

10-150’ 
(4) 

10-54' 
(10) 

17-150' 
(4) 

17-150' 
(4) 

10-100’ 
(4) 

30-100' 
(3) 

30-100" 
(4) 

13-40' 
(5) 

10-120' 
(11) 

15-39' 
(7) 

13-46" 
(4) 

13-46” 
(7) 

10-52" 
(11) 

CI’ 

(16) 
28-90d 

(10) 

80-160" 
(5) 

80-160" 
(4) 

20-140' 
(7) 

18-74' 
(8) 

30-500' 
(7) 

30-500" 
(7) 

30-500' 
(5) 

30-500" 
(5) 

50-450' 
(8) 

300-730" 
(11) 

40-100' 
(4) 

19 

20b 

21 

22 

4ah 

23 

23 

26 

24 

20a 

2s 

25 

26 

27 

28 

29 

29 

30 

31 

32 

32 

32 

32 

33 

34 

35 
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TABLE I-Continuc~d 

Catalyst Adsorbate D‘ Particle size (Ap Data source 
(no. of points) ref. 

27 

28 

29 

30 

31 

32 

33 

34 

35 

Ni/A1203 H2 

Ni/SiOz K 

Ni/SiOz co 

Ni/SiOz H2 

Ni/SiOz H2 

Ni/SiOz H2 

Fe/C co 

Fe/MgO co 

CulZnO 02 

2.16 t 0.06 

2.13 t 0.12 

2.06 t 0.08 

1.38 + 0.04 

2.05 

1.96 + 0.20 

1.57 + 0.08 

1.89 2 0.09 

2.09 t 0.10 

70-l 10’ 
(3) 

30-215' 
(9) 

25-95'" 
(6) 

13-70”’ 
(24) 
enl 

(25) 
33-77" 
(12) 

13-571," 
(7) 

70-420" 
(3) 

55-920" 
(6) 

36 

3.5 

37 

38 

39 

40 

41 

42 

43 

a Particle size determined from Z-microscopy; ZZ-X-ray; III-magnetism. 
b D, calculated in that reference. 
c The particle size is given in the paper in terms of the area calculated from it, A,.,,,.. From Eq. (8), A,, = 

kAx.ray3-Dc. 
Cl The method for particle size determination is not specified in that reference. 
D D, was calculated directly from the magnetization value, (Y, (a x (2R)‘). 

Fe/C 

D,=1.57M.08 

log particle size 2R (run) 

FIG. 3. Fe crystallite size, 2R, (A). measured by CO chemisorption as a function of Fe crystallite size 
measured by X-ray diffraction and/or microscopy (data source: Ref. 41). 
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case of D, significantly different from 2 
(CO/Fe/C (4Z), Fig. 3). All three were ana- 
lyzed by Eq. (10). 

4. THE ORIGIN OF DC f 2 SITUATIONS 
IN CHEMISORPTION 

4.1. Simple Size-Area Relations 

As mentioned in the Introduction, we 
shall seek the most elementary causes for 
the observation that experiments in chemi- 
sorption are described more generally by 
Eq. (2) than by Eq. (I), and we start by 
showing that D, # 2 situations are revealed 
even from simple size-area relations. 

The counting procedures employed (here 
and in the other cases below) for popula- 
tions of various types of surface atoms in 
various crystal sizes and shapes are those 
of Van Hardeveld and Hartog (VH) (14). 
The details of the calculations are given for 
the first example; all other calculations 
were performed similarly. The relevant 
equations are found in VH. 

