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Potential uses of crystalline molecular sieves as selective

membranes, membrane reactors, chemical sensors, optical device

as well as in other new applications rely on the ability to grow
them as films:=12 The crystallinity of these materials along with
being a main advantage imposes demanding challenges for film
fabrication? It is well recognized that these challenges include the
control of preferred orientation that is important for two main
reasons. First, for most framework structures, preferred orientation

can be reflected in the transport and other (e.g., optical, electronic)

properties of the filnf. Second, as it was shown recently for the
case of MFI, different orientations can result in differences of the
grain boundary structure which in turn influences the overall
performance of a film, especially in membrane applicati@r@ther

effects have been reported, as for example, on the surface roughnes

and optical transparenéyMany studies have attempted to provide
methods for achieving preferred orientation in molecular sieve films.
Jansen et & first discovered in situ preparation conditions that
lead tob-out-of-plane oriented and intergrown MFI layers on silicon
wafers, and this approach was recently extended by Yan and co-
workers? demonstrating that control of nucleation and growth can
provide the means of achieving preferred orientation. However,
because of insufficient understanding of nucleation and growth
processes in hydrothermal systems, especially with respect to
controlling particle-shape evolution and nucleation density on
arbitrary supports, the success of in situ methods in yielding oriented
films is limited to few zeolites and orientations. Alternative
approaches to in situ growth that attempt to decouple nucleation
from growth rely on pre-seeding the support of the molecular sieve
film with a seed layer of particles or fragments of the same
material®~1214-16 Seed deposition techniques include deposition
from colloidal suspensions by physi&ai? or chemical mearior

both with'®16 or without?14 modification of the molecular sieve

or support surface, rubbing,laser ablatiort# and in some cases,

in situ growth!® Seed layers can be preferentially or randomly
oriented. In the first case, epitaxial growth can lead to oriented
films,2915while in the case of randomly oriented layers preferential
orientation can gradually develop as the film thickens by evolution-
ary selection (Van der Drifts growtRy.Secondary growth of seed
layers has been reported to result in preferentially oriented films.
However, the success is still limited by available shapes/sizes and
deposition methods of seed particles and by constraints in adjusting
the relative crystal plane growth velocities.

In an effort to extend the secondary growth method to other
molecular sieve types and orientations, we report here the formation
of a preferentially oriented film of one molecular sieve (ETS-10)
filling the space between preoriented needles of another (ETS-4)
by heteroepitaxial growth.

ETS-10 is a microporous material consisting of [§]iOctahedra
and [SiQ] tetrahedr& while a structurally related material, ETS-
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Figure 1. Structure model of heteroepitaxial growth of ETS-10 on ETS-4.
(Purple: titanium. Yellow: silicon. Red: oxygen.

4, has [TiQ] pyramidal-squares as well as octahedral titania and
tetrahedral silicd° ETS-10 has a tetragonal structure with the ideal
composition of MTiSisO;3'nH,0 (M = K, Na)1° In ETS-10, there
are 12-membered rings (12MR) in all three directions, with straight
channels in the- andb-directions and nonlinear channels along
the c-direction. The disordered structure of ETS-10 was proposed
by Anderson et al? as an intergrowth of two hypothetical ordered
polytypes, one of which (polytype A) has chiral pore structure
possessing a spiral channel along thdirection. ETS-4 is also
faulted and can be described as an intergrowth of four hypothetical
ordered polytypes, with the ideal composition ofT¥Si;0sg'nH,O
(M =K, Na)2%21In ETS-4, 12 MRs are blocked by the pronounced
stacking disorder along thedirection, and as a result, transport is
controlled by a 2-D channel system with limiting 8MR openings.
ETS materials have potential applications in catalysis, adsorption,
and ion exchange as well as in membrane separatféAdn
addition, they have interesting optical properties due to the
monatomic quantum wire character of the corner-sharing titania
chains®?

We have identified conditions where ETS-10 crystals are grown
epitaxially on f00) faces of ETS-4. Epitaxial growth of cancrinite
(CAN) on certain faces of sodalite (SOD) single crystals prepared
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(a) Top view : (b) Top view

(a) Topwiew (higher mag.)

(a) Cross section

Figure 3. SEM images of the ETS-4 precursor layer (a), and of the ETS-
10/-4 film synthesized by heteroepitaxial growth on the ETS-4 precursor
layers after 20 h (b).

Figure 2. SEM images of heteroepitaxially grown ETS-10 crystals on ETS- Precursor |a)_’er was prepared on an asymmetric porous titania
4. (a) View of the h00) face of ETS-4 with nucleated submicron crystals substrate using the secondary growth technique described else-

of ETS-10; (b) view of the (0 face of the ETS-4 crystals; few of the  where!® The nonintergrown needlelike ETS-4 precursor layer was

ETS-10 crystals extend over theOQ) face and start covering the (DO then subjected to secondary growth at 2@ for various times
faces of ETS-4. A schematic of the early growth process is shown in (c). . . . . [

(d) Late stage of growth where the ETS-4 crystal is surrounded by ETS- using a mixture with molar cqmposmon of 5.71 SID Ti0,:1.9
10. ETS-4 and ETS-10 crystallographic directions are indicated. KF:7.2 NaOH:168.25 kD, which led to the growth of ETS-10.

