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A detailed picture of the state of iridium in niaterials of interest in heterogeneous catalysis can 
be obtained by 1931r Mossbauer spectroscopy. This technique can yield unique information on 
the cheniical state of iridium on going from the molecular precursors and its adsoorption on the 
surface of the support. It allows the estimation of the composition of the Ir-containing alloys 
that are possibly formed during the activation treatments of supported bimetallic systems. In 
order to oint out the possibilities of this technique, the main results obtained in the applica- 

i.e.. the Pt-lr on amoiphous silica and the Fe-lr on magnesia. will be presented and discussed 
relative to their synthesis and the influence of the preparation methods. 

tion of I dI ‘Ir Mossbauer spectroscopy to two Ir-containing bimetallic supported nanoparticles, 
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1. INTRODUCTION 

The use of Mossbauer spectroscopy as a tool for the investigation ofcata- 
lyric systems has been introduced rather recently, starting around 1970. 
By the end of 1989, over 600 scientific papers had been published. ' Not- 
withstanding this. the application of Mossbnuer spectroscopy for the char- 
actensation of heterogeneous catalysts has been limited, mainly because 
only few elements relevant in catalysis are suitable for Mossbauer studies. 
Iron, tin, iridium, ruthenium, gold, platinum and antimony are the most 
important Mossbauer elements that are also of importance in catalysis, 
However, only the Miissbauer resonances of iron and tin have been used 
extensively in studies of catalytic systems. This is principally due to two 
favourable features of these two Mossbauer resonances: 
1. The low energies of the Mossbauer transitions in 57Fe and "'Sn 

allow measurements at ambient temperature, and 
2.  The relatively long half life of the respective 57C0 and IIY"'Sn, the 

parent nuclides feeding the respective Mossbauer transitions, allows 
the use of commercial Mossbauer sources for many months. 

For elements like iridium, gold and platinum, the high energy of the 
nuclear transitions allows measurements only at cryogenic temperatures, 
while the short half life of the respective sources requires the vicinity of a 
nuclear reactor for the frequent reactivation of the Mossbauer sources. 

A major focus in the research carried out in the field of heterogeneous 
catalysis is to correlate the catalytic properties of a material with its 
structure (i.e., relationship between particle size and structure, structure 
sensitivity and metal-support interactions).' In this view, Mossbauer 
spectroscopy is, when i t  can be applied, a quite powerful method. In 
fact, it has been of help in the identification of phases, the determination 
of oxidation states, the attainment of structural information, the deteiini- 
nation of particle sizes and the study of the kinetics of solid state reac- 
tions. Even though most of the Mossbauer work on catalysts deals with 
57Fe and "'Sn, the other elements mentioned above have been used as 
well, although only sporadically. Several excellent books on Mossbauer 
spectroscopy3-' and reviews on the application of the technique to 
catalysis are 

276 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
0
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



In the present paper, we discuss the application of Ig3Ir Mossbauer 
spectroscopy in the characterisation of materials of interest in heteroge- 
neous catalysis. With the exception of osmium, iridium is the least 
abundant of the six platinum group metals, It is of crucial importance in 
a number of high technology applications and, at least in the past, has 
been regarded as a strategic material mainly for military purposes and 
stockpiled by major governments. In recent years it has become more 
available, the reduced strategic demand for iridium was matched by a 
decrease in its price, prompting renewed interest by researchers, includ- 
ing those seeking to develop more efficient catalysts. 

Supported iridium has been proposed as a catalyst for the partial oxi- 
dation of methane to synthesis gas,13 as well as for the water gas shift 
reaction.14 CativaB, an iridium-based catalyst, is the most significant 
breakthrough in acetic acid technology for over 25 years.15 Developed 
in-house by BP Amoco Chemicals for the acetic acid carbonylation 
process, CativaB offers high selectivity, high reaction rates and reduced 
by-products. Russian scientists16 developed iridium-based catalysts 
having specific characteristics, which are unique among the platinum 
group metals for the selective hydrogenation of organic compounds. 
Mixed-metal platinum-iridium catalysts have long been known for the 
reforming of petroleum naphthas", and a large interest for iridium-iron 
catalysts has been shown recently in the synthesis of methanol from 
synthesis Being highly specific to this metal, Ig3Ir Mossbauer 
spectroscopy is a rather promising technique, which can be largely 
applied to the study of the structure of iridium-containing catalytic 
materials and of their precursors. 