We determined the relation between the 
number of total surface atoms, Ns , for a 
size range of 10 < 2R < 100 A, a typical 
range of sizes in most of the experimental 
studies collected in Table 1. The calulation 
is demonstrated for anfcc octahedron. The 
total number of the atoms in the crystallite, 
NT, is given by (14) 

NT = $m(2m2 + l), (13) 

where m is the number of atoms lying on an 

TABLE 2 

The Total Number of Atoms and the Number of 
Surface Atoms of fee Octahedron Crystallites 

t 
m NT 2R 6% Ns 

5 85 13 66 
10 670 26 326 
15 2255 39 786 
20 5340 52 1446 
25 10424 65 2306 
35 28592 91 4626 
40 42676 104 6086 

TABLE 3 

D, Values for Various fee Crystallites in the Range 
2R = lo-100 8, 

Crystallite type DC” DC* 

Octahedron 

Octahedron- 
max-& 

Cubooctahedron 

Cubooctahedron- 
max-Br 

Cube 
Cube-max-Br 

2.17 k 0.02 1.99 f 0.05 
2.02 r 0.01’ 1.99 f 0.01’ 
2.12 f 0.02 1.79 2 0.01 
2.01 -+ 0.01’ 1.91 2 0.01’ 
2.20 5 0.03 I.85 2 0.02 
2.22 * 0.12* 
2.17 + 0.05 1.72 2 0.01 

2.17 T 0.03 1.99 -+ 0.01 
2.12 r 0.01 1.75 k 0.01 

0 DC was calculated from the relation N, a (2R)Dc. 
* Calculated from Nn = NP + 2N, + 3N, a (2R)% 
c D, was calculated in the range 2R = lOO-1OOOA. 
* From Ref. @a). 

equivalent edge of the crystallite (14). 
size, 2R, is calculated from NY3 as 

The 

2R = 1.1*2.7*N:3, (14) 

where 1.1 is an averaged constant for fee, 
hcp, and bee lattice types (14) and 2.7 A is 
taken as an average diameter of a typical 
metal atom used in catalysis, i.e., of those 
collected in Table 1. The resulting 211 val- 
ues are indicated in Table 2. The total num- 
ber of surface atoms, Ns, calculated from 
(14) 

NS = 4m2 - 8m + 6 (= q,), (15) 

are also collected in Table 2. 
The data in Table 2 obey Eq. (2) (Fig. 4) 

with D, = 2.17 ? 0.02 (cot-r. coeff. 0.999). 
Similar calculations were carried out for 
various common crystallite shapes. The 
results are collected in Table 3. It is seen 
that in all cases D, 2 2.0. The origin of this 
phenomenon is in the small size of the ob- 
jects involved (lo-100 A) compared to the 
size of the building block (-3 A). In gen- 
eral, for spheroidal objects, 

N;,” cc N;“, (16) 

This, however, is not the case for the small 
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log crystallite size, 2R (A) 

FIG. 4. The number of surface atoms, Ns (or chemisorption sites, n,,, for 1 : 1 stoichiometry), of an 
fee octahedron as a function of its size, 2R. 

crystallites: In small assembled objects 
with a low ratio between the total size and 
the building block size, the ratio between 
Ns and NT is much higher than the one 
given by Eq. (16). Recall that, for an assem- 
bly of only few spheres, Ns = NT, i.e., 
Eq. (16) will appear as Nt3 m NV3 (an appar- 
ent D, = 3). In sufficiently large crystal- 
lites, the NrINs ratio approaches the one 
given by Eq. (16), as is indeed shown for 
the octahedron: When the 2R range is 
shifted one order of magnitude larger (loo- 
1000 A, Table 3) the D, value drops to 2.02 
? 0.01. We conclude that although the ap- 
parent D, value gradually increases as the 
crystallite size decreases, in the range of 
sizes which parallels many experimental 
studies a single D, > 2 still characterizes 
very well the NsINr ratio. The theoretically 
expected very slight concavity of the 
curves which indeed can be detected in Fig. 
4 is probably smeared out by the normal 
error bars in the case of experiments. 

4.2 The Effects of the Chemisorption 
Stoichiometry 

Calculations of surface area and particle 
size from the chemisorption capacity of 
gases are usually based on the assumption 

of 1: 1 stoichiometry (1 adsorbed species : 1 
surface atom), as employed in the previous 
Section. This means that the overall chemi- 
sorption stoichiometry of a particle is inde- 
pendent of its size. Often, however, this is 
not the case: Many investigators recog- 
nized that chemisorption stoichiometry 
may change with size (1.5). For example, 
Bond suggested that edge and corner atoms 
are able to adsorb more than one H atom 
(15a), so that the chemisorption capacity is 
given by 

NH = Np + 2N, + 3N, (= n,), (17) 

where Nn is the total number of the ad- 
sorbed species (H or other) and the indices, 
p, e, c indicate plane, edge, or corner atoms, 
respectively. See Ref. (15) for further dis- 
cussion of this phenomenon. 

