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Platinum/alumina catalysts were examined following ageing-regeneration cycles typical of in-
dustrial use and after extreme treatments in “*oxidising’ or ‘‘reducing” environments. Details of
particle morphology and the statistics of particle size distribution (PSD) were obtained by high-
resolution electron microscopy, with complementary data from hydrogen chemisorption measure-
ments. It was found that catalyst sintering during a simulated industrial cycle was minimal, whereas
“reducing’’ or “‘oxidising”’ treatments at high temperature (600°C) caused loss of accessible Pt
surface area, as measured by chemisorption: the PSDs and particle geometries, however, then
differed greatly, despite similar chemisorptive capacities. Conversely, it was also observed that no
appreciable particle growth resulted from severe reducing treatment despite a reduced chemisorp-
tive capacity. After 24 days at 600°C the catalyst metal remained as discrete single crystals or
twinned Pt particles. No redispersion by oxide spreading was observed after oxidation or *‘chlorid-
ing’’ treatments; instead, the clustering of Pt metal crystallites to form continuous agglomerates,
apparently confined in size and shape only by the three-dimensional geometry of the alumina
support, seemed to be commonplace. The irregular morphology of these agglomerates was re-

vealed by stereo-imaging, and hydrogen chemisorption measurements confirmed their high surface
areas.

1. INTRODUCTION reactivation phenomena that occur. Trans-

mission electron microscopy (TEM) is in-

There has been renewed interest in the
characterisation of supported metal cata-
lysts following heat treatment under vari-
ous temperatures and atmosphere condi-
tions in order to examine the ageing and

* Present address: Analytical Services and Re-
search Division, B.P. Research Centre, Chertsey
Road, Sunbury-on-Thames, Middlesex TW16 7LN,
England.

valuable in these studies since information
can be obtained about the size () and dis-
tribution (2) of the catalyst particles and,
provided sufficient resolution is available
(3), the detailed chemical composition and
structure of both metal (4) and support (5)
may also be identified. Furthermore, many
workers have developed model systems,
specifically adapted to these ends (5-8).
However, the relationship between these
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model catalysts and the real ones is qualita-
tive at best (9), and there is also a possibil-
ity that artefacts will be introduced by the
method of preparation (/0). Comparable
studies of the real catalysts are clearly
needed. Chemisorption measurements can
provide useful complementary data since
the metal surface area available for cataly-
sis can be measured. For example, very
high surface areas of platinum on alumina
have been observed (1I), and changes in
surface area following thermal treatment
have been detected (12, 13). These changes
have been linked to dispersion of the plati-
num particles although this is only one pos-
sible explanation.

The re-dispersion of sintered metal parti-
cles has been claimed by various authors
and mechanistic details have been pro-
posed. For example, the fracture of large
platinum crystallites on model alumina sup-
ports into several smaller crystallites was
suggested by Ruckenstein and Malhotra
(14), although similar experiments repeated
by Stulga et al. (15) could not confirm this
result. Ruckenstein and Chu (/6) have de-
scribed the sintering/re-dispersion behav-
iour of similar Pt/Al,O; model catalysts af-
ter cyclic reduction/oxidation treatments,
using 1 atm of H, and O,, respectively, at
750°C; crystallite-fracture and oxide-
spreading mechanisms were developed to
account for these observations. A similar
spreading mechanism was proposed by
Baker et al. (5) which involved the forma-
tion of metal layers interacting strongly
with the support. However, this was only
demonstrated via the Pt-catalysed reduc-
tion of TiO, to Ti,O; in platinum/titania
model catalysts.

