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Abstract

Various acido-basic BEA zeolites having different Cs contents and containing supported Pt particles were prepared using two acidic parent BEA
supports with same framework Al content but with strongly different morphology of the zeolite crystallites. In spite of highly different exchange
capacities in aqueous solution, the two parent BEA supports behaved similarly towards formation of Cs-oxide like nanospecies. Thus, the addition
of a similar amount of Cs was necessary in the two samples to extinguish all Brgnsted acidic sites and a further introduction of Cs led to the
presence of highly dispersed Cs,O like species with strong basic character as shown by the adsorption of CO, followed at 293 K by FT-IR
spectroscopy. FT-IR experiments were also conducted at 100 K and 293 K using CO as probe molecule to give further insights on the Cs and
reduced Pt species, respectively. In the presence of co-hosted Cs-oxide like, highly dispersed Pt° nanoparticles are formed with sizes close to 1 nm
as observed by TEM. Both the high dispersion of the Pt° nanoparticles in the more basic samples and the phenomenon of electro-donation by the

basic support contribute to the changes in electronic behaviour of the Pt° particles shown by FT-IR of adsorbed CO.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the field of metal supported heterogeneous catalysts, one
advantage of zeolites among classical aluminosilicate supports
is to have a high specific area with strongly organized
microporous channel systems in which both a high dispersion
and a regular distribution of metal nanoparticles can be
obtained. Another interest of these supports is the possibility to
tune their acid-base properties by simply changing their
chemical composition, by both exchange of the countercations
and/or occlusion in the microporosity of other phases (e.g.,
sulfides, oxides), thus possibly modifying the characteristics of
the dispersed metal particles through metal-support interaction
effects. This is exemplified in this work in which increasing
amounts of caesium, in the form of both Cs* exchanged ions
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and Cs-oxide like nanospecies, were introduced into the
porosity of two Pt-containing BEA zeolites with the aim to vary
their basic properties [1]. The use of FT-IR spectroscopy in the
presence of adsorbed CO and CO,, complemented by TEM and
N, physisorption experiments, allows us to characterize both
the state and location of caesium and to show how the particle
size and the electronic properties of dispersed platinum vary
when the basicity of the Cs-containing BEA support increases.

2. Experimental
2.1. Materials

The two parent acidic BEA zeolites, henceforth abbreviated
as H-BEAgy; (Si/Al = 13) and H-BEAgpp (Si/Al = 16), were
provided by Polimeri Europa S.P.A (Italy) and the Research
Institute for Petroleum Processing (China), respectively. As
illustrated elsewhere [2], these two samples exhibit X-ray
diffractograms typical of the BEA structure with, however,
slightly less intense and broader diffraction peaks in the case of
H-BEAgN; that is made of very small nanocrystallites with a
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mean size of ca. 80 nm, whereas the crystallites in H-BEAgpp
are quite regular in shape and sizes (between 200 and 500 nm),
as shown by SEM. Related to these textures, the microporous
volume is slightly smaller in H-BEAgy; than in H-BEAgpp
(0.20 and 0.25 mL g, respectively).

Before their use, both samples were calcined at 823 K in
flowing air to ensure full template removal and surface
cleaning. Then, they were ion exchanged at 323 K under
stirring for 2 h in a 0.5N aqueous solution of CsC1 (100 mL g~
zeolite); the procedure was repeated three times using each time
a fresh CsCl solution and the Cs-exchanged solids were washed
in deionized water. Next, platinum was added by preparing a
stirred aqueous suspension containing the zeolite (100 mL g~
of zeolite) and adding dropwise a given volume of a
2.5 x 1072 M [Pt(NH3),Cl,] solution calculated as to introduce
a nominal content of about 1.0 wt% of Pt in the zeolite (weight
of Pt per weight of TO, (T =Si or Al) framework in the
suspension, in %). After exchange, the sample was thoroughly
washed in deionized water and then dried overnight in an oven
at 80 °C. In order to increase further the Cs contents, parts of the
above Pt containing samples were submitted to an incipient
wetness impregnation with a CsOH solution containing 0.6 Cs
atom per Al atom in the zeolite. Before characterizations, the
exchanged (Pt/Cs-BEAgpp and Pt/Cs-BEAgyN;) and impreg-
nated (Pt/Cs*-BEAgppp and Pt/Cs*-BEAgn;) samples were
calcined at 723 K for 2 h in order to decompose the NH; ligands
of the parent Pt tetraammine complex. A low heating rate
(50 Kh™") and a high air flow (800 mL min~") were used in
order to prevent any autoreduction process [3].

