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The atomic structure of 1-nm Pt aggregates encaged in Y-type zeolites has been determined by
radial electron distribution (RED) from X-ray diffraction data. The adsorption of H,S on bare or
H,-covered aggregates produces a structure disorder and a rearrangement of atoms resulting in
distorted (100) facets. The disorder is larger after adsorption of SO, and is complete upon adsorp-
tion of the (H,S + 34S0O,) mixture yielding elemental sulfur. The extent of disorder is probably
related to the different sulfur coverages. The distortion of the (100) facets implies a preferential
bonding of sulfur with only two of the four Pt atoms forming square facets. The relevance of these
results to sulfur adsorption data on (100) Pt single crystal and to selective poisoning of catalytic

reactions is discussed.

INTRODUCTION

The structures of adsorbed sulfur layers
on metals have been studied extensively by
surface science methods (7, 2). In most
studies the top layer of metal is assumed to
be a continuation of the bulk structure
which implies that metal-sulfur bonding
does not produce any atom displacement.
However, ion scattering studies point to an
outward expansion of the first metal layer
(3). Metal atom displacement in the surface
plane can also be expected when the coor-
dination symmetry of the adatom is differ-
ent from that of the adsorption site. Thus,
sulfur atoms in a ¢(2 X 2) layer over Ni(100)
are bonded to two nickel atoms although
the adsorption sites have fourfold symme-
try (4). However, because LEED is mainly
sensitive to long range order, local dis-
placement of atoms induced by strong ad-
sorbates like sulfur can be overlooked.

Furthermore, the structures of small
metal particles covered with sulfur are not
well established. Theoretical calculations
on Pt clusters predict that sulfur adsorption
leads to a destabilization effect character-
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ized by a decrease of the Pt-Pt bond
strength (5). The mobility of the atoms is
increased and restructuring is expected
even at low temperature. The effect of H,S
adsorption on the structure of 1-nm Pt ag-
gregates encaged in Y-type zeolite has been
studied by radial electron distribution
(RED) based on the Fourier transform of X-
ray diffraction data (6). It was concluded
that Pt—S bonding induces displacement of
Pt atoms and results in a disordered struc-
ture. The total regeneration of the initial fcc
structure was not completed even after H,
treatment at 750 K.

In this work, the effect of H,S adsorption
was reinvestigated by RED on bare and H,-
covered 1-nm Pt aggregates. Radial distri-
butions were also determined after SO, ad-
sorption on H,-covered aggregates and
after adsorption of the stoichiometric mix-
ture (H,S + 3S0,) giving elemental sulfur
(Claus reaction). This study was prompted
by the findings of Maurel et al. (7) who in-
troduced the concepts of selective poison-
ing and selective poisons, i.e., selective ad-
sorption of sulfur on catalytic sites
responsible for a particular type of catalytic
reaction. Thus, H,S and SO, were found to
be nonselective, unlike elemental sulfur
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which poisoned predominantly the sites re-
sponsible for hydrogenolysis. The aim of
the present work was to study the effects of
different modes of sulfur poisoning on the
structure of Pt aggregates.

EXPERIMENTAL

Materials. The PtCeNa-Y zeolite was ob-
tained from the NaY, Linde SK-40 sieve,
by successive ion-exchanges, first, in water
solutions of Ce(NQO;); and second, in an
ammonia solution of PtCl,, as described
previously (8, 9). The unit cell composition
of the dehydrated zeolite, determined by
chemical analysis of Pt, Ce and Na was Pt;,
Ce]NalngzY (Y = Al56 Si13(, 0384)' One
gram of zeolite was activated in flowing O,
up to 600 K at 0.5 K min~! and reduced at
540 K under 400 Torr (1 Torr = 133.3 Pa) of
hydrogen pressure. Under these condi-
tions, it has been shown that aggregates of
0.7-1.2 nm diameter nucleate in the super-
cage (9). It was confirmed by transmission
electron microscopy on ultra-microtome
cuts of the zeolite crystal that the aggre-
gates in the present samples are within 0.9
+ 0.3 nm. They are denoted as 1-nm Pt
aggregates as in previous articles.

