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Hierarchical porous composite with a core-shell structure possessing FAU-type zeolite core (zeolite X)
and LTA-type zeolite shell (zeolite A) has been prepared. The intimate growth of zeolite shell is achieved
by in situ crystallization of the LTA zeolite crystals with size of 1 um on large single FAU-type crystals with
size of about 60-90 wm. Direct visualization of the core-shell material is provided by X-ray microbeam
measurements using synchrotron radiation on a single crystal complemented with field emission scan-
ning electron microscopic study. The nitrogen sorption data confirmed that the access to large single

gz;/\l/;/;rds: FAU-type core is controlled by the defect-free LTA-type shell. Sorption measurements showed that about
Core—shell 98% of core crystals are covered by the LTA shells. Further the FAU-LTA core-shell material is used as
Crystal growth a host for the stabilization of platinum clusters. The Pt location, mean size and distribution have been
Pt clusters studied by CO chemisorption followed by FT-IR spectroscopy. High loading of platinum accessible to CO
CO sorption molecules in the core-shell material is achieved. The use of the FAU-LTA matrix allowed the stabilization

of two different sizes of Pt clusters. Additional advantage of the core-shell material is the protection of
the clusters from thermal sintering and poisoning, which is of significant importance for future catalysts.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The challenge in the field of porous materials is in controlling
the size, shape and uniformity of the pores as well as in the fab-
rication of materials with hierarchical structures [1-5]. The ability
to fabricate new multi-porous solids with ordered structures and
extraordinary properties makes wider their application beyond
the traditional use as catalysts and sorbents. There are a number
of strategies available for introducing structural organization into
inorganic materials and in the preparation of a hierarchical zeolite
material with ordered nano-, meso-, and macroporosity. Besides, a
deposition of one type of porous nanoparticles as shell onto another
type of porous micrometer-sized crystals to produce nanostruc-
ture composites with multimodal porosity is an approach for the
creation of hierarchical materials [3-7]. The preparation of porous
core-shell materials, where the access to a large core with specific
properties is controlled by a tiny shell, with diverse functionalities
has attracted considerable attention [5-10]. Special attention has
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been paid to inorganic porous core-shell materials because of their
relatively high thermal, mechanical, and chemical stability [10-13].
Such materials offer certain advantages as chemical sensors, shape
selective adsorbents, controlled drug release materials, separation
and storage of various species or as catalytic microreactors.
Zeolites are inorganic crystalline aluminosilicates that contain
uniform micropores and cavities of molecular dimensions. In the
era of nanotechnology, zeolites have also been used to make novel
nanostructure synthetic materials, as among them the core-shell
zeolite composites take a special place [14-17]. Additionally, great
interest has been intrigued if these core-shell zeolite materials are
processed as hosts for guest molecules, ions and metal clusters
for optical, electric, magnetic and catalytic microdevice applica-
tions [18-22]. Besides the aforementioned issues, for catalytic and
separation purposes, a material combining one type of zeolite
as a core and another continuous zeolite as a shell would show
great prospective to meet these requirements and would increase
considerably their applications. Very recently, the preparation of
core-shell zeolite-zeolite composites possessing core and shell of
different structural types was reported. The preparation methods
can be categorized mainly into two types, (i) seeded method and
(ii) complete epitaxial overgrowth [23-25]. In the first method, pre-
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liminary adsorption of zeolite nanoseeds on the core crystals and
further secondary growth was followed thus allowing for the for-
mation of core-shell zeolite materials. This method applied in the
construction of core-shell zeolite materials shows many advan-
tages, such as easily synthesis of many targeted shell on different
zeolites and formation of continuous and fully covered shell on zeo-
lite core [23,24]. The concept of epitaxial growth is based on the idea
that certain zeolites are composed of identical building units but
with different spatial arrangements [25]. Although epitaxial growth
often takes place on a specific crystal face and it is restricted to sev-
eral types of zeolites, the co-crystallization of such materials may
lead to intimate intergrowth core-shell structures under specific
and elaborated synthesis conditions [26-30]. In the present study
we report on the complete overgrowth of zeolite LTA-type shell on
FAU-type core by applying the direct growth technique.

