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Model catalysts consisting of platinum particles on a thin alumina support were examined by 
electron microscopy following various oxidative and reducing treatments. Details of particle size 
distributions were obtained and particle sintering was shown to depend on treatment temperature, 
atmosphere, and metal loading, being greatest in a “chlorided” oxygen environment and least in a 
pure hydrogen one. Trace impurities, even at the 1-vpm level, were shown to enhance significantly 
the sintering rate in a reducing atmosphere. High-resolution observations at the direct lattice 
imaging level provided information about both particle and support morphology, in particular 
establishing that most particles consist substantially of metallic platinum, either in single-crystal 
form or often twinned. The relevance of model catalyst studies to “real” catalysts is briefly 
discussed. 

1. INTRODUCTION 

In recent years there has been increasing 
interest in the structure and properties of 
simplified model catalyst systems usually 
consisting of noble metal particles sup- 
ported on some convenient ceramic sup- 
port. Particular attention has been directed 
towards the platinum/alumina system be- 
cause of its similarity to functional indus- 
trial catalysts and the need to account for 
the phenomena of sintering and re-disper- 
sion in the latter. Model platinum/alumina 
systems have been used to follow changes 
in particle structure and morphology as a 
result of treatments involving different at- 
mospheres and temperatures as well as the 
influence of the particle support and its 
method of preparation (Z-10). It appears 
that redispersion may be possible following 
heating in an oxygen-rich atmosphere (1, 
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3, 4, 6, II), although the experimental con- 
ditions and the mechanisms by which this 
can take place have been disputed (7, 8). 

A major problem with Pt/alumina cata- 
lysts is their general loss of activity, follow- 
ing use at elevated temperatures, which is 
presumed to be due to a reduction in the 
surface area available for catalytic ex- 
change. For industrial catalysts, activity 
has been restored by controlled oxidation 
to remove carbonaceous residues followed 
by heating in oxygen/chloride mixtures 
(12). Although the mode of regeneration re- 
mains controversial, as mentioned above, 
an understanding of the regeneration pro- 
cess is crucial to the comprehension of plat- 
inum/alumina catalysts since the precise 
sites of catalytic activity are unknown. One 
proposed mechanism is that, during the 
ageing of the catalyst, an increase in parti- 
cle size (i.e., sintering) takes place thereby 
reducing the available surface area for a 
given loading of platinum on the support; 
the regeneration treatment breaks the large 
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particles into smaller ones with consequent 
increase in activity (e.g., Ref. (3)). The for- 
mation of a platinum oxide yielding smaller 
platinum particles on subsequent reduction 
has also been proposed (e.g., Refs. (6, 13, 
14)). Alternatively, it could be considered 
that the primary platinum particle size is 
irrelevant since it has been suggested (e.g., 
Ref. (II)) that the particles merely act as 
reservoirs for platinum atoms of a platinum 
surface complex in the vicinity of the parti- 
cle where catalysis takes place. 

A model system cannot demonstrate the 
catalytic behavior of a real catalyst because 
of the much smaller total area of a few par- 
ticles on a small flat surface compared to 
the very high surface area of a real catalyst, 
but it can nevertheless be used to duplicate 
the behaviour of platinum particles in a lo- 
cal environment provided that this is 
similar to that of a real catalyst support. 
In consequence, transmission electron 
microscopy (TEM) can play a major role in 
providing information on individual particle 
behaviour of suitable model catalysts. 
Note, however, that the use of electron mi- 
croscopy can introduce concomitant pit- 
falls. Glass1 et al. (9) have shown that the 
preparation of samples by chemical strip- 
ping can sometimes produce structural 
changes greater than those arising from the 
actual catalytic reaction. Thus, precautions 
were taken in the present work to maintain 
well-controlled experimental conditions in- 
volving a minimum of specimen handling 
and the elimination of trace impurities dur- 
ing heat treatment (15, 16). Moreover, as 
pointed out elsewhere (17, 28), consider- 
able care should be exercised in the inter- 
pretation of electron micrographs of small 
particles, particularly with regard to their 
orientation, size, and shape, because of the 
perturbing influences of instrumental aber- 
rations and high support contrast. 

