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Zeolites have been utilized widely in industry and in household products, for example, as adsorbents, ion-exchangers and
catalysts, and have attracted considerable attention as host materials for various recent nanotechnology applications. The
SiAION ceramics, of which -SiAION and S-SiAION are representative phases, are useful for engineering applications because of
their excellent mechanical and chemical properties. This review introduces the author’s contributions to the synthesis and

characterization of these Si-based materials.
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1. Introduction

Zeolites are hydrated, crystalline tectoaluminosilicates that are
constructed from TO, tetrahedra (T = tetrahedral atom, e.g. Si
and Al).D* They contain well-ordered, nanometer-sized void
spaces (ca. 3-15A) in their structures. Figure 1 shows two
typical zeolite structures, the LTA (zeolite A) and FAU (faujasite)
type. Synthesis of artificial zeolites commenced in 1945, and to
date, more than 190 framework structures have been recognized
for zeolites and related materials including tectosilicates and
tectoaluminophosphates.” Most zeolites have been synthesized
under hydrothermal conditions and the synthetic zeolites are
produced as “metastable phases” in a thermodynamic sense. For
example, in the Na,0-Al,0;-SiO,-H,O system, albite, anal-
cime, natrolite, nepheline, sodalite and montmorillonite, which
are so-called “dense phases”, are often formed at 300-700°C. At
temperatures lower than 200°C, however, different zeolites (e.g.
zeolite A and faujasite) are formed as metastable phases. Since
there are many metastable phases under certain conditions, the
products are sometimes obtained as a mixture. Therefore, from an
industrial point of view, techniques for the synthesis of zeolite as
a single phase are very important; for example, Kasahara et al.®
reported a process for the large-scale synthesis of pure faujasite.
Zeolite molecular sieving capabilities have enabled their use as
adsorbents, ion-exchangers and molecular-sieving membranes.
Their acidic properties provide the basis for heterogeneous
acid catalysis used in the petroleum and chemical industries.”
Furthermore, in recent years, research into novel applications of
zeolites has been reported, such as in optical and magnetic
applications,®!? based on their unique and regular structures as
host frameworks for molecules, ions, and clusters.

The - and B-SiAIONs are essentially solid solutions of
o-Si3sNg and B-Si3Ny that have had some of their Si and N
atoms replaced by Al and O, respectively. Certain metal
cations, such as Li, Ca, Mg, Y and the rare-earth ions, are
included in the large interstitial sites of ®-SiAION to maintain
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B-SIAION
Fig. 1. Framework structure of LTA, FAU and S-SiAION.

charge neutrality.'® These solid solutions have the formulae
M, Si1—m—nAlynOnN16—, (@-SiAION, x = m/v, v: cation charge)
and Sig_.ALO.Ng_, (B-SiAION, 0 < z < 4.2), respectively (see
Fig. 1). SiAION ceramics exhibit high strength and hardness,
and are highly resistant to oxidation and corrosion, due to a wide
variety of microstructures and properties, depending on the
compositions and sintering parameters.'4»!%)

In general, the fabrication of both zeolites and SiAIONs are
readily affected by various experimental factors [e.g. starting
composition, synthesis (firing) temperature, mixing procedure
and synthesis (firing) time]. Therefore, the formation mecha-
nisms of zeolites and SiAIONs are not well understood, and their
elucidation and control are still one of the major topics in
materials science. This review summarizes the author’s contri-
butions to the synthesis and characterization of these Si-based
materials.
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2. Application of high-energy X-ray diffraction
technique for the elucidation of
zeolite crystallization'62%)

