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Novel, efficient hollow zeolitically microcapsulized noble metal catalysts
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Abstract

Hollow zeolitically microcapsulized (HZMC) catalysts with encapsulated noble metal nanoparticles, such as Pt and Ag, have been successfully
fabricated through a hydrothermal transformation process. A series of catalytic oxidation reactions of alcohols were performed both on HZMC
catalysts and on commercial catalysts, such as Pt/SiO2 and Pt/Al2O3. The HZMC catalysts exhibit good reactant selectivity due to the existence
of a zeolitic shell. More interestingly, the HZMC catalysts retained most of their reactivity even in the presence of a significant amount of poison
contaminants (>5 vol%), whereas the reactivity on commercial catalysts was quickly quenched under the same conditions. Furthermore, the
HZMC catalysts could be recycled for at least 6 runs without losing their activity, whereas the commercial catalysts deactivated rapidly with
the recycling. The unique reactant-selectivity, poison-resistance, and reusability of the HZMC catalysts demonstrate that the strategy of zeolitic
encapsulation for noble metal catalysts is effective and applicable in practice.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Currently, the encapsulation of catalytic active species into
a selectively penetrable shell to form hollow microcapsulized
catalyst has become a new strategy in the domain of catalyst
design [1–3]. It is believed that the use of such a molecular-
recognizable shell could not only improve the selectivity of
the catalyst, but also protect the encapsulated active species.
Recently, Ikeda et al. [4] developed a new type of carbon-
encapsulated platinum catalyst displaying outstanding reusabil-
ity in a series of liquid-phase hydrogenation reactions com-
pared with the conventional active carbon-supported platinum
catalysts. Shchukin et al. [5] encapsulated the bovine serum
albumin in a shell of Fe3O4-modified polyelectrolyte microcap-
sules, realizing the so-called “active protein defense” systems
toward hydroperoxide in the outer environment. Very recently,
we invented a novel method to prepare hollow zeolitic micro-
capsules through hydrothermal transformation of nanozeolite-
seeded mesoporous silica spheres (MSS) [6–9], and an inter-
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esting Pd@zeolite microcapsular reactor has been fabricated
to achieve an encaged quasi-homogeneous Heck coupling re-
action [10]. The Pd@zeolite catalyst exhibits good reusability
due to the unique antileaching ability of its zeolitic shell to-
ward the active intermediate of [Pd(II)(ArI)(solvent)(base)] or
solvated Pd clusters. Moreover, the zeolitic shell also endows
the catalyst with good selectivity and poison resistance due
to its uniform microporosity, adjustable framework structure,
and high thermal/hydrothermal stability. The molecular siev-
ing effect of zeolites also has been used to improve the product
distribution of catalysts, such as Co/SiO2, Pt/TiO2, and SiO2–
Al2O3, by coating them with a zeolitic film [11–15].

Noble metal nanoparticles have a high reactivity in many
important industrial reactions, including hydrogenation, dehy-
drogenation, and oxidation [16–21]. However, the direct appli-
cation of noble metal nanoparticles in reactions is often difficult
due to their ultra-small size and high tendency toward agglom-
eration or sintering. The most common stabilization method,
supporting noble metal nanoparticles onto carriers, often suf-
fers from a decay of reactivity due to either the presence of a
trace amount of poison in the reaction system or leaching of the
active species [22,23]. Encapsulating noble metal nanoparticles
in a protective shell might be an effective strategy for solving
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these problems. Due to their molecule-sieving effect and stabil-
ity, zeolites could be promising candidates for such protecting
shells.