The spreading of metal oxides on the sup-
port, with regained metal surface area fol-
lowing reduction, has been supported by
several studies (/6-18) with strong evi-
dence being obtained in Rh/SiO,, Rh/y-
AL O (18), and Ir/SiO, (19) systems. De-
rouane et al. (20) also observed the
spreading of iridium oxide on graphite dur-
ing direct examination by controlled-atmo-
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sphere electron microscopy. However, this
effect has not been clearly demonstrated
for platinum on alumina, although platinum
oxide or oxychloride complexes with alu-
mina have been suggested (I5,2]).
McHenry et al. (21) were able to detect a
platinum/alumina complex in their cata-
lysts, which was termed ‘‘soluble” plati-
num, since it could be dissolved out in hy-
drofluoric acid or acetylacetone. Similarly,
Yao et al. (13) used temperature-pro-
grammed reduction (TPR) to detect ‘‘par-
ticulate’” and ‘‘dispersed’’ phases of Pt ox-
ide on alumina, the latter having a strong
interaction with the support, as with the
soluble Pt found by McHenry et al. (21).
Conversely, Wang and Schmidt (I8) de-
tected only Rh re-dispersion around Pt
cores in STEM studies of supported Rh/Pt
alloy catalysts, whilst Foger and Jaeger
(19), using TPR, TEM, and X-ray diffrac-
tion, found no traces of any platinum ox-
ides after heating Pt/Al,O; catalysts at tem-
peratures of 100-700°C.

This paper reports TEM examinations of
Pt/y-Al,O, catalysts following a pseudoin-
dustrial ageing—regeneration cycle, as well
as their characterisation after various ‘‘ox-
idising”> and/or ‘‘reducing’’ treatments,
with hydrogen chemisorption measure-
ments providing complementary data. The
particle morphologies strongly reflected the
difference in sintering rates due to the re-
ducing or oxidising environments, in good
qualitative agreement with model studies
“, 8).

2. EXPERIMENTAL

2.1. Catalyst preparation. A batch of alu-
mina (Condea SB) was mixed with a few
millilitres of dilute acetic acid, pelleted,
ground, and sieved to 500-um granules.
These granules were then calcined at 600°C
in air for 84 hr and cooled to room tempera-
ture. Portions of the resultant y-AlLO; were
impregnated with predetermined amounts
of hexachloroplatinic acid and dilute HCl to
give the desired Pt and Cl loadings, which
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were confirmed by neutron activation anal-
ysis. Detailed results are reported below for
catalyst A, containing 0.4% by weight of
Pt, 0.8 w/o Cl, and catalyst B, containing
2.0 w/o Pt, 0.8 w/o Cl.

2.2 Catalyst treatments. Catalyst sam-
ples, each weighing 1 or 2 g, were packed
into stainless-steel reactor tubes in a labora-
tory-scale reformer and subjected to vari-
ous temperature/time/gas flow treatments,
as detailed in Tables 1 and 2. The initial
treatment before single-step experiments,
and prior to cyclic procedures, involved re-
duction in flowing H, at 400°C for 3 hr. A
lab-scale reforming cycle was carried out,
consisting of a series combination of reduc-
tion, ageing, burnoff, and oxychlorination
steps. The following conditions were estab-
lished for catalyst ageing in flowing naph-
tha:

Reactor temperature: 510°C
Reactor pressure: 200 psig
Naphtha WHSV: 2.5 hr!
H:HC: 6:1

The catalyst was aged for 1 week, and then
carbon was removed by controlled burnoff,
at 480°C, in flowing 3% by volume of O, in
N, gas mixture, until CO, evolution ceased,
this taking around 5 hr. Controlled amounts
of chlorine were added to burnt-off or pre-
sintered catalysts via a stream of CCly, in-
jected slowly into the reactor gas flow. This
oxychlorination stage was carried out at
480°C, under 2 litres/hr flow of 3 v/o O, in
N,, and lasted 2-5 hr, depending on the
amount of Cl added. Catalyst portions
could be discharged at any stage for charac-
terisation.

2.3. Chemisorption measurements. Cata-
lyst samples were first heated to 400°C and
reduced in 200 Torr H; over 23 hr, followed
by heating at 400°C and evacuation for 6 hr.
An adsorption isotherm was then measured
for 120, 160, and 200 Torr H, and the vol-
ume of H, adsorbed at zero pressure was
extrapolated and designated the monolayer
volume (V). The H: Pt chemisorption ra-
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tio was taken at 1:1. A simple spherical
particle geometry was assumed and, on this
basis, mean particle diameters expected
from chemisorption measurements were
calculated (d...); these are tabulated with
the TEM results.