Treatments. The reduced zeolite was
evacuated at 700 K for 16 h under 10~°
Torr. Then, in a glove box flushed with ox-
ygen-free dry argon, the zeolite was trans-
ferred into a stainless-steel cell equipped
with a beryllium window designed to record
the X-ray diffraction pattern under a con-
trolled atmosphere. The zeolite powder
was pressed into a rectangular cavity
drilled at the back of the X-ray cell. The cell
was connected to a vacuum and gas line to
adsorb or to desorb gas at room tempera-
ture. Care was taken to introduce H,S,
S0O,, and (H,S + 4SO,) in small increments
to avoid any temperature increase due to
the exothermic adsorption. Treatments at
higher temperatures were performed in a
quartz cell and then transferred into the X-
ray cell in a glove box. The nomenclature
and the treatments of the zeolite samples
are given in Table 1.

TABLE 1

Treatments of the Platinum Zeolites

Sample Treatments

Pt-I(Hy) Zeolite activated at 600 K in O»

Reduced at 540 K in Hj (400 Torr)

Cooled under H,, transferred in the X-ray cell,
kept under H; during data recording

Previous sample (Pt-1(H;)) evacuated at 300 K
in the X-ray cell, 1 h

Contacted with 10 Torr of SO; at 300 K, 10 min

Evacuated at 300 K, kept under H»

Zeolite treated and kept as Pt-I(Ha)

Pt-11(H;) evacuated at 300 K contacted with 10
Torr of (H2S + #S03) for 20 min at 300 K

Evacuated at 300 K, kept under H;

Pt-1(SO,)

Pt-1I(Hy)
Pt-1I(H,S + 4S02)

Pt-III(H,S) Previous sample (Pt-11(H;S + #S0,) regenerated
at 780 K under flowing H, for 6 h, kept under
H,

Pt-IV(H,S) Previous sample regenerated at 780 K under

flowing H; for 26 h
Evacuated at 780 K,
Cooled to 300 K under vacuum,
Contacted with 20 Torr of H,S at 300 K
Evacuated at 300 K, kept under H»

RED analysis. X-Ray data collection and
processing and calculation of the radial dis-
tribution function were performed as de-
scribed previously (10, 11). The radial dis-
tribution function of a platinum-free NaHY
zeolite was subtracted from those of the
PtNaHY zeolites in order to eliminate the
peaks corresponding to the atom pairs of
the support.

RESULTS AND DISCUSSION

The radial distribution functions (rdf) of
samples Pt-I(H,), Pt-IV(H,S), Pt-111 (H,S),
Pt-1(S0,), and Pt-II (H,S + 3SO,) are given
in Fig. 1, curves 1-5, respectively. The in-
teratomic distances are given in Table 2.
The adsorption of sulfur compounds on Pt
aggregates produces two modifications of
the rdf: (I) a decrease of the intensities of
the Pt—Pt peaks due to a displacement dis-
order of the Pt atoms and (II) the appear-
ance of new peaks indicating a specific rear-
rangement of Pt atoms. These features are
discussed separately.

1. Sulfur-Induced Disorder

The rdf corresponding to 1-nm Pt aggre-
gates covered with H,(Pt-I(H,), curve 1)
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Fic. 1. Radial distribution functions of 1-nm Pt ag-
gregates. (1) Aggregates covered by H,, (2) adsorp-
tion of H,S on bare aggregates, (3) adsorption of H,S
on H,-covered aggregates, (4) adsorption of SO, on
H,-covered aggregates, (5) adsorption of (H,S + } SO,)
on H,-covered aggregates. Distance in Angstroms (1 A
= 0.1 nm).

exhibits all the normal interatomic dis-
tances of bulk platinum as reported previ-
ously (10, 12). This has been attributed to
dissociated hydrogen which completes the

coordination of surface Pt atoms producing
a relaxation of the contracted and distorted
structure of bare aggregates.