In this work, we have developed hollow zeolitically mi-
crocapsulized (HZMC) catalysts with encapsulated Pt and Ag
nanoparticles (denoted as Pt@S1 and Ag@S1, respectively)
and an intact thin shell of silicalite-1 (denoted as S1). Indus-
trially important oxidation reactions of alcohols were selected
to illustrate the features and performance of these new catalysts.
The selected reactions were of interest from both academic and
practical standpoints for their green character and the challenge
of selectively producing the desired products [24–29]. Experi-
ments were designed to validate the contribution of the zeolitic
shell to the reactant selectivity, poison resistance, and stability
of the noble metal catalysts in both liquid and gas phases. It
was found that the HZMC catalysts has sufficient mechanical
strength for pelletization before use for gaseous reaction and
are easily dispersed and separated when used in liquid reaction,
due to their low density and micrometer size. These behaviors
further ensure the easy manipulation and high efficiency of the
noble metal catalysts in catalytic processes.

2. Experimental

2.1. Materials

Polydiallyldimethylammonium chloride (PDDA, Mw =
200,000, 10 wt% in water), poly(sodium 4-styrene sulfonate)
(PSS, Mw = 70,000), 3-amino-propyltriethoxysilane (APS),
and benzothiazole (98%) were purchased from Aldrich. (±)-1-
Phenylethanol and S(−)-1-(2-naphthyl)ethanol (>98%) were
purchased from Fluka. H2PtCl6·6H2O was supplied by Shang-
hai July Chemical Company. KBH4 (94 wt%), AgNO3, tetra-
propylammonium hydroxide (TPAOH, 25 wt% in water),
tetraethoxy-orthosilane (TEOS), ethanol (EtOH), 3,5,5-tri-
methyl hexanol, and cyclohexane (C6H12) were obtained from
Shanghai Chemical Reagent Company. All chemicals were
used without further purification. The commercial noble metal
catalyst Pt/SiO2 (1.0 wt%, in granules, Engelhard code C3766)
and Pt/Al2O3 (5.0 wt%) were obtained from Aldrich and John-
son Matthey, respectively. Both of the commercial catalysts
were crushed before use.

2.2. Catalyst preparation

The MSS template was synthesized according to the proce-
dure reported by Grun et al. [30], and its pore channels were
modified with NH2 groups through the method reported in our
previous work [31]. The NH2-modified step was necessary for
the introduction of a large quantity of metal component into the
catalysts via chelation. The noble metal species were loaded
through an impregnation process. Briefly, 1 g of NH2-modified
MSS was added into 10 ml of 0.4 M aqueous solution of
H2PtCl6 or AgNO3 and stirred at room temperature for 30 min.
Then the sample was reduced and calcinated according to our
previous work [10]. The HZMC catalysts with encapsulated Pt
and Ag nanoparticles were prepared by a two-step hydrother-
mal treatment in a Teflon-lined stainless steel autoclave [10]
after the nanoparticle loaded-MSS was seeded with silicalite-1
nanocrystals [32] via a layer-by-layer procedure [6–9]. All of
the organic ingredients in the samples were removed by cal-
cination in air at 550 ◦C for 6 h before the catalytic tests. For
comparison, the zeolitic microcapsules without encapsulated
species were fabricated according to our previous method [9].

2.3. Catalyst characterization

The scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) images of the catalysts were
obtained on Philips XL30 and JEOL JEM-2010 instruments
with accelerate voltages of 20 and 200 kV, respectively. The
X-ray diffraction (XRD) patterns were obtained on a Rigaku
D/MAX-IIA diffractometer with Cu Kα radiation. The elemen-
tal analyses were performed by inductively coupled plasma–
atomic emission spectroscopy (ICP-AES). The surface areas
of the samples were determined from the nitrogen sorption
isotherms at −196 ◦C using a Micromeritics ASAP 2010 sys-
tem. X-ray photoelectron spectroscopy (XPS) was carried out
with a Perkin–Elmer PHI 5000C ESCA system using Al Kα

radiation (1486.6 eV) at a power of 250 W. The pass energy
was set at 93.9 eV, and the binding energies were calibrated
by using contaminant carbon at a BE of 284.6 eV. All samples
were heavily ground to expose the Pd species before XPS mea-
surement. Thermogravimetric analysis (TGA) was performed
on a Perkin–Elmer TGAT thermal analysis system in air (50
ml min−1) with a heating rate of 10 K min−1. Ultraviolet–
visible (UV–vis) spectra were measured with a Shimadzu UV-
2450 UV–vis spectrometer.

