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Pt/ZSM-5 catalysts have been prepared, characterised by extended X-ray absorption fine struc- 
ture (EXAFS), and electron microscopy, and their activity in ethane hydrogenolysis has been 
measured. Calcination temperature is important in determining the size of the platinum particles 
formed. For a 0.5% Pt/H-ZSM-5 catalyst calcined at 720 K and reduced at 620 K or 790 K, small 
particles within the zeolite framework are observed, with a nearest neighbour coordination number 
of ca. 6 and an average diameter of about 8 A. Calcination of a similar catalyst at 790 K resulted 
in larger metal particles, with the average diameter in the range 12-15 A, estimates from EXAFS 
and electron microscopy being in agreement within experimental error. Contractions of up to 4% 
in the average Pt-Pt  interatomic distance were observed, but there is clear evidence that the larger 
particles at least retain the face-centred cubic structure. EXAFS indicates the presence of P t -O 
bonding as a result of coordination to the zeolite framework, with bond lengths of 1.92-2.03 ,~. 
These catalysts have higher specific activity in ethane hydrogenolysis and alkane aromatization 
than materials where the platinum is in the form of large particles, (d > 100 ,~), at the external 
surface of the zeolite, and reasons for this are discussed. © 1991 Academic Press, Inc. 

INTRODUCTION 

There continues to be considerable inter- 
est in the properties of catalysts in which 
noble metals are combined with zeolites. 
The intrinsic catalytic activity of platinum 
or other metals may be enhanced and there 
is also the possibility of synergy between 
the metal and the zeolite. In this paper we 
discuss mainly structural aspects of small 
platinum clusters in H-ZSM-5 zeolite cata- 
lysts. These materials exhibit interesting 
catalytic properties in C2 and C3 alkane 
aromatization (1), and it has been sug- 
gested, based on XPS evidence, that the 
metal particles are electron deficient (2). 
The technique of choice is X-ray absorp- 
tion spectroscopy, and in particular ex- 
tended X-ray absorption fine structure 
(EXAFS). The structure of platinum parti- 
cles has been studied in faujasitic zeolites, 
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e.g., by Moraweck and Renouprez (3) us- 
ing EXAFS, and by Gallezot et al. (4), 
using EXAFS and radial distribution func- 
tion measurements. The only previous 
structural study of the zeolite ZSM-5 re- 
lates to the location of Ni 2+ ions exchanged 
into the framework (5). 

The EXAFS technique has been applied 
to the study of catalysts for about 10 years 
(6), but can still arouse scepticism about 
its quantitative accuracy (witness some of 
the discussion at the 1988 International 
Congress on Catalysis (7)). A number of 
approaches have been used to extract inter- 
atomic distances and coordination numbers 
from the spectra, and experimental error 
has been either ignored completely or esti- 
mated subjectively. Recently Joyner et al. 
(8) published a statistical test which allows 
a quantitative estimate of the error bar on 
any individual result and considers correla- 
tion between parameters; here this ap- 
proach is applied rigorously. 
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EXPERIMENTAL 

1. Materials 

Techniques of zeolite and catalyst prepa- 
ration have been described previously (1). 
Samples (I0 g) of NHa-ZSM-5, SiOJA1203 
ratio 33/1, were exchanged with and subse- 
quently impregnated from aqueous solu- 
tions of platinum (II) tetrammine dichloride. 
Three catalysts were investigated, two sam- 
ples with 0.5 wt% Pt, calcined respectively 
at 720 and 790 K, and a 1% Pt sample cal- 
cined at 790 K. Calcination was performed 
in flowing dry air, with a two-stage tempera- 
ture ramp; the temperature was raised to 
620 K at a rate of 1.3 K min -J, held at this 
temperature for 30 min, raised to the upper 
temperature at 3 K per rain, and held there 
for 3 h. 

2. Procedure 

EXAFS measurements were performed 
at the SERC Daresbury synchrotron radia- 
tion source, using a dipole magnet source 
(Station 7.1) and an in situ cell which has 
been described before (9). Samples were in 
the form of pressed 13-ram-diameter disks, 
with a typical thickness of 1 mm. Samples 
were treated in flowing gases at 1 bar and 60 
ml rain- 1 flow rate, and cylinder gases (from 
BOC plc) were used without further purifi- 
cation. Spectra of the Pt Eli I edge were mea- 
sured with the radiation source operating at 
2 GeV energy and beam currents of 150-250 
mA: spectral acquisition time was typically 
1 h and three spectra were usually averaged. 
Spectra were collected up to 400 eV above 
the absorption edge (k = 10 A-  1). The spec- 
trum of a platinum foil was acquired simulta- 
neously and used to look for changes in the 
position of the X-ray absorption edge of the 
catalyst samples. 