Further, supported metal nanoclusters such as Pt, Pd, Ir, Rh, Ru,
Au, Ag and Cu within the cavities of zeolites hosts are formed by
various techniques and expected to be effective catalysts [31-36].
The placement of clusters within zeolite cages is expected to sta-
bilize the clusters against sintering and poisoning. Platinum is
an important and highly active catalyst for the oxidation of CO
and residual hydrocarbons in automotive exhaust catalysis and for
hydrogenation in petrochemical reactions and other commercial
applications [37-39]. However under working conditions, the plat-
inum is unfortunately subjected to deactivation, migration and thus
further agglomeration. Consequently, the encapsulation of plat-
inum clusters within well-defined pores of zeolite hosts in order to
protect the active structures from agglomeration is highly desired.
Having in mind the possible future applications, the core-shell zeo-
lites are envisioned as new host materials for confinement of Pt
clusters. On the other hand, the performance of Pt clusters is depen-
dent on their size and degree of homogeneous distribution in the
host matrix. Moreover, the behavior of hierarchical Pt nanoclusters
confined in the core-shell zeolite is not exploited yet.

Spectroscopy, especially infrared (IR) spectroscopy, is a pow-
erful technique to probe size-dependent behavior of platinum
clusters [40-44]. The method provides valuable information on the
location, size distribution and dispersion of Pt nanoparticles on the
support [45].

The objective of the present study is to develop a convenient
route for the preparation of hierarchical porous composite with a
core-shell structure combining high adsorption capacity and spe-
cific catalytic properties. In order to fulfill the above requirements,
FAU-LTA composite with LTA shell and a single FAU core is pre-
pared. The LTA and FAU zeolite topologies are structurally related.
Both frameworks include the sodalite cage as a basic building unit.
LTA-type and FAU-type frameworks are built by sharing the dou-
ble 4-rings and 6-rings of the sodalite cage, respectively. Due to the
similarities between the two it is anticipated that under specific
conditions LTA-type could overgrow the pre-formed FAU crystals.
Furthermore, high ion-exchange abilities of FAU-LTA hierarchical
porous composite with a core-shell structure make it excellent host
for platinum clusters with high loading and high dispersion, which
would further serve as an effective catalyst.

2. Experimental
2.1. Reactants

Aluminum powder (99%), triethanolamine (TEA) (99.98%),
tetraethylorthosilicate (TEOS) (99.98%), sodium hydroxide (NaOH)
(97%),LiC1(97%), sodium silicate (Na,SiO3 9H,0)(98%), sodium alu-
minate (NaAlO,) (98%) (Guangfu Fine Chemical Research Institute,
Tianjin, China) and dichlorodiamineplatinum (Pt(NH3),Cl;, 99.9%)
(Aldrich) are used as received.
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Fig. 1. (a) X-ray diffraction of zeolite X (11 1) and zeolite A (2 0 0) peaks of FAU-LTA
core—shell material synthesized for: Oh, 12 h, 24 h, 36 h, 48 h and 60 h; (b) spatially
resolved mapping of the micro-beam intensity of (11 1) FAU peak (x and z coordi-
nates define the sample surface, i.e., horizontal and vertical directions, respectively)
in the FAU-LTA core-shell composite after 60 h.

2.2. Synthesis of FAU-type zeolite and FAU-LTA hierarchical
porous composite with a core-shell structure

Large single FAU-type crystals with a size of 60-90 um were
prepared according to the procedure described in Ref. [46]. Typi-
cally, 1.4g NaOH and 0.21 g aluminum powder were dissolved in
15 ml deionized water and then filtrated to obtain a clear solution
(solution 1). The TEOS (1.52¢g) and TEA (3.212 g) were dissolved
in 15ml water under stirring for 8 h (solution 2). Then, the two
solutions were mixed and stirred for 10 min and transferred into
Teflon lined autoclave, which was subjected to heating at 85 °C for
18 days. The synthesized crystals were purified with water until
the decanting water reached pH=8.