2.4. Electron microscopy. Specimens
were prepared for high-resolution TEM ex-
amination by dry-mounting some finely
ground catalyst on ‘‘holey’’ carbon support
films. Alternatively, ultrasonically dis-
persed catalyst grindings were dried onto
the support film from propan-2-ol. A thin
carbon film was often vacuum-deposited
onto prepared specimens for additional sta-
bility and to minimise charging in the elec-
tron beam which was usually a problem at
high magnification. Specimens were then
examined in a JEOL 100C electron micro-
scope and in the Cambridge University 600-
kV high-resolution electron microscope
(HREM) (22, 23). The capacity for direct
lattice imaging in small metal particles of
the latter microscope (24) was particularly
useful for studying the morphology of the
supported Pt, although overlapping lattice
fringe contrast arising from y-alumina sup-
port was often confusing. Stereo TEM im-
ages were also obtained, using specimen
tilts, typically of 5°, to reveal further details
of the three-dimensional geometry of the
catalysts. A standard optical bench,
equipped with a 10-mW He—-Ne laser, was
used for measurement and analysis of the
periodicities present in the high-resolution
images.

2.5. Statistical analyses. The particle
size distributions (PSDs) were obtained
from diameter measurements of up to 500
particles per catalyst sample with large par-
ticles being measured directly from TEM
negatives and small particles from photo-
graphic print enlargements. For irregularly
shaped particles the longest and shortest
diameters were averaged. Standard statisti-
cal formulae were used to calculate d, the
mean diameter, and o, the variance on the
mean, which here represents the spread of
particle sizes.



122

3. RESULTS

A typical area of the *‘fresh’’ catalyst ma-
terial following its initial reduction in flow-
ing H, at 400°C for 3 hr is shown in Fig. 1.
The method of specimen mounting for
TEM is clearly evident with clustered alu-
mina crystallites overlapping a hole in the
carbon support film. The catalyst particles
are best discerned from a ‘‘bird’s eye’’ view
and their small size is apparent by reference
to the 0.46-nm (111) y-AL,Os lattice planes
visible. The observation of such small parti-
cles is obviously highly dependent on both
the microscope operating conditions and on
the characteristics of the specimen (3).
Competing contrast from the alumina sup-
port was especially strong in this study and
100% efficiency in particle detection could
not always be verified. It was found, how-
ever, that particle diameters in the initial
reduced catalysts, with Pt loadings, of 0.4—
0.5 wt%, averaged around 1 nm. Moreover,
mean diameters did not increase markedly
for higher metal loadings although interpar-
ticle separations were reduced.
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The statistical information relating to the
catalysts and their various treatments is
summarised in Tables 1 and 2.

3.1. Reforming Cycle

The low metal loading of Catalyst A,
namely, 0.4% by weight of platinum, ham-
pered the collection of good statistical data.
The TEM diameters are therefore tabulated
as approximate mean values only and serve
more as a qualitative guide to the changes
in the PSD.

TEM observations established that the
reduced catalyst had a mean particle diame-
ter of less than 1 nm and the resultant high
Pt surface area was confirmed by hydrogen
chemisorption uptake. The catalyst was
then aged in a laboratory-scale naphtha re-
former and it was found, on discharge, to
contain 2.9% by weight of carbon deposit.
The carbon was subsequently burnt off, via
a controlled oxidation in flowing 3% by vol-
ume of O, in N,. No significant increase in
particle diameter after ageing or burnoff
stages was found by TEM, despite the

F1G. 1. Region of the “‘fresh’’ platinum/alumina catalyst after initial reduction in flowing hydrogen at
400°C for 3 hr. The size of the Pt particles (some are arrowed) is indicated by comparison with the 0.46-
nm (111) lattice fringes of y-AlL,Os.
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TABLE 1
Reforming Cycle
Catalyst Treatment TEM H: deac
diam- chemi- (nm)
eter sorp-
d (nm) tion
Vi (ml/g)
A Reduced <1 0.41 0.8
(0.4 wio Pt)  Aged ~1.2
Burnt off ~1.4 0.22 1.5

Oxychlorinated ~6.5

change in the chemisorption capacity after
burnoff. The burnt-off catalyst was then
oxychlorinated to a chlorine loading of 1.71
wt%. TEM examination then indicated a
mean particle diameter of around 6.5 nm.
Since the entire reforming cycle was car-
ried out at no more than 500°C and the ob-
served PSDs indicated increased sintering
for oxidising treatment, in particular for the
oxychlorination step, then further studies
of other catalysts after more severe reduc-
ing and oxidising treatments were com-

menced. Furthermore, it was also decided
that the TEM detection difficulties encoun-
tered with Catalyst A could be alleviated
somewhat by using a Pt/y-Al;O; catalyst
with higher metal loading.