The procedure for catalytic measure- 
ments has been described elsewhere (10). 

3. Data Analysis Techniques 

Spectra were processed and analysed us- 
ing standard techniques developed at the 
SERC Daresbury Laboratory. Background 

subtraction used the programme EXBACK 
and theory/experiment comparisons 
were performed with the programme 
EXCURV88, which makes an interactive 
point-by-point calculation of the EXAFS, 
using predetermined phase shifts and treat- 
ing the photoelectron as a curved wave (11, 
12). The programme minimises the least- 
squares fitting index between theory and ex- 
periment, FI, which is defined and dis- 
cussed elsewhere (8). Important additional 
features of the EXCURV88 programme are 
the ability to plot a contour map showing 
the way in which FI varies with any two 
parameters, and also to calculate the corre- 
lation matrix for all of the parameters used 
in any fit. 

Phase shifts were obtained from the 
Daresbury EXAFS data base (13), and were 
refined in the programme EXCURV88, by 
comparison to the spectrum of a platinum 
foil. Refinements to the central atom and 
Pt backscattering atom phase shifts were 
carried out over the same range (3-10 ,~-~, 
40-400 eV above the absorption edge), in 
which the catalyst spectra were analysed. 
We estimate that any systematic errors in- 
troduced into the fit by the phase shifts do 
not exceed 0.005 A for the Pt-Pt  nearest 
neighbour distance. 

The contribution of any shell of neigh- 
bours to a fit has been assessed by the sig- 
nificance test described previously (8). A 
shell is accepted only if there is <5% proba- 
bility that the improvement in fit from the 
inclusion of that shell could be the result of 
random noise; for most of the shells re- 
ported here the probability is < I%. The esti- 
mation of the error of any individual result 
is achieved by application of a similar crite- 
rion, by examination of the correlation ma- 
trix and use of the contour map. We there- 
fore include the correlation of the most 
important parameters in the assessment of 
error; interatomic distances are normally 
strongly correlated only with the energy 
zero of the photoelectron (which 
EXCURV88 treats as a disposable parame- 
ter), while coordination numbers usually 
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TABLE 1 

EXAFS Results for a 0.5% Pt/ZSM-5 Catalyst 
Precalcined at 720 K 

P t - O  P t - P t  

N R (A) N R (A) 

Reduced  at 620 K a 1.0 +- 0.3 1,91 -+ 0.03 4.6 -+ 1.3 2.66 _+ 0.01 
Reduced at 7 9 0 K  ° 0.8 + 0 . 3  1,93 + 0 . 0 3  5.9 + 1.3 2.68 + 0 . 0 1  

Reduced  at 790 K,  2.1 -+ 0.3 1,96 +- 0.03 2.9 -+ 0.7 2.63 -+ 0.0l  

then exposed  to 4.6 -+ 0.6 2,23 -+ 0.03 

02  at 298 K 

a Spect ra  were measured  in vacuo  (ca 1 × 10 -6  Torr) after reduction 

in f lowing hydrogen at 1 ba r  pressure .  

correlate highly with the relevant Debye- 
Waller factors. 

This approach to data analysis avoids the 
use of Fourier transform or filtering proce- 
dures. Although these are useful in some 
cases and improve the appearance of experi- 
mental data by eliminating high-frequency 
noise, they introduce statistical correlation 
between data points. As a result, quantita- 
tive assessment of experimental error be- 
comes very difficult. 

RESULTS 

Two catalysts containing 0.5% platinum 
by weight were studied to determine the in- 
fluence of calcination temperature on the 
resultant platinum particle size. The results 
for the catalyst calcined at 720 K are given 
in Table 1; the catalyst has been examined 
after reduction at 620 K, after a further re- 
duction at 790 K, and following exposure to 
oxygen at 298 K. Figure la shows a typical 
example of the quality of fit obtained be- 
tween experimental and calculated EXAFS 
and the inclusion of a platinum-oxygen dis- 
tance as well as a Pt-Pt distance should be 
noted. Figure lb shows the theory-experi- 
ment comparison obtained when the plati- 
num-oxygen distance is excluded from the 
fit and it can be seen that agreement is sig- 
nificantly worse, particularly below 8 ,~-1. 

