
Zeolites with hierarchical structure were prepared through
layer-by-layer electrostatic assembly of zeolite nanocrystals on
the diatom substrate.  The thickness and composition of the zeo-
lite coatings on the diatom could be readily tailored by varying
the number of deposition cycles and the zeolite types used,
respectively.

Recently zeolites with hierarchical structure have aroused
considerable research enthusiasm due to their technological promise
in many important applications, such as catalysis, adsorption, sep-
aration and other advanced materials.1–9 The previous preparation
processes generally required the inclusion of removable templates
on the length scale from submicron to micron, around which zeo-
lite walls were formed using in situ zeolite crystallization,1 seed-
film method,2 or nanozeolite self-assembly technique.3–9

Recently, some researchers have focused on adopting stable mate-
rials with inherent hierarchical pore structure as templates, which
need not to be removed to obtain macropore structure.  Anderson
et al.10 have lately referred to zeolitization of diatom to acquire a
hierarchically structured zeolites by a process involving ultrasoni-
cally seeding the diatoms in a silicalite-1 suspension, followed by
hydrothermal growth of zeolite crystals in a reaction mixture con-
taining adscititious tetraethyl orthosilicate. However it was diffi-
cult to control the composition and morphology of products in
such process.  Moreover, the overgrowth of zeolites would even
stuff the internal voids of the diatom during the hydrothermal
process.  Recently, many endeavors have been paid to developing
the layer-by-layer (LbL) zeolite assembly technique, with which it
is convenient to control the zeolite film composition, structure and
thickness by sequentially electrostatic deposition of charged
nanozeolites and polyelectrolytes.6–9 In this letter, the LbL zeolite
assembly technique was first applied to the fabrication of zeolites
with hierarchical pores using structured diatoms as templates.
The advantage of this approach is that it allows readily tailoring of
the composition (and consequently function) and thickness of the
zeolite coatings on the diatom substrates.

Nanocrystals of silicalite-1 (80 ± 10 nm and 300 ± 50 nm),
TS-1 (80 ± 10 nm), ZSM-5 (80 ± 10 nm) and beta zeolite (40 ± 5
nm) were prepared according to the literature methods11–15 and
characterized by means of XRD, IR and SEM.  The initial gel
composition and the isoeletric points of zeolites are listed in
Table 1. The products were purified by repeated centrifugation
and washing, then dispersed in distilled water to form a stable
zeolite suspension with a concentration of ca. 1.0 wt% at pH 9.5
(adjusted with NH4OH).  The original diatoms (Jilin, China) con-
sist of disc-like forms of ~ 1.2 µm in thickness and 20–40 µm in
diameter with a nearly regular array of submicron pores (about
300 to 500 nm), which occupied ~ 6% volume of the raw diatom
(Figure 1a).  The diatoms were selected with sedimentary method
in distilled water to remove the scrappy minerals. 

The zeolite nanocrystals were deposited onto the diatoms
based on a sequential electrostatic deposition process.7,8 First,
the diatoms were positively charged by depositing a layer of
cationic poly(diallyldimethylammonium chloride) (PDDA).
Then, the nanozeolites and PDDA were alternately deposited on
the positively charged diatom substrates to form homogeneous
nanozeolite/PDDA multilayers.  All the adsorption steps were
done in a colloidal zeolite suspension with liquid/solid volume
ratio of 50 for a duration of 15 min, followed by rinsing the sam-
ples with 0.1 mol dm–3 NH4OH solution four times to remove the
excess nanozeolites or PDDA.  After desired layers were deposit-
ed, the samples were heated up to 823 K (heating rate 5 K min–1)
for 8 h in air to remove the organic species. 

