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Samples of platinum, supported on NaY, HNaY, and M/NaY (M = Ca®*, La’", or Fe?*), have
been studied by temperature-programmed reduction (TPR), desorption (TPD), and extended X-ray
absorption fine structure (EXAFS) to investigate the mechanism ol the formation of Pt particles
and the influence of H* and added metal cations on it. Size and location of Pt particles in a zeolite
matrix were found to be strongly dependent on the distribution of Pt ions between the supercages
and the sodalite cages, which is controlled by the calcination temperature (1.) prior to the reduc-
tion. At low T, (e.g., 360°C), the majority of the Pt** ions are in the supercages; after reduction
small particles (5~10 A) are formed which are also located in the supercages. This is also true for
Pt/Y with or without coexchanged multivalent cations. The Pt°-0?- distance is 2.65 A as derived
from the k!'-weighted EXAFS functions. At medium 7, (¢.g., 450°C), the Pt>* ions are distributed
between supercages and sodalite cages. In this case, the P2 ions in the supercages are reduced
first to form small particles which become nucleation sites for Pt’ atoms leaving the sodalite cages
above 400°C. Eventually, these Pt particles can become larger than the supercages. At high T, (e.g.,
550°C), most Pt?* ions migrate to sodalite cages and require a high reduction temperature (7,). The
reduced Pt? atoms then migrate from sodalite cages to supercages, and in the absence of nucleation
sites they finally coagulate on the external surface of the zeolite crystals to form large Pt particles.
However, the presence of coexchanged multivalent cations, e.g., Fe?*, which can effectively block
sodalite cages and hexagonal prisms, thus forcing Pt>* ions to stay in supercages, can prevent the
formation of large particles on the external surface of zeolites even at high 7. The evolution of
hydrogen at T,,,x = 450°C, caused by oxidative reaction of Pt’ atoms with hydroxyl groups during

TPD, as indicated by FTIR, can be used to determine the presence of Pt in sodalite cages.

Academic Press, Inc.

1. INTRODUCTION

In principle, transition mctal/zeolite cat-
alysts are capable of combining the cata-
lytic qualities of highly dispersed metals of
fairly uniform particle size with the ste-
reospecificity imposed by the three-dimen-
sional geometry of zeolites. They can also
act as bifunctional catalysts, if the zeolite is
used in its acidic mode (/). Studies of
transition/metal zeolite combinations by
Rabo, Boudart, Gallezot, Jacobs, Decla-
fosse, and others have provided important
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information (2-10). At present, the major
application is in hydrocracking (/7). Major
problems still exist in the preparation of
catalysts with uniform particle size of
highly dispersed metals, the dispersion
maintenance of these systems under severe
reaction conditions, and their in situ rejuve-
nation.

The present paper focuses on the first of
these problems. We have studied the for-
mation mechanism of Pt particles in zeo-
lites Y, focusing attention on the effects of
calcination conditions of the Pt(NH3);"-
containing zeolite on the temperaturc re-
quirement for its subsequent reduction, and
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the effect of these parameters on the size
and location of the ultimate particles (/2).
We further studied the effects of auxiliary
ions, which had been exchanged into the
zeolite, on the reduction of platinum. Re-
cently, we found that exchanging Fe*” ions
into NaY dramatically decreases the size of
Pt particles in the same zeolite, when cal-
cined at high temperatures (/3). Also the
reducibility of Ni is significantly increased,
if Mn"* or Cr’" ions are exchanged in the
zeolite prior to Ni ion exchange (/4). Like-
wise, Tri et al. reported that the size of Pt
particles was decreased from 10 to 8 Ain
the presence of Ce** ions (/5). In addition
to enhancing the reducibility of the cata-
lytic metal, these coexchanged ions can
also affect its catalytic activity in a fa-
vorable way (3, /6). In the present paper,
TPR (temperature-programmed reduction),
TPD (temperature-programmed desorp-
tion), FTIR (Fourier transform infrared
spectroscopy), and EXAFS (extended X-
ray absorption fine structure), are com-
bined to study the effect of various cations,
e.g., Fe?™, Ca>", La’*, and H*, on the for-
mation of Pt particles.

2. EXPERIMENTAL
2.1. Catalyst Preparation

The catalysts of interest in this investiga-
tion contain both calcined and reduced plat-
inum supported in zeolite NaY, or M/NaY,
where M is Fe>™, Ca®*, or La*". The zeolite
was kindly donated by Union Carbide, the
label indication being LZ-Y52, Lot No.
968083061080-S-9. A Pt/HNaY sample
which was prepared from HNaY (LZ-Y72,
Lot No. 966484060291-S-8) was also stud-
ied. CaNaY and LaNaY were prepared by
ion exchange of 200 ppm Ca(NO;), or
La(NOs); solutions with NaY (1 g/100 ml).
The zeolites were then heated in vacuo by
raising the temperature from 25 to 400°C
over a period of 12 h and kept at 400°C for
another 12 h. The dehydrated CaNaY and
LaNaY as well as NaY and HNaY (LZ-
Y72) were then exchanged with a 200 ppm
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Pt(NH;),Cl; solution at 80°C for 12 h. The
preparation procedures for FeNaY and
Pt(NH;),/FeNaY were described before
(13). The FeNaY was also dehydrated in
vacuo prior to exchange with a Pt(NH;),Cl,
solution. The loadings of platinum in these
zeolites range from 7.5 to 14.2 wt%, which
correspond approximately to 4.8 to 9.4 Pt
atoms per unit cell or 0.6 to 1.2 Pt atoms per
supercage. The compositions of the dried
metal/zeolite catalysts are listed in Table 1.