More detailed experiments, including ex- 
amination of the as-received material, have 
been carried out for a 0.5% Pt catalyst cal- 

cined at 790 K, and also for a 1% Pt catalyst 
calcined at 790 K. The 1% sample was also 
investigated after reduction and exposure to 
oxygen at 298 K. The results of the data 
analysis are given in Tables 2 and 3. In ac- 
cordance with XPS studies (2), calcination 
can be sufficient to reduce some platinum to 
the metallic state. Also, the average size of 
the Pt particles, as indicated by the nearest 
neighbour coordination number (CN), in- 
creases significantly as a result both of 
higher calcination temperature and of in- 
creased metal loading. One consequence of 
this is that it is necessary to include nonnear- 
est neighbour Pt-Pt distances to achieve a 
good description of the experimental data. 
Figure 2 shows a fit to the 1% loading data 
using five shells of neighbours, again includ- 
ing a Pt-O shell. Statistical analysis shows 
that inclusion of each of these shells gener- 
ates a significant improvement in the fitting 
index. 

The 0.5% Pt sample calcined at 790 K was 
examined after reduction at 620 K, both in 
hydrogen at 1 bar and in vacuum (1 x 10 -6  

Torr), and after a further reduction at 790 
K, again both in hydrogen and in vacuum. 
As indicated in Table 2, the calculated parti- 
cle parameters were found to be the same 

TABLE 2 

EXAFS Results for a 0.5% Pt/ZSM-5 Catalyst 
Precalcined at 790 K 

N R (A) 

As received Pt -O 
Pt-Pt  

Reduce& Pt -O 
Pt-Pt  

8.5 -+ 2 2.16 ± 0.02 
2.4 -+ 0.3 3.72 ± 0.02 

2.5 ± 1 1.94 ± 0.02 
9.3 - 1 2.75 +- 0.01 
3.9 ± 0.6 3.89 ± 0.03 
8.0 ± 1 4.79 ± 0.02 

3 b 5.38 b 

a The same results, within experimental error, were 
observed after reduction at 620 and 790 K and a mea- 
surement in hydrogen (1 bar) or vacuum (1 × l0 -6 
Torr). 

b Values for this shell are complicated by multiple 
scattering; errors are thus difficult to assess. 
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FIG. la. Experimental (solid line) and calculated (dashed line) EXAFS for a 0.5% Pt/HZSM-5 catalyst 
which has been calcined at 720 K and reduced at 790 K. Parameters used in the calculation are given 
in Table 1. 

within experimental error. No shifts in the 
position of the platinum LII I edge were noted 
in any of these studies. 

The catalytic activity of two of these ma- 
terials in the hydrogenolysis of ethane has 
been measured, and the results are reported 
in Table 4. This table also indicates the turn- 
over numbers and other data for two Pt/ 
H-ZSM catalysts which have been pre- 
pared and reduced without a calcination 
step. Examination of these materials by 
electron microscopy and CO chemisorption 
indicated that the majority of the platinum 
was present in the form of large particles, d 
> 100 ,~, at the external surface of the zeo- 
lite. These catalysts were not examined by 
EXAFS, since the technique is not sensitive 
at large particle size. 

DISCUSSION 

The main aspects of the structural results 
which we discuss are the particle size and 
shape, the observation of platinum-oxygen 
distances in all three cases, and the change 
in Pt-Pt nearest neighbour distance with re- 
spect to that in bulk platinum. We also relate 
these results to the catalytic properties of 
these materials. 