This paper describes a model platinum/ 
alumina catalyst subjected to a variety of 
heat treatments in different gaseous atmo- 
spheres. General TEM observations pro- 
vided statistical information concerning 

particle sintering and mobility behaviour, 
whilst direct lattice imaging with the Cam- 
bridge University 600-kV high-resolution 
electron microscope (HREM) (19, 20) pro- 
vided invaluable structural details of the 
particles and their support. In a companion 
paper we describe further observations of a 
functional Ptlalumina reforming catalyst 
(21). Some of the preliminary results of this 
study have been reported elsewhere (15, 
16). 

2. EXPERIMENTAL 

2.1. Preparation of alumina supports. 
Several techniques were used in preparing 
films of alumina for use as model catalyst 
supports which were also thin enough for 
HREM observations. These were: vacuum 
evaporation of alumina from various high- 
melting-point metal filaments; alumina 
sputtering using a high-energy electron 
beam source; and preparation of thin alu- 
minium films with subsequent oxidation. 
Vacuum evaporation of -y-A1203, as fol- 
lows, generally proved to be the most suit- 
able. 

“Condea” SB Pural Ale 169 hydrated 
alumina was first calcined at 550°C in air. 
Some of the calcined material was then 
placed in a tantalum boat inside a vacuum 
coating unit and evacuated to better than 4 
x 10ms Torr overnight at room temperature 
to remove excess adsorbed water. The tan- 
talum boat was then electrically heated to 
evaporate the alumina onto the clean face 
of a freshly cleaved rock salt crystal. Film 
thicknesses (5200 A) were measured by a 
quartz crystal thickness monitor or esti- 
mated visually during evaporation. 

2.2. Deposition of platinum. Platinum 
was evaporated onto the resulting alumina 
films from a resistance-heated tungsten fila- 
ment. The metal loading was varied either 
by controlling the amount evaporated or 
sometimes (when heavier loadings were re- 
quired) by carrying out two or three evapo- 
rations. Note that all direct comparisons of 
time, temperature, and atmosphere were 
carried out for identical metal loadings. 
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Comparisons of different metal loadings are 
discussed separately below. 

2.3. Heat treatments. Freshly prepared 
model catalysts, with varying Pt-loadings, 
were subjected to various time, tempera- 
ture, and atmosphere treatments by placing 
TEM specimen grids, already loaded with 
the films, in the hot zone of a furnace. Al- 
ternatively, rock salt crystals plus model 
film could be treated; after cooling down, 
the NaCl was dissolved in deionised water 
leaving model films floating on the surface 
to be picked up on specimen grids for sub- 
sequent examination. No effect due to the 
rock salt was observed. Standard cycles in- 
volved overnight flushing with nitrogen or 
the reactant gas, heating to the required 
temperature over 30 min, and then main- 
taining this typically for a further 30 min 
before slow cooling to room temperature. 
Variations are noted in Tables 1 to 4. The 
temperature in the hot zone of the barrel 
furnace was measured using a chromel-alu- 
me1 thermocouple and, for more accurate 
temperature control, further calibration us- 
ing a Derritron Co thermocouple potenti- 
ometer ensured that temperature variation 
was not more than +2”C from that re- 
corded. 

Flow experiments were carried out in 
methane, commercial-grade hydrogen, pu- 
rified hydrogen, wet hydrogen, nitrogen, 
3% by volume of oxygen in nitrogen, and 
“chlorided” 3% O&: some static experi- 
ments in air or vacuum (using a coating 
unit) were also performed. The methane, 
supplied by Matheson Co., was C.P. grade 
99% pure. Impure hydrogen was used, as 
supplied by B.O.C. C.P. grade, containing 
not more than 1 vpm water, 1 vpm oxygen, 
and 1 vpm hydrocarbon impurities. For the 
experiments with pure hydrogen, these im- 
purities were removed by passage through 
an Engelhard “Deoxo” purifier and liquid 
nitrogen trap with 4A molecular sieves. 
B.O.C. oxygen-free nitrogen and Air Prod- 
ucts 3% oxygen in nitrogen were dried be- 
fore use. In experiments with wet hydrogen 
or “chlorided” oxygen/nitrogen, water and 

carbon tetrachloride, respectively, were 
added to the gas flow from a side port, with 
the vapour pressure of the additive con- 
trolled by various hot/cold traps. Added 
trace impurities were monitored at the exit 
vent with, and without, the sample in place 
by means of a Drager multigas detector. 
Note that all gas lines and valves were 
made of stainless steel with grease-free 
Swagelok couplings; feedline and reaction 
tube were made from silicon glass with 
PTFE dryseals. The apparatus was rotary- 
evacuated periodically to check for leaks. 