2.2 Catalyst Pretreatment Procedures

The standard calcination procedures for
the samples, that were studied by tempera-
ture-programmed reduction, desorption,
and extended X-ray absorption fine struc-
ture consisted of thermal treatment from 25
to 360, 450, or 550°C in O- at a heating rate
of 0.5°C/min. The samples were then kept
at 360, 450, or 550°C in O, for 2 h and
further in Ar for 1 h before being cooled to
room temperature under flowing Ar. In
order to prevent autoreduction of Pt by
decomposing NH;, a high O, flow rate of
1000 ml per minute per gram catalyst was
used, following suggestions by Dalla Betta
and Boudart (3) and Gallezot ¢t al. (4). In
this paper the catalysts treated at 360 or
550°C are designated Pt/Y(360) and Pt/
Y(550), respectively. The sample color
after calcination is greenish-black for Pt/
Y(360) and light gray for Pt/Y(550). In
general, a Pt/Y sample of 0.12 g suffices for

TABLE 1

The Chemical Composition of Pt
Containing Y-Type Zeolite Catalysts

Catalysts wt% Pt wt% M¢
Pt/NaY 8.6

Pt/HNaY 7.5

Pt/FeNaY 14.2 3.67
Pt/CaNaY 9.6 2.75
Pt/LaNaY 10.8 10.5

“ M is Fe, Ca, or La.
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each TPR and TPD experiment and 0.25 g
for EXAFS.

2.3. TPR and TPD Experimental
Procedures

The calcined Pt/Y catalysts were cooled
to —80°C in Ar; for TPR experiments the
gas flow was then changed to 5% H,/Ar at
—80°C, whereas for TPD a gas flow of pure
Ar was used. The flow rate was 30 ml/min
for either gas, and the heating rate 8°C/min.
A detailed description of the apparatus was
given in a previous paper (I7). H, gas
injections were used to quantify the con-
sumption and desorption or evolution of
hydrogen in TPR and TPD. All gases used
in the pretreatment and the TPR or TPD
procedures (Ar, O;, and 5% H,/Ar) were
ultrapure grade from Matheson. The TPR/
TPD apparatus has an extremely small dead
volume and is interfaced with a personal
computer. The quantity of hydrogen that is
consumed in TPR or released in TPD is
determined reproducibly within 10%; the
precision in the temperature of a TPR or
TPD peak is about 5°C.

2.4. Infrared Spectroscopy

Infrared spectra of Pt/NaY were re-
corded by a Nicolet-60SX spectrometer
with a resolution of 4 cm™'. The sample cell
was similar to that used by Tessier-Youngs
et al. for the investigations of iron com-
plexes supported on Al,O5 (18). The pellet,
which was pressed (8 mg/7 mm diameter)
after the calcination of Pt/NaY at 550°C,
was dehydrated in Ar at 550°C in a sample
tube, and this was followed by reduction
(TPR up to 400°C) and desorption (TPD up
to 550°C).

2.5. X-Ray Absorption Measurements

For the EXAFS studies, the catalysts
placed in a pretreatment tube were calcined
as described above and then continuously
heated in Ar for 1 h, H, for 2 h, and again
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Ar for 1 h at 360 or 550°C. After cooling to
room temperature, the calcined or reduced
zeolite samples were transferred to an
aluminum holder in Ar without being ex-
posed to air. The sample holder possessing
two Kapton films (500-um thickness) as
X-ray windows was sealed in Ar to be
ready for X-ray absorption experiments at
room temperature (/9). The X-ray absorp-
tion measurements in the range of the Pt
Lyr-edge (11.5 keV) were made at the C1
and C2 stations of the Cornell High Energy
Synchrotron Source (CHESS).

2.6. EXAFS Data Analysis

The raw EXAFS data in energy space
(In(Iy/D vs E) were reduced to the photo-
electron wave vector (k) space as described
elsewhere (19, 20), with E, = 11.5 eV,
where k = [2m(E — Ey)/#2]"2. The resulting
k' - x(k) or k2 - x(k) functions vs k data and
the corresponding Fourier transforms were
obtained in the same way as before (19, 20).
For the purpose of curve fitting (CF), the
high-frequency noise was removed by a
Fourier filtering technique. The resulting
filtered data are fitted with theoretical
phase and amplitude functions.

3. RESULTS

3.1. Temperature-Programmed Reduction
and Desorption

The TPR profiles, starting from —80 to
550°C with a heating rate of 8°C/min are
shown in Fig. 1 for Pt/NaY calcined at 360,
450, and 550°C. It is clear that the reduction
temperature increases with calcination tem-
perature. Integration of the area under each
profile shows that two H atoms are con-
sumed per Pt ion, which implies that Pt
remains in the divalent state also after
calcination. The hydrogen TPD shown by
the solid curves of Figs. 1d—1f reveals that
the H/Pt ratios for these samples are 1.10,
0.60, and 0.30 = 0.10, respectively. If re-
duction was interrupted at 400°C when the
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FiG. 1. TPR (curves a, b, ¢) and TPD (curves d, e, f) profiles of Pt/NaY samples, that had been
calcined at 360, 450, or 550°C. (a) Pt/NaY(360); (b) Pt/NaY(450); (c) Pt/NaY(550); (d) Pt/NaY(360)
after complete reduction (solid curve), and after interrupting reduction at 400°C (dotted curve); (e) as

(d) for Pt/NaY(450); (f) as (d) for Pt/NaY(550).

reduction of Pt>* ions was barely complete,

the TPD profiles, shown by the dashed
curves of Fig. 1d-1f were recorded. For
these samples an additional desorption
peak appears at T,., = 450°C, while the
TPD profiles up to 350°C are similar to
those for which reduction had not been
interrupted at 400°C. It is interesting to note
that the intensity of the additional TPD
peak at 450°C increases with calcination
temperature (in going from Fig. 1d to 1f).
We have verified by mass spectrometry
that the desorbed species is hydrogen only.