The distributions corresponding to the
adsorption of H,S on the bare Pt aggregates
(Pt-IV(H,S), curve 2), and on the aggre-
gates precovered with H, (Pt-II (H,S),
curve 3) are quite similar. In both cases the
magnitudes of the three largest peaks (first,
third, and seventh neighbors) are about
30% smaller than those of Pt—I(H,) and the
resolution is decreased due to peak broad-
ening. Comparable modifications of the rdf
of 1-nm Pt aggregate have been observed
after CO adsorption (/2) or dissociative hy-
drocarbon chemisorption (13). The de-
crease of peak heights was attributed to a
displacement disorder of the Pt atoms due
to the bonding with the adsorbates. The dis-
placement disorder does not produce a
large broadening of the peak because of the
filtering by the Fourier transform used in
the rdf calculation.

The adsorption of H,S on the bare aggre-
gates does not produce a larger disorder
than on the H,-covered aggregates and the
interatomic distances are the same as in the
reference sample (i.e., relaxed with respect
to those of the bare aggregates). This means
that in both samples a large fraction of the
surface is covered by dissociated hydrogen
which limits the extent of disorder. In Pt-1V
(H,S) the hydrogen atoms are generated by
the dissociation of H,S. The structural dis-

TABLE 2

Interatomic Distances

Sample Interatomic distances (nm)

st 2nd 3rd 4th Sth 6th 7th
Pt-1(H,) 277 393 .480 552 .621 .674 733
Pt-IV(H,S) 277 .356-.395 .481 .553 .616¢ b 730
Pt-I11(H,S) .276 .365-.397 .480 .553 .605-.635 b 732
Pt-1(SO,) .276 .359-.393 .481 546 b b 736
Pt-II(H,S + 1S0,) 272 b b b b b b
Bulk Pt 2774 .3923 .4805 .5548 .6203 6795 7339

4 Broad.

& Unresolved or ill-resolved peak.
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order induced by H,S adsorption is less
marked than that reported in a previous rdf
study (6). In this early experiment, the tem-
perature of adsorption could have been
higher than 300 K because of the dissipa-
tion of the adsorption heat in a thick, com-
pacted zeolite bed. Care has been taken in
the present investigation to contact the zeo-
lite progressively with gas increments.

The adsorption of SO, on the aggregates
precovered with H, (Pt-1(SO,), curve 4)
produces severe modifications of the rdf.
The three main peaks are 60% smaller than
initially, indicating a larger displacement
disorder of the Pt atoms than in the case of
H,S adsorption. SO, adsorption could lead
to Pt-S and Pt-O bonding. The oxygen
atom could either remain on the aggregate
surface and contribute to the displacement
disorder, as shown previously (10, 12), or
more probably react with the H atoms ini-
tially present on the aggregate surface.
Smaller hydrogen coverage may leave
room for further SO, adsorption. Therefore
in the case of SO, adsorption, the coverage
by corrosive adsorbates like S and O is in-
creased whereas the H, coverage which fa-
vors the presence of the ordered fcc struc-
ture is decreased. This accounts for a
displacement disorder larger than that pro-
duced by H,S adsorption.