2.2. Methods

Chemical compositions (contents of Cs, Al, Si and Pt) were
measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) in the Central Analysis Service of the
CNRS (France).

FT-IR measurements were performed on a Bruker IFS66
spectrometer (resolution 4 cm™'). The self-supported wafers
(ca. 15 mg of sample pressed at 5 tonnes cm ™) were placed
into a conventional IR cell equipped with KBr windows. Before
adsorption of CO at 100 K (20 Torr, 1 Torr = 133.33 Pa) and of
CO; at r.t. (100 Torr), the samples were previously dehydrated
in situ for 3.5 h at 673 K (4 K min~") under dynamic vacuum
(residual pressure <10 Torr). The adsorption of CO at r.t.
(30 Torr) was performed after in situ reduction of the samples in
the FT-IR cell performed by, firstly, dehydrating the sample for
Shat 773 K (5K minfl) in dynamic vacuum, then, admitting
100 Torr of H; into the IR cell and keeping it in contact with the
sample for 5 h. The reduced wafer was finally evacuated for 1 h
at 773 K and cooled down to room temperature under dynamic
vacuum. All gases employed were high-purity grade and were
used without further purification.

Porosities were characterized by N, physisorption on a
Micromeritics ASAP 2010 instrument. The adsorption—
desorption isotherms were registered at 77 K after preliminary
evacuation of the samples at 573 K under vacuum. The
microporous volumes were determined using the #-plot method.

They were normalized per g of zeolite TO, framework (where
T = Si or Al), i.e. by considering solely the mass of dehydrated
Si,Al,O, support but not that of heavy Cs, the content of which
changes from one sample to another.

Transmission electron microscopy (TEM) was used to
evaluate the size and distribution of the Pt particles after
reduction performed ex situ in flowing H, (50 mL min~') at
773 K (5 K min ") for 4 h. The micrographs were registered on
a JEOL 2010 instrument (200 kV) equipped with a LaBg
filament. In order to ensure presence of the Pt particles in the
core of the zeolitic grains, the observations were made on
samples previously embedded in an epoxy resin and cut in
microtome slices thinner than 60 nm. The histograms of metal
particle sizes were established by considering at least 1000
particles and the data were used to evaluate an average diameter
of the particles as d = > _nd/> n;, where n; is the number of
particles with d; diameter.

3. Results and discussion
3.1. Chemical contents and remaining acidity

Table 1 reports the chemical contents of the four samples,
expressed as atomic ratios and Pt wt%. As indicated in Section
2.1, both the H-BEAEgN; and H-BEARgpp zeolites have close Al
contents, as it is still the case after the exchange and
impregnation treatments, the samples of the BEAgy; series
being only slightly richer in Al (Si/Al ~ 12.6) than those of the
BEAgpp series (Si/Al = 16.5). Also, the Pt content is similar in
all samples, close to 1 wt%, which indicates that all the metal
ions of the Pt(NH3)4Cl, solution were introduced into the
zeolite during the exchange procedure.

Besides these similarities, a main difference takes place with
respect to the Cs contents after exchange in solution. Thus, in
Pt/Cs-BEAgN;, the atomic Cs/Al ratio is only 55% of that
obtained in Pt/Cs-BEAgpp. Furthermore, if considering the
ratio (Cs + 2Pt)/Al, i.e. the overall countercations/Al ratio that
takes into account the fact that two Cs* cations were removed
from the solid for each (divalent) tetraammine platinum
complex introduced during the step of exchange in the
Pt(NH3)4Cl, solution, it is seen that the exchange was
completed in Pt/Cs-BEAgpp (ratio equal to 0.96) whereas
the ratio remains as low as 0.56 for Pt/Cs-BEAgy;, confirming
the low exchange capacity of this sample.

