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Bimetallic Pt.In,NaY samples having a constant platinum
loading of 5 wt.% and varying indium content (1 to 5 wt.%) were
prepared by ion exchange. The samples were characterized by
chemisorption of hydrogen, transmission electron microscopy
(TEM), scanning transmission electron microscopy—energy dis-
persive X-ray (STEM-EDX) analysis, X-ray photoelectron spec-
troscopy (XPS), and infrared spectroscopy (IR) of adsorbed CO.
Pt,In, bimetallics have been found in the NaY support as small
(8-20 A) particles as shown by TEM. H, and CO chemisorption
studies indicated that the number of Pt surface atoms decreases
when the indium loading is increased. XPS results indicated that
part of the indium is at zero oxidation state, but there is no evi-
dence for a change in the electronic properties of the
platinum. © 1995 Academic Press, Inc.

INTRODUCTION

In the recent past, considerable research effort has
been directed towards the preparation and the character-
ization of metallic (1, 2) or bimetallic particles (2) en-
caged in zeolites. The catalytic performances of bimetal-
lics are very often superior to those of their monometallic
counterparts, especially in avoiding fast deactivation (3).
The addition of a reducible but catalytically inactive
metal, e.g., Cu (2), Au (4), Sn (5, 6), or Pb (7, 8), to an
active metal such as platinum is a way to change the
selectivity of the platinum metal. From an industrial
viewpoint, PtSn (9) or PtInSn (10) catalysts are effective
for dehydrogenation or cyclization reactions; from a fun-
damental viewpoint, although the literature relating to
PtSn is well documented, this is not the case of Ptln
catalysts. In this work (Part 1) the formation and the
characterization of Ptln bimetallics in NaY zeolites have
been studied. In a forthcoming paper, the catalytic prop-
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erties of these solids as studied through propane dehy-
drogenation hydrogenolysis and n-hexane dehydrocycli-
zation will be discussed.

EXPERIMENTAL

1. Preparation of the Catalysts

All solid samples were prepared using NaY zeolite
from Union Carbide (Linde LZY52) as a support mate-
rial. The monometallic PtNaY and the bimetallic Pt,
In,NaY samples were obtained by ion exchange. The
required quantities of Pt(NH3)4(OH), and In(NO,); were
dissolved in water. A known weight of NaY was added to
the metal solution and coexchanged under stirring condi-
tions at 353 K for 24 h. All the samples had the same Pt
loading (5 wt.%). The indium content was varied from 1
to 5 wt.% by changing the In(NO;); concentration in the
metal solution.

In and Pt contents were analyzed by atomic absorption
spectrometry (See Table 1 for sample nomenclature:
PtsIn; \NaY means Pt = S wt.%, In = 1.1 wt.%).

The exchanged zeolite was washed twice with deion-
ized water and dried in air at 353 K overnight. Before
characterization, the sample was thermally treated under
a flow of O, from room temperature to 593 K (ramping 0.2
K/min). After 2 h at 593 K, O, was flushed with N, and
then nitrogen was replaced by H,, the temperature being
increased from 593 to 773 K at 0.5 K/min. After 2 h at 773
K, H; was replaced by N, and the sample was cooled to
room temperature before being stored in a desiccator un-
der argon.

2. Hydrogen Chemisorption

Measurement of hydrogen chemisorption at room tem-
perature was carried out in a volumetric apparatus having
a vacuum line and a precision pressure gauge (Texas In-
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struments) to measure the pressure. Before any measure-
ment, the sample was reduced again under hydrogen in a
static apparatus having a liquid N, trap; this second re-
duction was performed at 773 K for 2 h and then the
sample was outgassed at 773 K (1072 Pa). After cooling
the sample to 293 K, H, was admitted and the first ad-
sorption isotherm was measured. After evacuation for 15
min at room temperature (P = 0.1 Pa) a second isotherm
was measured. The difference between the first and the
second isotherm extrapolated to zero pressure gives the
amount of strongly chemisorbed hydrogen and the dis-
persion was calculated assuming that one Pt surface atom
chemisorbs one hydrogen atom.