1. Particle Structure, Size, and Shape 

Both absolute and relative coordination 
numbers provide information about the av- 
erage size and shape of the metal particles, 
as pointed out by Joyner (14) and Greegor 
and Lytle (15). The nearest neighbour 
metal-metal coordination number is the 
most accurate, and provides the best indica- 
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FIG. lb. As in la, but excluding platinum-oxygen bonding from the calculation. 

tor of particle size. We have estimated the 
average number of atoms in our particles 
from a consideration of the nearest neigh- 
bour coordination number calculated for 
face-centred cubic clusters containing 
"magic numbers" of atoms, e.g., 13, 33, 43, 

55, 116, 147, and 309. It should be noted 
that this approach gives significantly larger 
estimates of the number of atoms per parti- 
cle than can be deduced from the figures in 
the paper of Greegor and Lytle (15). From 
the average number of atoms in the particle 

T A B L E  3 

E X A F S  Resul ts  for a 1% Pt/ZSM-5 Catalyst  Precalcined at 790 K 

P t - O  P t -P t  

N R (A) N R~X)  N RCA) N R ( A )  N ~ R ( A )  ~ 

As received 6.3 -+ 1.5 2.12 ± 0.03 4.2 ± 1.0 2.75 ± 0.01 

Reduced at 620 K 1.8 ± 0.7 2.05 -+ 0.03 10.3 + I 2.76 + 0.01 

Reduced at 790 K 1.5 -* 0.7 2.01 ÷ 0.03 10.1 -+ 1 2.75 -+ 0.01 

Reduced at 790 K, 2.2 ± 0.7 1.98 ÷ 0.03 8.3 + 1 2.74 -+ 0.01 

then exposed to 

02 at 298 K 

- -  - -  4.5 -+ 1 4.79 -* 0.02 4 5.42 
3.9 -* I 3.91 -+ 0.02 6.4 ± I 4.80 -+ 0.02 8 5.43 

4.5 ~ 1 3.91 -+ 0.02 7.6 ± 2 4.80 ± 0.02 7 5.42 

2.0 *- 1 3.92 -+ 0.02 4.3 4.79 -+ 0.02 5 5.41 

a Values for this shell are complicated by multiple scattering; errors are thus difficult to assess. 
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TABLE 4 

Activity of Pt/H-ZSM-5 Catalysts in Ethane 
Hydrogenolysis 

Calcined and reduced"  Reduced  without  

calcination a 

Turnover  Ea b 

number  at (kJ t o o l - l )  

673 K (s - l )  

Turnover Ea b 

number  at (kJ mol - l )  
673 K (s I) 

0.5% Pt 1.74 +- 0.1 c 134 ± 7 0.014 ± 0.005 199 ± 10 

1% Pt 1.58 ± 0.1 a 133 -+ 7 0.01 ± 0.005 188 ± 10 

o Both  reduct ion and calcinat ion were  carried out  at 790 K.  
h Measured  in the range 573-723 K.  

c Dispers ion  es t imated  f rom T E M  data.  
,t Dispers ion  es t imated  from CO chemisorp t ion  studies.  

the mean diameter of equivalent spherical 
particles is estimated from the bulk volume 
occupied by a platinum atom (1.53 × 30 -29 

m3), and the results are given in Table 5. The 
sensitivity of the coordination number to 
particle size decreases as it approaches the 
bulk value of 12, causing the asymmetrical 
error bars quoted in parts of the table. 
EXAFS is at its most useful for particles 
<35 A in diameter. 

Previous studies have shown that calcina- 
tion is important in stabilising small metal 
particles in ZSM-5 and other zeolites (10, 
•6). When the calcination step was omitted 
and a 0.5% Pt/ZSM-5 sample was reduced 
directly in hydrogen at 790 K, electron mi- 
croscopy showed marked migration to the 
external surface and the growth of 320-150 
A particles. It is clear that the precise calci- 
nation temperature also makes a significant 
difference to the particle size. Calcination 
at 720 K rather than 790 K leads to smaller 
particles, even when both catalysts are sub- 
sequently reduced at 790 K. EXAFS shows 
the presence of metallic platinum after calci- 
nation at the higher temperature and we may 
speculate that particles produced during 
calcination act as nuclei for further growth 
during hydrogen treatment. The vibrational 
properties of the zeolite framework as a 
function of temperature may also have a role 
in determining ultimate particle size. 