2.4. Adsorption tests

The adsorption test of benzothiazole on various catalysts was
conducted following our previously reported method [10]. The
completeness of the zeolitic shell in HZMC catalyst could be
detected by comparing the adsorption amount of benzothiazole
on HZMC catalyst (Pt@S1 or Ag@S1) and the corresponding
shell-crashed samples (denoted as C-Pt@S1 and C-Ag@S1, re-
spectively). The adopting amount of the catalysts was kept at
30 mg, and 30 ml of an ethanolic solution of benzothiazole with
a concentration of 3.0 × 10−5 M was used as the adsorbate.

2.5. Catalytic oxidation

The oxidation of aromatic alcohol in liquid phase was con-
ducted as follows: Pt@S1, C-Pt@S1, or commercial cata-
lysts with the same Pt amount of 0.0194 mmol (correspond-
ing to 40 mg of Pt@S1 or C-Pt@S1, 375 mg of Pt/SiO2,
or 75 mg of Pt/Al2O3) was added into a mixture containing
1 g of aromatic alcohol [(±)-1-phenylethanol, 1, or S(−)-1-(2-
naphthyl)ethanol, 2] and 30 ml of cyclohexane. The reaction
was carried out at 80 ◦C with an air flow of 40 ml/min under
stirring. The products were analyzed by high-performance liq-
uid chromatography.
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The oxidation of aliphatic alcohol in the gas phase was
conducted as follows. First, 30 mg of the catalyst (Ag@S1,
C-Ag@S1 or blank zeolitic microcapsules without silver) was
packed into a continuous-flow fixed-bed reactor. The reaction
was run under atmospheric pressure with oxygen as the oxidant
and nitrogen as the diluent gas. The volume ratio of oxygen to
nitrogen was 1:15. The molar ratio of O2 to alcohol (ethanol, 3,
or 3,5,5-trimethyl hexanol, 4) was 0.6. The liquid hourly space
velocity was kept at 66.7 galcohol gcatalyst

−1 h−1, and the reac-
tion temperature varied from 220 to 380 ◦C. The products were
analyzed by an online gas chromatograph.

The poison-resistance test was conducted by adding 4 ml
of poison (benzothiazole) into the reaction solution for liquid-
phase reaction I after the reaction was run for 1 h, or injecting
benzothiazole into the reactant with a volume concentration
of 5% for gas-phase reaction III after the reaction was run at
300 ◦C for 2 min.

3. Results and discussion

3.1. Characterization of HZMC catalyst

Fig. 1 depicts SEM images of Pt@S1 and Ag@S1 obtained
by a two-step hydrothermal synthesis followed by calcination at
550 ◦C. Both of the catalysts presented with a uniform spherical
morphology with the coarse outer surface composed of closely
packed zeolite nanocrystals. The insets of Fig. 1 show their hol-
low structures of about 1 µm in diameter and zeolitic shells
about 200 nm thick. The TEM images at higher magnification
(Fig. 1, insets) clearly show the highly dispersed nanoparticles
of Pt (22 nm) or Ag (11 nm) inside the hollow cores. Table 1
lists the textural properties and metal contents of the synthe-
sized HZMC catalysts. It can be seen that both samples have
specific surface areas as high as that of typical silicalite-1 [33],
indicating the clear pore opening of micropores in the zeolitic
shell after calcination.