number of moles of chemisorbed H»

D=2x number of moles of Pt

3. Transmission Electron Microscopy (TEM) and
Scanning Transmission Electron Microscopy—Energy
Dispersive X-Ray (STEM—-EDX) Analyses

A few samples were characterized using transmission
electron microscopy. Particle sizes were measured from
micrographs obtained with a Jeol 2010 TEM instrument
and the composition of the individual particles was stud-
ied by using STEM-EDX analysis (VG HBS01 appa-
ratus).

4. X-Ray Photoelectron Spectroscopy (XPS)

Some samples have been analyzed using a Surface Sci-
ence Instruments (now Fisons Instruments) XPS spec-
trometer. Monochromated AlKa radiation (1486.6 eV)
was used.

5. CO Chemisorption Studied by Infrared Spectroscopy

Samples were pressed into thin wafers (15-20 mg),
mounted in a special holder, and introduced into an infra-
red cell allowing circulation of gases. The samples were
re-reduced under a flow of H; at 773 K for 2 h and evacu-
ated at this temperature (p = 1072 Pa) before being cooled
to room temperature and contacted with CO (p = 2 X
10? Pa). The IR spectra were recorded with a Bruker
IFS 48 FTIR spectrometer.

RESULTS AND DISCUSSION

Hydrogen Chemisorption

It was checked that, for the sample containing no plati-
num but only indium (5 wt.%), no hydrogen uptake was
observed. It appears from Table 1 that the Pt dispersion
of Pt;NaY sample is close to 1; the addition of indium
decreases the dispersion. This decrease could be due ei-
ther to a surface enrichment of Ptln with In (assuming
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TABLE 1

Platinum Dispersion as
Measured by Hydrogen Chemisorption

Dispersion
Sample« Pt Ptsln, PtsIn, ¢ PtsIn;
H/Pt 0.98 0.86 0.50 0.40

¢ Pt; means Pt;NaY and PtsIn, means Pt;In,NaY.

that PtIn bimetallic particles are formed) and/or to an
increase in the particle size of Pt particles due to the
presence of indium. Before discussing in more detail the
H, chemisorption results, we will give some characteriza-
tion results obtained with different techniques.

TEM

Micrographs relating to Pt;NaY, Ptn, NaY,
Pt.In, ;NaY, and Pt;In;NaY are shown in Fig. 1. It is
observed that for the Pt;NaY sample most of the Pt parti-
cles have a diameter of nearly 1 nm. In addition, in very
few places particles having nearly 2 nm diameter are ob-
served. For indium-containing samples, the particle size
distribution is dependent on the In loading. Thus, for the
low In loadings (1.1 and 3.1 wt.%), the particles have
an average diameter of 1 nm, as was observed for Pts.
Particles of 2 to 3 nm diameter are also observed but their
population is much smaller than the 1-nm particles. By
contrast, the Pt;InsNaY sample exhibits a double distribu-
tion: a fraction of the particles are still in the 1-nm range
and the remainder (much larger than for PtsIn, ;NaY or
Pt;In, ,NaY samples) have a large size of 3 to 4 nm.

The hydrogen chemisorption results are in qualitative
agreement with TEM results and the addition of In to Pt
causes a decrease in H/Pt. TEM results indicate that the
particle growth is, at least partially, responsible for the
H/Pt decrease.

STEM-EDX Analysis

Two samples, Pt;In; NaY and PtsIn; NaY, have been
studied using this technique.

