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We report a new one-pot synthesis procedure for hierarchical
zeolites with intracrystalline macropores and metal particles
encapsulated within the zeolitic walls. The synthesis allows to
prepare macroporous zeolites of MFI topology with different
heteroatoms (silicalite-1, ZSM-5 and TS-1) and different encap-
sulated noble metal particles, such as gold, platinum and
palladium. The hierarchically structured zeolites contain large
macropores with diameters around 400 nm, which are well
distributed and interconnected and should significantly en-
hance mass transport properties. The encapsulation of metal
nanoparticles within the zeolitic walls leads to remarkable sinter
resistance of the particles. Encapsulated gold nanoparticles

(2.6 nm) do not significantly change in size during an 18-hour
treatment at 600 °C under air, while non-encapsulated gold
particles sinter heavily during the same treatment. Catalytic
experiments for the direct epoxidation of propene with hydro-
gen and oxygen show that both catalytic functions of a
macroporous TS-1 sample that encapsulates gold particles are
accessible and active. This catalyst displays high activity,
although PO selectivity could still be improved. These materials
show great potential for use in catalytic applications, due to
their bifunctional nature, high sintering resistance, shape
selective properties and hierarchical structure.

Introduction

Noble metals, such as gold, platinum, palladium or ruthenium,
are among the most important catalytic materials, because of
their remarkable performance to catalyse a wide range of
reactions relevant in the chemical industry, energy conversion,
and environmental protection.[1] Especially nanosized noble
metal particles are effective catalysts, due to their high surface
area to volume ratio and large number of active facets.[2]

For catalytic applications, noble metals are commonly used
as small particles dispersed on a porous support material, such
as alumina, silica, titania, zeolites or carbon materials.[3] The
support provides a large surface area necessary to disperse the
metal particles and thus reach a higher utilisation.

Despite much progress in material design, sintering is still
an inherent limitation of noble metal catalysts.[4] During
catalytic applications, especially at higher temperatures, metal
nanoparticles are subject to sintering and aggregation to form
larger particles and thus minimise their surface energies.[5] The

formation of larger particles and the subsequent loss of
available metal surface for catalysis results in irreversible
catalyst deactivation. Considering the high cost for metal
catalysts, especially the widely applied noble metals, this
irreversible catalyst deactivation is an economic and environ-
mental problem in industrial catalysis.

One way to prevent sintering of metal particles is the
encapsulation within a porous matrix. The metal particles
become only accessible by diffusion through the pores and are
separated from each other by the walls of the porous matrix,
which prevents the particles to sinter and aggregate.[6]

Beside the typical demands for a catalyst support, the
porous matrix material must feature a small enough pore size
to avoid sintering by transport through the pores, which are
usually smaller than the metal particle size. Mesopores are often
already too large and metals can sinter within the mesopores.[7]

One class of materials suitable for this are zeolites. These
inorganic, crystalline materials possess high thermal stability
and a well-defined micropore system, with pore diameters
usually in the range of 0.35 to 1 nm, making them ideal for the
prevention of sintering of encapsulated metal particles.[1a,8]

Furthermore, depending on the type of heteroatoms and
counter ions, zeolites can provide different active sites (such as
Brønsted or Lewis acidic and basic sites)[9] to be used as multi-
functional catalysts for tandem catalysis.[10] The zeolites also
provide the catalysts with unique shape selectivity via the
micropore network, since the metal particles are encapsulated,
and thus only accessible via the micropores.[11] This allows, for
example, shape selective hydrogenation on encapsulated Pt or
Pd particles.[11a,12]

However, the diffusion of molecules to the active sites
located in a zeolite crystal (both the zeolitic acid sites and the
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encapsulated metal particles) is very slow due to the tightness
with which many molecules are confined within the pores. This
can lead to severe diffusion limitations.[13] These diffusion
limitations often result in reduced utilisation of the zeolite
crystal and can also lead to a lower selectivity or catalyst
lifetime. Hierarchical zeolites, consisting of at least one addi-
tional system of larger pores interconnected to the zeolitic
micropores, could already demonstrate enhanced diffusion
properties and, consequently, better catalytic performance,
compared to conventional, purely microporous zeolites in
several test reactions.[14]

To this day, no reports of macroporous zeolites with
encapsulated metal particles can be found in the literature.
Such a bifunctional catalyst has the potential to be very
beneficial for many different reactions, which encounter
problems like diffusion limitations or sintering of the metal
particles.