The rdf corresponding to the adsorption
of the (H,S + $SO,) mixture is given in Fig.
1. When the zeolite was contacted with 20
Torr of the mixture, the pressure gradually
decreased down to 0.5 Torr after 20 min
exposure. This is due to the Claus reaction
(2H,S + SO, — 3S + 2H,0) yielding ele-
mental sulfur deposition in the zeolite pores
and on the Pt aggregates. The absence of
well-defined peaks on the rdf means that
the final structure is almost completely dis-
ordered. The ripples observed in the rdf
have no physical meaning. They are due to
oscillations of the Fourier series probably
resulting from a poor scaling of the X-ray
intensities at large Bragg angles. This prob-
lem arises as a result of not taking into ac-
count the scattering of large amounts of sul-

fur. The structure disorder is much larger
than in the case of H,S or SO, adsorption.
This can result from an increased sulfur
coverage. However, the nature of the bond-
ing between platinum and elemental sulfur
produced by the Claus reaction could be
different from that between platinum and
sulfur produced by the dissociation of H,S
or SO,. Unfortunately, it is not possible to
check the first hypothesis because the
amount of sulfur adsorbed on the Pt aggre-
gate could not be evaluated with respect to
that adsorbed on the support either by
chemical analysis or by programmed ther-
modesorption under H, flow.

2. Sulfur-Induced Rearrangement

The rdf corresponding to H,S adsorption
(Pt-IV(H,S), Pt-1II (H,S)) and to SO, ad-
sorption (Pt-1(S0,)) exhibits a splitting of
the second peak initially at 0.393 nm. The
fifth peak is also split or broadened to such
an extent that it could correspond to two
unresolved peaks. The presence of new
peaks means that there is a new well-de-
fined arrangement of Pt atoms which repro-
duces itself throughout the samples.

The second peak in the fcc structure cor-
responds to the diagonal of the square (100)
facet. The splitting of the peak means that
the C4, symmetry of these sites lowers to
C,, symmetry. The first component of the
doublet is located between 0.355 and 0.365
nm while the second appears at a slightly
longer distance than the initial fcc peak. We
suggest that the distortion of the fourfold
symmetry site is induced by a preferential
bonding of the adsorbed sulfur atom with
only two of the four Pt atoms. This results
in a shortening of the corresponding two
distances and a slight lengthening of the
other two (Fig. 2). Note that this arrange-
ment must be reproducible from site to site
in the same aggregate and in all the aggre-
gates; otherwise the rdf would not give two
separated peaks.

The rearrangement in the (100) facet does
not affect the first and fourth distances nor
the third and seventh distances which do
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FiG. 2. Scheme of a seven-atom (100) facet. @, Ini-
tial positions of the Pt atoms (regular 100) surface
structure). M, Positions of the Pt atoms after adsorp-
tion of two sulfur atoms bonded preferentially to A’,
C’and E’, G', respectively. A'C' < AC = BD = 0.392
nm < B'D’; A’'E’ < AE = BF =0.620 nm < B'F'.

not belong to the (100) plane. On the other
hand, the fifth peak initially at 0.620 nm is
also split into two components. Figure 2
shows that the distortion of the (100) facet
due to sulfur adsorption should result in the
fifth peak becoming a doublet correspond-
ing to distances smaller and larger, respec-
tively, than 0.620 nm.

In a previous study (6) it was shown that
the splitting of the second peak persists af-
ter hydrogen treatment at 750 K for 2 h
while the other peaks, especially those oc-
curring with a great multiplicity in the (111)
plane (seventh peak), have recovered most
of their initial intensity. This indicates that
sulfur atoms coordinatively bonded to Pt
atoms on distorted square facets are much
more strongly bonded than sulfur atoms ad-
sorbed on other sites and especially on
(111) facets.

These results and interpretations given
above are consistent with those derived
from single crystal studies. Berthier et al.
(14) have shown that on the Pt (100) face
the sulfur atoms at saturation are arranged

in a ¢(2x2) layer structure, each sulfur sit-
ting at the center of the hollow square
formed by four Pt atoms. The preferential
bonding of sulfur by two metal atoms rather
than by four equivalent atoms can be in-
ferred from spectroscopic measurements
(15, 16) and theoretical calculation (17).
The C,, bonding of sulfur on Ni(100) has
been discussed by Fisher (4). No distor-
tion of the underlying metal has been re-
ported so far but it is questionable if LEED
is sensitive enough to detect small local dis-
placements of the metal atoms when long
range order is preserved.