(a) PtsIn,  NaY. Analysis of eight large zones includ-
ing zeolite grains containing a large number of metallic
particles gives an average Pt/In (by weight) of 4.6 com-
pared to 4.6 from chemical analysis, the highest value
being 6, the lowest 4.3. These results clearly indicate that
on a microscopic scale (==0.5 um) the solid has a homoge-
neous composition. Analysis of individual particles indi-
cates (Table 2) that the Pt/In values are different from
those obtained for large zone analysis.
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TABLE 2

Analysis of Large Zones Including a Great Number
of Individual Particles and of Individual Small Particles

Pt/In (wt.%)
Pt/In (wt.%)
Nature of the Number Averaged Highest value (chemical
analyzed zones of analyses value Lowest value analysis)
Large zones 8 4.6 6 4.5
B ‘ 43 :
Individual 49 a
particles 2 z { 14 45

a It is assumed that all In is incorporated in Pt particles.

(b) PtsIn; ;NaY. The same type of procedure (analy-
sis of large zones and of individual particles) has been
used for Pt;Ins; ;NaY sample and the results are reported
in Table 3.

From Tables 2 and 3, it appears clearly that the analy-
ses of large zones and of individual particles do not give
the same results. The analysis of large zones on both
samples gives a Pt/In ratio close to that expected from
elemental analysis, indicating a homogeneous composi-
tion of the solids at a macroscopic scale. The results
obtained from the analysis of individual particles, how-
ever, are different. The Pt/In values obtained are larger
than expected from elemental chemical analysis. This
result can be explained by assuming that indium is form-
ing a highly dispersed In,O; phase or In3* ions in ex-
change positions located inside the zeolite support and
that only a fraction of the total indium has reacted with Pt
to form bimetallic particles PtsIn,, y being lower than the
initial indium loading (see XPS resuits). Due to the high
platinum loading used and due to the high dispersion ob-
tained, it is difficult to find zones of zeolite having no Pt
particles. For the Pt;In; NaY sample, it has not been
possible to find any zone for STEM-EDX analysis hav-
ing no Pt particle. However, for the PtsIn; NaY sample,

TABLE 3

STEM~EDX Analysis of Large Zones Including a Great
Number of Individual Particles and of Individual Small Particles

Pt/In (wt.%)

Pt/In (wt.%)

Nature of Number Averaged { Highest value (chemical
analyzed zones of analyses value Lowest value analysis)
Analysis of 8 1.9 { 2.1 L6
large zones 1.8
Analysis of 125
individual 19 7.8 { s 7 1.67
particles :

a It is assumed that all indium is forming a bimetallic with Pt.
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in one place, it was possible to focus the analysis (zone of
3 X 4 nm) on one particle and the Pt/In ratio obtained was
8.1. On enlarging the analysis zone (6 X 8 nm), the Pt/In
ratio decreased to 4.8, suggesting that some indium was
located on the zeolite support but not in interaction with
platinum. Indeed, this information is only qualitative and
cannot be used to calculate the fraction of indium which
is dispersed through the zeolite support. Examination of
5 wt.% InNaY with TEM (micrograph not given here)
reinforces this explanation since the presence of very
small particles of indium (or indium oxide) is clearly ob-
served.

To summarize, TEM and STEM-EDX analyses indi-
cate that particles containing platinum and indium are
formed, these particles being enriched in Pt with respect
to the theoretical value.

Infrared Studies of Adsorbed CO

Infrared spectra of adsorbed CO have been employed
to give evidence for the formation of bimetallic PtIn parti-
cles. For this purpose, the change in the number of
bridged CO species per gram of platinum as a function of
the indium loading has been considered, together with
the shift of »(CO) relative to the Pt—CO singleton value.
It has been assumed, in accordance with previous pub-
lished work on IR studies of CO adsorbed on Pt alloy
particles (11), that the formation of bimetallic PtIn parti-
cles will be evidenced by a shift to lower value of »(CO)
(linear Pt—-CO) and by a decrease of the IR band intensity
corresponding to bridged CO. In Fig. 2 are shown the
results of CO absorbance obtained for different samples.
In Table 4, the absorbance per gram of platinum for Pt—
CO linear species and for bridged species and the ratio
Absorbance (bridged species)/Absorbance (linear spe-
cies) as a function of the indium content are given.