In this paper, we introduce a one-pot synthesis route for
hierarchical macro-microporous zeolites with encapsulated
noble metal nanoparticles. For this novel synthesis route,
combining the steam-assisted crystallisation of mesoporous
silica particles (MSPs)[15] with the addition of stabilised metal
precursors, a new impregnation procedure was developed.
Firstly, the MSPs were impregnated with the titanium source in
a wet impregnation step to allow even distribution over the
MSPs. After drying, an incipient wetness impregnation step

followed by fast drying was used to add the structure-directing
agent and noble metal precursors.

For the stabilisation of the noble metal precursors, 3-
mercaptopropyl-trimethoxysilane was used, which was previ-
ously reported by Iglesia and co-workers to effectively stabilise
metal precursors during hydrothermal synthesis.[16]

Results and Discussion

Textural and physicochemical analysis of Au/MTS-1

Characterisation results for a representative sample of Au/MTS-
1 are shown in Figure 1. The XRD pattern of the calcined sample
shows the typical refraction lines for MFI, without visible phase
impurities. The N2 adsorption/desorption isotherms, shown in
Figure 1f, represents a IUPAC Type 1 isotherm, which is typical
for a microporous material. The values for the BET surface area
(431 m2g� 1) and the micropore volume (0.17 cm3g� 1) are also
typical for a highly crystalline MFI zeolite.

The calcination treatment, necessary to remove the struc-
ture directing agent from the micropores of the zeolite, usually
results in sintering of the metal particles. However, this is not
the case for the Au/MTS-1 sample. The TEM micrographs of Au/
MTS-1 (a) before and (b) after calcination at 823 K are compared
in Figure 1(a–c). The zeolite crystals are around 3 μm in size and
show well defined macropores with a diameter around 450 nm;

Figure 1. a–c) TEM images of the as-synthesised (AS) and calcined Au/MTS-1 samples; d) particle size distribution of the encapsulated gold particles before
and after calcination, where particle sizes were estimated by measuring 200 particles in the TEM images; e) PXRD pattern and f) nitrogen adsorption and
desorption isotherms of the calcined Au/MTS-1 sample.
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as expected, these sizes are not affected by the calcination
treatment. The macropores appear to be interconnected and
are evenly distributed over all crystals. This is in good agree-
ment with earlier work that demonstrated the high intercon-
nectivity between the macropores by using electron and
ptychographic X-ray tomography techniques.[15b,17] This hierarch-
ical pore network drastically reduces the diffusion path lengths
within the microporous domains and, combined with substan-
tially higher diffusion rates in the macropores, should enhance
the overall mass transport compared to conventional zeolites,
as long as the additional interfaces do not create surface
barriers.[14c,18]

The Au nanoparticles are only present in the crystals: no
“free” Au nanoparticles were visible. Furthermore, the nano-
particles are homogenously distributed over the crystals with
an average particle diameter of 2.6 nm. After the harsh
calcination treatment, no change in the particle diameter is
evident in the data. Since a high temperature would usually
result in severe sintering of supported gold particles, the
retained particle size is a clear indication that the particles are
encapsulated within the zeolite framework. Elemental analysis
of the calcined sample showed a gold loading of 0.97 wt%,
which is close to the 1.0 wt% added to the synthesis mixture,
indicating almost no gold loss during synthesis. The Si/Ti ratio
of 63 is also close to the set value of 60, demonstrating a high
utilisation of the added titanium source.

Au, Pt and Pd encapsulated in MZSM-5and MTS-1zeolites

To cover a wide range of catalytic applications, a set of samples
with different noble metals and heteroatoms was synthesised,
and the calcined samples were analysed. The powder XRD
patterns, shown in Figure 2 for MZSM-5 and MTS-1 zeolites,
reveal that all synthesised samples are highly crystalline MFI
zeolites without any phase impurities. The relative crystallinity
of the samples estimated by integration of the MFI typical peak
areas appears to be similar for all synthesised samples. The
absence of Pd, Au and Pt reflections indicates that no large
metal crystallites are present in the samples (e.g. Au(111)
reflection would be at 2θ=36°, Pt(111) at 2θ=39° and Pd(111)
at 2θ=40°).