Low exchange levels in zeolites are often related to the
presence of a significant amount of extra-framework Al atoms
that do not generate any framework negative charge. In a
previous paper reporting FT-IR data of adsorbed NH; [4], we
showed that H-BEAgNn; contains a low amount of extra-
framework Al with Lewis acid character, and we demonstrated
that the lack of about 40% of the exchange capacity in aqueous
solution of this zeolite is rather due to a process of reversible
opening of part of the framework Si—~O-Al bonds when this
sample with nanosized zeolite crystallites is put in presence of
water. Upon dehydration, both the tetrahedral framework
environments and their “associated’ protons were recovered,
and we could demonstrate that the content in protons
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Table 1

Codes and chemical compositions of the samples of the BEAgyn; and BEAgpp series.

Sample name Method of Cs addition® Chemical compositions Remaining Average Pt° particle
. - acidity® size? (A)
Atomic ratios Pt (wt%)
Cs/Al Si/Al Pt/Al
Pt/Cs-BEAgn; Exch. 0.46 12.6 0.050 1.20 0.44 18
Pt/Cs*-BEAgn; Exch. + Imp. 1.08 12.7 0.047 1.11 0 12
Pt/Cs-BEAgpp Exch. 0.83 16.3 0.059 1.10 0.05 16
Pt/Cs*-BEAgpp Exch. + Imp. 1.61 16.7 0.061 1.13 0 11

? Cs introduced by exchange in solution only (Exch.) or by exchange in solution and additional impregnation (Exch. + Imp.).
® Weight percentage of Pt (+0.1) per gram of dehydrated TO, (T = Si or Al) zeolite framework.

¢ Calculated from chemical analysis as the atomic (Al-Cs-2Pt)/Al ratios.

9 Measured from TEM micrographs as the Y n;d;/> n; ratios, where n; is the number of particles with d; diameter.

(remaining Brgnsted acidity) well fitted with the number of
sites that were not exchanged in solution, such a number being
possibly expressed as (Al-Cs—2Pt)/Al ratio that considers all
expected cationic sites minus those exchanged by Cs* and
Pt(NH;),>* ions in solution. Such ratios are reported in Table 1
for all present samples, thus informing on their remaining
Brgntsed acidity, still important in Pt/Cs-BEAgyN;. On the
contrary, all Brgnsted acid sites are suppressed in the
impregnated Pt/Cs*-BEAgn; and Pt/Cs*-BEAgpp samples
containing a small (Cs/Al = 1.08) and higher (Cs/Al =1.61) Cs
overloading, respectively.

3.2. Basic properties

Having identified different acidic properties for the above
samples, we characterized their related basic behaviours by
conducting a FT-IR study of the adsorption of CO, that is
known to form various types of carbonates when interacting
with basic centers [4,5], thus producing characteristic IR bands
in the 1800-1350 cm™' domain.

After admission of CO,, a weak but well-defined band is
visible at ca. 1380 cm ™" for all samples (Fig. 1), fully reversible
upon evacuation (< 10~ Torr, spectra not shown). As reported in
the literature, this component is due to the in phase stretching
mode of CO, molecules weakly adsorbed on cationic sites.
Actually, the resulting slight polarization of the adsorbed CO,
renders partly IR active such a vibrational mode. A much intense
band due to the IR active out of phase stretching mode of CO,
adsorbed on cations was observed around 2350 cm ™! (not
shown) [4,7]. In addition, for both exchanged Pt/Cs-BEAgy;
(Fig. 1a) and Pt/Cs-BEAg;pp (Fig. 1c) with no Cs overloading, a
weak component in the 1750-1550 cm™' range is observed,
slightly more intense and centered at 1630 cm ™' in the case of Pt/
Cs-BEAgpp that contains more Cs. This component is
attributable to monodentate carbonate-like species formed by
fixation of CO, on framework oxygen atoms rendered basic
enough by the proximity of Cs" countercations [4—11]. Their
number should increase as the number of Cs* ions increases,
whichis indeed in line with our observation. Also, the intensity of
the bands increases slightly with contact time and remain rather
small even after 35 min of contact with CO, (Fig. 1a’ and ¢’),
indicating a progressive and limited formation of such

carbonates, in line with the rather weakly basic character of
zeolitic framework oxygen centers [1].