3.2. Reducing Treatments

Heating Catalyst A at 600°C in flowing H,
for 24 days resulted in only a small increase
in mean particle diameter from less than 1
nm in the fresh catalyst to 1.6 = 0.2 nm.
Similar treatment of Catalyst B for 144 hr
increased the particle diameter from 1.1 +
0.4 nm for the fresh catalyst to 1.5 = 0.9
nm. Comparable mean diameters, despite
the shorter treatment time for B, resulted
from the higher metal loading of Catalyst B.
Figure 2 shows an area of Catalyst A after
high-temperature reduction, again with the
alumina overlapping a hole in the carbon
support film, which clearly demonstrates
the imaging of sub-2-nm-diameter particles
on alumina. Figure 3 shows a region of Cat-
alyst B following the high-temperature re-

TABLE 2

Treated Catalysts

Catalyst Treatment TEM diameter H; chemisorption deare
d * ¢ (nm) Vo (ml/g) (nm)
A H,/600°C/24 days 1.6 + 0.2 0.12 2.8
(0.4 w/o Pt) 3 v/o O;in N, 20-200 0.13 2.5
600°C/24 days (mean ~50)
B Reduced 1.1+ 04 1.45 1.1
(2.0 w/o Pt) (i) H,/600°C/144 hr 1.5+ 09 0.66 2.5
+
oxychlorination 6.0 2.6 1.04 1.6
500°C/4—6 hr
B Reduced 1.1 = 0.4 1.45 1.1
(2.0 w/o Pt) 3 v/o O;in N,
600°C/24 hr 21.0 = 10.5 0.80 2.1
+
(ii)) 3v/o O,in N, 18.0 = 9.0 0.76 2.2
500°C/24 hr
+
oxychlorination 25.0 £ 17.0 0.70 2.4

500°C/4—6 hr
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F1G. 2. Region of Catalyst A (0.4 w/o Pt) after reduction at 600°C for 24 days.

duction: the higher particle density is evi-
dent, several larger-diameter particles are
imaged, and some shape resolution has
been obtained.

The structure of these hydrogen-sintered
particles (Cat. B) was subsequently exam-
ined at 500 kV in the HREM. Platinum
0.227-nm (111) and 0.196-nm (200) lattice

fringes were well resolved and showed sin-
gle crystal or twinned platinum particles
(Figs. 4a and b, respectively). The y-Al, O,
lattice structure was also often resolved,
providing fringe contrast competing with
the Pt particles, although higher scattering
amplitude could normally distinguish the Pt
particles from the support. Analysis of

FiG. 3. Region of Catalyst B (2.0 w/o Pt) after reduction of 600°C for 144 hr. Larger particle size (cf.
Fig. 2) is due to heavier Pt-loading.
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Fi1G. 4. High-resolution lattice images of Catalyst B (recorded at 500 kV). (a) Single crystal of Pt, (b)
small lamellar-twinned particle of Pt. Note fringes from the y-Al,O; support.

high-resolution micrographs using the opti-
cal bench revealed only platinum and -
AlLO; periodicities. Figure 5 shows lattice
fringes arising from several Pt crystallites,
for example, at X and Y, and also a small
region of y-Al,O; (arrowed) where the (100)
projection of the unit cell is well resolved.
It should be noted that mean particle
diameters calculated from the hydrogen
chemisorption measurements suggested
larger particle diameters than those indi-
cated by the TEM observations, even al-
lowing for the severe approximations made
of the particle geometry.

3.3. Oxidising Treatments

Heat treatment at 600°C in flowing 3% by
volume of O, in N, was shown by TEM to
lead to extensive particle agglomeration
(see Fig. 6); a large increase in ‘‘mean’’ par-
ticle diameter was generally observed even
after 24 hr, accompanied by considerable
broadening of the PSD. Figure 7 provides a
graphic comparison of the distributions for
both reduced and oxidised samples from
Catalyst B. Note, however, that chemi-
sorptive losses for oxidised catalysts were
relatively small in contrast to the extensive
sintering observed by TEM.