In the first part of this paper, we describe the main properties of the 
1931r Mossbauer resonance. In the second part the results obtained up to 
now in the field of catalysis are discussed. 

2. THE 73.0 keV MOSSBAUER TRANSITION OF 1931R 

Both stable isotopes of iridium, "'lr and 1931r, have a Mossbauer transi- 
tion with sufficient resolution for studies of hyperfine interactions. 
There are, however, several factors, that make the 73.0 keV transition in 
Ig3Ir preferable to the 82.4 keV transition in 19'Ir. Among them are its 
slightly narrower natural linewidth, the weak emission of gamma rays 
from the 19'Pt or I9lOs source feeding the '"Ir transition and the strong 
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K-shell photo absorption of garnnia rays by the iridium in the absorber 
in the case of '"I ,  the K absorption edge of iridium being at 76.1 keV. 
The latter effect imposes major limitations fo the absorber thickness.26 
For these reasons, almost all data in the literature have been acquired 
with the 43 kcV transition of 1y31r, which is also the focus ofthe current 
study. 

lY3Ir occurs with a natural isotopic abundance of 67.3 %. The nuclear 
ground \rate has \pm 3/2, whereas the 43.0 keV excited qtate has spin 
1/2 and a half-life of 6.20 ns, yielding a natural linewidth of 0.30 mm/s 
(Fig. 1). The observed experimental linewidths therefore are at least 
0.60 mm/s. 

1 I2 

1 c  
3/2 u .- 

Id5 
77'r 

831 h 

The isomer shift of  Iy31r allows the distinctic~n of the oxidation states 
of iridium (Fig. 2). An increase in isonier shift corresponds to an 
increase of s-electron density at the nuclei, ~ i n c e  the relative change of 
the nuclear radius between the excited and the ground state A(r )/r  1s 2 2 '  
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FIGURE 2 Iq3Ir MossbdUer isomer shift ranges for different oxidation states of iridium 

positive. The increase in isomer shift with the oxidation state that is 
observed for many iridium compounds and is attributed to a decrease of 
the shielding effect of the 5d electron population on the s-electron den- 
sity at the nucleus2’ and to an increase of the 6s  electron population due 
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to an increasing covalency. This approach is usually valid for the high 
oxidation states (Ir(II1) through Ir(VI)), whereas a different range of iso- 
mer shift is obtained for cornpounds containing iridium in low oxidation 
state like Ir(I). In particular, most of the Ir(1) compounds are stabilised 
by ligand5 which are very good IT acceptors, like CO and NO'. The II 
back-donation from the iridium to the ligands allows a higher osuuga- 
tion of the 6s orbitals via direct cr-donation to the iridium and hence an 
increase of the electron population at the nucleus.28 The combination of 
icomer shift and quadrupole splitting, however. often allows the easy 
identification of different iridium compounds (cf. Table I). 

TABLE I ''% Mossbauer parameters of some iridium compounds at 4.2 K 

- I .02(2) 

-0.85( I ) 

- I  .94( I )  

-2.16(3) 

-2.02( I )  

- I  .63(2) 

o.tny 1 ) 

0.27( I )  

0.12( I )  

0.0 I (2 )  

2'1 

43 

43 

26 

43 

26 

43 

43 

45 

a. The isomer shift \cde is relative to iridium metal. 

The Ig3Os activity feeding the '"Ir Mossbauer transition is obtained 
by neutron activation of Ig20s through the reaction 1920s(n,y)1g30s. 
Alfhough natural osmium could be used for preparing the sources, the 
background of iridium Kg X-rays from the beta-decay of '910s 
decreases the line-to-background ratio considerably. Therefore, 
enriched "'0s is preferably used as the source material. Since osmium 
metal has a hexagonal lattice structure, the emission line of such sources 
is split into a doublet with a separation of 0.48 mm/s." This splitting 
has to be taken into account in the least squares fits of the spectra. 
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The high energy of the nuclear transition of 1931r allows the measure- 
ment of Mossbauer spectra only at liquid helium temperature (4.2 K). 
Due to the short half-life (3 1 h) of the 1930s parent nuclide, the source is 
usually recycled and irradiated again every three or four days in order to 
achieve good count rates and signal-to-noise ratios. 