TPR spectra of Pt/FeNaY(360) and Pt/
FeNaY(550) are displayed in Fig. 2, for 0.08
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g of Pt/FeNaY(360). The reduction profiles
of Pt/FeNaY(360) and Pt/NaY(360) are
very similar in that the reduction of Pt**
ions occurs at low temperatures, i.e., —15
to 150°C. A slight increase in the threshold
reduction temperature by about 25°C is
observed for Pt/FeNaY(360). The hydro-
gen consumption in TPR up to 550°C for
Pt/FeNaY(360) is equivalent to the reduc-
tion of Pt** to Pt” and Fe’' to Fe’". No
further reduction of Fe’* ions is observed
by TPR. Upon calcination of the Pt/FeNaY
to 550°C, some upward shift of the reduc-
tion temperature is again observed, as in
Pt/NaY(550); in addition a new intense
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Fi1G. 2. TPR (curves a, b) and TPD (curves ¢, d) profiles of Pt/FeNaY samples, calcined at 360 or

550°C. (a) Pt/FeNaY(360); (b) Pt/FeNaY(550);

(c) Pt/FeNaY(360) after complete reduction; (d)

Pt/FeNaY(550) after complete reduction; (e) Pt/FeNaY(550) after interrupting reduction at 400°C.
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Fi1G. 3. TPR (curves a, b, ¢, d, e) and TPD (curves f, g, h, i, j) of Pt/NaY, Pt/HNaY, Pt/CaNaY, and
Pt/LaNaY samples, calcined at 360 or 550°C. (a) Pt/HNaY(360); (b) Pt/HNaY(550); (c) Pt/
CaNaY(550); (d) Pt/LaNaY(550); (e) Pt/NaY(550); (f) Pt/HNaY(360) after complete reduction; (g)
Pt/HNaY(550) after complete reduction; (h) Pt/HNaY(550) after interrupting reduction at 400°C; (i)
Pt/CaNaY(550) after complete reduction (dashed curve) and after interrupting reduction at 400°C
(dotted curve); (j) Pt/LaNaY(550) after compliete reduction (dashed curve) and after interrupting

reduction at 400°C (dotted curve).

peak appears at approximately 100°C.
Upon changing the Pt loading while keeping
the Fe loading constant, only this peak at
100°C increases with Pt loading.

The TPD profiles of Pt/FeNaY(360) and
Pt/FeNaY(550) are also shown in Fig. 2;
the H/Pt ratios are 1.10 = 0.10 and 0.72 =
0.10, respectively. Obviously, the disper-
sion of Pt is markedly higher in Pt/
FeNaY(550) than in Pt/NaY(550). The TPD
profile was also recorded for the Pt/
FeNaY(550) sample, whose TPR had been
interrupted at 400°C, and is included in
Fig. 2.

The TPR profiles for PT/HNaY(360), Pt/
HNaY(550), Pt/CaNaY(550), and Pt/
LaNaY(550) are shown in Fig. 3. The re-
duction temperature of Pt** ijons in Pt/
HNaY((360) and Pt/HNaY(550) increases
with calcination temperature as in Pt/NaY.
In general, the reduction temperature and
profiles of the last three samples calcined

at 550°C are very similar to those of
Pt/NaY(550). The TPD profiles of Pt/
HNaY((360), Pt/HNaY(550), Pt/CaNaY
(550), and Pt/LaNaY(550) are also shown in
Fig. 3, and their H/Pt ratios are 1.15 = 0.10,
0.62 = 0.10, 0.15 = 0.10, and 0.28 = 0.10,
respectively.

3.2. Infrared Spectra of Pt/Na¥(550)

The FTIR spectra of Pt/NaY(550) from
3500 to 4000 cm™! are presented in Fig. 4.
For the calcined Pt/NaY(550), there is a
weak peak at 3750 cm™! which is the vi-
brational peak of silanol group (27, 22). On
the other hand, when the Pt/NaY(550) was
reduced in H, in the TPR mode up to 400°C,
a strong peak at 3645 cm™' and a weak
broad peak at 3550 cm ! appear, as shown
in Fig. 4b. It is believed that these two
peaks are the vibrational peaks of hydroxyl
groups, which are formed during the reduc-
tion of Pt with H,. Dalla Betta and Boudart



FORMATION OF Pt PARTICLES

[ 0.1
0.0
(a)

(b)

ABSORBANCE

(c)

T T 1
3740 3610 3480

WAVENUMBER

T
4000 3870

Fi1G. 4. IR Spectra of Pt/NaY(550). (a) After cal-
cination; (b) after subsequent TPR up to 400°C; (c)
after subsequent TPD up to 550°C.

(3) observed a peak at 3650 cm™! after
reduction of Pt(NH;)s/CaNaY in H,. The
reduction of Cu/NaY at 200°C also gener-
ates peaks at 3650 and 3560 cm ! as re-
ported by Herman et al. (23). Further treat-
ment in Ar in the TPD mode to 550°C de-
creases the 3650-cm™' peak to one-third
of its original intensity and causes the
3550-cm™! peak to disappear (see Fig. 4c).