The nitrogen adsorption and desorption isotherms in Fig-
ure 2c and d further confirm the high zeolitic character of the
samples. All isotherms are IUPAC Type 1, characteristic for
microporous materials. The micropore volumes, surface areas
and total pore volumes are listed in Table ESI-1 and are typical
for MFI type zeolites of high crystallinity. In good agreement
with the XRD data, this shows that the addition of the noble
metal and stabilisation agent did not hinder the zeolite
formation during steam-assisted crystallisation, which could
cause reduced crystallinity or formation of impurities.

The UV-Vis spectra of the MTS-1 samples show characteristic
peaks that demonstrate the incorporation of titanium into the
zeolite framework (see Figure 3). The peaks at around 205 to
210 nm can be attributed to isolated tetrahedral titanium
species (Ti(OSi)4) and the peak at 228 nm to titanol species

Figure 2. Powder XRD patterns of the calcined hierarchical a) MZSM-5 and b)
MTS-1 zeolites with different encapsulated noble metals. Nitrogen adsorp-
tion and desorption isotherms of the calcined hierarchical c) MZSM-5 and d)
MTS-1 zeolites with different encapsulated noble metals.

Figure 3. UV-Vis spectra of calcined MTS-1 zeolites with different encapsu-
lated noble metals. Inlay shows the Au plasmon resonance peak for Au/MTS-
1 at higher magnification.
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(Ti(OH)(OSi)2), both incorporated into the zeolite framework.
Beside framework Ti, the samples contain a small amount of
extra-framework titanium species (TiO6 isolated), visible as a
broad shoulder from 240 to 260 nm in the UV-Vis spectra.
Crystalline anatase TiO2 species in the range of 325 to 340 nm
cannot be found in any of the spectra.[19]

The surface plasmon resonance of Au nanoparticles is also
visible in the UV-Vis spectra of Au/MTS-1 at a wavelength of
517 nm (see Figure 3, inlay at the top) and is proof for the
presence of small Au nanoparticles in this sample.[20]

TEM micrographs, in Figure 4, show the synthesised and
calcined, noble-metal containing MZSM-5 zeolites and the
corresponding particle size distribution of the metal particles.
All samples show zeolite crystals with dimensions around 2 μm
and macropores between 350 and 500 nm. The gold particles
with an average particle diameter of 2.4 nm are smaller than
the Pt and Pd particles with average particle diameters of 5.1
and 4.9 nm, respectively.

All noble metals appear to be evenly distributed over the
crystals and no metal particles outside of the crystals are visible
in the TEM images. The formation of small particles within the
zeolite crystals is a good indication that the stabilisation of the
metal precursors by 3-mercaptopropyl-trimethoxysilane also
works under steam-assisted crystallisation conditions.

The TEM images in Figure 4 of the MTS-1 samples with
different noble metal particles show larger zeolite crystals with
dimensions around 3 μm. The macropores have diameters
ranging from 250 to 500 nm, like the ZSM-5 samples. However,
the zeolitic walls appear to be thicker and, thus, the crystals are
likely to have a reduced macroporosity compared to the ZSM-5
samples. The average particle diameters of the metal particles
follow the same trend as observed for the ZSM-5 samples. Gold
is present as the smallest particles (2.6 nm), while Pt (4.3 nm)
and Pd (3.6 nm) appears as slightly larger particles.

Investigations of the sintering behaviour

Sintering of noble metal particles, especially Au, poses a major
problem in catalysis, due to the loss of active surface area and
the high cost of the metals. Resistance to sintering of
encapsulated Au particles was investigated and compared to a
conventional, supported Au/TS-1 catalyst, prepared by the
deposition precipitation (DP) method. The investigations were
carried out by heating the samples to 873 K for 18 h in air,
followed by characterisation of the treated samples using TEM,
UV-Vis and XPS.