The intactness of the zeolitic shell and complete encapsula-
tion of noble metal nanoparticles within HZMCs were proved
by adsorption of benzothiazole molecules. Because the adsorp-
tion of benzothiazole on noble metals via chelation is irre-
versible and its molecular size is larger than that of the mi-
cropores in the zeolitic shell, benzothiazole is an effective
probe for detecting the location of the noble metal species in
the HZMC catalysts [10]. The adsorption of benzothiazole on
whole (Ag@S1 and Pt@S1) and crushed HZMC catalysts (C-
Ag@S1 and C-Pt@S1) was measured under the same condi-
tions. As expected, the amounts of benzothiazole adsorbed on
C-Pt@S1 and C-Ag@S1 with exposed noble metal nanopar-
ticles reached about 6 and 2 mg/g, respectively, in 20 min,
whereas the amount adsorbed on the whole HZMC samples
remained negligible even after 1 h. Furthermore, an XPS experi-
ment was carried out on the filtered catalyst after the adsorption
of benzothiazole (Fig. 2). In contrast to the fresh catalyst, in
which Pt was typically zero valence [centered at 71.8 eV for
Pt 4f7/2 (Fig. 2a)], the C-Pt@S1 sample exhibited a shift of
Pt 4f7/2 peak to 71.0 eV after the adsorption of benzothiazole
(Fig. 2b), indicating the surface coverage of the heterocyclic
Fig. 1. SEM images of HZMC catalysts of Ag@S1 (a) and Pt@S1 (b). The
insets in (a) and (b) are their corresponding TEM images at different magnifi-
cations.

Table 1
Textural properties of HZMC catalysts and commercial catalysts

Catalyst Surface area (m2/g)a Metal content (wt%)b

Pt@S1 364 9.5
Ag@S1 352 2.0
Pt/SiO2 257 1.0
Pt/Al2O3 104 5.0

a Calculated by BET method.
b Determined by ICP-AES method.

molecules onto the Pt nanoparticles via chelation. However, for
the sample with intact zeolitic shell (Pt@S1), the peak of Pt
4f7/2 remained nearly unchanged after benzothiazole adsorp-
tion (Fig. 2c). These phenomena indicate that the noble metal
nanoparticles in HZMC catalysts were well encapsulated within
the hollow center of the zeolitic capsule, and this could be the
reason for the enhanced poison resistance of the catalysts in the
reaction, as we describe in the following sections.

The XRD patterns of Pt@S1 and Ag@S1 samples are shown
in Fig. 3. Besides the characteristic diffraction peaks assigned
to the silicalite-1 shell, those corresponding to the crystalline
noble metal nanoparticles also can be easily distinguished in
the patterns. Fig. 4 shows the TG analysis results of the as-
synthesized HZMC catalysts of Pt@S1 and Ag@S1 before cal-
cination. Both of the catalysts exhibited two weight loss steps at
ca. room temperature, ∼200 ◦C, and 200–500 ◦C, which can be
ascribed to the loss of adsorbed water and the further combus-
tion of organic template in the zeolitic micropores (TPAOH),
respectively [34]. It is very interesting that the Pt@S1 lost its
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Fig. 2. XPS spectra of the Pt 4f7/2 of C-Pt@S1 before (a) and after (b) ben-
zothiazole adsorption, and that of the shell-intact Pt@S1 (c) after adsorbing
benzothiazole and then being washed with ethanol and crushed. The concentra-
tion of benzothiazole is 17 wt% in ethanol.

Fig. 3. XRD patterns of HZMC catalysts and commercial catalysts. The char-
acteristic peaks attributed to zeolite are indicated by *. H and C in the XRD
pattern of Ag@S1 represent the hexagonal (H) and cubic (C) phases of Ag.

TPAOH far more quickly than Ag@S1; this might be caused by
the catalytic effect of Pt species on the combustion of the or-
ganic compounds. This phenomenon is in accordance with the
result reported in the literature [35], where the Pt-containing
mesoporous silica lost its surfactant template very quickly.