Our aim has been to find out whether 
non-unity stoichiometries are still describ- 
able by Eq. (2) Figure 5 demonstrates that 
Eq. (2) is indeed applicable for these cases 
as well: Chemisorption on an fee cubooc- 
tahedron with the stoichiometry of Eq. (17) 
yields D, = 1.85 * 0.02. D, values for other 
crystallites employing the same stoichiome- 
try are collected in Table 3. It is seen that 
the resulting D, values are smaller than the 
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FIG. 5. The number of chemisorption sites, np, on an fee cubooctahedron surface as a function of its 
size, 2R. np was calculated by assuming the stoichiometry of Eq. (17). 

D, values found in Section 4.1 and even 
smaller than 2. Obviously, the source for D, 
> 2 values in the case of 1 : 1 stoichiometry 
is shadowed by an even stronger effect, To 
understand the origin of the decrease in the 
D, values, we first recall (14, 16) that if 1 : 1 
chemisorption occurs exclusively on the 
edges of a crystal, then N, 0: (2R)’ (actually 
D, is slightly larger than 1) (5), and similarly 
NC 0: (2R)O = const. for chemisorption on 
corners. Therefore, by employing the stoi- 
chiometry of Eq. (17), one artificially in- 
creases the relative contribution of this 
type of surface-site population. It is as if 
one has a particle of size 2R, but with dou- 
ble the normal length of edges (and triple 
the number of corners). One thus increases 
the weight of sites which tend to decrease 
D,. Indeed, for max-BS crystallites, which 
contain a relatively high proportion of 
edges (14), the decrease in D, is especially 
evident (Table 3). Similarly, D, increases 
with size very slowly for the max-Bs crys- 
tallites, as is evident, for instance, for fee 
octahedron max-B5 in the 100-1000 A range 
(D, = 1.91 k 0.01, Table 3). Interestingly, 
for the octahedron and the cube, the two 
opposing effects cancel each other, and one 
obtains the “classical” nP cc (2R)2 situation. 

Finally, note that if the stoichiometry is 

different from 1 : 1 but still constant for all 
particle sizes (say, only 50% of the surface 
sites are occupied and the rest are a con- 
stant percentage of poisoned sites), then D, 
will be the same as calculated in Section 
4.1. The specific non-l : 1 stoichiometry 
will show up in the prefactor of Eq. (2). 

4.3. The Effect of Changes in the Relative 
Proportion of Crystallographic Planes 

Whereas in the previous two sections we 
dealt with ideal crystallites, here we intro- 
duce nonideality in the form of changing 
proportions of the types of crystal planes 
(17) as a function of particle size, again, for 
typical experimental crystallite size range 
of lo-100 A. We vary the proportions of 
the { lOO}, (1 lo}, and (111) planes and as- 
sume that they change gradually with size. 

As an example we follow the details of 
the calculation of D, for an fee crystallite 
composed of (111) and { 1 lo} planes; these 
are collected in Table 4. We follow the first 
line in the columns of Table 4 from left to 
right. For a spherical particle of size 2R = 
10 A, the area, A, (sphere), is calculated 
(1257 A*). We assume that a certain per- 
centage of the surface (20%; 251 A2) is oc- 
cupied by (111) planes, and covert it to the 
number of chemisorption sites (2.51 A*/ 
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TABLE 4 