The reference for the isomer shift scale is iridium metal, which has an 
isomer shift of -0.54 mm/s relative to the source of lg30s in 0 s  metal. 

3. MOSSBAUER SPECTROSCOPY OF CATALYTIC MATERIALS 

The 73.0 keV Mossbauer transition of 1931r has been used until now for 
the study of the two main iridium-containing catalytic systems, i.e., the 
Ir-Pt and the Ir-Fe catalysts. In both bimetallic supported nanoparticles, 
a second Mossbauer isotope is present, so that is possible to study the 
chemical state of both metals at the same time. The presence of two 
Mossbauer isotopes makes these couples very interesting for the appli- 
cation of this technique. 

3.1 Iridium-platinum catalysts 

Wagner and co-workers studied silica supported Ir-Pt catalysts both by 
Iy3Ir and I9’Au Mossbauer s p e c t r o ~ c o p y . ~ ~ - ~ ~  In fact, the Mossbauer 
resonances of 195Pt are not very well suited for studying Pt catalysts, the 
99 keV resonance having insufficient resolution and the 129 keV reso- 
nance being very difficult to observe.26 On the other hand, it is possible 
to make platinum accessible to the Mossbauer investigation by irradiat- 
ing the specimens in a reactor and using the lY7Pt thus produced as the 
source for I9’Au Mossbauer experiments. The latter resonance has a 
good resolution for both isomer shifts and electric quadrupole interac- 
tions and rather large effects can be observed. 

Both the Iy3Ir and the ‘ 9 7 A ~  Mossbauer resonances could be used in the 
investigation of the bimetallic character of the supported metal particles in 
relation to the precursors and the pretreatments of the catalysts. In the case 
of lY31r Mossbauer spectroscopy, the isomer shift varies linearly from 
zero in pure Ir metal to -0.67 mm/s for diluted Ir in platinum metal. In this 
way, from the isomer shift it is possible to detect to what extent Ir and PI 
are alloyed and to get an estimate of the composition of the alloy.34 In 
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addition. the adsorption of the precursors and the formation of different 
iridium species can be followed through the several activation treatments. 

Ir-Pt catalysts on amorphous silica were prepared either by im regna- 
tion with solutions of [Ir(NH3)5CI]C12 and IP1(NH3)4]C1~.~20R'Z or 
by inipregnation with solutions of H21rC16 and H2PtC1, in 
and subsequent calcination and/or reduction treatments (Fig. 3). In sam- 
ples made by impregnation of amorphous silica with solutions of 
(Ir(NH,)SC1]C12 and [Pt(NH3),]C12-H20, the decrease of the Mossbauer 
absorption indicates a lower Debye temperature of the complex Ir ions 
adsorbed on the silica surface compared to the crystalline salt. Slight 
changes in the quadrupole splitting of the adsorbed species, together 
with the rather narrow lines. suggest that the complex ions are adsorbed 
on the substrate individually and in a rather well defined position, 
whereas the oxidation state of the iridium and the molecular structure of 
the complex seem to be preserved. A slightly different picture emerges 
for samples prepared by impregnation with solutions of H2IrCI6 and 
H2PtC16 in ethanol (Fig. 3). Interestingly, a reduction from Ir(1V) to 
Ir(I1I) occurs in this case during the adsorption on the silica, the 
adsorbed species being presumably [IrCI6l3-. 

For both methods of preparation, the calcination of the catalyst in air at 
723 K produces mainly lro2 (Fig. 3). It is noteworthy, however, that the 
Ir02  component is often rather broad and not symmetrical, contrary to 
what is observed for crystalline 11-02, This asymmetry indicates that the 
spectrum is the sum of a series of quadrupole doublets with a distribution 
of Mossbauer parameters, suggesting that the iridium is present in a range 
of slightly different environments, It is interesting to notice that this 
broadening is weakest in samples containing only iridium, suggesting that 
some PI present as impurities in the 1 1 0 2  lattice might cause this effect. 