For the synthesis, sodium silicate solution (Aldrich, 27%,512%

by mechanical polishing was reported by Okubo et‘and several NaOH) and titanium (111) chloride solution (Fisher Scientific, 10%,
other similar zeolite cases are established in the literdtufé. stabilized with HCI) were used as a Si and a Ti source, respectively.
However, this is the first report for titanosilicate molecular sieves.  Figure 3 shows initial and final images of the ETS-10/-4 film
A structural model of the ETS-4/-10 interface is illustrated in Figure (the time-evolution of the film is provided as Supporting Informa-
1. Theb- andc-axes of ETS-4 are parallel to tlee(or b)-axis of tion). ETS-10 starts growing on the ETS-4 crystals of the precursor
ETS-10 with the ETS-1@-axis perpendicular to thénQ0) planes layer, eventually filling the gaps between the ETS-4 crystals. That
of ETS-4. There is a reasonable match of unit cell dimensions on leads to a well-intergrown ETS-10/-4 membrane. From the epitaxial
the interfacial planes of ETS-b & 7.23 A,c =6.97 A) and ETS- relationship as described above (see Figures 1 and 2) and the
10 (@, b= 7.48 A), considering the established flexibility of these preferred orientation of the ETS-4 layer, it is expected that the ETS-
frameworks?2 Moreover, we can identify more than one way to 10 crystals will bea (or, equivalentlyp)-out-of-plane oriented. This
fully connect the 00) planes of ETS-4 with the (0Oplanes of is corroborated by the SEM top view images of the film (compare
ETS-10 in an epitaxial relationship. Figure 1 illustrates one of these. Figures 3b and 2d) and by analysis of X-ray diffraction (XRD)
By extensive model building, we could not identify a similar match results. In previous reports, analysis of the preferred orientation of
in terms of dimensions and connectivity between the other expressedmolecular sieve films has been performed by pole figure andlygis,
faces of ETS-10 and ETS-4. grazing incidence X-ray diffractiof? and at the qualitative level

Figure 2 shows representative experimental data that corroborateby use of XRD data collected in a Brag@rentano geometr§?°
the model described above. It shows SEM images of the epitaxially For the preliminary account of this communication, the analysis
grown ETS-10 crystals on ETS-4. One can observe the ETS-10 follows the latter approach. Figure 4 shows XRD patterns collected
crystal growth on the ETS-4 substrate with in-plane as well as out- for ETS-4 (trace A) and ETS-10 (B) powders and from the ETS-4
of-plane orientation in Figure 2a. Figure 2a,b indicates that the ETS- precursor layer (C) of Figure 3a, and the final ETS-10/-4 film (D)
10 crystals start growing on thed0) planes of the ETS-4 and not  of Figure 3b. XRD patterns at various stages of growth are provided
on any of the other faces. When ETS-10 crystals eventually extend as Supporting Information. A comparison of trace A and C of Figure
over the edge of thehQ0) faces, they start covering the (Ptaces 4 confirms theb-out-of-plane orientation of the ETS-4 precursor
of ETS-4 indicated by the circles in Figure 2a,b. More results using layer!® Trace D, along with the reflections corresponding to the
ETS-4 powder and large single crystals are available as Supportingoriented ETS-4 film, clearly shows the appearance of ETS-10 peaks
Information. however, with drastic changes in the relative intensities compared

We used this epitaxial growth in the formation of oriented to the powder pattern of trace (B). An unambiguous evidenae of
membranes. A highlyb-oriented but poorly intergrown ETS-4  (or b)-out-of-plane preferred orientation is provided by comparison

J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002 12967



COMMUNICATIONS

a
p b0
|

Substrate
® (020) . . Substrate]
®:ETS-10
m:ETS-4
-~ {200}
T |e W (110)
3 101} ® {105} * )
N o ) ©
2 (110 .
2 o ] (C)
3
£ (o1 {105} {200}
N Vo e
(200)  (001)
N A AJ’L_.MJ\__A_;JL_A A)
5 10 15 2 2% 30 3 4

26

Figure 4. X-ray diffraction patterns. (A) ETS-4 powder, (B) ETS-10
powder, (C) ETS-4 precursor layer, and (D) ETS-10/-4 film grown for 20
h. Indexing of ETS-10 is based on the superposition model by Wang et
al3% The schemes show the orientation of the (105) and (200) planes with
respect to the substrate farout-of-plane oriented ETS-10.

of the{105 and{20G reflections. The crystallographic preferred
orientation, CPO, for these reflections is larger than 50, indicating
strong orientatiorf!

The extension of the secondary growth procedure to include
heteroepitaxial growth as described here should be applicable in
other microporous molecular sieves. For example, zeolite beta
(BEA) is known to grow by a similar epitaxial relation on SSZ-31
needleg® On the basis of the method presented hb#&-out-of-
plane-oriented zeolite beta films could be growrcariented films
of SSZ-31. More interestingly, the orientation of molecular sieve
membranes fabricated by heteroepitaxial growth can be adjusted
by changing the orientation of the precursor layers. For example,
ac-oriented ETS-10 membrane could be fabricated oa-ariented
ETS-4 precursor layer.
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Supporting Information Available: Images of heteroepitaxially
grown ETS-10 crystals on ETS-4 powder and large single crystals (10
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via the Internet at http://pubs.acs.org.
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