Prior to the zeolite A growth the FAU-type crystals were ion-
exchanged with 1 M LiCl solution in a single step. The LTA synthesis
gel was prepared by mixing 0.55 g NaAlO, dissolved in 20 ml water
and 0.66 g Na,Si03-9H,0 dissolved in 20 ml water. The two solu-
tions were mixed under stirring for 10 min. Li-exchanged FAU
zeolite crystals were introduced into zeolite A precursor solution
(2.44Na;0/1.44A1,03/Si02/965.2H,0) and heated at 85°C for 12 h,
24h,36h,48 h,60hand 72 h. After the syntheses the FAU-LTA sam-
ples were filtrated and dried at room temperature. The core-shell
composite and pure FAU zeolite crystals were ion-exchanged with
0.01 M Pt(NH3),Cl;, at 60 °C twice for 12 h. The FAU-LTA core-shell
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Fig. 2. Surface morphology of FAU single crystals after hydrothermal treatment in zeolite A precursor suspension for (a) 12 h, (b) 24 h, (¢) 36 h, (d) 48 h, (e) 60 h, and (f) 72h

recorded with FE-SEM.

composites were separated from the LTA zeolite crystallized in the
bulk by ultrasonic treatment and filtration.

2.3. Characterization

FAU-LTA core-shell composite was characterized using a X-ray
microbeam (7 keV X-rays, at wavelength of 1.7745A) at beam-
line IDO1 at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. The size of the focused beam (full width half max-
imum) was 2 pum x 2 um. A single FAU-LTA crystal was fixed on a
silicon wafer with glue. The surface of the sample was tilted by an
angle 0 close to the (11 1) FAU zeolite Bragg reflection (6 ~3.55°)
and the detector (MAXIPIX: Multichip Assembly for X-ray Imaging
based on a photon counting pixel array) was placed at 260 angle. The
sample and detector were aligned so that the diffracted intensity
was maximized under the applied conditions.

The powder XRD patterns from the FAU-LTA core-shell compos-
ites synthesized after different periods of time were collected using
a STOE STADI-P diffractometer equipped with a curved germanium
(111) primary monochromator and a linear position-sensitive
detector CuKa1 radiation.

Field-emission scanning electron microscope (FE-SEM: JEOS
JSM6700F) was used to characterize the composites prepared for
different crystallization times.

Nitrogen adsorption-desorption measurements were carried
out on the initial FAU-type zeolite crystals and FAU-LTA core-shell
composites using a Micromeritics ASAP 2010 M. Before the mea-
surements, all samples were degassed at 150°C for 24h. The
specific surface areas of the samples were calculated using
Brunauer-Emmet-Teller model from the adsorption branch.

The chemical composition of the samples is measured using
a Perkin-Elmer 3030B atomic absorption spectrophotometer. The
Si/Al ratios of pure FAU and FAU-LTA core-shell materials are 1.46
and 1.34, respectively.

2.3.1. CO sorption measurements

CO chemisorption experiments have been performed with a
static in situ FTIR set-up under vacuum equipped with a cryogenic
MCT detector. The Pt-FAU and Pt-FAU-LTA crystals are pressed into
self-supporting pellets of 10 mg cm~2 suitable for IR measurements
in transmission mode. Prior to the measurements, the Pt cations
were reduced at 300°C under hydrogen atmosphere (~100 Torr);
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heating rate of 1 °C/min. Small calibrated doses of CO are sent to the
activated samples at room temperature, resulting in an increase of
the vco IR band corresponding to the CO chemisorbed on Pt. The
Vo bands are integrated in the range 2150-1950 cm~"! after each
introduction of CO. The amount of Pt accessible to CO has been
calculated as described elsewhere [45]. The size and location of Pt
clusters was also determined with a transmission electron micro-
scope (TEM). The images were recorded using a JEOL 3010 with an
acceleration voltage of 300 kV.