It has been reported that redispersion oc-
curs for platinum/alumina catalysts after
oxidation at 600°C followed by further oxi-

dation at 500°C (12, 14). Hence the high-
temperature oxidation of Catalyst B was
followed by reheating in 3 v/o O, in N; at
500°C for a further 24 hr. Whilst there was a
small decrease in the overall mean particle
diameter, the difference is hardly statisti-
cally significant. Moreover, no increase in
chemisorptive capacity was measured.
Subsequent reduction of an oxidised cata-
lyst did not show any alterations in PSD.
Our results thus do not provide confirma-
tory evidence of the redispersion behaviour
previously reported.

3.4. Oxychlorinated Catalysts

Oxychlorination was carried out as part
of the reforming cycle for Catalyst A and
for two of the samples derived from Cata-
lyst B, labelled (i) and (ii) in Table 2. Chlo-
rine contents before and after treatment
were found to be 0.17 w/o and 0.86 w/o for
(1) and 0.50 w/o and 0.83 w/o for (ii). For
each case the TEM observations indicated
increased particle diameter after oxy-
chlorination—see Tables 1 and 2. Many in-
dividual particles had irregular profiles
(Fig. 8) and the alumina support structure
was often visible through them. However,
it is known that this does not necessarily
indicate *‘raft-like’’ structure (25), so speci-
men-tilting experiments were conducted to
determine the three-dimensional particle
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F1G. 5. Region of Catalyst B showing lattice fringes in several Pt particles (examples at X and Y) as

well as the y-ALO, support. A small region of (100) projection of y-Al,O; is indicated.
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FiG. 6. Image demonstrating extensive particle ag-
glomeration following oxidative treatment at 600°C.

geometry. Stereo images obtained with tilt
angles differing by 5° showed that the sin-
tered particles consisted of many smaller
crystallites bonded randomly together and
distributed irregularly throughout the alu-
mina support. No evidence was found for
actual gaps between the clustered crystal-
lites, but re-entrant surfaces were ob-
served. Electron diffraction and dark-field

imaging indicated partial alignment of crys-
tallites over some areas of the clusters, but
large single crystals did not appear to be
formed. Individual particles therefore
maintained structural integrity but bonded
together to form continuous, dendritic ag-
glomerates, apparently confined only by
the three-dimensional geometry of the po-
rous alumina support. These irregular
structural features, also seen in the simply
oxidised specimen, though to a lesser de-
gree, account for the high chemisorptive
capacities of the oxidised and oxychlori-
nated catalysts (Table 2).

The crystalline nature of the sintered par-
ticles was again revealed by high-resolution
lattice imaging. Figures 9a and b, for exam-
ple, show regions of samples (i) and (ii),
respectively, following oxychlorination. It
was interesting that hydrogen chemisorp-
tion measurements for sample (i) indicated
that it had regained platinum surface area
after oxychlorination despite the consider-
able increase in particle diameter observed
in the TEM. The chemisorption capacity of
sample (ii), the oxidised catalyst, was re-
duced slightly by the oxychlorination treat-
ment, but due to the irregular particle ge-
ometries no significant correlation could be
properly made with the TEM diameter. Fi-
nally, it should be noted that there was no

%) % lp (b
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FiG. 7. Graphic representation of the changes in

d{nm)

particle size distribution of Catalyst B following

heat treatment. (a) ‘‘Fresh,”’ (b) H,/600°C/144 hr, (c) 3 v/o O, in N,/600°C/24 hr.
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Fi1G. 8. Typical region of Catalyst B showing the particle agglomeration resulting from oxychlorina-

tion treatment at 600°C.

evidence, TEM or otherwise, for any ox-
ides or oxychlorides of platinum.

