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As an alternative method for synthesizing zeolite, the so-
called dry gel conversion (DGC) method has been used for
converting a dry (alumino)silicate gel to zeolite in the
resence of vapofs.This method can be categorized into
he vapor-phase transport (VPT), in which organic structure-

Interactions with ions, molecules, and clusters both at
external surface and inside the pores of zeolites can provide
for well-ordered, multidimensional spatial arrangements on
the nanometer length scale. This organization can be use
ir.lg.t,oilglz fg;g:zxv; él, e;;z;t(;l:;ﬁii,m;rﬁctégat;;es\i/; 1pﬁllg?;fr}z’rdirecting agents (SDASs) are nqt occluded in the dry gel and
emerging areas of application, such as membrane separationé"}re transpprted 0 the.sol!d via the vapor _phase, and the
chemical sensing, and optoelectroniég:or realizing such steam-asswted crystallization (SAC.)’ in which the dry ggl

o : o contains the SDAs and the vapor is only steam. For thin
novel applications, the preparation of zeolites in the forms film preparation. the DGC method can show some advan-
of layers, membranes, and thin films is a crucial step. ta eg O\F/)er solu'éion methods because of the absence of the
Recently, zeolite thin films have been utilized as chemical h 9 leation i lution (locali lei directl
sensors,low-k materials for use as electrical insulatand OmMogeneous nucleation in solution (localizes nuclei directly
hosts for organization of functional guest moleciités. on substrates). Herein, we propose a new SAC method to

Significant challenges to success in these areas are the contr repare onen.ted zegllte thin f|Ims_. A key aspect of the new
of film thickness and grain size, as well as zeolite crystal .'A.‘C method is to utilize the chemical nature of the sqbstrate,
orientation. In particular, pore channels and grain boundariesSIIICOn wafers, as an atom source for the growing f'.lm'
should be controlled perpendicular to the support surface. In contrast to the conventional SAC methtddn which

Thus far, many attempts have been reported in controlling gl] nutrients ("ea Si source, Al §ou(;ce, anhSDA, a m|(;1eral-
out-of-plane orientation; however, most of them require izing agent, and water) are mixed together, coated on a

multistep procedures and thoroughly controlled synthesis ts#bsstgl’;e, and sutt)ssquently %“fd P?f%retste%m'ng’ here qnly
parameter$: ! In-plane oriented zeolite layers have been e was coated on a substrate, that IS, besides serving

repared on large single crystals of zeolite by heteroepitaxial 2° the support, the substratg itself was qtilized as t'he source
prep g g 4 y P of tetrahedral atoms. In a typical method illustrated in Figure

1, a cleaned silicon wafer with an ca. 50 nm thick thermally
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(200)/(020) surface (Figure 3a). Consistent with the XRD pattern, no
crystal-like particles were present at this stage. Figure 3b
shows an FE-SEM image of the obtained product after
steaming for 4 h. Isolated MFI crystals with smooth, rounded
faces appear on the surface. Clear observation of twinning

Crystallization intergrowths at this stage supports the XRD patterns, in

(400)/(040) time which a andb orientations were the results of such crystal

(600)/(080) 519)/(080 defects. As shown in Figure 3c, the MFI crystals are
Jt 48h overgrown and formed a connected layer after steaming for

——
6 h. Figure 3d represents an almost continuous MFI film
grown afte 8 h of crystallization. At this stage, amorphous-

Intensity / a.u.

like particles are still observed on the top of surface. The
S n 10h morphology of the crystals is slightly changed to well-faceted
MFI shape after prolonging crystallization time to 48 h

1 . . 8h (Figure 3e). Figure 3f reveals the cross-sectional FE-SEM
image of the MFI film after 48 h of crystallization. The
zeolite film is in close contact with the silicon wafer; no
oxide layer is apparently observed at the interface. However,
there might be a very thin layer of amorphous T#P3iO,
composite at the interface because of the inaccessibility of
steam. The thickness of the film is estimated to be ca. 2.5
um. The silicon wafers were coated with approximate 8
102 g of TPAOH cn?;, hence the amount of coated TPA
periods are shown in Figure 2. Peaks corresponding to theis about a hundred times higher than the required amount
reflections arising from theh00) and (®0) planes of MFI-  for crystallizing MFI zeolite'®

type zeolite are dominant, indicating that the obtained films = SDAs were removed by calcination at 823 K with a slow
show preferentiah andb out-of-plane orientations. The first  heating rate in a muffle furnace. The FT-IR spectrum, the
visible Bragg diffraction appears after steaming for 4 h. After XRD pattern, and the FE-SEM image of the calcined product
prolonging crystallization time, the intensities of the peaks are shown in the Supporting Information. The removal of
are increased, which reveals that MFI zeolite films have organic SDA was evidenced by FT-IR spectra in thekC
grown over this period (448 h). Botha andb out-of-plane ~ stretching vibrations region (2863100 cn1?; see Figure
orientations were found from the beginning of crystallization. S2 in the Supporting Information). The as-prepared MFI film
Such imperfect out-of-plane orientation might be caused by reveals the peaks assigned to the methylene and methyl