3. Results and discussion

In this study, the synthesis of FAU-LTA core-shell material
was performed as follows: firstly, large FAU-type single crystals
were freshly prepared in an organic-template-free precursor sys-
tem according to the procedure described before [46]. As shown in
Fig. S1 (see Supporting information), a batch of high-quality single
FAU-type crystals with size ranging between 60 and 90 pm with
the typical octahedral morphology were obtained. The surface of
crystals faces was clean and smooth. Then, the FAU zeolite crystals
were subjected to hydrothermal treatment in order to form LTA
zeolite shell (see Section 2). The FAU-LTA composite obtained after
different synthesis times were characterized by XRD. The evolution
of the LTA zeolite shell overgrowing the support crystals (FAU) is
shown in Fig. 1, where the change of diffraction peaks in the range
of 260=5-10° can be seen. At the beginning of the process, i.e., up
to 36 h hydrothermal treatment, the diffracted intensity of (111)
planes of FAU zeolite did not change substantially. After 36 h crys-
tallization, a peak centered at 26 = 8.3° appears, which is the most
intense diffraction (2 00) peak of the LTA-type material. The inten-
sity of this peak increased with the prolongation of the synthesis
time. The latter is coupled with a decrease in intensity of the peak
at 20=7.1°, that is, (11 1) plane of FAU-type zeolite. A substantial
raise in the intensity of the LTA zeolite peak is observed after 60 h
crystallization. These observations clearly show that the mass ratio
of the two zeolites changed with the extension of crystallization
time.

Powdered X-ray diffraction analysis of FAU-LTA composite is
complemented with micro-focusing mapping using a synchrotron
X-ray facility [47-50]. Fig. 1brepresents a map of (11 1) peakinten-
sity of FAU-type core crystal over an 80 wm x 80 pm surface. It is
worth recalling that the size of the micro-beam is 2 pm x 2 pum,
and thus the FAU-LTA core-shell composite is studied with that
step of resolution. In the 2D image, the octahedral FAU single crys-
tal appears as a square. The color changes across the single crystal
clearly show the intensity differences in diffracted beam and dif-
ferent contributions of FAU-type material (see Fig. 1b). It should
be specified, however, that the observed intensity differences are
influenced also by crystal morphology and position of diffraction
plane. Therefore, to get insights on the formation of LTA zeolite
shell, a series of the FAU-LTA composites, representing different
stages of shell formation, are studied by FE-SEM (Fig. 2). As can
be seen in Fig. 2a, the surface of FAU-type zeolite crystals firstly
became rough after 12 h treatment in the highly alkaline LTA pre-
cursor suspension (see Supporting information Fig. S1c). It can also
be seen that after 24 h crystallization, the surface became rougher
(Fig. 2b) due to extended and progressive etching. At this stage,
there are many pores and voids on the surface of the FAU-type crys-
tals that might act as nucleation sites for the growth of LTA zeolite
crystals. After 36 h crystallization, the first LTA crystals emerge from
the rough surface of the support (Fig. 2¢). In the beginning of the
shell formation, small random crystals can be seen on the surface
(Fig. 2d). These crystals continue growing by consuming the nutri-
ents from the mother suspension (Fig. 2e). At the same time new
nuclei are formed on the FAU-type zeolite surface. After 72 h crys-
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Fig. 3. FE-SEM images of (a) FAU-type core single crystal after synthesis of LTA-type
shell for 72 h and (b) cross-sectional view of the interface between LTA-type shell
and FAU-type core crystal.

tallization, a continuous shell with no visible pinholes or defects
is obtained (Fig. 2f). Thus FAU-type crystal core is completely cov-
ered by inter-grown cubic LTA-type crystals with size below 1 um
(Fig. 3a). According to cross section views of the shell layer, the
thickness is 1.75 pm (Fig. 3b). Based on the SEM observation one
can conclude that the LTA crystallization is preceded by etching the
FAU crystal faces, creating high free-energy surfaces that favor the
LTA zeolite nucleation. The number of nucleation centers seems to
be very high if one considers the extensive intergrowth of crystals
forming the shell. Densely packed intergrown LTA zeolite crystals
are formed due to steric hindrance and space limitation provoked
by the simultaneously growing of numerous nuclei. Summarizing
the above results a fairly complete picture of zeolite shell formation
can be presented. At the early stage of the crystallization process
of the LTA zeolite on the FAU zeolite, a creation of defects on the
support surface is observed. The zeolite building units undergo dif-
ferent sequences of rearrangement in these areas and thus provide
the nucleation sites for the growth of zeolite A. The growth starts
namely from the edge of FAU-type crystals revealing that the edge
of crystal face is more vulnerable to dissolution and thus to nucle-
ation in respect to the flat surface in the central part of the (111)
octahedral face. After the initial period of nucleation, the LTA zeolite
crystals started to grow thus covering first the edge of the FAU core
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Fig. 4. N, adsorption/desorption isotherms of (a) the initial zeolite X single crystals
and (b) core-shell FAU-LTA composite. Insets: FE-SEM images of the FAU-type core
crystal and the FAU-LTA core-shell material, respectively.

crystals. As the crystallization progress, larger areas in the central
part of the FAU zeolite faces are not covered and then completed
with time. The increase of the thickness leads to healing the defect
parts in the shell as well.

