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Uniform Si-CHA Zeolite Layers Formed by a Selective Sonication-

Assisted Deposition Method**
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Zeolites are crystalline aluminosilicate materials employed in
a wide range of applications, including catalysis, separation,
water softening, and adsorption.™ The rigid molecular-sized
pores within zeolites are desirable for use in separations
because they enable the discrimination and separation of gas
molecules on the basis of their size and/or shape.’"! This
intrinsic molecular-sifting property also holds promise for the
selective isolation of CO, from mixtures, for example, the
CO,/N,/H,O mixture that results from postcombustion pro-
cesses''% and the CO,/CH,/H,0 mixture in the natural-gas
stream.!'"* % Zeolite pore sizes corresponding to eight-mem-
bered rings (8-MRs) lie in the range suitable for CO,
separation, as they are a little larger than CO, and smaller
than or similar in size to N, or CH,. Specifically, the kinetic
diameters of CO,, N,, and CH, are 0.33, 0.364, and 0.38 nm,
respectively, whereas the maximum free dimension of 8-MRs
is about 0.43 nm.”! Multiple 8-MR zeolite membranes have
been fabricated in an attempt to capture CO, from mix-
tures.'?! Specifically, 8-MR zeolite and zeolite-like mem-
branes, such as DDR (decadodecasil 3R)!""-!822 and SAPO-34
(CHA type, but comprised of silicon, aluminum, phosphate,
and oxygen)!'®1*2%] membranes, respectively, have exhibited
high performance for CO, separation. The pore apertures of
pure-silica CHA-type zeolites (Si-CHA zeolites) are about
0.370 x 0.417 nm?,?* which enables the discrimination of CO,
and N, according to their size. Although the separation of
CO, from N, is possible by size exclusion with 8-MR pore
apertures, the separation of CO, from H,O is more challeng-
ing owing to the smaller molecular size of H,O (0.265 nm).?
To minimize H,O flux through CHA membranes, their
hydrophilicity, which is presumably due to Al constituents
in the CHA framework, should be minimized by the use of an
all-silica CHA zeolite.
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Despite the high potential for CO, separation even in the
presence of H,O, to the best of our knowledge, all-silica CHA
(Si-CHA) zeolite membranes have not yet been reported. In
particular, the uniform formation of a layer (often called
a seed layer) in the secondary growth method is important for
the formation of continuous Si-CHA films through subse-
quent hydrothermal growth.>?! However, the synthesis of
submicrometer-sized and monodispersed Si-CHA zeolite
particles is challenging.® Thus, the formation of uniform
layers and in turn continuous films by secondary growth is
hindered. The difficulties associated with the synthesis can be
attributed to the inhomogeneous environment in a solidlike
precursor in fluoride media: until now accepted conditions for
the effective synthesis of Si-CHA zeolites.”! Furthermore,
a preferential out-of-plane orientation in the seed layer is
critical for the manufacture of films with the same orientation
and often improves their separation performance by provid-
ing desired pore channels perpendicular to the film sur-
face.??)

In this study, we attempted to construct uniform, oriented
Si-CHA deposits that could serve as good seed layers. First,
we synthesized Si-CHA particles by the conventional syn-
thetic protocol reported by Camblor and co-workers.®! As
reported, near-cubic Si-CHA particles were observed as the
dominant product,?***= although platelike Si-CHA particles
were also detected as a minor product. The consideration that
the shortest dimension perpendicular to the large basal plane
in platelike Si-CHA particles would be beneficial in the
formation of an oriented layer led us to develop a method for
depositing only the platelike Si-CHA particles on a porous o.-
Al,O; disk. This goal would be quite challenging with
conventional coating methods (e.g., dip coating, spin coating).
Despite their relatively low abundance, platelike Si-CHA
particles were deposited selectively onto the a-Al,O; disk by
a sonication-assisted method with the successful formation of
uniform #0h-out-of-plane-oriented layers. To avoid any
undesired effect, we calcined all the samples in the form of
particles, layers, and films in this study.