3.2. Catalytic behavior

3.2.1. Catalytic behavior in liquid phase
The shape-selectivity of the zeolitic shell on Pt@S1 catalysts

was proved by the oxidation reactions of two aromatic alco-
hols with different molecular sizes (reaction I and II) in liquid
phase. For comparison, the shell-crushed Pt@S1 (C-Pt@S1),
Pt/SiO2 (Engelhard, C3766), and Pt/Al2O3 (Johnson Matthey)
Fig. 4. TG curves of as-synthesized Pt@S1 (solid line) and Ag@S1 (dash line).

samples were also tested under the same reaction conditions.
The textural properties, noble metal contents, and XRD patterns
of the Pt/SiO2 and Pt/Al2O3 catalysts are presented in Table 1
and Fig. 3. The conversion-versus-time curves of all samples
are shown in Fig. 5. It is clear that 1-phenylethanol (reactant 1)
with a molecular size smaller than the zeolitic micropores could
be favorably oxidized on all catalysts (reaction I). However,
for the 1-(2-naphthyl)ethanol (reactant 2) with a larger mole-
cular size, only the catalysts with exposed Pt nanoparticles,
such as C-Pt@S1, Pt/SiO2 and Pt/Al2O3, were active for the
oxidation reaction (reaction II). The inhibition of the reaction
by the intact zeolitic shell on Pt@S1 demonstrates that the ze-
olitic encapsulation strategy was effective in creating reactant
selectivity for noble metal nanocatalysts. After encapsulation,
only the reactant molecules smaller than silicalite-1 micropores
could enter into the hollow center of HZMC catalysts and be
catalyzed by the active species inside.

It is well known that the noble metal species have poor tol-
erance toward the heterocyclic compounds containing sulfur or
nitrogen atoms in even trace amounts [36,37]. Thus, the poi-
son resistance of noble metal catalysts—especially the resis-
tance toward the polyaromatic heterocyclic molecules, which
are considered the most refractory S (or N) species [38,39]—is
a very attractive property. The poison-resistibility of Pt@S1, C-
Pt@S1, Pt/SiO2, and Pt/Al2O3 were compared by adding ben-
zothiazole into the reaction systems after the reaction proceeded
for 1 h (Fig. 6a). It can be seen from Fig. 6a that benzothiazole
does not affect the activity of Pt@S1 at all. The alcohol con-
version on Pt@S1 keeps increasing with reaction time in the
trend just like that without poison injection (Fig. 5a). In con-
trast, the reactions on the other three catalysts with the exposed
Pt species cease immediately, and no more new products are
obtained over the next 2 h.

The leaching of noble metal species from supported cata-
lysts is another crucial problem in liquid-phase reactions. This
not only leads to a loss of catalytic activity, but also may com-
promise the purity of the product. Thus, a high antileaching
property has always been an essential requirement for such
catalysts. Fig. 6b shows the reusability of all of the catalysts
tested. The activity of Pt@S1 remained nearly unchanged after
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Fig. 5. The conversions of liquid-phase oxidation reactions I (a) and II (b) vs reaction time on Pt@S1 (2), C-Pt@S1 ("), Pt/SiO2 (Q), and Pt/Al2O3 (a).

Fig. 6. The results of poison-resistance experiments (a) and the reusability tests (b) on Pt@S1 (2), C-Pt@S1 ("), Pt/SiO2 (Q), and Pt/Al2O3 (a).
use in six runs, whereas the activities of the other three cat-
alysts decreased monotonously with reaction time. ICP-AES
analysis indicates that the Pt content in Pt@S1 remained al-
most unchanged after reuse for 6 runs, whereas that in the other
three catalyst decreased dramatically (Fig. 7). These results
demonstrate that the zeolitic shell protects the encapsulated Pt
nanoparticles from poisoning and also from leaching out into
the solution.

In addition, our experiments demonstrate that the hollow
HZMC catalysts is easier to handle in experiments than ordi-
nary nanoparticles. They can be stably dispersed in the reaction
solution due to their low density, and be easily collected after
the liquid-phase reaction due to their micrometer size. These
properties make them more competitive as practical catalysts.