After reduction in flowing H2 at 473 K, the spectra measured in-situ 
of the samples obtained from both precursors show the presence of the 
metallic component only, except for a very weak spectral contribution 
due to some unreduced oxidic iridium (Fig. 3). From the estimate of the 
alloy composition obtained from the variation of the isomer shift, one 
concludes that the majority of the platinum is not in contact with the 
iridium, but the two metals are rather segregated. Apparently, the use of 
a different precursor does not give rise to substantial differences in the 
segregation behaviour. It is interesting to notice that, if the samples are 
exposed to air, part of the iridium (up to 20 %) oxidises to IrOz. showing 
that the charactcrisation of catalyst should always be carried out in situ. 
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100 

99.8 
9 'I. PI . 1% I r 

Reduced 01 473 K: 
stored in hydropen 

100- 

99.5. 
Reduced 01 473 K 

- 5  0 
Velocity lrnmlsl 

9 % P t  - I % l r  
Imprtgnolcd. wcI 

Colcincd 0 1  723 P 

FIGURE 3 '931r Mossbauer spectra of amorphous silica impregnated with H21rC16 and 
H2PrC16 and treated in different ways. The samples contain 9 % Pt plus I % Ir. The spectra 
on the right represent the specimens in which the Pt was calcined before Ir was deposited 
(from ref. 33) 

A slightly different alloying behaviour of the two metals is found if 
the samples are not prepared by coimpregnation. Some catalysts, in fact, 
were also prepared in two steps, first by impregnation of the support 
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with a solution of [Pt(NfI3)&32.H,O and calcination at 725 K, and sub- 
sequently by impregnation with a solution of [Ir(NH,),CI]Cl,and 
re-calcination at 525 K before reduction. For these samples, the plati- 
num content of the bimetallic particles is slightly higher than that found 
in samples prepared by coimpregnation with the same nominal compo- 
sition. For instance, for samples containing 9 wt. 70 Pt and lwt. % Ir, the 
preparation by coimpregnation led to particles containing 20 ’% of Pt 
and 80 % of Ir, while the sequential impregnation produced bimetallic 
particles containing 40 % of Pt and 60 % of Ir. 

In all cases, however, the iridium content of the bimetallic particles 
turns out to be higher than the ratio determined by plasma emission and 
EXAFS analysis, indicating that, independent of the preparation 
method, the catalysts contain iridium rich alloy particles, whereas most 
of the PI is unalloyed. These results confirm the strong tendency 
towards segregation of iridium and platinum in bimetallic Pt-Ir cata- 
lysts. This behavtour is probably caused by the low-temperature misci- 
bility gap in the Ir-Pt phase diagram,35 together with the different 
surface mobility of the two metals (the Hutting temperatures T,=T,/3 
of pure Ir and Pt metals are 895 and 680 K, respectively). 

3.2 Iridium-iron catalysts 

Due to theu mterestmg catalytic properties in the associative hydrogena- 
tion of carbon monoxide, supported Fe-Ir catalysts have been studied by 
many techniques, including Mosrbauer spectroscopy. Although i n  the last 
15 years the much more common 5’Fe Mossbauer transition was mostly 

studies were also performed with the 73 keV Miissbauer resonance of 
Iq3Ir in addition to 57Fe Miisshauer qxctroscopy. The lY3Ir Mossbauer 
isomer shift of iron lridium alloys with an won concentration up to 80 %, 
i.e., 111 the range of existence of the fcc y structure, increases linearly with 
the iron concentration (Fig. 4).40 In the case of supported metal catalysts, 
it is therefore possible to obtain a rather accurate estimate of the average 
composition ofthe Fe-lr alloy particles from the iwrner shift. 

In the early ~ o r k ~ ” ~ ~  of Berry and Jobson, Iq3Ir Mbssbauer spectros- 
copy was used simply to distinguish between the state of iridium after 
calcination and after subsequent reduction of Fe-Ir catalysts prepared by 
impregnation of both silica and alumina with appropriate solutions of 

used to study such catalysts (for the main results, cf. ref. 20.24,3639), a few 
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FIGURE 4 1931r isomer shift in bcc iron-iridium alloys (data from ref. 40) 

iron nitrate and IrC13. In this case, calcination at 725 K in air produced 
tetravalent iridium oxide on both supports. After reduction at 475 K in 
flowing H2, zerovalent iridium in the form of an Fe-Ir alloy was 
duced on the samples supported on silica, as confimed also by the 
Mossbauer results. This result is in accord with the reduction of the ini- 
tial Fe(II1) at lower temperatures in the presence of zerovalent iridium 
and the easy formation of the supported Fe-Ir alloy. A slightly different 
behaviour is found for the samples supported on alumina. In this case, 
reduction at a much higher temperature is necessary to obtain the metallic 
phase. 1931r MGssbauer spectroscopy indicates the formation of the alloy 
phase after reduction at 875 K. These results indicate that iridium induces 
the low temperature reduction of the iron via a spillover mechanism. 