The stability of sulfur on the Pt(100)
facets of the aggregate is in agreement with
the larger heat of adsorption of sulfur on
Pt(100) than on Pt(111) (/8). Reconstruc-
tion and facetting occurring at high sulfur
coverage on (100) faces are also indicative
of a high stability of sulfur-covered (100)
faces (20).

However, the analogy between aggre-
gates and crystal faces cannot be extended
too far. The surface structure of a single
crystal is strongly dependent upon the or-
dered sublayers whereas there are almost
no bulk atoms in l-nm Pt aggregates.
Therefore the structure flexibility in re-
sponse to adsorbates is expected to be
higher on the aggregates, in agreement with
RED results (10-13).

3. Atomic Structure and Catalytic
Properties

Sulfur poisoning of metal catalysts has
been studied extensively (I, 2, 19); the
comparison of literature data concerning
the sulfur resistance and the regeneration of
catalysts is difficult because different poi-
soning and regeneration treatments are
used. The nature of the sulfur compound is
seldom taken into account because at high
temperatures the sulfur compounds are as-
sumed to be hydrogenolysed into similar
adsorbed species. This is not true at low
temperature and even in the temperature
range of saturated hydrocarbon conver-
sion. Maurel et al. (7) have shown that re-
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actions can be selectively poisoned accord-
ing to the nature of the poison because of a
selective adsorption of the sulfur com-
pound on the sites catalyzing these reac-
tions. The extent of sulfur coverage should
also play a determining role.

The present work supports these views
insofar as it demonstrates that the atomic
structure of the Pt aggregates depends
strongly upon the mode of sulfur introduc-
tion on the catalyst. The relation between
catalytic properties and aggregate structure
cannot be established yet because there are
too many parameters involved. However,
both the structure disorder and the rear-
rangement in (100) facets have obvious im-
plications for the catalytic properties.

Structure disorder is due primarily to the
extent of sulfur coverage increasing in the
series H,S < SO, < S. Different sulfur cov-
erage should also result in different poison-
ing effects. The nature of the interaction
between platinum and elemental sulfur
could also be different from that of sulfur
produced by H,S dissociation.

The preferential bonding of sulfur with
two Pt atoms on distorted (100) facets and
the difficulty of eliminating sulfur from
these sites means that the atoms in (100)
facets are poisoned more strongly than the
atoms in other facets. Therefore selective
poisoning of a structure-sensitive reaction
could possibly occur because the different
sites are not poisoned in the same way.

CONCLUSION

This study shows that the atomic struc-
ture of 1-nm Pt aggregates is deeply modi-
fied by the adsorption of sulfur compounds.
Pt-S bonding induces a displacement disor-
der of Pt atoms and a rearrangement in the
(100) facets due to the preferential bonding
of sulfur with two Pt atoms.

The modification of the aggregate struc-
ture depends upon the nature of the sulfur
compound. Poisoning with H,S results in a
limited disorder whereas SO, and elemental
sulfur have more deleterious effects on the

structure. The extent of sulfur coverage is
probably the major factor responsible for
these differences. However, the coordina-
tion and binding energy of sulfur could
change with the nature of the sulfur com-
pound. Unfortunately, most of the litera-
ture data on metal/sulfur interactions have
been obtained from H,S adsorption experi-
ments.

These results have obvious implications
for catalysis. Since the sulfur compounds
do not produce the same effect on the struc-
ture of the metal aggregate, they may con-
ceivably act as selective poisons of struc-
ture-sensitive reactions. The stronger Pt-S
bondings in (100) facets leading to a stable
poisoning of the corresponding sites could
also promote selective poisoning. Further
studies should aim at determining possible
changes of aggregate morphology occurring
after poisoning and regeneration experi-
ments. Indeed, reconstruction of the aggre-
gate surface could be another factor influ-
encing catalytic properties.
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