2.4. Electron microscopy. All characteri- 
sations of particle size distributions were 
carried out with a JEM-1OOC electron mi- 
croscope operated at 100 kV, with electron 
micrographs generally being recorded at 
magnifications of between 20,000-100,000 
times. Detailed high-resolution examina- 
tion of some samples was subsequently 
made with the 600-kV HREM (19, 20), 
which had previously demonstrated a di- 
rectly interpretable resolution approaching 
0.2 nm and an ability to resolve lattice 
fringes finer than 0.1 nm (21). Operation of 
the latter microscope was normally at 500 
kV using axial bright-field illumination, 
with micrographs recorded at magnifica- 
tions of 200,000-300,000 times. Substrate 
charging in the electron beam was often a 
problem at these high magnifications but 
could be alleviated by mounting the alu- 
mina films on holey carbon support films 
premounted on microscope grids with 
imaging restricted to the region of the 
holes. 

2.5. Statistical analyses. Particle size dis- 
tributions (PSDs) for small-diameter parti- 
cles were measured from photographic en- 
largements of the original micrographs, 
whilst direct measurement from the nega- 
tives was used for the larger particles; the 
mean of the longest and shortest diameters 
was taken for irregularly shaped particles. 
The normal statistical formulae were used 
for calculation of the mean diameter d, and 
the variance on the mean, v, for counts of n 
particles, each of diameter d: 
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3. RESULTS 

3.1. Particle Size Distributions 

Statistical results from some of the heat 
treatments are summarised in Tables 1 to 4, 
where it can also be seen that the various 
means and standard deviations were nor- 
mally based on samples of 200 counts or 
more. These analyses aimed at characteris- 
ing general trends as functions of both time 
and temperature, as well as establishing the 
differing effects of the prevailing atmo- 
sphere during treatment. Those samples 
marked (a) were later examined in the high- 
resolution electron microscope. The plati- 
num loading was varied considerably so 

that direct comparisons between different 
preparations were not always possible. 
However, it was significant that, despite 
the differences in loading, the particle size 
distributions (PSDs) were initially quite 
similar (see Fig. 1) except in the case of the 
heaviest loadings where particle coales- 
cence started to occur. Following heat 
treatment, substantial differences became 
apparent; these are described below. More 
details of particle morphologies are also 
given in Section 3.4. Finally, it should be 
noted that the major part of any change in 
the PSD generally occurred within the first 
hour of any treatment cycle and there was 
normally little change of statistical signifi- 
cance after 2 hr (e.g., MC16-Table 1). 
Consequently, heat treatments were nor- 
mally restricted to 1 or 2 hr at most. 

FIG. 1. Low-magnification images of platinum particles supported on thin films of evaporated y- 
alumina, showing the different metal loadings. (a) Model catalyst MC14; (b) MCl5; (c) MC16. 
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TABLE 1 

Variation of PSD for Model Catalyst MC16 following 
Treatment Cycles in Chlorided 3 v/o 02/Nz 

Atmosphere at 300°C 

Treatment ;i u No. of 
details (nm) km) counts 

0.5 hr 8.5 1.7 200 
1.0 8.2 2.0 200 
1.5 9.5 2.2 200 
2.0 10.2 2.3 200 
3.0 10.5 2.0 200 
4.5 10.8 2.4 200 

3.2. Effect of Impurities 

It has previously been reported that the 
methods used for preparing model catalysts 
in a form suitable for electron microscopy 
can produce changes substantially greater 
than those normally produced in subse- 
quent treatment of the model (9). Our 
results for the model catalyst MC14 (see 
Table 2 and Fig. 2) established that the 
presence of impurities, albeit in trace form 
only, could also lead to considerable 

TABLE 2 

Variation of PSD for Model Catalyst MC14 

Treatment details 2 G- No. of 
(nm) (nm) counts 

Fresh 1.8 0.6 520 
H2(pure)/500W1 hr 2.1 0.7 306 
Hz(impure)/5000C/1 hr 3.8 1.5 82 
H,(wet)/5OO”C/l hr 3.0 1.3 134 
CHJ5OOWl hr 3.2 1.0 138 

changes in the PSD. The sample heated in 
pure hydrogen at 500°C exhibited minimal 
sintering, increasing in mean diameter from 
1.8 to 2.3 nm, whereas those samples 
treated in wet or “impure” hydrogen in- 
creased in particle diameter substantially to 
3.0 and 2.8 nm, respectively. It is interest- 
ing to compare these changes with the ef- 
fect of a methane atmosphere where the in- 
crease was to 3.2 nm. 