Figure 4. TEM micrographs and particle size distribution of the encapsulated noble metal in hierarchical MZSM-5 and MTS-1 zeolites with different
encapsulated noble metals. Particle sizes were estimated by measuring 200 particles in the TEM images, red markers indicate metal particles.
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TEM micrographs of fresh Au particles supported on TS-1,
prepared by the DP method reveal an average particle diameter
of 3.54 nm (Figure 5a). After the thermal treatment, the average
particle diameter increased to 13.75 nm (Figure 5b and c). This
is also visible in the UV-Vis spectra of the samples shown in
Figure 6a: the maximum of the surface plasmon resonance peak
shifts to a slightly higher wavelength, namely from 519 to
525 nm, indicating an increased particle size.

On the other hand, the sample with encapsulated gold
particles shows no significant change in particle size after the
same thermal treatment, as evident in the TEM images shown
in Figure 5e. The freshly calcined Au/MTS-1 sample shows an
average particle diameter of 2.65 nm, which increases insignif-
icantly, to 2.70 nm, during thermal treatment.

The UV-Vis spectra of the Au/MTS-1 samples are in good
agreement with the TEM data. Here, only a marginal upward
shift in wavelength from 517 to 522 nm is evident in the surface
plasmon resonance after the thermal treatment (Figure 6b).

X-ray photoelectron spectroscopy (XPS) was employed to
investigate changes in the chemical state and size of gold
clusters,[21] since the 4f7/2 orbital of gold provides a sensitive
measure of its electronic state[21b] and the full-width-half-
maximum (FWHM) of the gold peak is related to its particle
size.[21b] Even though both Au/TS-1 samples before and after
calcination contain metallic gold (Au0), the decrease of the
FWHM value of the thermally treated sample (Table 1 ESI)
demonstrates the agglomeration of Au clusters,[21b] as also
evidenced in the TEM micrographs (Figure 5b). In the case of
the encapsulated Au/MTS-1 samples, Au is in its metallic state
and the difference in FWHM is negligible (Figure 6e).

In addition, the Au 4f7/2 binding energies of all samples are
shifted to lower values (~83.4 eV) compared to pure metallic
Au 4f7/2 (84 eV),[22] suggesting particle-support interaction
associated with electron transfer from the defect sites around
TiOx within MTS-1 to Au atoms.[23] Au is strongly adsorbed onto
the oxygen vacancies of TiOx, since the excess electron density
of these sites is donated to Au atoms,[24] increasing the stability of Au/TS-1 and Au/MTS-1 catalysts.[22b,d,e] In summary, the

investigations revealed that the encapsulation of gold nano
particles within the hierarchical zeolites effectively prevents the
sintering of the gold particles even during long treatment at
high temperatures and could therefore minimise catalyst
deactivation. Using a heteroatom-free, and thus inactive zeolite,
such as silicalite-1, widens the possible applications to conven-
tional mono-functional noble metal catalysts such as automo-
tive converters since the enhanced sinter resistance provided
by the zeolite could drastically reduce deactivation. An example
for a sample of platinum particles encapsulated in macroporous
silicalite-1 can be found in the supporting information.

Catalytic properties

To study the activity and the accessibility of both the gold and
the titanium sites in the bifunctional hierarchical zeolites, we
tested a sample of Au/MTS-1 for the direct epoxidation of
propene with hydrogen and oxygen. The bifunctional catalysts
for the reaction need gold sites to form peroxy species and

Figure 5. a–c) TEM micrographs and particle size distribution of fresh and
thermally treated (873 K, 18 h) Au/TS-1 samples prepared by deposition-
precipitation method (Au/TS-1 (DP)), d–f) TEM micrographs and particle size
distribution of calcined and thermally treated (873 K, 18 h) Au encapsulated
in macroporous TS-1 (Au/MTS-1) sample. Particle sizes were estimated by
measuring 200 particles in the TEM images.