The larger particles found at the higher 

calcination temperature have a close- 
packed cubic structure and are not icosahe- 
dral. This can be seen from the nonnearest 
neighbour distances, which are found at 
21/2a, 31/2a, and 2a (where a is the nearest 
neighbour distance), as required in cubic 
close packing. The nonnearest neighbour 
distances do not contribute significantly to 
the spectrum of the smaller particles, so 
their crystal structure cannot be deduced in 
this way. Moraweck and Renouprez (3) 
have attempted to demonstrate icosahedral 
particles in Y zeolite, by looking for splitting 
of the nearest neighbour peak into two com- 
ponents, with distances of 3.0a and ca 3.05a. 
We do not believe that EXAFS is suffi- 
ciently sensitive to make this distinction 
without studying the variation of the spec- 
trum with temperature. It is interesting to 
note that, despite many experimental stud- 
ies in which theoretical considerations sug- 
gest that icosahedra might be expected (17), 
there is no reliable evidence for their exis- 
tence as the majority species. Metal parti- 
cles of fivefold symmetry have been ob- 
served in the electron microscope (18), and 
there is crystallographic evidence for the 
existence of icosahedra stabilised by li- 
gands, such as phosphines (19), but there is 
still no reason to consider that the icosahe- 
dral structure is important in catalysis by 
metals. In a recent study of Rh/AI203 cata- 

TABLE 5 

Average Particle Size after Reduction at 793 K 

N l Average Average  d iameter"  (/~) 
no. of  

a t°ms~ E X A F S  Elect ron 

microscopy  

0.5% loading,  5.9 + 1.3 
calcined at 720 K 
and reduced at 

790 K 
0.5% Loading,  9.3 + 1.0 

calcined and 
reduced at 790 K 

1% Loading,  111.3 + 1 
calcined and 
reduced at 790 K 

13 +- 5 8.0 -+ 0.7 

+ 75 15 + 4 13 
120 + 4 0  - 3 

220 + 175 18 + 5 16 
100 - 3 

" Derived as d iscussed in the text.  
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FIG. 2. Experimental (solid line) and calculated (dashed line) EXAFS for a 1% Pt/HZSM-5 catalyst 
which has been calcined and reduced at 790 K. Parameters used in the calculation are given in 
Table 3. 

lysts it has been concluded that particles 
smaller than those reported here still have a 
cubic close-packed structure (20). That 
work used more intense synchrotron radia- 
tion than that available here, from a "wig- 
gler" insertion source; better signal-to- 
noise ratios were therefore obtained. 

Information on particle shape is less easy 
to obtain with certainty. As discussed by 
Greegor and Lytle (15), differently shaped 
particles posses different ratios of nonnear- 
est to nearest neighbour CNs and can some- 
times be distinguished. The relative values 
given in Tables 2 and 3 are consistent with 
spherical, cubic, or cylindrical particles, but 
not with rafts. 

Knowing the average sizes of the particles 
allows us to speculate about their location. 
The ZSM-5 zeolite channels are 5-5.5 A in 

diameter, so that the largest spherical parti- 
cles which can be accommodated without 
lattice distortion will exist at channel inter- 
sections and have a diameter of about 7.5 ,~. 
Thus it appears that metal particles resulting 
from the lower calcination temperature are 
of about the correct size to be located at 
channel intersections, while this is not the 
case where the calcination temperature is 
higher. We cannot rule out the possibility 
that larger metal particles may be accommo- 
dated by distortion of the zeolite frame- 
work, since this has been observed in Pt/ 
Na-Zeolite X (16), or that the larger parti- 
cles are cylindrical in shape. If all the parti- 
cles were cylindrical and accommodated in 
the wider zeolite channels the average 
length would be ca. 30 A. This seems im- 
probable, since the catalytic turnover num- 
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FIG. 3. Particle size histogram obtained by electron 
microscopy for the 0.5% Pt/HZSM-5 catalyst after re- 
duction at 790 K. Note that the electron microscope is 
unable to detect particles of diameter < ca. 6 A. 

bers observed are high, suggesting that most 
of the particle surface is accessible. It seems 
more likely that the observed average re- 
flects the coexistence of cylindrical particles 
in the channels, spherical particles at chan- 
nel intersections, larger particles formed by 
distorting the zeolite framework, and some 
metal at the external surface. Electron mi- 
croscopy indicates, however, that only a 
small fraction of the metal is at the external 
zeolite surface. An additional possibility is 
that the metal particles can distort or encap- 
sulate part of the zeolite framework, as sug- 
gested by Gallezot (34). This could explain 
why the Pt-O coordination numbers in- 
crease in the larger particles. 