Figure 1a,b shows SEM images of particles synthesized
with compositiont (10SiO,/5 N,N,N-trimethyl-1-adamant-
ammonium hydroxide (TMAdaOH)/5HF/30H,0) at 155°C
for 42 h. Near-cubic particles (the conventional morphology
of Si-CHA zeolites) were easily observed in a wide size
distribution of about 1-10 um. The Bravais-Friedel-Donnay-
Harker (BFDH) method suggests that the face of the near-
cubic particles is a (101) plane (inset in Figure 1a; see also
Scheme S1 in the Supporting Information). To the best of our
knowledge, only Si-CHA particles with a near-cubic mor-
phology have been reported previously.**** However, as
a minor product, we found platelike particles (indicated by
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Figure 1. a,b) SEM images of particles synthesized with composition t
at 155°C for 42 h and c) the corresponding particle-size distribution of
the near-cubic particles. d) SEM image of particles synthesized with
composition T at 155°C for 64 h. The inset in (a) shows the near-cubic
particle generated by the BFDH method with Materials Studio (ver-
sion 5.5). The face of the near-cubic particles (violet) denotes the
(101) planes. Brown arrows in (b) indicate platelike particles. Scale
bars above the SEM images: 10 um.

arrows in Figure 1b), which were often observed in an
aggregated form. It appears that under the synthetic con-
ditions of composition t, the platelike particles were synthe-
sized concomitantly with the major product: the near-cubic
particles. Figure 1c¢ shows that the near-cubic particles had
a wide particle-size distribution, in analogy with the findings
of previous studies.’***% The average particle size and the
corresponding standard deviation were approximately 4.1 and
1.8 pm, respectively. Figure 1d shows particles synthesized
with composition T, in which the molar ratio of H,O to SiO,
was changed from about 3:1 (in composition t) to about 1:1.
Platelike particles of submicrometer thickness were observed
along with near-cubic particles (still the major product). This
result possibly indicates that the locally reduced water
content in composition T is more favorable for the formation
of Si-CHA particles with a platelike morphology.

Figure 2 shows XRD patterns of the as-synthesized
particles shown in Figure 1 along with the simulated powder
XRD pattern.®® The XRD patterns indicated that all
particles shown in Figure 1 were pure CHA zeolites. Owing
to the near-solid nature of the synthetic precursor, it is
possible that the molar composition was inhomogeneous
during the reaction. Although we attempted to homogenize
the near-solid precursor through intensive hand grinding prior
to the reaction, the molar composition of the reactants,
especially the H,O/SiO, ratio, may still have been locally
heterogeneous. Thus, the 3:1 molar ratio of H,O to SiO, in
compositiont was probably decreased locally, and the
decreased ratio promoted the formation of Si-CHA zeolites
with a platelike morphology, as supported by the presence of
platelike particles in the product synthesized with composi-
tion T (Figure 1d).
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Figure 2. a) Simulated XRD pattern of a CHA zeolite. b,c) XRD pat-

terns of as-synthesized particles. The simulated XRD pattern of as-

synthesized Si-CHA zeolite powder was generated with the Mercury
software (Cambridge Crystallographic Data Centre, CCDC), and the

corresponding crystal-information file (#201658) reported by Morris
and co-workers®?! was downloaded via “Request a Structure” on the
CCDC website (http://www.ccdc.cam.ac.uk).

The SEM images in Figure 1 demonstrate the coexistence
of platelike particles alongside near-cubic particles as a minor
fraction of the mixture. The XRD patterns in Figure 2 confirm
the pure CHA crystal phase of the particles in Figure 1.
However, the XRD patterns could be dominated by the more
abundant near-cubic Si-CHA particles. Therefore, we
attempted to isolate the platelike particles from the larger
near-cubic particles on the basis of the hypothesis that the
latter would precipitate more quickly than the former. The
resulting XRD patterns for particles synthesized with com-
position t confirmed that the recovered particles predom-
inantly consisted of a CHA zeolite phase, although SEM
characterization indicated that some near-cubic particles still
remained (see Figure Sla,b in the Supporting Information).
A minor fraction of amorphous particles was also observed
(indicated by arrows in Figure S1b). In contrast, SEM images
of particles recovered by applying the above-mentioned
precipitation method to the particles synthesized with com-
position T showed that more platelike Si-CHA particles were
produced (see Figure S1c,d).

We subsequently adopted a more selective method for the
characterization of the platelike particles. Figure 3a shows
a TEM image of a platelike particle next to a near-cubic
particle. A selected-area electron-diffraction (SAED) pattern
obtained for the marked region in Figure 3a indicated that
the platelike particle was the pure CHA zeolite (Figure 3b).
Indexing of the spots revealed that the zone axis correspond-
ing to the SAED pattern was [111]. The corresponding
simulated SAED pattern marked in red was identical to the
experimental counterpart and thus confirmed the validity of
the proposed [111] zone axis. Figure 3¢ shows a high-reso-
lution (HR) TEM image of the platelike particle shown in
Figure 3a. Fast Fourier transform (FFT) of the HR TEM
image in Figure 3¢ produced a spot pattern similar to the
SAED pattern in Figure 3b; in this way, we could cross-
validate the conclusions made on the basis of SAED and
HR TEM analysis. TEM images of additional platelike and
near-cubic particles are shown with the corresponding SAED
patterns in Figures S2 and S3, respectively. Indexing of the
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Figure 3. a) TEM image, b) SAED pattern, and c¢) HR TEM image of
a platelike particle in Figure 1b. In (b), the simulated SAED pattern
marked in red is superimposed on the experimental counterpart. In
(c), the FFT result of the HR TEM image and the structural model
projected along the [111] zone axis are shown as insets.