The Calculation of the Total Number of Chemisorption Sites of an fee Crystallite Composed 

of(lll)and{ll0}Planes 

2K 

(A, 

A 

(A$ 
(Ill) Areaof(lll) No. of Area of (I IO} No. of Total 

Planes planes (A? chemisorption planes (A’) chemisorption no. of 

(75) sites on (I I I) sites on (I IO} chemisorption 

planes planes sites 

IO 1,257 20 251 314 I.006 774 

20 5.027 30 1,508 I.885 3.519 2.707 

30 11,310 35 3,959 4.949 7,351 5.655 

40 20,106 40 X,042 IO.053 12.064 9.2X0 

50 31,416 50 15,708 19,635 15,708 12.083 

60 45.239 55 24.88 I 31.101 20.35X 15.660 

70 61,575 60 36,945 46.1X1 24.630 18,946 

80 X0,425 70 56,29X 70.373 24.127 IX.559 

90 101,78X 75 76,341 95,426 25,447 19.57s 

IO0 125,664 80 100.53 I 125.664 25.133 19,333 

b The other plane type is {I IO} for the first four entries, and { 100) for the last three. 

I ,0X8 

4,592 

10,604 

19,333 

31,71X 

46.761 

65.127 

XX.932 

I15.001 

146.997 

0.80 A2 = 314). The factor 0.80 A2 is the 
area, s, available for 1 : 1 chemisorption 
stoichiometry of a primitive unit cell of an 
fee crystallite, for the (111) plane. The 
primitive unit cells were calculated accord- 
ing to (18). 

s = ~.Q*Y: (h2 + k2 + 12)“2 (fee) (18a) 

s = + * Q - ri (h* + k2 + f2)1’2 (bee), 
(18b) 

where h,k,l are the Miller indices; Q is a 
constant equal to 1 for structures based on 
an fee lattice when h,k,l are all odd, and for 
the bee structure when h + k + 1 is even; Q 
= 2 otherwise, and r, is the atom size radius 
(18) (an average value of 1.36 A was taken). 
Similarly obtained is the s value for the 
{ 1 lo} plane, 1.30 A?. We continue to follow 
the first line in Table 4: The rest of the sur- 
face (80%; 1006 A2) is composed of (110) 
planes, which contain 1006 A*/1.30 A2 = 
774 chemisorption sites. So for the crystal- 
lite of size 2R = 10 A we have a total IZ~ of 
1088 sites, and so on. D, is then calculated 
from Eq. (2). The result (Fig. 6) of D, > 2 
(D, = 2.13 + 0.01) is consistent with grad- 
ual increase in the percentage of the more 
closed plane with particle size, leading to a 
growth rate in the number of chemisorption 

sites, which is faster than D, = 2. And in- 
deed, if the trend is reversed, i.e., if the 
relative amount of (1 lo} grows with particle 
size (Table 5), D, < 2 (D, = 1.88 + 0.02, 
Fig. 7) is obtained, reflecting the smaller 
density of sites on that plane. As a blank 
calculation we determined that if the ratio 
between the areas occupied by the two 
types of planes does not change with size 
(shown for a fixed (30)% of (111) in Table 
5), then the overall density of sites is con- 
stant, and D, = 2 should be obtained, as is 
indeed the case (D, = 2.000 2 0.001). 

Similar calculations (Table 5) were per- 
formedonbcc((111),s=3.20A2;{110},s= 
1.30 A2) and the rationalization of the re- 
sulting D, values is along similar lines: A 
gradual increase of the relative amount of 
the more open plane with size, results in a 
low D, value, and vice versa: An increasing 
contribution from the closed plane with size 
causes D, > 2. For the case of fee with 
(111) and { 100) (s = 0.92 AZ) D, is virtually 
2.0 (Table 5) as a result of the closeness of 
the corresponding s values. 

5. Some Additional Comments 

(a) The relution between Eq. (10) and Eq. 
(12). As mentioned in Section 2, the above 
equations are seemingly contradictory. In- 
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FIG. 6. The number of chemisorption sites, np, on an fee crystallite composed of (111) and {l 10) 
planes, as a function of its size, 2R. The relative proportion of the (Ill) planes was increased (from 20 
to 80%) while that of the {llO) planes decreased (from 80 to 20%), with increasing crystallite size. 

deed, the deviation of the R, value from the 
real R value depends on how R, is calcu- 
lated. Based on single particle consider- 
ations, Eq. (12) is obtained. But in the tran- 
sition to per g units, an additional 
erroneous assumption is made, namely, 
that a g of the metal contains kRi3 particles 
(instead of kRe3). Thus, to retrieve Eq. (IO) 
from Eq. (12), one has to introduce this ad- 
ditional error. To do so, we first bring Eq. 