It is of interest to compare the average 
particle size deduced from EXAFS with the 
histogram distribution generated from elec- 
tron microscopy measurements, and shown 
in Fig. 3. The average nearest neighbour 
coordination number has been obtained 
from the histogram by inverting the proce- 
dure used to obtain the particle sizes given 
in Table 5, for each part of the histogram. 
The overall average is then obtained from 

N.v = ~ (F, . n,. N,)I E (F, "nil 

where Fi is the fraction of particles in the ith 
part of the histogram, n is the number of 
atoms in a particle of this size, and N i is 
the relevant nearest neighbour coordination 
number. We conclude that the average parti- 
cle measured by electron microscopy is 
12.75 .~ in diameter, contains 72 atoms, and 

has a mean nearest neighbour coordination 
number of 9.3. The agreement with the val- 
ues derived from EXAFS is very encour- 
aging. 

The contraction of interatomic distances 
in small particles has now been observed so 
often that it should be regarded as a general 
feature. Almost all EXAFS studies of suffi- 
ciently small clusters have reported contrac- 
tions, and metals studied include platinum, 
nickel, rhodium, and gold (3, 4, 20, 21). Only 
in the case of palladium evaporated onto 
mica and studied by electron microscopy 
has it been suggested that the nearest neigh- 
bour distance is unchanged with respect to 
the bulk (22). 

The largest contraction observed here is 
3.6%, for particles containing an average of 
18 atoms. This is at the top range reported 
for clusters and suggests that there may be 
some influence of interaction with the zeo- 
lite framework. 

2. Plat inum-Oxygen Bonding 

An interesting feature of the EXAFS re- 
sults is the observation of platinum-oxygen 
distances in the range 1.9-2.05 A, in each 
of the reduced catalysts studied. There ap- 
pears to be a distinction between Pt-O 
bonding in the larger particles, where the 
distance is close to 2.0 A and the De- 
bye-Waller factor is large (0.02 ~2), and the 
smaller particles indicated in Table 1, where 
the distance is significantly shorter and the 
Debye-Waller factor is quite low, 0.008 ~2. 

We do not believe that this metal-oxygen 
bonding is the result of incomplete reduction 
of an oxide precursor. All of the catalysts 
have been exposed to flowing hydrogen at 
790 K, well above the temperature normally 
required to reduce oxidised platinum parti- 
cles of this size (ca. 400 K (23)). It seems 
much more probable that the Pt-O distances 
result from coordination of platinum in small 
particles to the framework oxygen of the 
zeolite and we note that similar M-O dis- 
tances have been reported for Pt/A120 ~ cata- 
lysts by Lagarde et al. (24), and ascribed to 
metal-support interactions. Not surpris- 
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ingly, the interaction between metal and 
framework oxygen appears to be much 
stronger for the small particles, in the zeolite 
calcined at 720 K, than it is for the larger 
particles, in the zeolites calcined at the 
higher temperature. We have searched for 
but found no evidence of long metal-oxygen 
bonds (ca. 2.7 ,~) of the type reported by 
van Zon et al. (25). 

We can rule out the possibility of individ- 
ual platinum ions coordinated to the zeolite 
framework, of the sort that can be stabilised 
in the faujasites and in zeolite A (26). There 
is only one relevant crystallographic study, 
which examines nickel exchanged into 
ZSM-5 (5). Two coordination sites were lo- 
cated, one at a position near the centre of a 
six-membered ring, where the larger Pt 2+ 
ion could not penetrate, and the second in a 
channel. This nickel ion was three-coordi- 
nate, but with Ni-O bonds much longer, at 
ca. 3 A, than observed here. Also, if isolated 
Pt 2+ ions were important, we would expect 
to see a greater contribution in the zeolite 
with the lower calcination temperature, and 
consequently a higher Pt-O coordination 
number. Instead, this coordination number 
appears to increase with particle size, sup- 
porting the suggestion that most of the parti- 
cles are inside the zeolite framework. 

It is significant that distinctly different 
Pt-O distances are observed for the differ- 
ent sizes of metal particle. For the smallest 
particles, the distance is ca. 1.92 A, rising 
for the larger particles to ca. 2.03 A. This 
suggests that the particles are located at dif- 
ferent places in the zeolite structure, with 
the smaller particles perhaps in the chan- 
nels, and the larger at the channel intersec- 
tions as discussed above. 