In contrast, upon contact of CO, with both impregnated Pt/
Cs*-BEAgN; (Fig. 1b) and Pt/Cs*-BEAgpp (Fig. 1d), an
intense band centered at ca. 1670 and a pair of bands at ca. 1340
and 1314 cm ™' are immediately visible. These bands can be
straightforwardly assigned to bidentate carbonates (likely at
least two species) issued from the reaction of CO, with basic
Cs,0 like particles [12] formed upon calcination of Cs-
enriched samples [13,14]. In line with this attribution, the band
intensities are the highest for the Cs-richest Pt/Cs*-BEAg;pp
sample (Fig. 1d-d’). Besides, several observations can be drawn
from the spectra. Firstly, in the case of Pt/Cs*-BEAgipp, the
maximum band intensity is almost reached after immediate
contact of CO, with the sample (compare Fig. 1d and d'), which
reveals a rapid formation of carbonates and therefore a high
basic strength of the related Cs-oxide like centers. Secondly, the
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Fig. 1. FT-IR spectra after admission of 100 Torr of CO, at 293 K on: (a—a’) Pt/
Cs-BEAgn;, (b-b') Pt/Cs*-BEAgn;, (c—") Pt/Cs-BEAgpp and (d—d’) Pt/Cs*-
BEARpp; spectra (a—d) immediately after admission then upon progressive
increase of contact (intermediate spectra) and finally (a’—d’) after 35 min. All
spectra are reported after subtraction of the corresponding spectrum before CO,
adsorption.
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formation of carbonates is more progressive on Cs-poorer Pt/
Cs*-BEAgN; (compare Fig. 1b and b’), revealing a lower
average basicity in this sample for which, moreover, a
progressive shift from 1678 to 1673 cm ' and a regular
increase of the band at 1340 cm ™" suggest the presence of sites
of different basic strengths. Thirdly, the high band intensities,
particularly in the case Pt/Cs*-BEAgipp, indicate that such
strongly basic sites are numerous, suggesting that the Cs-oxide
species formed upon calcination of the Cs-overloaded samples
are present as nanoparticles, highly dispersed all over the
zeolite microporosity. The high dispersion of such Cs-based
nanoparticles and their oxidic nature were also confirmed by,
respectively, combined TEM/EDX experiments and EXAFS
data, as reported elsewhere [4].

3.3. Occupancy of the zeolite micopores by Cs* cations
and Cs,0 nanoparticles

Beside the chemical effect commented on above, the
replacement of protons by bulkier Cs™ countercations
(0.169 nm) and the dispersion in the zeolite channels of
Cs,0 like nanoparticles resulted, also, in the change of a
physical feature of the samples, namely the microporous void
space that decreased progressively as more and more Cs was
introduced. For both BEAgN; and BEAgpp series, the loss of
microporosity with increasing Cs content took place in a
comparable manner (Fig. 2), indicating a similar steric effect of
Cs whatever the parent zeolite, and therefore a comparable state
of dispersion inside the porosity.

Additional findings on the consequence of introducing Cs
into the BEA micropores were provided by the FT-IR spectra of
CO adsorbed at low temperature. In view of the Cs contents that
are 10-30 times higher than that of Pt in all samples, the FT-IR
signals can be interpreted mainly in terms of adsorption of CO
on the Cs Lewis centers. Consquently, we neglected in the
discussion below the very weak contribution of carbonyls of
cationic platinum that will be detailed in a next paper.
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Microporous volume (mL.g™")
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Fig. 2. Evolution of the microporous volume as a function of the Cs/Al ratio in
the BEAgn; (open symbols) and BEAgpp (full symbols) series of samples.
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Fig. 3. FT-IR spectra after admission of 20 Torr of CO at 100 K on: (a—a") Pt/
Cs-BEAgy;, (b-b") PU/Cs*-BEAgy;, (c—') P/Cs-RIPP and (d-d') Pt/Cs*-RIPP;
spectra (a—d) immediately after admission, then during progressive evacuation
(intermediate spectra) until reaching (a’—d’) 10~ Torr. All spectra are reported
after subtraction of the corresponding spectrum before CO adsorption.