4h
2h
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Figure 2. XRD patterns of MFI films after steaming at 423 K for-28
h. Peaks are indexed with the crystallographic planes of MFI structure.

the 90 twinning intergrowth'® in which substantial {00) groups. After calcination, on the contrary, no noticeable
twins are epitaxially formed on the top of thek() faces of peaks attributed to the -€H stretching vibrations are
crystals. observed. The XRD pattern of the calcined film shown in

In control experiments where silicon wafers with a natively Figure S3 in the Supporting Information reveals that the peak
oxidized layer (a few nanometers) were used as supports andntensities are as high as those observed from the as-prepared
Si source instead of those with a thermally oxidized layer, sample and confirms that the MFI structure is maintained
similar a and b out-of-plane oriented MFI films were upon calcination. However, the positions of peaks were
obtained without any significant differences (see Figure S1 slightly changed after calcination. In particular, the reflections
in the Supporting Information). However, MFI films prepared arising from the (200) and (020) can clearly be distinguished
on silicon wafers with a natively oxidized layer consisted in the calcined sample. Such changes in the XRD patterns
of larger crystal size than those prepared on wafers with aare probably due to the orthorhombic to monoclinic phase
thermally oxidized layer. Such larger sizes are likely due to transition upon calcinatiol.As shown in the FE-SEM image
a smaller number of nuclei. These results suggest that(see Figure S4 in the Supporting Information), neither
tetrahedral atoms for constructing a zeolite framework were significant changes in the film morphology nor the formation
supplied not only by the silicon oxide layer but also by silicon of cracks are observed.
in the wafers that could easily be oxidized by the aqueous The XRD patterns and the FE-SEM images suggest that
hydroxide solution and subsequently converted to zeolite the assembly of the siliceous MFI zeolite films prepared by
under steaming. the SAC method is as follows. First, the oxide layer on the

To understand the conversion process, we observed thesurface of the silicon wafer is dissolved, and subsequently
textural evolution of the obtained MFI films by field-emission the top surface of the silicon is oxidized by TPAOH(aq).
scanning electron microscopy (FE-SEM). Aft@ h of  As a result, hydrated TPASIO, composite particles are
crystallization, small particles and their agglomerates, which

should be TPA/SiIO, composites, were observed on the (16) The amount of TPA occluded in the zeolite films was calculated from
the crystal structure of MFI zeolite and was about 745102
molecules cmd,
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Rawlinson, P. A.; Anderson, M. WI. Am. Chem. SoQ003 125, 7, 564. (b) Treacy, M. M. J.; Higgins, J. Eollection of Simulated
830. XRD Powder Patterns for ZeoliteElsevier: Amsterdam, 2001.
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Figure 3. Top-view FE-SEM images of obtained products after steaming at 423 K for (a) 2, (b) 4, (c) 6, (d) 8, and (e) 48 h, and (f) a cross-sectional view
of (e).

formed on the substrate surface. Nucleation should occur atAttempts to minimize such intergrowth, leading to the
such composite particles, and then discrete crystals areformation of completelyb oriented films, are currently
developed throughout the crystal growth process. Becauseunderway.

of mobility of individual small composite particles, such In conclusion, a new method (SAC) in which silicon
particles are supplied as the nutrients for crystal growth. The wafers serve as both the support and Si source for the
developed crystals are overgrown and subsequently con-formation of the continuous siliceous zeolite films has been
nected with neighboring crystals. Water should serve as adeveloped. The MFI zeolite films with preferentiindb
local pool for the long-range transport of the nutrients needed out-of-plane orientations are obtained by conversion of
for intergrowth}® resulting in a continuous film after TpA+mediated layer on the top of silicon wafers under
prolonging crystallization timeb Oriented MFI films are  steaming. It is expected that the truly simple SAC method

easily formed because of the coffin shape of crystals, i.e., may provide opportunities for the preparation of the films
theac plane is much larger than others. Besidesalamdb of other zeolite frameworks.

orientations, a small amount of other orientations are

observed by FE-SEM and are speculated to be due to the  \qinowledgment. Partial financial support by the Grant-
evolutionary selection or competitive growth proc&sis.is in-Aid of Scientific Research, JSPS, is acknowledged.
evident that the 90twinning intergrowth causes the imper-

fect out-of-plane orientations. Becaqse _SUCh intergrowth is Supporting Information Available: Experimental details; XRD
formed at the early stage of crystallization, the secondary pattern and FE-SEM image of the product prepared on the silicon
(or surface) nucleation Sh0U|d occuron thlelarye of CrY§ta|S wafer covered with a natively oxidized layer; FT-IR spectrum, XRD
and lead to the formation of tha and b oriented film. pattern, and FE-SEM image of the calcined product compared with
those of the as-prepared one (PDF). This material is available free
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