More recently, a comprehensive study of magnesia-supported 
iron-iridium catalysts was performed, including the investigation by 
both by 57Fe and IY3Ir Mossbauer spe~troscopy.4~ The interest for the 
thorough characterisation of these materials has been raised by the 
remarkable catalytic properties of magnesia-supported Fe-Ir catalysts 
prepared from organometallic cluster precursors in the synthesis of 
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methanol.2'22*2s Catalysts prepared by impregnntion from inorganic 
salts reach the favourable steady state activity and selectivity only after 
an activation period of the about 50 hours,24 whereas the cluster-derived 
catalysts attained the highest activity rendily after the activation treat- 
ment in H2 and showed only a small decrease of the activity during the 
first hours of reaction.24 In particular, a comparison with other systems 
derived from bimetallic clusters on M g 8  and having different Fe/Ir 
ratios showed that saniples prepared with [Et4N]2[Fe LI-~(CO)~~],  i.e., 

To study the relation between the structure of the catalysts obtained 
from different precursors and the development of the catalytic proper- 
ties, a series of Fe-Ir/MgO catalysts was prepared both through the con- 
ventional wetness impregnation technique from inorganic salts and by 
organometallic compounds. The saniples were studied after impregna- 
tion and after activation in hydrogen at 625 K. In addition, the molecular 
precursor [Fe2frl(CO) 12]'' cluster compound was also studied together 
some other reference materials (Table I). 

lY3Ir Mossbauer spectroscopy identified two non-equivalent iridium 
sites in crystalline [Et4N]2[Fe21rr(C0)12] (Fig. 5) .  m agreement with the 
refined structure of the cluster. The relative intensity of the two com- 
ponents is slightly different from the expected I: 1 ratio, most probably 
because a small fraction of iron substitutes for iridium in the Ir[ I ]  posi- 
t i ~ n . ~ '  The spectra of [Et4N12[Fezlrz(CO),2] adsorbed on MgO are 
largely similar to that of the crystalline cluster compound, indicating 
that most of the bimetallic cluster is physisorbed intact onto the MgO 
surface, as confirmed by R - I R  data.45 The high stability of the cluster 
on the support is very important if one wants to obtain well-dispersed 
bimetallic particles with a homogeneous composition. In fact. the nature 
of the adsorption of a molecular metal cluster is known to influence 
strongly the resulting metal d i ~ p e r s i o n . ~ ~  After reduction, the Iy3Ir 
Mossbauer spectrum of the sample obtained from the bimetallic cluster 
is a single broadened line (Fig. 6) with an isomer shift of 0.38(2) mm/s 
with respect to Ir metal. The increase of the isomer shift indicates the 
formation of metallic particles consisting of an iron iridium alloy with 
an iron content of about 3 0 % 1 . ~ ~  That only part of the iron is alloyed with 
Jr is confirmed by "Fe Mossbauer spectroscopy, which shows that 
about half of the iron is in the oxidised state. 

A different picture emerges if the samples are prepared by coimpreg- 
nation from a solution of IrC13.xH20 and Fe(N03)34H20. In this case 

with an atomic Fe/Ir ratio of I: I ,  are the most active. 2235 

286 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
0
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



loo 0 

99 5 

FIGURE 5 Attribution of the "'Ir Mossbauer spectral components to the two different 
iridium sites in the [Fe2lr2(CO),,l2- anion (ORTEP drawing from ref. 44) 

1931r Mossbauer spectroscopy indicates that after the impregnation the 
iridium is deposited on the support as the IrC13.xH20 salt. After reduc- 
tion (Fig. 6), the Mossbauer spectrum is a single line with an isomer 
shift virtually identical to that of iridium metal. 57Fe Mossbauer spec- 
troscopy and EXAFS measurements confimi that no Fe-Ir alloy is 
formed. This contrast with the situation of SiO,, where bimetallic parti- 
cles are more easily obtained starting from inorganic salts an even by 
reduction at a rather low temperat~re.~~*~'Our results clearly show how 
the use of organometallic compounds with the preformed metal-metal 
bonds as molecular precursor, in contrast to the conventional coimpreg- 
nation methods, offer good opportunities for the preparation of 
MgO-supported Fe-Ir catalysts with maximised bimetallic interactions 
and well-defined, highly dispersed structures. 