In the case of Pt/Cs-BEAgn; (Fig. 3a), the spectrum
exhibited various bands easily assignable from literature.
Firstly, the main peak at 2156 cm™' and its partner band at
2124 cm ™" are indicative of CO adsorbed on Cs* Lewis acid
centers through the C-end [15-18] and O-end [19-24],
respectively. These two components decreased in a parallel
mode when diminishing the CO coverage (Fig. 3a-a’),
confirming their common origin. Secondly, the component at
2140 cm ™! is related to liquid-like CO condensed within the
pores [25]. Finally, the weak signal identified at 2170 cm ™' is
typical of CO interacting with protons, still partially present in
this sample, as reported above (see Section 3.1 and Table 1). All
these components decreased in intensity until full disappear-
ance upon outgassing (Fig. 3a—a’). The band at 2140 cm ™',
related to CO stabilised in the weakest way in the pores, i.e. in
the liquid-like form, was the first to be depleted.

As expected, the adsorption of CO on Pt/Cs-BEAgpp also
led to the pair of bands of CO adsorbed on Cs* Lewis centers
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(2156 and 2124 cm™ ") but the signal of CO adsorbed on protons
was no longer present, in line with the almost complete H*/Cs*
exchange in this sample. Besides, the most peculiar feature of
the spectra was constituted by a broad and quite intense
component at ca. 2145 cm™! that, on its low frequency side,
likely contains the contribution at 2140 cm ™" of liquid like CO.
Among the various signals, the 2145cm™' component
exhibited the higher resistance to outgassing although it finally
disappeared as occurred for the others (Fig. 3c—').

As for the assignment of the 2145 cm™!' band, the
combination of (i) its position, at a frequency which is lower
than that of CO adsorbed via C-end on single Cs™, (ii) the higher
resistance to CO outgassing, which indicates adsorption on sites
with a higher polarizing power and (iii) the absence of a
component related to partner CO species adsorbed through the
O-end, allows to propose that it is due to CO anchored both by
the carbon and oxygen atoms to two cations. Such a head-tail
Cs"™—CO-Cs* interaction with a pair of cations is known to
lower the stretching frequency [15,26,27] and it would justify
the somewhat higher stability. Bands with similar behaviours
were already reported for CO adsorbed on halides [26,27], in
oxides [28] or in zeolites [29]. Interestingly, a structural
information could be derived from this spectroscopic feature, as
the head—tail adsorption of CO between two Cs* requires two
cations located not too far, suggesting a consequent local
“crowding” of countercations in some part of the zeolite
channels. However, more work involving modelling
approaches would be needed before getting precise insights
on such Cs*—CO-Cs" configurations in the BEA channels.

For CO adsorbed on both Cs-overloaded Pt/Cs*-BEAgn;
(Fig. 3b-b) and Pt/Cs*-BEAgpp (Fig. 3d—d’), the spectral
patterns were essentially the same as above, an important point
being the absence of any new band that could have been
attributed specifically to CO interacting with Cs* ions at the
surface of the Cs,0 like nanoparticles dispersed in the pores.
Therefore, it has to be assumed that the Lewis acidity of such
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Cs" surface centers is quite similar to that of Cs* counter-
cations, making the FT-IR technique in presence of adsorbed
CO unable to discriminate between these different types of Cs*
ions. Then, the band at 2145 cm~! should concern all CO
molecules stabilised between two Cs* ions in a head—tail form,
these ions being present either as countercations, incorporated
at the surface of basic oxide nanoparticles or being a mixture of
both. Noteworthy, this band is already present for Pt-BEAgy;
with low excess of Cs (Pt/Cs*-BEAgy;) and it is particularly
intense for Cs-richest Pt/Cs*-BEAgpp (Fig. 3d—d’), confirming
again the high dispersion of overloaded caesium in the BEA
microporosity.