Figure 6. a) UV-Vis spectra, c) and e) XPS spectra of fresh and thermally
treated (873 K, 16 h) Au/TS-1 samples prepared by deposition-precipitation
method (Au/TS-1 (DP)), b) UV-Vis spectrum, d) and f) XPS-spectra of fresh
(calcined) and thermally treated (873 K, 18 h) Au encapsulated in macro-
porous TS-1 (Au/MTS- 1) samples.
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titanium sites for the epoxidation reaction.[21k] Catalysts that
only contain one of the functions (gold or titanium sites) are
not active for the direct epoxidation reaction. Further, the very
active bifunctional catalysts based on gold supported on TS-1,
suffer from sintering of the gold particles, even under the mild
reaction conditions.[29]

For the catalytic evaluation, a sample of macroporous TS-1
(Si/Ti=40) with 0.5 wt% of encapsulated gold was synthesised,
calcined and treated under hydrogen before reaction. Detailed
characterisation data can be found in the electronic supporting
information.

The propene conversion and selectivity to propylene oxide
as well as the production rate of different oxygenates as a
function of reaction temperature are shown in Figure 7.

The propene conversion increases with reaction temper-
ature and reaches values comparable to other bifunctional
gold/TS-1 catalysts.[29] The formation of propylene oxide
increases with reactor temperature. Beside PO, other oxygen-
ates are produced in large quantities, the biggest fraction being
propanal. The formation of these oxygenates increases with
reaction temperature too. Furthermore, the increase with
temperature is more pronounced for the formation of oxygen-
ates than for PO formation. Due to this formation of oxygen-
ates, the selectivity to propylene oxide (PO) decreases with the
reaction temperature.

The catalytic results show that the tested Au/MTS-1 catalyst
is active for the direct epoxidation of propene to propylene
oxide and, subsequently, both active sites (Au and framework Ti
sites) are active and accessible. However, while the activity is
comparable to conventional Au/TS-1 catalysts, the selectivity to
PO is not. The catalyst produces rather large amounts of
oxygenates, mainly acetone, as well as water and CO2.

This could indicate an imbalance in terms of activity of the
different active sites or suboptimal proximity between Au and
Ti sites. The two main steps of the assumed reaction mechanism
for direct propene epoxidation are the reaction of hydrogen
and oxygen on the gold sites to form peroxide species and the
formation of propoxy species by adsorption of propene on Ti
sites. Both species then react and form propene oxide.[25] If the
active sites are present in the wrong ratio or not in close
proximity, the formation of oxygenates is possible. The
formation of peroxide species on the Au particles is usually the
rate determining step and, thus, no peroxide species could be
observed. In situ studies using IR and Raman spectroscopy
might help to better understand the activity of both active sites,
as the observation of peroxide species in such measurements
would indicate an activity imbalance. Future catalyst optimisa-
tion could balance the activity of the two different active sites,
to create not only a more active and stable, but also more
selective epoxidation catalyst.

Conclusion

A flexible procedure was proposed for the one-pot synthesis of
hierarchically structured zeolites with encapsulated noble metal
particles. Both the noble metal and the heteroatoms can be
changed, allowing for numerous different combinations of
active sites, and making the proposed materials synthesis
method highly versatile. The synthesised samples have a high
crystallinity and micropore volume and an interconnected
network of evenly distributed intracrystalline macropores with
diameters between about 200 and 500 nm.

The synthesised materials show remarkable sinter resist-
ance. No significant sintering of the encapsulated gold,
platinum and palladium particles was observed during the
harsh calcination of the samples at 823 K for 6 h, presenting
clear evidence for successful encapsulation within the zeolite.
Additional investigations showed that the encapsulation of Au
nanoparticles within the hierarchical zeolites effectively pre-
vents their sintering, even during treatment at high temper-
ature for a long period (873 K, 18 h) which led to significant
sintering in a conventional Au/TS-1 sample.

Catalytic studies for propene epoxidation could further
show that both catalytic functions in an Au/TS-1 sample,
tetrahedral Ti sites and Au nanoparticles, are active and
accessible. However, the catalyst still needs to be optimised in
terms of balancing both catalytic functions to archive higher PO
selectivity, a subject beyond the scope of this material focused
article. Then investigations on the long-term stability and
sintering under reaction conditions of the Au/TS-1 samples
would be very interesting.