The access to the FAU core via the LTA shell is studied by
nitrogen sorption measurements. Type | adsorption-desorption
isotherm typical for microporous materials, where a steep uptake at
low relative pressures is followed by nearly horizontal adsorption
and desorption branches, is recorded for pure FAU-type crystals
(Fig. 4a). The specific Brunauer-Emmet-Teller surface area (Sggr)
of zeolite X is 720 m? g~1. This value corresponds to a highly crys-
talline material, which is in a good agreement with the SEM and
X-ray diffraction data. The integrity of LTA-type shell is evaluated
by N, adsorption measurement. As known, the Na-form of zeolite
A does adsorb very low amount of N, at the temperature of 77 K.
Consequently, if the zeolite A shell of core-shell composites does
not comprise defects, a material with very low specific surface area
should be expected. From the adsorption-desorption isotherm of
FAU-LTA core-shell material, a low Sger of 7.8 m2 g~ is determined
(Fig. 4b). The latter unambiguously shows that the intergrown LTA
shell controlled the access to FAU-type core.

As mentioned in the introduction section, small platinum clus-
ters dispersed in zeolite cavities are largely used in heterogeneous
catalysis. In general, the platinum metal species diffuse and migrate
from nearby sites and form bigger Pt clusters under hydrogen
reduction, especially in a highly loaded host. Therefore, it is impor-
tant to study particularities of Pt clusters in the FAU-LTA core-shell
composite, and compare with their counterparts in the pure FAU-
type crystals. HRTEM images of Pt clusters in FAU-LTA core-shell
composite in the initial FAU-type crystals are shown in Fig. 5a and
b. Two classes of Pt particles are observed in the core-shell material
(Fig. 5a), while homogeneous in size clusters are found in the FAU-
type zeolite (Fig. 5b). FAU-LTA core-shell composite comprised Pt
particles with diameter in the range of 1-3 nm and 3-5 nm, while
only the latter is present in the initial FAU-type material.

Further, CO chemisorption was used to shed light on the Pt dis-
persion and location in the FAU zeolite and FAU-LTA core-shell
materials. In both samples, the Pt is introduced twice and reduc-
tion under hydrogen is carried out followed by CO chemisorption
with different doses. Fig. 6a and b shows the IR spectra of CO
chemisorbed on the Pt clusters in pure FAU-type and FAU-LTA
core-shell samples, respectively. For pure FAU-type sample, the
shape of the IR band does not change significantly under the addi-
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Fig.5. TEM images of Pt in (a) FAU-LTA core-shell and (b) FAU-type crystals. Insets:
particle size distribution of Pt. Dashed line: border line between FAU core and LTA
shell.

tion of small doses of CO, thus indicating a uniform particle size
and location of the Pt clusters. In the case of FAU-LTA core-shell
composite the relative contributions from the CO at low and high
wavenumbers vary with increasing the dose of CO that pointed
out the presence of two distinct platinum species. The set of spec-
tra recorded for FAU-LTA core-shell material is further analyzed
using the MCR-ALS method [51]. The MCR-ALS method allows the
decomposition of the IR spectra, thus the evolution of CO adsorbed
on Pt particles with different sizes and/or location can be discrimi-
nated [45]. Here, a decomposition corresponding to two types of Pt
species is chosen since the platinum is expected to be in the core
and in the shell. The results from this analysis are depicted in Fig. 6¢
and d. The spectrum with a band having a maximum at 2070 cm™!
(Fig. 6¢1) is attributed to CO adsorbed on the platinum located in
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chemisorbed on (1) big and (2) small Pt particles in the FAU-LTA core-shell sample at (c) saturation and (d) evolution of the relative contributions from (1) big and (2) small

Pt particles at low CO doses.