3.3. Effect of Temperature 

In “oxidising” environments, the effect 
of increased temperature was to produce 
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TABLE 3 

Variation of PSD for Model Catalyst MC15 

Treatment details 2 (r No. of 
(nm) (nm) counts 

HI(pure)/SOOW1 hr 4.8 1.5 200 
3 v/o O2 in N2/2000C/l hr - 
+ 3 v/o 02 in N2/3OO”C/l hr 6.1 1.6 Go 
+ 3 v/o 02 in N2/400”C/l hr 11.2 2.6 200 
3 v/o Ox in Nz/CCl~2000C/l hr 3.4 1.2 2600 
+ 3 v/o 02 in N~/CCl~300”C/l hr 9.6” 1.8 392 
+ 3 v/o 02 in N~/CC14/400”C/l hr 22.9 4.0 241 
+ 3 v/o 02 in N~/CCl~5OOWl hr 33.3” 5.1 200 

a Examined also in the high-resolution electron microscope. 

substantial particle sintering. This is typi- 
fied by the two cycles tabulated for the 
model catalyst MC15 (see Table 3 and Fig. 
3), as well as some of the treatments given 
to MC20 (see Table 4). It is also significant 
that the influence of “chlorination” is to 
further enhance the sintering behaviour. 
For model MC15, for example, it can be 
seen in Table 3 that the added traces of CC4 
resulted in a mean diameter of 9.6 nm 
rather than 6.1 nm, after both samples had 

TABLE 4 

Variation of PSD for Model Catalyst MC20 

Treatment details 2 CT No. of 

(nm) Mm) CO”“tS 

Fresh I.80 0.4 186 

H~(pureWO”CiZ hr 4.0 0.8 145 
H~(pure)KWC/2 hr 4.10 I.1 252 

H~(pureWWC + 50X/2 hr ea. 4.7 1.2 298 

3 v/o 02 in N215OOW2 hr 25.0 9.0 350 
3 v/o 02 in N#0X/2 hr 43.0” 16.7 334 
3 v/o 02 in N@O”C + 5OO”C/2 hr ea. 46.7 12.0 290 

3 v/o 02 in N$CCl+/3OO”C/l hr 3.6” 0.8 276 
3 v/o 02 in N~iCCl~4OO”Cil hr 5.3 0.9 275 

y Examined also in the high-resolution electron rmcroscope. 

been treated for 1 hr at 2OO”C, followed by 1 
hr at 300°C. A further hour’s treatment at 
400°C led to an even greater difference: 
22.9 nm instead of 11.2 nm. 

In “reducing” atmospheres, particle sin- 
tering was less by comparison and, more- 
over, increased temperature did not seem 
to influence very much the amount of sin- 
tering; particle rounding then appeared to 
be the major change. Indeed, when the plat- 
inum loading was low, as, for example, in 

FIG. 3. Changes in model catalyst MC 15 after successive treatments in 3% v/v 02/N2: (a) At 2OO”C/l hr; 
(b) +3OO”C/l hr; (c) +4OO”C/l hr; (d) +5OO”C/l hr. 
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FIG. 4. (a) Model catalyst MC20 when fresh, (b) change produced by heating in hydrogen at 600°C 
for 2 hr. Note different image magnifications. 

MC14 (see Table 2), heating in pure hydro- 
gen at 500°C had minimal effect, increasing 
the mean particle diameter from 1.8 to only 
2.1 nm. When the platinum loading was 
higher, as, for example, with MC20 (see Ta- 
ble 4), the increase in mean particle diame- 
ter was greater, going to 4.0 nm at 500°C. 
However, effectively the same mean 
diameter was obtained on heating to 600°C. 
Figure 4 illustrates the change produced in 
model catalyst MC20: Fig. 4a shows the 
sample when fresh and Fig. 4b shows the 
result of heat treatment in pure hydrogen at 
600°C for 2 hr. 