3.3. EXAFS Data Analysis

In order to investigate the chemical
structure of platinum in various stages,
X-ray absorption measurements at the Pt
Lu-edge of Pt/Y zeolites was performed
after ion exchange, calcination, and reduc-
tion at 360 and 550°C. The results of the
data analysis are described below.

3.3.1. Pt(NH5);/FeNaY. Plots of the k* -
x (k) function vs k, where k is the photoelec-
tron wave vector and x(k) is the normalized
EXAFS function, are shown in the left-
hand section of Figs. Sa and 5b for
Pt(NH,),/FeNaY and Pt(NH;),Cl,, re-
spectively, dehydrated at 100°C in vacuo.
Fourier transforms of k3 - x(k), which
are shown immediately to the right of
the EXAFS plots, vyield radial distri-
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bution functions $(R), where R is the
distance from the absorber atom. The Fou-
rier transforms of the Pt Ly EXAFS were
taken over the range of wave vectors 3.0 to
13.5 A~ and have one peak at about 1.7 A
(before phase shift correction) for these two
samples. The functions (solid curves) to the
right of the Fourier transforms were ob-
tained by inverting the transforms over
restricted ranges of R, 1.5 to 2.4 A. The
functions (dashed curves) obtained in the
curve fittings are also included in Fig. 5.
Curve fitting gave rise to an average Pt>'—N
distance of 2.00 A for both Pt(NH;)/FeNaY
and Pt{NH;),Cl,, which is close to that of
other ammine complexes characterized by
X-ray crystallography (24). It is interest-
ing to note that the local structures for
the two systems, Pt(NHj)/FeNaY and
Pt(NH;),Cl,, are virtually identical.

3.3.2. Calcined Pt/ Y(360) and Pt/ Y(550).
EXAFS results are presented in Fig. 5
for the calcined samples Pt/NaY(360),
Pt/NaY(550), Pt/FeNaY(360), Pt/FeNaY
(550), and Pt/LaNaY(550). Plots of the &* -
x(k) vs k functions are displayed in the
left part of Figs. Sc-5g. The Fourier
transforms of these EXAFS data were
taken over a range of k from 3 to 14.2 A"
In general, there are two peaks at 1.7 and
2.8 A (before phase correction) in the radial
distribution functions, as shown in the
second column of Fig. 5. The inverse
transforms were taken over the ranges of R
from 1.0 to 2.7 A for the first peak, yielding
k> - xi(k), and 1.8 to 3.6 A for the second
peak, yielding k3 - x,(k); they are shown
separately as the solid curves in the right-
hand section of Fig. 5. Note that the peak
intensity at R = 2.8 A (before phase cor-
rection) for Pt/NaY(550) and Pt/
LaNaY(550) is exceptionally high (see
below).

The peak at R = 1.7 A (uncorrected),
whose inversed Fourier transform is similar
to that of PtO,, is assigned to Pt**-0?",
which is reasonable for calcined samples.
After curve fittings, shown as dashed
curves, the Pt—O distance and coordination
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F1G. 5. k3-weighted EXAFS function (first column), Fourier transforms of &* - x(k) functions (second
column), and inversed Fourier transforms of first peak (third column) and second peak (fourth column)
of radial distribution functions for (a) Pt(NH,),Cl,, (b) Pt(NH,),/FeNaY calcined, (c) Pt/NaY(360), (d)
Pt/NaY(550), (e) Pt/FeNaY(360), (f) Pt/FeNaY(550), and (g) Pt/LaNaY(550).

numbers are obtained, and the results are
listed in Table 2. The inverse Fourier
transforms of the second peak at R = 2.8
A (uncorrected) for Pt/NaY(360), Pt/
FeNaY(360), and Pt/FeNaY(550) can be
attributed to Al (and Si) and/or Fe as back-
scattering atoms and fitted with one-term
(Al/Si) and two-term (Al/Si and Fe) mod-
els, respectively. The heavier elements Pt
and La in Pt/NaY(550) and Pt/LaNaY(550)
must, however, be included as additional

backscattering atoms in the curve fittings of
the inverse Fourter transforms of the sec-
ond peak at R = 2.8 A (uncorrected). The
bond distances between absorber atoms
and second shell coordination atoms are
also included in Table 2. Second neighbor
shells of framework oxygen, aluminum,
and silicon atoms have also been observed
by EXAFS in dehydrated Co/NaA and
Mn/NaA (25, 26).

We have also used & - x(k) as an EXAFS
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TABLE 2

Structural Parameters of Calcined Pt/Y Zeolites®

Catalysts Coord. Atom Bond Dist. Coord. Number
Pt(NH,),Cl, Pt-N 2.01 = 0.02 A 4
Pt(NH;)s/FeNaY Pt—-N 2.00 4
PtO, Pt-O 2.00 6
Pt/NaY(360) Pt-O 2.03 3.1
Pt—AI(Si) 3.16

Pt/NaY(550) Pt-O 2.05 3.3
Pt—AI(Si) 3.20
Pt-Pt 2.95

Pt/FeNaY (360) Pt-0O 2.03 3.3
Pt—AI(Si) 3.21
Pt-Fe 3.00

Pt/FeNaY(550) Pt-0O 2.04 3.9
Pt—Al(S1) 3.24
Pt-Fe 3.00

Pt/LaNaY(550) Pt-O 2.05 2.8
Pt-AI(Si) 3.15
Pt-La 2.98
Pt—Pt 3.00

“ Structural parameters are derived from k’-weighted EXAFS functions.

function to analyze Pt(NH,),/FeNaY and
calcined samples. There is a strong artifact
peak at R = 1.0to 1.2 A, which complicates
the Fourier transforms of k - x(k) functions
and their further analysis. However, the
results are identical to those derived from
I3-weighted EXAFS functions.