Assuming that the extinction coefficients of these spe-
cies are unchanged upon addition of indium to platinum,

TABLE 4

IR Absorbance of Pt—CO Species and of Bridged CO Species
and Ratio of These Numbers as a Function of the Indium Loading

Absorbance, Absorbance, Bridged/linear Pt/CO
Sample Apf Af species (linear)?
PtsNaY 7.9 1 0.126 1
PtsIn; ;NaY 8 0.5 0.062 1
PtsIn; (NaY 3.8 0.03 0.008 0.5
PtsInsNaY 1.2 0.01 0.008 0.16

Note. A, Absorbance of Pt~CO linear species; A,, absorbance of
bridged CO species.

@ Arbitrary units.

6 Pt/CO as calculated with values of column 1, assuming that for
PtNaY, Pt/CO = 1.
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NaY samples: (a) Pt;NaY, (b) Ptsln; \NaY, (c) PtsIn; ;NaY, and (d) PtsInsNaY.
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FIG. 1—Continued
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FIG. 2. Infrared spectra of adsorbed CO on Pt;In,NaY samples. CO
gas phase was removed at 298 K. Absorbance scale is the same for all
spectra.

these numbers would correlate with the number of Pt
surface atoms. Thus, in the last column of Table 4, the
dispersion (Pt/CQO) has been calculated taking into ac-
count only the Pt—CO linear species.

From Table 4 and Fig. 2, the following three major
facts emerge.

(i) The number of CO species per gram of platinum is
strongly dependent on the In content; the higher the in-
dium content, the lower the number of adsorbed CO spe-
cies. In addition it is observed that the linear CO species
decreased less than the bridged CO species. These
results suggest that the presence of indium prevents CO
from forming multiple bonds with Pt atoms because of the
dilution effect evidenced previously (11, 12) for other Pt-
based alloys.

(i) At full CO coverage, the »(CO) singleton
wavenumber decreased with the increase of the indium
loading, this again suggesting that the dilution effect is
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operating (12), and consequently CO is much less per-
turbed by dipolar effects on PtInNaY samples. This is
confirmed by desorption studies: desorption at 573 K (1
h) of PtsNaY and PtsIn; ;NaY samples reduced the num-
ber of Pt—-CO linear species by a factor of 4 for both
samples and decreased v(CO) to 2059 cm™! for PtsNaY
and to 2051 cm™! for PtsIn; \NaY at zero coverage.

Thus, observations (i) and (ii) clearly indicated that
indium species are very close to Pt atoms, probably form-
ing bimetallic particles or decorating Pt particles.

(iii) The Pt dispersion, as measured from chemisorbed
CO (last column, Table 4), is not really different from that
obtained by hydrogen adsorption except for the sample
with highest indium loading, for which the chemisorbed
hydrogen exceeds that of CO. These results (decrease in
H; chemisorption or in CO chemisorption as studied by
IR spectroscopy) are in agreement with TEM results
which indicated an increase in particle size with the addi-
tion of indium. Similar results (decrease in H, or CO
chemisorption) were reported by Balakrishnan and
Schwank (11) and by Palazov et al. (8) for PtSn/Al,O; and
by Cheng et al. (13) who studied hydrogen adsorption on
PtTe/Al,O; and PtSb/ALO;. Obviously, more experi-
mental work has to be done to explain the discrepancy
between the CO and the H; behaviour of the highest In-
loaded PtNaY sample.

XPS Studies

In order to have information on the ionic state of in-
dium (and on a possible change in the electronic proper-
ties of Pt), XPS has been used. Samples utilized are those
having been activated and exposed to air (see Experi-
mental). XPS spectra were recorded on

(a) samples outgassedat 773 Kfor2h(P =1.3 x 1073
Pa);

(b) samples reduced in situ for 90 min under H, (P =
1.01 x 10° Pa). After each treatment, spectra of Si(2p),
Al(2p) Pt(4f), and In(3d) were recorded, Si(2p) being
taken as an internal reference (BE Si2p = 103.5 eV).