3. Relationship to Catalytic Reactivity 

Catalytic measurements reported here 
and elsewhere indicate that these Pt/ZSM- 
5 catalysts have high turnover numbers for 
a range of reactions, including hydrogen- 
olysis, alkane isomerisation, and alkane aro- 
matization. The results in Table 3 show that 

the specific activity for hydrogenolysis is 
ca. 2 orders of magnitude higher when the 
platinum particles are relatively small and 
located within the zeolite framework than 
when they are large and at the external sur- 
face. Similar results have been reported pre- 
viously for aromatization (1). Factors which 
may play a part in generating the increased 
activity of the zeolite encapsulated catalyst 
include particle size, electronic structure, 
and metal-zeolite synergy. Hydrogenolysis 
is the best recognised structure sensitive re- 
action, and for a number of metals, including 
nickel, platinum, and osmium, the specific 
rate goes through a maximum at about the 
particle size studied here (27-29). In the 
case of platinum, the narrower d band and 
greater free atom character of the small clus- 
ter may favour stronger ethane adsorption, 
and therefore higher hydrogenolysis activity 
for small particles. The role of size and elec- 
tronic structure for nickel and osmium is 
much less clear, since both metals are at the 
top of the "volcano plots" for their respec- 
tive rows of the Periodic Table (27). It would 
be of interest to see a study of the structure 
sensitivity of a metal such as iron or rhe- 
nium, which sits on the strong adsorption 
side of the volcano maximum. 

Any explanation involving a dual-func- 
tion type of synergy can be ruled out, since 
the ZSM-5 framework has no activity in eth- 
ane hydrogenolysis in the absence of a 
metal. At higher temperatures, however, 
the dehydrogenation activity associated 
with the zeolite acid sites may have to be 
considered. Dual functionality, however, 
seems to be the major factor in explaining 
the metal-zeolite synergy reported earlier 
for the aromatization of lower alkanes (1). 

The existence of an electronic interaction 
between the metal particles and the zeolite 
framework is more contentious. It has been 
forcibly argued elsewhere, on the basis of 
large metal-core level shifts observed in 
X-ray photoelectron spectra, that metal par- 
ticles in the ZSM-5 matrix are electron defi- 
cient (2). Although it is difficult to differenti- 
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ate initial and final state effects for small 
particles (30), the metal-zeolite case repre- 
sents the most likely situation where elec- 
tronic interaction between a metal and its 
host can be expected, since the zeolite sur- 
rounds the metal particle. It has been dem- 
onstrated elsewhere that electronic interac- 
tion between a metal and a support has a 
range of <5 ,~ (31). Within a zeolite, how- 
ever, all of the surface atoms in the metal 
particles will be very close to the frame- 
work, and may be subject to electronic mod- 
ification. Additional experimental studies 
are required to determine the fraction of the 
observed XPS shift which is attributable to 
final state effects. The comparative intensity 
of the white line at the X-ray absorption 
edge has also been interpreted as indicating 
metal-support electron transfer. Recently 
van Santen et al. (33), have suggested that 
changes in white line intensities may also 
have their origin in final state effects. 

Last, a brief word must be said about the 
reactivity of the reduced metal particles to 
oxygen. The relatively extensive oxidation 
indicated in Tables 1 and 3 is not unexpected 
for small platinum particles; indeed, slow 
complete oxidation occurs for the somewhat 
larger (mean diameter 16 .&) particles 
formed in the Pt/SiO2 reference catalyst 
EUROPT 1 (23, 32). The reactivity to oxy- 
gen again shows that the platinum particles 
are accessible to the gas phase and thus 
available for catalytic reaction. 

CONCLUSIONS 

Platinum catalysts have been prepared by 
a combination of impregnation and ex- 
change into the zeolite ZSM-5. After calci- 
nation, platinum particles with diameter in 
the range 8-18 A were obtained, the size 
depending on the calcination temperature. 
Evidence has been found for Pt-oxygen 
bonding, with a bond length of 1.9-2 A, and 
this bonding is attributed to attachment to 
the zeolite framework. The catalysts have 
higher specific activity for ethane hydrogen- 
olysis than materials where the platinum is 

in large particles at the exterior of the zeolite 
and reasons for this are discussed. 
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