SAED spots, which were identical to those in the correspond-
ing simulated SAED patterns, supported a [211] zone axis in
both cases.

Figure 4a shows an SEM top-view image of a Si-CHA
layer that was coated on an a-ALO; disk by the sonication-
assisted deposition method. Most of the surface of the a-
ALO; disk seemed to be covered by platelike Si-CHA
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Figure 4. a) SEM image of a Si-CHA zeolite layer (scale bar: 1 um) and
b) the corresponding XRD pattern along with the XRD pattern of
calcined Si-CHA zeolite powder (the asterisk (*) indicates the peak
from the a-Al,0; disk). The crystallographic preferential orientation
(CPO) index was estimated to be approximately 24 +8 by comparison
of the peaks corresponding to the (101) and (270) planes in the XRD
patterns of the Si-CHA zeolite particles and the Si-CHA layer.

particles rather than conventional near-cubic particles. It
was apparent that the deposited Si-CHA particles were
closely packed with multiple layers to some extent. It appears
that access of larger near-cubic particles to the disk surface
was effectively limited by the clearance between the cover
glass and the disk surface, and that this limited accessibility
was beneficial in the selective coating of the a-Al,O; disk with
the smaller platelike particles. Remarkably, even relatively
small near-cubic particles (ca. 1-2 um) were not deposited
either on the a-Al,O; disk or on already-deposited platelike
particles. Furthermore, physical interactions between the
platelike Si-CHA particles and the o-ALO; disk were
sufficient for the formation of a uniform layer. Therefore,
there was no need for any chemical attachment between the
zeolite particles and the support, in contrast to the sonication-
assisted chemical deposition method described previ-
ously.”*¥! Additional SEM images taken at two different
sites and different magnifications are shown in Figure S4. It is
possible that a uniform Si-CHA layer with a similar or higher
degree of out-of-plane orientation or surface coverage could
be formed by the sonication-assisted chemical deposition
method described in the literature.?*! However, subsequent
calcination, which is supposed to burn off any chemical
linkers and promote the condensation of hydroxy groups
between zeolite particles and the substrate, made no differ-
ence to chemically and physically deposited Si-CHA zeolite
particles owing to the sufficient uniformity of the Si-CHA
layer. Indeed, the avoidance of a complicated process
involving surface functionalization by chemical linkers
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makes the current approach attractive: control of the
accessibility of the substrate to Si-CHA particles suffices for
the formation of a uniform Si-CHA layer (Figure 4a).

Figure 4a shows that the platelike particles were depos-
ited with the large plane parallel to the Al,O; disk and thus
possibly with an out-of-plane orientation. The corresponding
XRD pattern (Figure 4b) confirms that the Si-CHA coating
layer was oriented with the A0k plane perpendicular to the
out-of-plane direction. For convenience, the out-of-plane
orientation of the Si-CHA layer shown in Figure 4a is
referred to as the hOh out-of-plane orientation. SEM and
XRD analysis demonstrated that the basal plane in the
platelike Si-CHA particles was the (101) plane and was
equivalent to the face of the near-cubic Si-CHA particles
shown in Figure 1. Furthermore, the interplanar anglel
between the plane normal to the [211] zone axis (see
Figure S2¢) and the (101) plane was about 6.1°, which
supports the hypothesis that the basal plane of platelike
particles deposited nearly parallel to the surface of the a-
Al,O; disk, as shown in Figure 4a, was the (101) plane. The
SAED pattern of a platelike particle was equivalent to that of
a near-cubic particle (see Figures S2 and S3). This result
indicates that the large basal plane in the platelike particles
can be considered, geometrically speaking, as a slice of a near-
cubic Si-CHA particle. Although additional investigations
focused primarily on the early stages of CHA crystal growth
are required, the observation of platelike Si-CHA particles
might indicate a possible growth mechanism involving the
stacking of their basal planes to eventually form near-cubic Si-
CHA particles, as lamellar structures in near-cubic morphol-
ogies were reported for willhendersonite (isostructural to
CHA zeolites)®”! and SAPO-34 (obtained by the transforma-
tion of lamellar AIPO-kanemite).”™