3.2.2. Catalytic behavior in gas phase
Fig. 8 illustrates the performance of an HMZC catalyst in

gas-phase oxidation reactions. Here Ag@S1 was selected as the

Fig. 7. The comparison of Pt content before and after six runs of reaction on
various catalysts.



N. Ren et al. / Journal of Catalysis 251 (2007) 182–188 187
Fig. 8. The conversions of gas-phase oxidation reactions III (a) and IV (b) vs reaction temperatures for Ag@S1 (2), C-Ag@S1 ("), and the blank test (a). (c) shows
the results of poison-resistance test of Ag@S1 (2) and C-Ag@S1 (").

Scheme 1. Schematic illustration of the reactant-selectivity, poison-resistance ability, and reusability of HZMC catalysts.
catalyst, because silver is normally used as the alcohol oxida-
tion catalyst in the gas phase [40,41]. The whole and crushed
(C-Ag@S1) catalysts were tested under the same reaction con-
ditions. Similar to the case in liquid-phase oxidation, both
Ag@S1 and C-Ag@S1 catalysts displayed high reactivity for
the small ethanol molecules (reactant 3 in reaction III); how-
ever, they differed significantly in terms of reactivity toward
large molecules of 3,5,5-trimethyl hexanol (reactant 4 in reac-
tion IV) (Figs. 8a and 8b). Ag@S1 gave a much lower oxidation
activity for reactant 4, even as low as that on blank zeolitic mi-
crocapsules without silver, whereas C-Ag@S1 exhibited high
reactivity for the same reactant. More importantly, the high poi-
son resistance of the HZMC catalyst was also reflected in the
gas-phase reaction. The experiment was conducted by adding
benzothiazole in the reactant after the reaction ran for 2 min.
From the results in Fig. 8c, it is obvious that the addition of ben-
zothiazole caused an immediate drop in activity of the crushed
sample to the level of the blank sample, whereas that of Ag@S1
decreased by only <5% (Fig. 8c).

Note that in the gas-phase reaction experiments, the Ag@S1
catalyst was pelletized into 60–80 mesh under high pressure.
The processing of the catalyst particles demonstrates that the
HZMC catalysts have sufficient mechanical strength for mold-
ing and also that the molding process is harmless to the activ-
ity, selectivity and stability of the catalyst. Moreover, Figs. 8a
and 5a show that both the Ag@S1 and Pt@S1 catalysts present
almost the same activity for small reactants as their correspond-
ing shell-crushed samples, especially in the gas-phase reaction.
The aforementioned phenomena demonstrate that the thin ze-
olitic shell (∼200 nm) around the HZMC catalysts has little
influence on the diffusion of small molecules. This is quite
different from the behavior of the normal micrometer-sized zeo-
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lites, for which good selectivity is always accompanied by high
diffusion resistance and low productivity [11,42–44].

4. Conclusion

Good selectivity, poison resistance, and reusability have long
been anticipated in processes involving noble metal catalysts
and complex reactants. The HZMC catalysts of Pt@S1 and
Ag@S1 developed in this work behave extremely well in these
respects for the catalytic oxidation of alcohols in both liquid
and gas phases. Their reactant selectivity, poison resistance, and
reusability greatly exceed those of ordinary commercial cat-
alysts, such as Pt/SiO2 and Pt/Al2O3. The thin zeolitic shell
around the HZMC catalyst is believed to be responsible for
these advantages, as summarized in Scheme 1. The permeation-
selective zeolitic shell prevents the large reactant and poison
molecules in the reaction environment from contacting the no-
ble metal nanoparticles encapsulated in the HZMC catalysts,
leading to their good reactant selectivity and poison resistance.
On the other hand, the shell prevents the encapsulated noble
metal nanoparticles from leaching out of the zeolitic shell, en-
suring high reusability of the catalysts. The zeolitic encapsula-
tion strategy opens a new avenue for the design of highly effi-
cient and economic noble metal catalysts that can meet the re-
quirements of reaction systems of varying complexity in green
and fine chemical industries.
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