Figure 7. a) Propene conversion and propylene oxide selectivity and b)
product formation rate as a function of internal reactor temperature for
epoxidation of propene with oxygen and hydrogen. Catalyst: Au/MTS-1
(0.5 wt.-% Au, Si/Ti=40). Formation rate per gram of catalyst without SiC.
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We believe that the presented material, combining the
advantages of noble metal encapsulation with a hierarchical
pore system, has great potential for many different reactions,
due to its high resistance against sintering, short diffusion path
length, and small, encapsulated metal nanoparticles. Further-
more, the one-pot synthesis approach is relatively simple and
very flexible, allowing encapsulation of different metals, incor-
poration of different heteroatoms in the zeolite framework and
good control over the macropore system.

Experimental Section

Synthesis of mesoporous silica particles

Spherical mesoporous silica particles (MSPs) were used as substrate
for the preparation of macroporous zeolites. The MSPs were
synthesised using the procedure reported by Machoke et al.[15a,26] A
detailed description of the MSPs synthesis can be found in the
supporting information.

Synthesis of macroporous zeolites with encapsulated noble
metal

The synthesis of macroporous zeolites with encapsulated metal
nanoparticles was based on previously reported synthesis proce-
dures for silicalite-1, ZSM-5 and TS-1.[15b,c] The corresponding
macroporous, hierarchically structured samples of the latter are
called MZSM-5 and MTS-1. Silicalite-1 is the Al-free form of ZSM-5.

The preparation consists of the following steps: Synthesis of MSPs,
wetness impregnation of MSPs with the heteroatom source, and
subsequent incipient wetness impregnation of the heteroatom-
containing MSPs with the structure-directing agent and the
mercaptosilane-stabilised noble metal precursor. This is followed by
steam-assisted crystallisation of the impregnated and dried MSPs to
form the macroporous zeolite.

Synthesis of noble metal containing, macroporous ZSM-5

In a typical synthesis, 1 g of calcined MSPs was added to 3.15 g of a
2 wt% Al(NO3)3.9 H2O solution, mixed with a spatula and then dried
at 303 K for 3 h.

All syntheses were carried out by using a molar ratio of 3-
mercaptopropyl-trimethoxysilane to noble metal precursor of 6.
The calculated amount of 3-mercaptopropyl-trimethoxysilane (95%,
Sigma-Aldrich) was dissolved in 1.4 g TPAOH solution (40 wt%,
Sigma-Aldrich) and stirred for 16 h. The necessary amount of the
noble metal precursor was dissolved in 0.4 g of deionised (DI) water
and then added dropwise to the TPAOH and 3-mercaptopropyl-
trimethoxysilane solution. The resulting mixture (Mixture A) was
stirred for 2 h. The Al-impregnated, dried MSPs were subsequently
impregnated with mixture A, stirred with a spatula, and then dried
at 313 K for 1.5 h in a convection oven. The dried impregnated
MSPs were crushed into a fine powder and distributed into
cylindrical PTFE crucibles with a volume of 5 ml. The crucibles were
placed on top of spacer tubes in 23 ml PTFE-lined stainless-steel
autoclaves (Parr) filled with 4.0 g DI water. Steam-assisted crystal-
lisation was carried out at 403 K for 48 h. After crystallisation, the
solid products were recovered by centrifugation, washed with a
water/ethanol mixture, and dried at 348 K for 16 h. To remove the
structure directing agent, the samples were calcined in a muffle
furnace under 300 l h� 1 air flow at 823 K (heating ramp 1.2 Kmin� 1).

Reduction treatments were carried out in a tubular furnace at 673 K
for 2 hours under diluted hydrogen flow (10 mlmin� 1 H2 and
90 mlmin� 1 N2).

The calcined samples were then transferred into the ammonium
form by three-fold ion exchange with 1.0 M aqueous ammonium
nitrate (Merck Emsure) solution at 338 K for 6 h (wliquid/wsolid=30).
The samples were then converted into the proton form by
calcination in a muffle furnace under 300 lh� 1 air flow at 823 K for
4 h (heating ramp 1.2 Kmin� 1).