Figures 3a and 3b related to the PtsIn; NaY sample
before and after reduction. A first examination of these
figures indicates that XPS spectra relative to Si(2p),
Al(2p), and Pt(4f) are not much changed with the thermal
treatment (shapes remain the same). However, in con-
trast, the In(3d) peak is modified because of the reducing
treatment. This result clearly indicates that there is no
inhomogeneous charging effect and hence it will be possi-
ble to discuss the changes observed for the In(3d) lines.
It appears from Table S that the Pt/Si and In/Si atomic
ratios obtained by XPS are in reasonable agreement with
the values obtained by elemental analysis, bearing in
mind that XPS reflects more the surface composition
than the bulk.
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FIG. 3. XPS spectra of PtsIn; NaY outgassed at 723 K (a) and
reduced at 723 K under H, (b).

Reducing treatment causes a decrease of the In/Pt ratio
(Table 5). Since the Pt/Si ratio is almost unchanged, the
In/Pt decrease is due to a change of the indium distribu-
tion. It is observed that the In/Si ratio decreased signifi-
cantly. Such a change could be due to the following phe-
nomenon.
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TABLE 5

Pt/Si, In/Si, and In/Pt Atomic Ratios as a Function of Thermal
Treatment on Different Samples

Atomic ratio

Pt/Si (x 10%) In/Si (x 109

In/Pt
Sample by XPS¢ by EA® by XPS® by EA? by XPS¢
Pt;NaY 1.6 (1.3) 3.6 — — —
PtsIn; \NaY 1.2 (1.1) 0.8 (0.6) 0.75 (0.55)
PtsIn; \NaY 2.6 (2.4) 8.17 (4.5) 3.16 (2.2)
Iny;NaY —_ _— 6.8 (3.1) 6 —

@ After evacuation at 723 K and in parentheses after reduction in H, at
723 K.
b EA signifies chemical analysis.

TEM and STEM—EDX analyses have shown that Pt
and In are forming particles in which both elements are
present. For samples having been reduced and contacted
with air before outgassing in the XPS spectrometer (Fig.
3a), indium could have segregated on the surface and
hence the In/Pt ratio would be higher than in the absence
of segregation. In contrast, after the reduction in the XPS
chamber (Fig. 3b) indium would have been re-reduced to
In® (see below) and would have formed a homogeneous
bimetallic causing the decrease of In/Pt ratio.

Change in the Oxidation State of Indium and Platinum
Due to Reduction Treatment

Table 6 and Fig. 3 indicate that indium exists in two
different oxidation states after reduction under hydrogen

TABLE 6

XPS Binding Energies of Pt and In for
Samples under Study as a Function of
Thermal Treatments

Binding energies? (eV)

Sample Pt 4f;, In 3ds,,
In? 443.7 (443.7)
In,0,% 444.1 (444.1)
PtsNaY 71.9 (71.5)

PtsIn; (NaY 71.5(71.2) 445.1 (445.1)
(443.8)
PtsIn, NaY 71.8 (71.3) 445.1 (445.1)
(443.8)
In,;NaY 446.2 (446.2)

Note. Si2,(103.5 eV) has been taken as an inter-
nal reference for zeolite-based samples.

¢ After evacuation at 723 K and in parentheses
after reduction in H, at 723 K.

*In and In,O; (Johnson Matthey) were etched
with argon ions before XPS measurements.
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FIG. 4. Auger transitions of indium for PtsIn; |(KY outgassed at 723
K (a) and reduced at 723 K under H, (b).