3.4. High-Resolution Observations 

In all model systems examined, particles 
consisting of metallic platinum only were 
observed; these were identified directly 
from the spacings of the various lattice 
fringes visible. Overall, the most common 
structural type observed in the particles 
was the single crystal, although lamellar 
twins were relatively common and multiply 
twinned particles (MTPs) were sometimes 
observed. The differences in particle mor- 
phologies which result from the various 

heat treatment cycles are illustrated by the 
following representative samples. 

(i) Fresh catalyst (MC 20). This sample, 
shown at high magnification in Fig. 5, con- 
sisted of irregularly shaped particles of plat- 
inum, mostly in the approximate size range 
0.5-2.0 nm. Lattice fringe structure was 
visible in many particles with the 0.227-nm 
(111) and 0.198~nm (200) spacings being 
most prevalent. It should also be noted that 
the relative orientations of the particles 
generally seemed to be quite random and 
bore no obvious relationship with the struc- 
ture of the support. The small, polycrystal- 
line nature of the sample was confirmed by 
electron diffraction patterns which con- 
sisted primarily of broad continuous rings, 
peaked at the Pt-lattice spacings. Many of 
the particles were covered entirely by only 
one set of fringes, indicating that they were 
single crystals, but others had obvious dis- 
continuities where fringes either termi- 
nated, or were mirrored at the boundary, 
which suggested lamellar twinning. The 
alumina support film generally appeared to 
be amorphous but micro-domains of y- 
A1203, again confirmed by measurement of 
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FIG. 5. High-magnification image of MC20 when fresh showing small, irregularly shaped Pt particles 
of low contrast. Lattice fringes are visible in both the particles and the support. 

lattice fringe spacings, were often ob- 
served. 

(ii) Reduction-Hz at 600°C (MC 20). 
This sample (see Fig. 4b) consisted of small 
particles of platinum distributed in size 
about a mean of 4.0 nm. Particles generally 
had a well-rounded appearance with the lat- 
tice fringes visible in many of these indicat- 
ing single crystals or lamellar twins. Micro- 
domains were again visible in the alumina 
matrix although there was no evidence for 
substantial changes as a result of heat treat- 
ment. Moreover, there was no evidence to 
suggest any sintering action due to the sup- 
port. 

(ii) Oxidation-O& at 600°C (MC 20). 
The most striking thing about this sample, 
apart from the mean particle size, was the 
large variation in particle morphology, as 
shown, for example, in Fig. 6a. Twinning 
seemed to be commonplace and many par- 
ticles had the appearance of two or more 
smaller particles simply “fusing” together 
(see Fig. 6b). Many seemed to have amor- 
phous material, of higher contrast than the 
support film, extending along faceted edges 
of the crystals (see Fig. 6c) and many had 

long straight edges (see Figs. 6a-c). A small 
number of multiply twinned particles were 
observed, usually with re-entrant surface 
structure (see Fig. 6d) at the twin bound- 
aries. Lattice fringes, with spacings again 
corresponding to metallic platinum, could 
be seen in many of these particles. 

(iv) Oxychlorination-02/N2 with CC14 at 
300°C (MC 15 and MC 20). The PSDs for 
these two model catalysts after treatment 
were considerably different (see Tables 1 
and 4) because of the differences in Pt-load- 
ing of the original fresh catalysts (see Fig. 
1). However, the overall particle morphol- 
ogy in both samples was quite similar: par- 
ticles were well rounded and crystalline 
with about 30% visibly twinned. Figure 7a 
shows a typical region of MC20 at high 
magnification whilst Fig. 7b shows a strik- 
ing example of a y-A&O3 micro-twin. The 
only apparent difference in these two sam- 
ples after treatment, other than size, was 
that some of the larger particles of MC15 
exhibited more complicated lamellar twin- 
ning; an interesting example is shown in 
Fig. 7c. 

(v) Oxychlorination-002/NZ with CC& at 
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FIG. 6. Various Pt particles seen in MC20 following oxidation at 600°C in 3 v/o 02/N2. (a) Low- 
magnification field of view; (b) two particles apparently “fusing” together; (c) amorphous material 
(arrowed) on substrate surrounding faceted crystal; (d) multiply twinned particle with re-entrant sur- 
face structure (arrowed). 