(12) to the form of area units (as is Eq. (IO)), 
Rz = kRDc, and then multiply it by the erro- 
neous assumption Ri3 = Re3. 

(b) Estimation of the error made by the 
use of the assumption in Eq. (I). Figure 8 
demonstrates what could be typical errors 
in estimating 2R if the basic assumption of 
Eq. (1) is made. We do so by plotting Eq. 
(8) for D, values of 1.8, 2.0, and 2.2. It is 
seen, for instance, that if the measured sur- 

TABLE 5 

D, Values for Crystallites with Size-Dependent Ratio of Crystallographic Planes 

Lattice type The change in percentage of various planes 
with increase in crystallite size” 

DC 

(lll)b,% {110}/(111), % {100}/(111),% 

fee 20 + 80 80 -+ 20 2.13 + 0.01 
fee 80 -+ 20 20 + 80 1.88 -c 0.02 
bee 20 - 80 80 + 20 1.78 2 0.03 
bee 80 + 20 20 + 80 2.23 c 0.02 
fee 20 + 80 80 -+ 20 2.037 2 0.004 
fee 80 -+ 20 20 + 80 1.964 f 0.005 
fee const. (30) const. (30) 2.000 f 0.001 

a Arrows indicate a gradual increase of 2R from 10 to 100 w as demonstrated in 
Table 4. 

b The other plane type is {l lo} for the first four entries, and {loo} for the last three. 
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5.20 5.20 1 - 

D,=1.88H.02 

4.47 - 

log crystallite size 2R (A) 

FIG. 7. As in Fig. 6, but with decreasing proportion of the (111) planes (from 80 to 20%) and 
increasing proportion of the 1110) planes (from 20 to 80%) with increasing crystallite size. 

face area is 100 m2/g, then assuming D, = 2 
for materials which have actually a D, value 
of 2.2 leads to an underestimation of 2R by 
a factor of -2, and to an overestimation by 
a similar factor if the actual D, value is 1.8. 

(c) The Very Low D, Values. In the above 
sections we have shown two main points: 
First, that most D, values fall in the range 
1.8-2.2, and second, that simple surface 

counting procedures are sufficient to ac- 
count for this observation. Two exceptions 
in Table 1 (entries 30, 33) serve to draw 
attention to the fact that D, values outside 
the above range, although rare, may exist 
and need interpretations beyond those pre- 
sented above. In the particular case of D, = 
1.38 k 0.04 for H2 chemisorption on Ni/ 
Si02 (entry 30) (38), the authors, who noted 

I I I I I 

10 20 30 40 50 60 70 80 90 100 

crystallite size - 2R (A) 

FIG. 8. Surface area A (m?/g) as a function of crystallite size, 2R. A was calculated from the relation 
A = k(2R)“c-‘for (a) D, = 2.2: (b) D, = 2.0: (c) D, = I .8 (k - 2500 AZ/g for a typical metal atom used in 
catalysis, e.g., Pt). 
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the weak dependence on Ni particle size (as 
determined from magnetic measurements), 
suggest that the crystallites are partially 
buried and trapped in the pores of the silica, 
and that the degree of burial (given as an 
accessibility factor) decreases significantly 
with size, a behavior which should, indeed, 
lead to a low D, value. This was calculated 
in this case from (Eqs. (5), (8)) to be 

A A 
A magnet. m R-’ = kRDc-2. (19) 

In the case of CO/Fe/C (entry 33) (41), for 
which D, = 1.57 + 0.08 was obtained (Fig. 
3), a claim is made (41~) that the study con- 
firmed a good agreement between 2R, from 
chemisorption and 2R from microscopy and 
X-ray diffraction. The analysis according to 
Eq. (10) can serve to test such claims. In 
view of the very low D, value, it seems to 
us that it perhaps needs re-evaluation. 
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