3.3.3. Reduced Pt/ Y(360) and Pt/ Y(550).
Similar plots, i.e., & - x(k) EXAFS, their
corresponding Fourier transforms and in-
verse transforms, are shown in Figs. 6b—6g
for reduced Pt/NaY(360), Pt/NaY(550), Pt/
FeNaY(360), Pt/FeNaY(550), Pt/HNaY
(550), and Pt/LaNaY(550). The Fourier
transforms of the reduced Pt/Y catalysts
were taken over in the range of k from 3.0
to 15.0 A. There is only one peak at about
2.5A (before phase correction) in the radial
distribution functions of these reduced cat-
alysts. The inverse transforms were taken
over the range of R from 1.4 to 3.8 A. The
results of the data analysis are listed in
Table 3, using 2.5-um Pt aggregates mixed
with NaY as reference compound (see Fig.
S5a) to obtain the coordination numbers of
Pt in reduced Pt/Y(360) and Pt/Y(550). We

were unable to obtain the distance between
Pt® atoms and oxygen atoms of the support
when using the & - x(k) EXAFS functions.
On the other hand, use of the k'-, instead of
-, weighted EXAFS functions to empha-
size the low-Z elements as backscattering
atoms enabled us to find that the distance
for Pt*~0% is 2.65 A, which is consistent
with data reported for reduced Pt/AlLQO;
catalysts (27).

4. DISCUSSION
4.1. Pt/NaY(360) and Pt/NaY(550)

The variations in the reduction tempera-
ture of Pt** ions and in the dispersion of Pt
particles with calcination temperature (see
TPR and TPD in Figs. la to 1f) have been
discussed before in some detail (/2). In
order to correlate with the FTIR spectra,
TPR/TPD, and EXAFS data described in
Section 3, the conclusions derived from
Fig. 1 are briefly summarized below.

(1) As Pt(NH;)4/NaY is calcined at low
temperatures (e.g., 360°C) to remove NH;
ligands, the majority of Pt** ions are in the
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Fi6. 6. k3-weighted EXAFS functions (first column), Fourier transforms of &3 -

x(k) functions

(second column), and their inversed Fourier transforms of radial distribution functions between R =
1.4 and 3.8 A (third column) for (a) Pt powder (2.5 um) mixed with NaY and reduced, (b) Pt/NaY(360),
(c) Pt/NaY(550), (d) Pt/FeNaY(360), (¢) Pt/FeNaY(550), (f) Pt/HNaY(550), and (g) Pt/LaNaY(550).

supercages where Pt*" ions are accessible
to H, molecules and easily reduced at low
temperatures forming small particles with a
dispersion of near 100%. Gallezot et al.
showed that Pt particles are small as 613 A
are formed in Pt/NaY zeolites that were

calcined and reduced at 300°C (¢). There is
a general consensus that these small Pt
particles are located in the supercages.

(ii) When the calcination temperature is
raised to 450°C, about 50% of the Pt** ions
migrate to sodalite cages (cf. Fig. 1, curve
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TABLE 3

Structural Parameters of Reduced Pt/Y Zeolites

Catalysts E, (eV) a rpi_p” (A) Np(_P(h

Pt powder (2.5 um)/NaY 4.05 0.057 2.76 = 0.02 12

Pt/NaY(360) 0.31 0.079 2.64 7.

Pt/NaY(550) 3.86 0.063 2.74 11.5
Pt/FeNaY(360) 1.40 0.082 2.64 7.3
Pt/FeNaY(550) 1.89 0.084 2.67 7.7
Pt/HNaY(550) 2.69 0.075 2.69 9.2
Pt/LaNa¥Y(550) 5.76 0.069 2.74 10.4

“ Best fitted data based on theory.

» Derived from In[A/A,] = In[NR,/N,R] — 2k¥c*> — o).

(b)). The kinetic diameter of the H, mole-
cule (2.9 A) is larger than that of the O
rings (2.2 A) (4, 28), and the Pt** ions in
sodalite cages are more stable. They, there-
fore, require a higher reduction tempera-
ture than the Pt’* ions which remain in
supercages and are reduced in the same
temperature region as Pt*" in Pt/NaY(360).
This leads to an interesting consequence for
the ultimate size of the Pt particles: The
small Pt particles in the supercages which
are formed first act as nucleation sites to
trap the Pt atoms coming out of the sodalite
cages. Eventually, the growing Pt particles
will protrude into adjacent supercages, be-
coming larger than the dimension of the
supercage, but still remaining inside the
zeolite. A Pt dispersion near 60% is calcu-
lated from the integrated TPD of Pt/
NaY(450) in Fig. le (solid curve).