500°C (MC 15). High-resolution observa- 
tions revealed that the particles present in 
this sample were generally well rounded 
and mostly single crystals of platinum, as 
already found for the same sample heated 
to 300°C (see (iv)), although the substantial 
difference in PSDs should be noted. Lamel- 
lar twinning was again evident (see Fig. 8a) 
and some particles appeared to have some 
sort of amorphous, or poorly crystalline, 
region surrounding them (see Fig. 8b). 
There was no obvious change in the texture 
or crystallinity of the substrate. 

4. DISCUSSION 

Whilst there are obvious differences be- 
tween the platinum/alumina model cata- 
lysts examined here and “real” catalysts of 
industrial importance, there are several as- 
pects of the present study which are of rele- 
vance to the latter and these are discussed 
below. The model catalysts generally had a 
heavy metal loading, thus making particle 
nearest-neighbour separations quite small 
and particle growth easier. Moreover, the 
alumina support of the model does not have 
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FIG. 7. After “oxychlorination” at 300°C: (a) MCZO-note lattice fringes in Pt particles and evidence 
for twinning (T); (b) micro-twin visible in y-A120, support; (c) MClS-complex twinned particle. 

the complex macropore structure of “real” 
catalysts and thus the energetics of particle 
migration are considerably different. Nev- 
ertheless, the statistical analyses of PSDs 
provide useful, though qualitative, guide- 
lines to the relative intluences of time, tem- 
perature, and atmosphere, in particular en- 
abling comparisons of “oxidising” and 
“reducing” treatments. Also, it might rea- 
sonably be expected that the details of par- 

ticle morphology revealed by high-resolu- 
tion observations should also be applicable 
to the “real” catalyst. Indeed, our compa- 
rable studies on real catalysts (22) show the 
same general trends as the models although 
the magnitude of the effects differ due to 
different loadings. 

Irrespective of the prevailing atmo- 
sphere, it appears that higher temperatures 
generally have considerable influence on 
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FIG. 8. Model catalyst MC15 after “oxychlorination” at 500°C. (a) Lamellar-twinned Pt particle; (b) 
poorly crystalline layer (arrowed) partially surrounding particle of Pt. 

particle sintering with the exception only of 
treatment in pure reducing environments of 
catalysts with light metal loadings when 
sintering was marginal (MC14). It is signifi- 
cant though that the presence of trace im- 
purities, even at the I-vpm level, is suffi- 
cient to alter substantially the sintering 
characteristics of the model catalyst under 
such a “reducing” environment. This 
result thus justifies our insistence on very 
careful control of the preparation condi- 
tions as well as having imp1ication.s for both 
previous and future TEM studies involving 
“real” and model systems. It is also signifi- 
cant that enhanced sintering occurred in the 
chlorided oxidising atmosphere, thus show- 
ing that mechanical re-dispersion of the 
platinum particles does not take place. 
(Such treatment is commonly used in the 
industrial regeneration of platinum cata- 
lysts to regain metal surface area (12)) 
Treatment of a “real” reforming catalyst 
under similar conditions (16) also resulted 
in an enhancement of sintering rates, albeit 

with much lower platinum loading, confirm- 
ing that this effect was not an artefact of the 
model. 

The present study has established that 
the model catalyst particles of platinum are 
primarily in the crystalline f.c.c. metallic 
form, with a substantial fraction of these 
particles (perhaps 30%) containing twin 
boundaries. Whilst there was no clear evi- 
dence for discontinuities or defects at the 
boundaries which might lead to increased 
surface area, or special sites for catalytic 
exchange, it seems possible nevertheless 
that the atomic arrangements associated 
with the twinned particles could prove criti- 
cal to catalytic activity. There were no 
other obvious changes from bulk f.c.c. 
structure nor was there any reason to sus- 
pect those treated oxidatively at 600°C 
where some substrate modification around 
the particles, in the form of a halo, or par- 
tial halo, was observed. However, given 
the treatment temperature of 600°C no ox- 
ide “wetting” of the surface seems likely 
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and it appears to be most probable that the 
modified region is associated with some re- 
arrangement of the associated particle in- 
duced by particle coalescence (23). It is 
clear from Fig. 8 that the surface “halo” is 
associated with those parts of the particle 
where recrystallisation has taken place and 
well-defined facets have been formed, as 
distinct from those parts of the particle that 
retained the profile, or partial profile, of an 
irregular globule after sintering. A microan- 
alytical study is being undertaken to sub- 
stantiate the presence, or otherwise, of 
platinum away from the particles and to in- 
vestigate further the possible role of the ha- 
loes in catalyst regeneration. 
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