Since 8-MR channels (0.370x0.417 nm*) run through
both a and b axes, the 8-MR channels in the direction
perpendicular to the #0h plane are tilted by about 47° with
respect to the a or b axis. Accordingly, the tortuosity (defined
in this case as the ratio of the actual path length across a film
to the film thickness) across an hOh-oriented CHA film, if
epitaxially well-grown from the uniform hQOh-oriented Si-
CHA layer in the current study, will be about 1.5 with respect
to that of either the a- or b-oriented counterpart (i.e., equal to
the secant of 47°). We further calculated the crystallographic
preferential orientation (CPO) index to quantify the pre-
ferred out-of-plane orientation. The CPO ;1) index calcu-
lated from three different samples was approximately 24 £ 8,
which indicates the pronounced alignment of the 40k plane in
the out-of-plane direction.

Since the deposits possibly contained amorphous flakes,
as indicated by the XRD pattern in Figure S1b, we further
attempted the intergrowth of the layer in Figure 4a under
synthetic conditions that lead to SSZ-13 zeolites (CHA-type
zeolites).”” Top-view and cross-sectional SEM images (see
Figure S5) revealed that despite the possible presence of
amorphous constituents, the secondary growth of the compact
seed layer resulted in an approximately 1.5-2 um thick,
continuous CHA film. However, the hOh out-of-plane ori-
entation in the seed layer was not well preserved during
secondary growth (see Figure S5). Thus, additional studies are
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needed to trace the evolution of the out-of-plane orientation
with the film thickness and provide an understanding of the
growth behavior of CHA films.

In summary, we could selectively deposit platelike Si-
CHA particles, although present in lower abundance in
a mixture with near-cubic Si-CHA particles, on a porous o-
Al,O; disk to form a uniform h0h-out-of-plane-oriented Si-
CHA layer. The successful formation of this layer was
attributed to two main factors: 1) sonication enabled dis-
persed Si-CHA particles to reach the surface of the a-AlOs
disk and physically deposit on it to form a continuous layer,
and 2) cover glasses sandwiching the Al,O; disk permitted
only smaller platelike Si-CHA particles to reach the surface
and prevented access to the more abundant and larger near-
cubic particles. The control of accessibility enabled the
depositing of thinner particles while excluding thicker par-
ticles. Such discrimination is otherwise quite challenging
owing to the difficulty in separating mixed solids with
different morphologies and sizes. An approximately 1 um
thick Si-CHA zeolite film on a tubular support (e.g., 1 cm in
diameter and 10 cm in length) would correspond to a gain in
weight of about 5 mg, indicating that only a small quantity of
particles is sufficient to cover the entire surface area. Thus,
our sonication-assisted deposition method can be regarded as
an effective tool for the formation of a uniform layer, even
when the desired particles exist as a minor fraction of
a mixture. The h0h-oriented layer is a good candidate for use
in the manufacture of oriented films through subsequent
epitaxial secondary growth. Efforts to synthesize hOh-ori-
ented continuous CHA films are under way.

Experimental Section

Synthesis of Si-CHA zeolite particles: Si-CHA zeolite particles were
synthesized by a modified version of a reported method.?®*" The final
molar composition of the synthetic precursor was 10SiO,/5 TMA-
daOH/SHF/30H,0. For convenience, this molar composition is
referred to as composition t and corresponds to the “thin” compo-
sition. For comparison, a H,0/SiO, molar ratio of about 1:1 was also
considered. This composition is referred to as composition T and
corresponds to the “thick” composition. The Si-CHA particles were
calcined for 12 h at 550°C with a ramp rate of 1°Cmin' under an air
flow of 200 cm®*min~" (Pluskolab, model: CRF-M20-UP).

Selective coating of platelike Si-CHA particles on an a-AlLO;
disk: An a-Al,O; disk sandwiched by two cover glasses and held in
place with a custom-made Teflon holder was placed vertically in
a glass reactor containing dry calcined Si-CHA particles (ca. 0.05 g).
Dry toluene (anhydrous, 99.8%, Sigma-Aldrich; ca. 40 mL) was
added to the glass reactor. All processes were conducted under an
argon atmosphere. The glass reactor was sealed with Parafilm and
placed in a sonicator (JEIO TECH, UC-10P). The sealed reactor was
sonicated for about 20 min. For convenience, the current approach is
referred to as a sonication-assisted deposition method. The seeded a-
AlLO; disk was calcined for 4h at 450°C with a ramp rate of
1°Cmin~. Detailed procedures for the synthesis and characterization
of Si-CHA particles and CHA films are given in the Supporting
Information.
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