(iii) If Pt(NHs),/NaY is calcined at higher
temperatures (e.g., 550°C), most Pt>* ions
migrate to sodalite cages and can be re-
duced only at higher temperatures. Using
powder X-ray diffraction, Gallezot ez al.
found that more than 90% of the Pt** ions
are at SI’ sites in Pt/HNaY calcined at
600°C (4). When the temperature is raised
from 400 to 550°C, the Pt atoms, which
have been reduced below 400°C, will leave
the sodalite cages, traversing the Og rings,
and then the channels and supercages. Due
to low concentration or total absence of Pt
clusters or other adequate nucleation sites

in the supercages, the Pt atoms will migrate
all the way to the external surface of the
zeolite cyrstals to form large particles. Ac-
cordingly, a low-Pt dispersion is found for
Pt/NaY(550) (see Fig. If solid curve). An
electron micrograph of Pt/Na¥Y(550) taken
by the HRTEM (Hitachi 9000) and shown
in Fig. 7 reveals indeed large Pt particles on
the external surface of the zeolite crystal.
The migration of metal cations in X and
Y zeolites from accessible cages to ‘‘hid-
den’’ sites has been reported for numerous
metal cations. Data on the cation locations
in extra framework positions have been
compiled by Mortier (29). The strong pref-
erence of multivalent cations with high
charge density for type 1 and I’ sites after
dehydration is probably a consequence of
the high density of the negative charge
around hexagonal prisms. Particularly for
Y-type zeolite, the negative charge density
in hexagonal prisms is higher than that at
any other sites of the zeolite. Indeed, a
Monte Carlo simulation shows that 99% of
the hexagonal prisms contain two or more
aluminum atoms for Y zeolites with a Si/Al
ratio of 2.49 (30). This exceptionally high
Coulomb interaction and the steric diffi-
culty of admitting dihydrogen molecules
through O rings result in the low reducibil-
ity of cations in these positions. A de-
creased reducibility of metal ions has also
been observed for alumina-supported met-
als, e.g., Pt or Re (37, 32); in these systems
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a high interfacial interaction between sup-
ported and supporting oxide is very likely,
possibly accompanied by some atomic re-
organizations.

When temperature-programmed reduc-
tion of Pt/NaY(360), Pt/NaY(450), or Pt/
NaY(550) is interrupted at 400°C, a charac-
teristic peak is observed at 450°C in the
following TPD spectrum (see dotted lines in
Figs. 1d-1f). The area under this peak
increases with calcination temperature. We
conclude that this peak area is roughly
proportional to the number of Pt*" ions in
sodalite cages after calcination. The reduc-
tion of Pt** ions by H, leads to the forma-
tion of protons which are associated to
matrix 0%~ ions as OH~ groups:

(-T-0),Pt + H, = 2(-T-O-H) + Pt® (1)

where T is Al or Si. The generation of these
hydroxyl groups due to reduction at 400°C
has been detected by IR bands at 3550 and
3645 cm™!, as shown in Fig. 4b. Further
thermal treatment up to 550°C in Ar causes
a decrease in intensity of the IR band at
3645 cm™! and the disappearance of the
3550-cm™! band. This strongly suggests that
the evolved hydrogen at 450°C is due to the
reverse reaction of Eq. (1). We confirmed
this conclusion by reoxidizing two Pt/
NaY(550) samples and measuring the oxy-
gen uptake. One sample had been reduced
up to 550°C, the other sample reduction was
interrupted at 400°C, and hydrogen evolu-
tion in the TPD mode was registered includ-
ing the peak at 450°C. It was found that the
oxygen uptake by the latter sample is about
66% lower in accordance with the model
that the H, evolution at 450°C (at low H,
pressure) is due to reoxidation of Pt’ by
protons. No such reoxidation by H" takes
place under TPR conditions (high H, pres-
sure), when Pt atoms migrate out of the
sodalite cages. Recently, the reoxidation of
metal atoms by hydroxyl groups in small
cages of zeolite Y has also been verified for
Ni/NaY 48).

Previously, we had suggested that such a
peak might also be due to the desorption of
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hydrogen adsorbed on Pt atoms in sodalite
cages (/4). This possibility has now been
ruled out by the following observations: (i)
The consumption of hydrogen during TPR
of Pt/NaY(550) is equivalent to two H
atoms per Pt*" ion. If metal reduction is
coupled with hydrogen adsorption, the total
hydrogen consumption under the TPR pro-
files would be near three H atoms per Pt**
ion, and (ii) no additional hydrogen ad-
sorption was detected during the cooling
process, after interruption of the TPR of
Pt/NaY(550) at 400°C. Our material balance
thus shows that Pt® atoms in sodalite cages
adsorb hydrogen neither at high nor at
room temperature. Gallezot et al. (4) dis-
cussed four possible causes of the failure of
such Pt atoms to chemisorb hydrogen,
including the necessity of having at least a
pair of two Pt atoms to dissociate a H;
molecule. Our EXAFS data (vide infra)
show that there are actually two Pt atoms in
some sodalite cages; we therefore assume
that the H adsorption is thermodynamically
unfavorable on these Pt’ atoms at high
temperatures, while H, molecules cannot
enter through the narrow windows at low
temperatures in the absence of sufficient
lattice vibration.

The TPD data in Fig. 1 also suggest that
the reactivity of very small Pt particles in
Pt/NaY(360) with hydroxyl groups is negli-
gible. Based on the data presented above,
the hydrogen evolution at high tempera-
tures in Figs. 1d—1f (dashed curves) can be
regarded as a yardstick for the presence of
Pt’ atoms in sodalite cages. However, the
amount of hydrogen evolved at high tem-
peratures is about 25% less than the amount
calculated from Eq. (1) and the number of
Pt atoms in sodalite cages. It suggests that
some Pt atoms may escape through the Og
rings instead of reacting with the hydroxyl
groups.

The EXAFS data analysis of calcined
Pt/NaY(360), showing bonding of Pt*" ions
with three oxygen at 2.03 A and tetrahedral
atoms (Al or Si) at 3.20 A, suggests that
Pt** ions are at cationic exchange sites.