The Iy3Ir Mossbauer line of the metallic particles is found to be very 
broad, having a width of about 3 and 2 mm/s for the samples obtained 
from clusters and from inorganic salts, respectively. Such widths, in 
fact, are much larger than the natural width of 0.60 mm/s for 1y31r.26 In 
an effort to understand the reason for this broadening, monometallic 
MgO-suppoited samples obtained from Ir6(CO),6 clusters and from 
IrC13.xH20 have also been studied after reduction in H2 at 625 K. The 
Iy3Ir Mossbauer spectrum of the sample prepared from the monometal- 
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lic cluster is again a broadened single line with practically no isomer 
shift, as expected for metallic Iridium, and with a linewidth of 3 mm/s, 
as for the sample prepared from [Et,N]2[FclIrz(C0),2]. On the other 
hand, the spectrum of the sample prepared from IrC1~.xH20 has same 
shift and width as the sample obtained by coimpregnotion from a solu- 
tion of the inorganic salts of both Ir and Fe. The similar linewidths 
observed in the spectra of both bimetallic and mononictallic samples 
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obtained by the same preparation routes suggests that the cause of this 
broadening is not an inhoniogeneous distribution of the concentration of 
iron, which might cause a distribution of the isomer shift. 

The line broadening therefore must have a non-trivial cause. One 
explanation could be a collective motion or oscillation of the metal par- 
ticles on the support. A similar line broadening has, indeed, been 
observed in the *"A, Mossbauer spectra of sintered copper-gold alloys 
and has been explained by the occurrence of low-frequency vibrational 
modes of the metal particles.47 Another cause could be the small parti- 
cle size. When the particle size decreases to the nanometer range, the 
contribution of the atoms on the surface of the metallic nanoparticles 
becomes visible and may give additional components in the Mossbauer 
spectra. Such components are, in general, different from those of bulk 
metal atoms and might therefore contribute to the observed envelope. 
Such an effect has recently been observed for gold nanoparticles in 
mylar studied by Iy7Au Mossbauer spectro~copy.~~ It is remarkable, 
however, that in both hypotheses an increase of the width of the Moss- 
bauer line would correspond to a decrease of the particle size. In this 
case, such an information can be used to study either the occurring of 
the quantum size effect with decreasing particle sizes, which might 
influence the catalytic properties, or the strength of interaction of the 
metal particles with the support and its dependence on the particle size. 
Further studies at variable temperatures, however, are needed to deepen 
the knowledge on the nature of rhis phenomenon. 

4. CONCLUSIONS 

In the present work, we have reported the results obtained up to know 
by Iy3Ir Mossbauer spectroscopy in the characterisation of heterogene- 
ous catalytic materials. In spite of its limited application, due mainly to 
experimental problems caused by the short-lived 1930s Mossbauer 
source, the technique has been applied with success to the study of the 
two main groups of iridium-containing catalytic materials, i.e., the Pt-Ir 
catalysts for the catalytic reforming of naphthas and the Fe-Ir catalysts 
for the synthesis of methanol. 

The main results of these investigations have shown that this tech- 
nique can be of great help at several levels of the research. In the first 
place, it pemiits the study of the chemical state of the precursors, giving 
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direct information on their bchaviour upon adso tion on a suppon. 
Moreover, in the case of multimetallic systems, "7)Ir Mijssbauer spec- 
troscopy allows the estiniation of the composition of the Ir-containing 
alloys that are possibly formed during the activation treatments. Such val- 
uable properties, which can be hardly obtained by other techniques, are of 
great interest in catalyst design, where it is necessary to correlate the 
physico-chemical properties of a material with its catalytic properties. 

Further imponant development of the technique may regard a more 
comprehensive study of the quantum-size effect, i.e., the development 
of special electronic properties observed in the case of small metallic 
clusters, the study .of surface segregation in multimetallic systems and 
the study of the strength of the interaction with the support. For all these 
developments, however, measurements at variable temperature are nec- 
essary, which would require funher experimental developments. 
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