(BE In;y = 443.8 and 445.1 €V). The part of the indium
having the lowest binding energy represents 40% of the
total indium content for PtsIn; ;NaY and nearly 80% for
PtsIn; NaY. The determination of the oxidation state of
indium in the samples using the measured binding ener-
gies of the 3ds; levels appears hazardous since, as shown
in Table 6 and in agreement with the literature data (14,
15), the shift between In** (in In,0;) and 1n® (In foil) is
rather small, viz. 0.4 eV. Generally, the Auger parameter
is used to discriminate between In** and In%. The Auger
parameter is 850.4 eV for In** and 852.5 for In® (15).
Unfortunately, with NaY zeolite as a support and an
AlKea source, it is not possible to measure the Auger
parameter of indium because of the important overlap-
ping of Na;; and In M4N4sNys lines. To overcome this
difficulty, despite the fact that all characterization and
catalytic studies were performed on PtInNaY samples,
Na‘* ions have been exchanged with K* in the
Pt;In; NaY sample which was reduced and re-exposed
to air. For this purpose, the sample was stirred overnight
ina 0.1 M aqueous solution of K,COj;; this treatment was
repeated twice at 353 K before the sample was dried in
air at 373 K. The spectra of the sample outgassed at 723 K
and that obtained after reduction at 723 K are qualitatively
identical to those reported in Fig. 3 for low binding energ-
ies. However, now, for the unreduced sample, the Auger
lines in M/N 5N, are well resolved (Fig. 4a)and the Auger
parameter can be evaluated: it is equal to 850.8 eV. In
contrast, for the reduced PtInKY sample, the Auger lines
are much weaker and broader (Fig. 4b) and it is not possi-
ble to calculate the Auger parameter, which strongly sug-
gests that indium species with binding energy at 445.2 and
443 8 eV have different energy Auger transitions causing
the broadening of the Auger lines. Since the Pt;In; | KY
sample (not re-reduced in situ but simply outgassed) has
a In 3d binding energy and an Auger parameter close to
that reported for In’*, it is concluded that for both the
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samples, PtsIn,; ,KY and PtIn; \NaY, the indium species
are in the same oxidation state In’*. In contrast, after
reduction under H, at 723 K, a part of the indium In**
(BE = 445.2 eV) is reduced to In® (BE = 443.8 ¢V). The
infrared studies of adsorbed CO and STEM-EDX analy-
sis have already shown that Pt and In are in close contact
and since a part of the indium is in the zero oxidation
state one can suggest that Pt-In bimetallic particles are
formed. It is known that Pt and In can form a bimetallic
with Pt In, composition, x/y varying from 0.33 to 2.33
(16). Using values of Tables 5 and 6 and data of Fig. 3,
and assuming that all In® is present as a bimetallic, one
can calculate an In®/Pt atomic ratio of 1 for the Pt;In, NaY
sample and 0.5 for Pt;In, NaY; both values are in the
expected composition range 0.3 to 2.33. It is observed
(Table 6) that the Pt 4f binding energy is slightly lower
(0.2 eV) for Ptln than for Pt. Such a small shift could
have different origins; namely (i) a change in relaxation
effects because of the change in particle size diameters
with the addition of indium to platinum and (ii) a change
in the electronic properties of Pt due to the alloying with
indium. With our data, it is impossible to discriminate
between these two causes. Nevertheless, a change in the
electronic properties of Pt due to the formation of Pt In,
bimetallic is not unexpected since it has been observed
for bimetallics such as PtSn by Balakrishnan and Schwank
(17) and PtCr by Joyner et al. (18).

CONCLUSIONS

To summarize, these results indicate that the addition
of indium to PtNaY and subsequent activation (oxidation
and reduction) lead to the formation of Ptln particles.
Chemisorption results of H; and of CO suggest that the
number of Pt surface atoms decreases when the indium
content is increased. TEM and STEM-EDX analyses in-
dicate that bimetallic PtIn particles are formed and are Pt
enriched. With the addition of indium, a particle growth
is observed which correlates with the decrease of H, or
CO uptake. From XPS results, it is concluded that a frac-
tion of the indium is in the zero oxidation state, responsi-
ble for the formation of PtIn bimetallic, the remainder of
the indium being in the In?* oxidation state, not in inter-
action with Pt. Neither XPS results nor IR results gives
clear evidence of a possible change in the electronic
properties of Pt with the addition of indium.
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