LbL is a very convenient way of forming mono- or multi-
layer nanozeolite coatings.  The proper electrostatic interaction
between substrates and zeolite particles is crucial to obtaining
uniform and compact coatings on the diatom templates.  It was
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found that the pH of the colloidal suspension was a fundamental
factor in determining the integrity of the coatings on the
diatoms.  Under near neutral conditions, the charge density on
the nanosilicalite-1 particles was approximately zero, thus the
zeolite nanocrystals preferred to coalesce and form aggregates
in the solution.  With the pH value rising, the self-aggregation
of zeolite particles reduced and the quality of the zeolite coat-
ings improved due to the increase of negative zeta potential.
The surface of diatoms was completely and homogeneously
covered with a layer of nanozeolites after one zeolite/PDDA
deposition cycle at pH about 9.5 (Figure 1b).  To obtain materi-
als with higher zeolite content, multi-step deposition process
was also applied.  Although the pores on the diatom plate grad-
ually decreased as the deposition cycles increased, the hierar-
chical pore systems of diatoms were still kept with the diameter
of macropore about 100–300 nm after three deposition cycles
(Figure 1c).  To further study the effect of electrostatic attrac-
tion, the pH value of the dipping solution was also adjusted
below the isoelectric point (see Table 1), e.g. pH = 3.0, where
the particle surface was positively charged.  Only few particles
were deposited on the diatoms after one nanosilicalite-1/PDDA
deposition cycle since the particles were repulsed from PDDA-
coated diatoms.  However, when we substituted cationic PDDA
by anionic polystyrenesulfonate sodium salt as poly-electrolyte,
the integrated coatings on diatoms were also obtained.  These
results clearly show that the electrostatic attraction between the
charged nanozeolite and oppositely charged polyelectrolyte is
an effective driving force for the self-assembly of zeolite–poly-
mer multilayers on the diatoms.

In the same manner, the zeolite coatings on the diatoms
composed of other types of zeolite nanocrystals, such as ZSM-5,
TS-1 and beta were also successfully fabricated.  The larger zeo-
lites had also been selected as building blocks to assemble on
diatoms.  However, with the size of zeolites increasing the sur-
face of diatom plate was no longer compactly covered and most
of the submicron pores on the plate were stuffed with zeolite
crystals after one zeolite/PDDA deposition cycle (Figure 1d).  A
possible explanation for the comparatively loose zeolite coatings
could be that the relatively weak interaction between large crys-
tal and polyelectrolyte modified substrate and the high spatial
hindrance effect of large crystal.  Furthermore, hybrid nanozeo-
lite coatings on diatom templates, which might bring about bi-
and/or multi-functional materials, were also fabricated through
alternately depositing different types of nanozeolites.

The XRD spectra of the samples prepared with different
deposition cycles using 80 nm silicalite-1 as building blocks
were shown in Figure 2.  With the deposition steps increasing,
the intensity of the silicalite-1 characteristic peak gradually
enhanced.  The IR spectra further confirmed that the composite
materials comprised MFI-type zeolites.  The peaks at 550 cm–1,
the characteristic peak of MFI-type zeolites,11 gradually
increased with the deposition cycles.  From the N2 sorption
isotherms, the N2 sorption amount of the calcined samples obvi-
ously increased after depositing nanozeolites.  The micropore
volume of the sample prepared using 80 nm silicalite-1 as
building blocks with three deposition cycles was 0.016 cm3 g–1,
while the micropore volumes of the initial diatoms and raw
nanosilicalite-1 were 0.002 cm3 g–1 and 0.140 cm3 g–1, respec-
tively.  The surface area rose gradually as the deposition cycles
increased.  For example, the surface areas of the samples pre-

pared with one and three deposition cycles were 22 m2 g–1 and
44 m2 g–1, respectively, while the initial diatoms had only the
surface area of 8 m2 g–1.  The fraction of zeolitic part in total
weight of the prepared composite with one and three deposition
cycles were ~ 10% and ~ 4%, respectively, estimated from the
N2 sorption data.  If more depositing cycles were applied, the
materials with higher zeolite content could also be obtained.
The above results clearly indicate that the materials really com-
prise zeolite nanocrystals and the thickness and composition of
the zeolite coatings on the diatom plates can be readily tailored
by altering the deposition cycles.
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