3.4. Effect of co-hosted caesium on Pt metal particles

Both series of samples were finally investigated after
reduction in H,, with the aim to obtain information on the size
and surface states of the Pt metal particles, using the techniques
of TEM and FT-IR spectroscopy of adsorbed CO, respectively.

As for the size of the Pt particles, Fig. 4 displays for Pt/Cs-
BEAEgyN taken as a representative example, a typical TEM
micrograph showing reduced Pt° particles (dark spots)
homogeneously distributed within the zeolite grains (images
taken on microtomic slices). Such homogeneous distributions
were found for all samples, except that for Pt/Cs-BEAgpp few
Pt particles larger than 30 nm, located on the external surface of
the zeolite crystallites, were also present.

From the observation of all micrographs, the Pt particles
appeared significantly smaller in size in the case of both Pt/Cs*-
BEAEgnr and Pt/Cs*-BEAgpp With excess of Cs, suggesting a
higher Pt dispersion in these Cs-enriched zeolites. This was
better quantified by making a statistical evaluation of the Pt
particle size distributions (more than 1000 particules counted
for each sample) and plotting the histograms of particle sizes as
illustrated for Pt/Cs-BEAgyN; (Fig. 4a) and Pt/Cs*-BEAg;pp
(Fig. 4b) that are the two extremes of the series of materials in

Fig. 4. Transmission electron micrograph of a microtomic slice of reduced Pt/Cs-BEAgy;, and histograms of the p° particle sizes in: (a) Pt/Cs-BEAgy; and (b) Pt/

CS*-BEAR[pp.
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terms of Cs content. The values of the average Pt particle sizes
obtained from these measurements are reported in Table 1. In
both Cs-overloaded Pt/Cs*-BEAgyn; and Pt/Cs*-BEAgpp, the
average Pt particle size is close to 1 nm, significantly smaller
than the value of 1.6—1.8 nm obtained for the solely exchanged
Pt/Cs-BEAgN; and Pt/Cs-BEAgppp samples. Thus, the Pt
dispersion is enhanced when co-hosted Cs-oxide like nano-
particles are present. It can be assumed that the increased
occupancy of the channels by the bulky Cs* countercations and
Cs,0 like nanoparticles, as indicated above by volumetric and
IR measurements, plays a role in decreasing the ‘“‘mean free
path” of Pt atoms and cluster along the channels during the
reducing treatment, decreasing the possibility of their
aggregation. An additional reason could be a change in the
nature and reducibility of the calcined Pt species present before
reduction when the co-hosted basic phase is present or not, as
already suggested from TPR data [2,30].

Finally, a peculiar effect of the co-hosting of Pt and Cs,O
like nanoparticles was probed by studying the metal surface
states by FT-IR spectroscopy of CO adsorbed at 293 K, i.e. at a
temperature at which CO is adsorbed solely on the Pt particles,
its interaction with the Cs* sites being then too weak to take
place. The admission of CO on reduced Pt/Cs-BEAgy; (Fig. 5a)
produced a well shaped band at 2085 cm ™', hereafter referred
to as high frequency (HF) band, located in a range classically
reported for CO linearly adsorbed on supported Pt metal
particles of few nanometers in size [31]. This band is
accompanied by a weak and broad component centred at ca.
1850 cm ™', hereafter referred to as low frequency (LF) band,
due to CO adsorbed in a bridged form [31]. In the case of Pt/Cs-
BEARpp, both bands appeared less intense and downshifted, the
HF one being located at 2075 cm ™' and broadened towards the
low frequency side (Fig. 5c). The lower intensity should hardly
be due to the above-mentioned presence of quite large Pt
particles on the external surface of the zeolite grains (see
Section 2.2), since such particles should exhibit a low specific
surface area and then poorly contribute to the spectrum.
Therefore, the observed band can be ascribed to small particles

2085
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Fig. 5. FT-IR spectra after 1 min of admission of 30 Torr of CO at 293 K on
reduced: (a) Pt/Cs-BEAgy;, (b) Pt/Cs*-BEAgn;, (¢) Pt/Cs-BEAgpp and (d) Pt/
Cs*-BEAgpp. All spectra are reported after subtraction of the corresponding
spectrum before CO adsorption.

in the pores of the zeolites, and both the observed downshift in
position (HF and LF) and the broadening (HF) appear
characteristic of the combination of a decrease in particle size
and an interaction with more basic framework oxygen atoms as
the H"/Cs* exchange almost reaches completion.