Synthesis of noble metal containing macroporous TS-1

In a typical synthesis, 1.0 g of calcined MSPs was added into 1.9 g
of a 5.0 wt% titanium butoxide solution in isopropanol, mixed with
a spatula and then dried at 303 K for 3 h. The dry powder was
stored at room temperature overnight and then impregnated with
a mixture of organic structure directing agent (OSDA) and stabilised
noble metal precursor (Mixture A, see before). Afterwards, the
impregnated MSPs were dried at 313 K for 1.5 h in a convection
oven. Zeolite synthesis by steam-assisted crystallisation was carried
out as described before for macroporous ZSM-5, however, the
temperature was increased to 423 K and the duration to 72 h.
Sample separation and calcination were carried out as for the
aforementioned ZSM-5 samples.

Synthesis of the reference Au supported on TS-1zeolite

Conventional TS-1 was synthesised according to the procedure
reported by Nijhuis et al.[27] Gold was supported on this conven-
tional TS-1 sample by the deposition precipitation method,
following a procedure reported in the literature.[27–28] Due to light
sensitivity, the catalyst was prepared in the dark, in amber coloured
glassware. Typically, 1.32 g calcined TS-1 was dispersed in 100 ml DI
water and the pH was adjusted to 9–10 by adding a diluted,
aqueous ammonia solution (2.5 wt%, Merck). Then 0.0228 g of
chloroauric acid trihydrate (HAuCl4.3H2O), dissolved in 20 ml of DI
water, was added dropwise while maintaining the pH at around 9.5,
to achieve a gold loading of 1 wt.-% The solid was recovered by
centrifugation, washed with DI water and dried at 353 K for 16 h,
followed by calcination at 673 K for 4 h (heating ramp 5 Kmin� 1).

Catalytic investigation for direct epoxidation of propene

The direct gas phase epoxidation of propene was carried out in a
fixed, packed bed, quartz glass reactor with an inner diameter of
9 mm and a K-type probe thermocouple. 0.5 g of catalyst was
mixed with 2.5 g of silicon carbide. The reaction feed consisted of
10/10/10/70 vol% of C3H6/H2/O2/He, respectively, with a total flow
rate of 66.7 mlmin� 1, resulting in a gas hourly space velocity (GHSV)
of 8000 mlgcat

� 1h� 1. The reactor outlet gas was analysed by online
gas chromatography (GC, Shimadzu). The oxygenates (PO, ethanal,
propanal, acetone and acrolein), along with CO2, H2O and C3H6,
were separated using a Porapak T column and analysed by a flame
ionisation detector (FID), while the permanent gases (H2, O2, CO)
were separated by a Molsieve 5 A column and analysed by a
thermal conductivity detector (TCD). More details can be found in
our previous work.[29]

Characterisation

Powder XRD patterns were measured from 2 to 55° (2θ with a Stoe
STADI P diffractometer equipped with a Cu Kα1 source using
0.5 mm borosilicate glass capillaries. N2 adsorption and desorption
isotherms were measured using a Quantachrome Quadrasorb at
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77 K. Prior to measurement, all samples were degassed for 12 h
under vacuum at 525 K. The elemental composition was measured
using microwave plasma - atomic emission spectrometry. Samples
were dissolved by flux melting at 1323 K, using sodium tetraborate
as flux in a 1 :10 mass ratio using a Pt crucible. The molten sample
was dissolved in aqua regia and diluted before the measurement.
Microwave plasma-atomic emission spectrometer measurements
were carried out using an Agilent 4100 MP-AES instrument. X-ray
photoelectron spectroscopy (XPS) measurements were conducted
using 150 scans per element with 20 eV pass energy. Casa XPS
software was used for data processing. The peak area ratio of the
Au 4f doublet (f5/2:f7/2) was fixed to 3 :4. Transmission electron
microscopy (TEM) images were obtained using a JEOL 2100
microscope operating at 200 kV. Samples were dispersed in ethanol
and then drop-casted onto holey carbon-coated copper grids (EM
Resolutions).
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Metal nanoparticles encapsulated in
hierarchical, micro/macroporous
zeolites were synthesised by crystalli-
sation of mesoporous silica particles
impregnated with stabilised metal
precursors. The encapsulation proved
to be very effective in preventing the
sintering of the metal particles even
at high temperatures. Catalytic tests
showed that the encapsulated metal
particles remained accessible and
active.
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