4. DISCUSSION AND CONCLUSIONS

In a laboratory-scale reforming cycle, the
oxidative step (oxychlorination) had the
most marked effect on the catalyst (which
consisted here of 0.4 w/o Pt - 0.8 w/o Cl y-
Al,05). This procedure clearly increased

FiG. 9. Small crystalline particles of platinum after
oxychlorination. (a) Sample (i), (b) sample (ii). (See
Table 2 for more details.)

the platinum mobility on the alumina sup-
port resulting in substantial sintering.
Further high-temperature treatments, in
both reducing and oxidising environments,
indicated the increased particle growth for
the latter, as illustrated by the PSDs ob-
served by TEM. However, it was signifi-
cant that hydrogen chemisorption measure-
ments showed that the Pt surface area
losses were similar for both treatments, de-
spite considerable differences in the PSDs
and particle geometries indicated by TEM.
Stereo-imaging of the oxidatively sintered
particles revealed a highly irregular three-
dimensional morphology, with dendritic ag-
glomerates and many re-entrant surfaces,
which would appear to account for the high
chemisorptive capacities observed for
these sintered catalysts. Dautzenberg and
Wolters (26) have reported similar behav-
iour for their Pt/Al,O; catalysts, in particu-
lar the formation, by agglomeration during
high-temperature oxidising treatments, of
large crystallites, which were not subse-
quently redispersed by 500°C oxidation.
Note that all specimens had been exposed
to air at room temperature so, presumably,



the Pt particles could have had a thin sur-
face oxide layer; however, no bulk plati-
num oxides or oxychlorides were observed.
Despite the overall marked variation in ge-
ometry, direct lattice resolution showed
that the particles consisted, primarily at
least, of platinum metal whether reducing
or oxidising conditions had been employed;
single crystals in particles down to 1.5 nm
diameter, and twinned structures, were ob-
served. Thus the catalytic activity of the
metal component must arise from the vari-
ous regular and defect structures on these
crystal surfaces. This was also the conclu-
sion of previous Low Energy Electron Dif-
fraction (LEED) studies of Pt single-crystal
surfaces (27).

Tha nranagale far nlatin
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by crystallite fracture (14) or by the
spreading mechanism (/6) seem to be un-
likely from the present study. Indeed, it ap-
peared that no accurate correlation was
possible between hydrogen chemisorption
value and PSD. It therefore seems proba-
ble, in the absence of a particle size effect,
that “‘re-dispersion’’ for Pt/Al,O; catalysts
means the recovery of Pt sites which were
lost to the chemisorption process. This is
exemplified by Catalyst B after H,/144 hr/

600°C followed hv oxvchlaorination: the
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last step regained the chemisorption capac-
ity, despite increased ‘‘mean’’ particle
diameter. This possibility is further sup-
ported by Menon and Froment (28), who
noted a loss in nz chemisorp puuu Lapauty
accompanied by reduced catalytic activity
of Pt/Al,0; catalysts after a 600°C/H, pre-
treatment. However, this loss could be re-
versed, and the catalytic activity restored,

by a 500°C air oxidation and subsequent
400°C reduction.

This work has shown dmrrpnanmgs in the
correlation between particle size and shape
and hydrogen chemisorption. In particular
it has shown that simple particle re-disper-

sion is not an adequate explanation for re-

covery of catalytic activity.

evidence for particle breakup and the only
possibility for physical re-dispersion is that

There was no
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crystal nuclei of less than 5 A diameter sep-
arated from the main particle under the in-
fluence of the oxychlorinating atmosphere.
This was below the discernible limit of the
microscope and therefore this possibility,

althanoh aragatically unlika
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What is more feasible is that oxidising at-
mospheres reactivate surface sites on the
particles that are responsible for catalytic
activity. These sites also chemisorb hydro-
gen. Hence the correlation between cata-
Iytic activity and chemisorption, and the
lack of agreement between these factors
and the apparent physical dispersion of the
platinum. Although a full catalytic profile
was not obtained for these catalysts, they
had shown reasonable catalytic activity

whan frach and ctandard tharmal treat_
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ments and gas atmospheres were used
throughout. It is recognised that more ex-
treme temperatures (e.g., >650°C) can
cause extensive catalyst changes but these

are DC)’UHU lﬂt’« bbUpC Ul lIllb WUrK

Finally, it should be recorded that recent
experiments using this type of catalyst for
reforming of n-heptane have shown that
burnoff, followed by oxychlorination, of
aged catalysts produces comparable cata-
lytic activity to that of fresh catalysts, with

similar PSD rhangpc to those described

Sixiiiaien ViQiimes W uaUSY UShViiu

here (19). The full catalytic results will be
the subject of a future publication.
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