The result of our curve fittings (dashed
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curve) that in Pt/NaY(550) Pt is the back-
scattering atom at a distance of 3.20 A from
the absorber suggests that there are at least
two Pt atoms in some sodalite cages. Con-
sidering the composition of our Pt/NaY
with a metal load of about 0.7 Pt/sodalite
cage, the distribution of Pt(NH:);* com-
plexes in the zeolite crystal is probably not
homogeneous. This might be caused by an
inhomogeneous distribution of Al in the ze-
olite. Thermal rearrangement of Pt** ions
might result in a situation such that two Pt**
ions are present in the same sodalite cage.

The coordination numbers of Pt in re-
duced Pt/NaY(360) and Pt/NaY(550) indi-
cate that the average particle size of the Pt
particles in Pt/NaY(550) is much larger, in
agreement with the dispersion data and the
particle formation mechanisms described
carlier. The shrinkage of the Pt—Pt bond
distance in the small particles in the ab-
sence of H; is noteworthy; this bond short-
ening was also reported by others for Pt
(33, 34) and for Rh in Rh/X and Rh/Y
zeolites (19, 35).

4.2. Pt/FeNaY(360) and Pt/FeNaY(550)

Reduction of Pt** ions in Pt/FeNaY(360)
occurs in the same temperature region as in
Pt/NaY(360), which suggests that the ma-
jority of Pt** ions are also in the super-
cages. The Fe?" cations, which are incorpo-
rated into zeolites by ion exchange, are
oxidized to Fe’* during the calcination
step. Mossbauer data show that these ions
are largely located in the sodalite cages
(36). Since the reduction of Fe** in Fe/NaY
occurs at Tpax = 350°C (I7), it is obvious
that platinum catalyzes the reduction of
Fe’* to Fe?*, as shown in Fig. 2a.

For the Pt/FeNaY(550), we would expect
that most Pt?* and Fe*' cations would
migrate to sodalite cages and are reduced
above 100°C, as mentioned above. How-
ever, a strong hydrogen consumption peak
appears near 100°C, which might be due to
the reduction of Pt** ions located in ac-
cessible positions rather than the reduction
of Fe* cations because of the higher reduc-
tion potential of the Pt** ion.
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The migration of cations from supercages
to sodalite cages and hexagonal prisms is
dependent on the dehydration temperature
and the period of thermal treatment. The
collected data of dehydrated Y-type zeo-
lites with multivalent metal cations indicate
that the total charges of these multivalent
cations in sodalite cages and hexagonal
prisms are in the range from 24 to 32 per
unit cell for most metal cations exchanged
into Y-type zeolites (29). The total charge
of Pt and Fe in Pt/FeNaY is about 38. Since
the Fe’” ions have a high charge density,
they are most favorably located in small
cages. When Pt?" ions also migrate to soda-
lite cages at high temperatures, an equilib-
rium or saturation state will be attained,
and the rest of the Pt>* ions remain in the
supercages where they are identified by the
strong TPR peak at low temperatures, as
shown in Fig. 2b.

The EXAFS data of calcined Pt/
FeNaY(550) are in agreement with this site
blocking model. The Fe** ion in the sodalite
cage renders access of no more than one
Pt** jon—at the most—to the same sodalite
cage. As expected, due to the low backscat-
tering amplitudes of Fe, Al, and Si atoms,
the peaks at 2.8 A (uncorrected) in the
radial distribution function of calcined Pt/
FeNaY(550) are weaker than those ob-
served for Pt/NaY(550), since the sodalite
cages are now blocked by Fe" ions.

The TPD profile of Pt/FeNaY(550) for
which TPR was interrupted at 400°C also
possesses a hydrogen evolution peak at
450°C, which implies that some Pt** ions
are also in the sodalite cages after cal-
cination at 550°C. Therefore the process
for the formation of Pt particles should be
very similar to that observed in Pt/
NaY(450) where Pt*" ions are distributed
over both supercages and sodalite cages.
The TPD result indicates that the disper-
sion of Pt particles is 72%. The low coordi-
nation number of Pt in Pt/FeNaY(550) de-
rived from EXAFS, likewise, suggests
formation of small Pt particles.

Previously, we found a direct bonding
interaction between Rh atoms and Cr ions
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in reduced Rh/CrNaY (/9). From the pres-
ent EXAFS data on the reduced Pt/FeNaY,
we were not able to derive that a similar
interaction exists between Pt atoms and
Fe’* ions. However, the slower decrease in
Pt dispersion for Pt/FeNaY in comparison
to Pt/NaY, upon heating the samples in H,
for many hours, provides evidence for
“‘chemical anchoring’’ of Pt particles by Fe
ions (/3). It has also been reported that
Fe’* ions are in supercages after reduction
of FeNaY (37). From studies of the proton
spin relaxation time, it has been suggested
that Pt atoms which have not agglomerated
to particles preferentially associate them-
selves with Fe** (38, 39).

4.3. Pt/LaNaY(550) and Pt/CaNa¥Y(550)

With Ca’* and La* as auxiliary cations,
the TPR in Fig. 3 shows that the reduction
profiles are surprisingly similar to that of
Pt/NaY(550). The total charge of Ca’* and
Pt** in Pt/CaNaY is about 30. Ca’>* and Pt**
cations are probably located in the sodalite
cages and/or hexagonal prisms after cal-
cination at 550°C. Therefore, the reduction
behavior and particle formation would fol-
low the course of Pt/Na¥Y(550) to give large
Pt particles, and in fact the small TPD
peaks give a low H/Pt ratio (see Fig. 3).