However, more significant differences were observed in the
case of the samples containing Cs,O like particles. As for Pt/
Cs*-BEAgn; (Fig. 5b), the HF band exhibits a maximum at
2060 cm ™!, with a series of unresolved sub-bands of decreasing
intensity spreading down to 1960 cm™', while the LF
component appears increased in intensity and downshifted to
ca. 1820 cm™'. Such spectral changes should result from a
significantly increased availability of electron charge for back
donation from the Pt metal to adsorbed CO probe molecule, that
in turns should derive from an enrichment in electron density of
the Pt particles by interaction with the support. Such effects
were already described in the case of metal interacting with
basic zeolites [32,33] or with strong basic oxides [34] as the
Cs,0-like nanoparticles should be (as indicated by the
adsorption of CO,, see Section 3.2). Also, changes of the
main exposed surface sites due to the diminishing of the particle
sizes could play a role [35,36]. Passing now to the Pt/Cs*-
BEARgpp sample (Fig. 5d), both bands appear significantly
decreased in intensity but the HF band is no longer spread on a
so wide range as before, exhibiting a maximum at 2025 cm ™'
and a partly resolved component at 2063 cm ', and the
maximum of the LF band is located at ca. 1790 cm™'. Such
changes in position wetness for a further increase of the
interaction of the Pt particles with the basic co-hosted phase,
more abundant in this sample. Noteworthy, the weak spectral
intensity, actually the lowest in the overall series of spectra,
unexpected on the basis of the size of Pt nanoparticles, suggests
that the Cs-oxide like phase might cover part of the co-hosted Pt
metal particles.

4. Conclusion

The chemical and FT-IR study of two series of Pt-containing
Cs™-exchanged BEA samples with comparable framework
Si/Al but different sizes of the zeolite crystallites shows that the
level of cationic exchange of BEA in solution may strongly
depend on the textural characteristics of the sample. In the case
of the parent H-BEA zeolite appearing in the form of very small
nanocrystallites with a mean size of ca. 80 nm, the exchange
capacity in solution is solely ca. 60% of that expected from the
framework Al content. This limitation is due to the presence of
ca. 40% of framework Si—~O—-Al bonds reversibly breakable by
water. Consequently, CsOH impregnation followed by calcina-
tion is necessary in this nanosized sample to complete the
exchange of all available protons and to form a Cs-oxide like
nanophase with strong basic strength dispersed in the
micropores as attested by the formation of a significant amount
of carbonates upon adsorption of CO, followed by FT-IR
spectroscopy. Starting from the parent BEA sample with bigger
crystallites, the exchange capacity in solution is straightfor-
wardly related to the Al content, as usually expected for
zeolites, and the Cs overloading introduced by CsOH
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impregnation is all converted to a Cs-oxide like phase upon
calcination, leading to a higher amount of dispersed Cs,O like
nanoparticles and to enhanced basic properties. The progressive
Cs enrichment in the BEA porosity also leads to a typical
evolution of the FT-IR signals in the presence of CO, with
progressive appearance of a new band at 2145 cm ™" assigned to
a Cs*—CO—Cs" head-tail configuration, that does not permit
however, to discriminate between Cs* cations present either as
countercations or at the surface of the Cs-oxide like species. In
the two series of BEA samples, the presence of the strongly
basic Cs-based phase modifies the properties of co-hosted
platinum. Thus, the metal dispersion is enhanced and Pt
nanoparticles with sizes of the order of 1 nm or below are
formed. Both the decrease of the sizes of the Pt particles and
their possible interaction with the neighbor co-hosted Cs,O like
phase with strong basic properties induce an electronic
enrichment at the surface of the metal particles.
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