'll’-::));zrlties of Pt clusters in the FAU-LTA core-shell and pure FAU-type material determined from CO chemisorption IR study, chemical analysis and TEM measurements.
Sample Loading? (wt.%) Dispersion® (%) Particle size
CO chemisorption TEM
dsmall (nm) dbig (nm) dsmal] (nm) dbig (l’ll’l’l)
FAU-LTA 17.0 29.0 2.5 6.3¢ 23 3.7
FAU 11.6 15.1 6.3 3.6

2 Chemical analysis.
b CO IR analysis.
¢ Under assumption to be equal to the particle size in the FAU sample.

the core, and similar spectra are recorded for the pure FAU-type
sample (Fig. 6a). At lower wavenumber at 2040 cm!, the band is
attributed to the CO adsorbed on platinum in the shell (Fig. 6¢2).
Additional information about the size of the Pt clusters is
extracted from the shape of two spectra. As known, big particles
exhibit higher coordinated surface atoms (planes) than the small
ones for which the proportion of the edges and corners is higher.
As a consequence, the CO molecules are adsorbed on the small par-
ticles leading to consequent appearance of the IR bands, first at
lower wavenumbers (platinum particles located in the shell), then
at higher wavenumbers (platinum particles located in the core)
[41,52]. This finding is in a good agreement with the two sizes of Pt
clusters observed by TEM in the core-shell sample (Table 1).
Based on the CO adsorption on Pt in FAU-LTA core-shell and
pure FAU-type samples, the degree of dispersion and the parti-
cle size of the clusters are calculated (Table 1). For the FAU-LTA
core-shell sample, local loading and dispersion of platinum in the
core are evaluated to be in the range of pure FAU-type sample.
It is worth mentioning that both samples are rich of Pt which is
expected for the materials exhibiting high ion-exchange capac-
ities. In the FAU-LTA core-shell and pure FAU-type crystals the
amount of Pt loaded is 17.0% and 11.6%, respectively. The two sam-
ples differed also in the degree of dispersion, i.e., is 29% and 15%,

respectively. This can be explained by the presence of two types
of zeolites with high ion-exchange capacity. The Si/Al ratio of pure
FAU-type and FAU-LTA composite is 1.46 and 1.34, justifying the
high Pt loading. On the other hand, the Si/Al ratio of 1.02 of zeolite
A crystals is in a good agreement with both high loading and level
of dispersion in the core-shell material. These results revealed also
that the Pt clusters in FAU-type material are fused forming bigger
entities (see Table 1). The location of small Pt clusters in LTA-type
zeolite and large Pt in FAU-type zeolite is also confirmed by TEM
and CO study using IR. Thus, due to the bi-modal pore system of
core-shell material, two different classes of Pt clusters highly acces-
sible to CO are stabilized. Although the size of cavities in FAU and
LTA types zeolites is similar, the pore openings are different, which
is the most plausible reason for the observed different Pt clusters.

4. Conclusions

The preparation of Pt functionalized hierarchical porous com-
posite with a core-shell structure was studied. The preparation
procedure involves: (i) synthesis of large single FAU-type crystals,
which were further used as core of the composite; (ii) growth of
LTA-type continuous shell on FAU-type core; and (iii) incorporation
of Pt clusters via ion-exchange and reduction in hydrogen atmo-
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sphere under vacuum. The mechanism of the overgrowth process
was studied by FE-SEM and X-ray microbeam measurements using
synchrotron radiation. The first stage of shell formation involves
etching and creation of active sites on FAU-type zeolite crystals
faces. These highly active zones induced zeolite A crystallization.
A propagation of zeolite shell from zeolite X crystal edges to the
central part of the faces was observed until complet coverage of
the core crystal. The integrity of the LTA-type shell and the control
access to the FAU-type core was demonstrated by N, adsorption
measurements.

The hierarchical porous composite with a core-shell struc-
ture was found appropriate for hosting platinum clusters with
high accessibility and stability which was demonstrated by in situ
CO chemisorption followed by FT-IR spectroscopy. The core-shell
composite offered the advantage of the formation of Pt clusters
with different sizes and levels of dispersion. Thus the catalytic per-
formance of a catalyst could finely be tuned by employing such
complex materials.
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