However, for Pt/LaNaY(550), the total
charges of Pt** and La’" cations add up to
about 48. If the La** ions effectively block
the small cages, it would leave a portion of
Pt** ions in supercages such that Pt>* ions
can be reduced at about 100°C to act as
nucleation sites as observed for Pt/
FeNaY(550). However, in the reduction
profile of Pt/L.aNaY(550) the area in the
low temperature region is only slightly
larger than that in Pt/NaY(550). For com-
parison, the TPR of Pt/NaY(550) is also
included in Fig. 3e. The results suggest that
the fraction of Pt*" jons in supercages is
very small.

Two possibilities are mentioned to ratio-
nalize this observation. (i) The La’* cations
might be hydrolyzed to form [La(OH)La]’*
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dimers in sodalite cages (40). This would
lead to a decrease in the total formal charge
during the dehydration treatment prior to
ion exchange with Pt(NH;),Cl,. Two Pt**
ions may then migrate to those sodalite
cages that do not contain lanthanum
cations. (ii) It has been suggested that
(Ni-O-La)- and (Cu-O-Ce)-type associa-
tions might be present in zeolites containing
these multivalent cations (47, 42). This will
stabilize the Ni** and Cu’* ions and de-
crease their reducibility. The formation of
(Pt—O-La) adducts might also lead to a
stabilization of the Pt** cations.

The EXAFS analysis of calcined Pt/
LaNaY(550) suggests that both Pt and La
are the backscattering atoms giving rise to
the second peak at 2.8 A in the Fourier
transform function, as shown in Fig. 6. It
seems that rationalizations given above are
quite reasonable; some support for this
view is found by the radial electron distri-
bution results which show that [La(OH)
Lal’* dimers are formed in sodalite cages
(43). These species have been assumed to
stabilize the zeolite structure of cracking
catalysts (44). Basically, the formation of
Pt particles is very similar to what we have
seen in Pt/NaY(550). The coordination
number derived from the EXAFS of re-
duced Pt/LaNa¥Y(550) also suggests the for-
mation of large Pt particles.

4.4. Pt/HNaY(360) and Pt/HNaY(550)

The reduction of Pt** ions in Pt/
HNaY((360) is complete at 200°C with T«
= 120°C which is higher than that for non-
acidic samples calcined at 360°C. The in-
crease in the threshold reduction tempera-
ture is probably related to the redox equi-
librium, which is also observed in the
reduction of Ni’>" ions in acidic zeolites (45,
46). On the other hand, the reduction tem-
perature and T, = 200°C of Pt*" ions in
Pt/HNaY(550) is lower than that in Pt/
NaY(550) because at 550°C some Pt*" ions
remain in the supercages (see below).

For Pt/HNaY(550), the TPD profile
(dashed curve of Fig. 3h) indicates that Pt**
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ions are, again, distributed between super-
cages and sodalite cages. The peak area in
the high temperature region (i.e., 350 to
550°C) indicates that at least 30% of the Pt?*
ions are located in the sodalite cages.
Clearly, the formation processes for the Pt
particles in Pt/HNaY(550) should be very
similar to that in Pt/NaY(450) with sizes
larger than the dimension of the supercage.
In fact, the dispersion of Pt particles calcu-
lated from the TPD (solid curve of Fig. 3g)
is 62%. The coordination number of Pt in
Pt/HNaY(550) is slightly larger than that in
the samples that were treated at 360°C, but
smaller than that in Pt/NaY(550). Possible
causes for some Pt*' ions to remain in the
supercages of Pt/HNaY(550) include the
following:

(i) Strong bonding of protons with the O
atoms may inhibit the migration of Pt** ions
to type I’ sites.

(ii) During the deammination in preparing
HNaY, some dealumination may occur
leading to the octahedrally coordinated Al
in the sodalite cages (47). This would result
in blocking of the sodalite cages, and the
Pt** ions would remain in the supercages,
as was observed for Pt/FeNaY(550).

5. CONCLUSIONS

This study leads to the following conclu-
sions:

(i) The formation of Pt particles of var-
ious sizes located either inside or outside
Y-type zeolites is mainly determined by the
distribution of Pt** jons between super-
cages and sodalite cages prior to reduction.
This distribution can be controlled by the
calcination temperature.

(ii) The number of Pt** ions which have
migrated to sodalite cages can be estimated
semiquantitatively from the evolution of
hydrogen in TPD at T, = 450°C, after
interruption of the temperature-pro-
grammed reduction at 400°C.

(iii) The presence of sufficient multiva-
lent cations (e.g., Fe?*, Ca’*, and La*") in
NaY results in blocking of hexagonal
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prisms and/or sodalite cages for Pt** ions.

These Pt?* ions then remain in supercages
even at high 7.. They are reduced at low
temperatures and then can act as nucleation
sites to trap Pt® atoms escaping from soda-
lite cages at high temperatures. This may
lead to the formation of Pt particles some-
what larger than the dimension of the
supercage, but still remaining inside the
zeolite.

(iv) If the number of multivalent cations
is not sufficient to block the small cages,
virtually all Pt?* ions will ultimately be
located in sodalite cages at high 7.. A high
reduction temperature is then required, and
migration of the reduced platinum to the
external surface of the zeolite crystals will
lead to the formation of large Pt particles.

(v) At high T., two Pt*>" ions at the most
will be located in the same sodalite cage in
Pt/NaY; the presence of such pairs is sug-
gested by the EXAFS data.
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