Recent developments in analytical methods have enabled
detailed studies of the crystallization mechanism of zeolites.”
Several attempts have been made over the years, using various
techniques including NMR?D-29 (branched units of silicates, Si/Al
ratio), conventional X-ray diffraction,>”2% optical microscopy
(morphology),>® dynamic light scattering (DLS; particle size
distribution),3"3? small-angle X-ray/neutron scattering (particle
size distribution),>®-37 transmission electron microscopy (TEM;
inner and terminal structures),3®3% Raman spectroscopy (local
structure)*?*» and atomic force microscopy (AFM; surface
structure).*Y#7 Although these studies uncovered the crystal-
lization of zeolites, they could not provide information regarding
changes in the atomic arrangement from the amorphous to the
crystalline phase. Diffraction methods (either X-ray or neutron)
are commonly used to obtain the atomic arrangement*® of
disordered materials. Although neutron diffraction is a valuable
technique used for obtaining similar information, it is mainly
sensitive to O-O correlations and in addition a small amount of
hydrogen present in sample uncertainties in the data normal-
ization.*”) X-ray diffraction is well-suited for determining the
atomic arrangement of disordered materials, in particular for
extracting the T-T (T: Si, or Al) correlations, which are very
important in determining the medium-range order of zeolite
precursors. To analyze the structure of disordered materials using
diffraction methods, it is necessary to obtain the structure factor,
S(Q), in a wide scattering vector Q (Q = 47 sin6/A, 0: scattering
angle, A: wavelength of photons or neutrons), since the resolution
in the real space function depends on Q. of the Fourier
transformation of S(Q). It is essential, therefore, to conduct
measurements at high energies (very low wavelength of ca.
0.2 A, which is now possible using third generation synchrotron
radiation sources).

In this study, high-energy X-ray diffraction (HEXRD) experi-
ments were carried out to elucidate the crystallization mecha-
nisms of various zeolites on a horizontal two-axis diffractometer,
optimized for structural measurements in glass and liquid, built at
the BL0O4B2 high-energy monochromatic bending magnet beam
line of SPring-8 (energy: 61.63 keV; wavelength: 0.2012 A). The
Onmax obtained in this study is 25 A~!. The data collected were
subjected to well-established analysis procedures including
absorption, background and Compton scattering corrections
followed by normalization to the Faber—Ziman total structure
factor, S(Q). The total correlation function, 7(r), is derived
from Eq. (1),

Omax
I(r)= 47T/0f+%/g {Q[S(Q) — 1]sin(@N}dQ (1)
where p is the total number density.

Figure 2 shows typical XRD spectra of the products formed in
the synthesis of faujasite.!” No Bragg diffraction occurs in
sample 1 (synthesis period: 1h). An amorphous/crystalline
mixture is obtained after 5 h of hydrothermal synthesis (sample 2),
and the crystallization is complete after 24h of hydrothermal
synthesis (sample 3). Figure 3 shows FE-SEM images of
samples 1, 2 and 3. Only particles 100-300nm in size
(amorphous phase) are observed in sample 1, whereas faujasite
crystals are observed among these amorphous particles in
sample 2. A regular octahedron-shaped crystalline faujasite
without amorphous phase is seen in sample 3, indicating that the
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Fig. 2. XRD spectra of samples for the synthesis of faujasite;
indicating that faujasite were formed from the amorphous phase. Note
that all Bragg peaks are due to faujasite.

Sample 3

Fig. 3. FE-SEM image of samples 1, 2 and 3 for the synthesis of
faujasite.
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Fig. 4. (a) Total correlation functions, 7(r)s, of samples 1, 2 and 3.
(b) Magnified image of (a).

crystallization was completed at this stage. To extract quantitative
information from the HEXRD data regarding the atomic
arrangement in the amorphous and/or crystalline materials, the
total correlation functions are calculated by the Fourier trans-
formation of the total structure factor, S(Q).

T(r)s of samples 1, 2 and 3 are shown in Fig. 4. From these
functions, it is possible to identify the various distances, r(f\)s,
associated with several features. The first peak in the 7(r) curves
relates to Si—O and Al-O distances. The Q range obtained here is
not sufficient to resolve the two distances of ca. 1.61 and 1.73 A
for tetrahedrally-coordinated Si and Al species, respectively.
Distinct features are seen around 2.6 and 3.1 A which are due to
0O-0O and Si-Si(Al) correlations, respectively. As can be seen
from Fig. 4, a peak is observed at 3.8 A in the amorphous phase,
which is mainly due to the second nearest neighbour to Si(Al)-O
in 4R. The peak at 4.3 A in the amorphous phase is mainly due to
the second nearest neighbour to Si(Al)-O in various rings larger
than 4R. Since the amorphous phase for the synthesis of faujasite
contains a large fraction of 6R as reported in a previous study
which used UV-Raman spectroscopy,’” it appears that the peak at
4.3 A is mainly due to 6R, and the peak shift in 4.3-4.4 A during
the crystallization is mainly due to the ordering of distorted 6R.
The morphologies of amorphous aluminosilicates and crystalline
zeolites are obviously different from one other as shown in
Fig. 3. The crystallization of faujasite (at least the crystal
growth), therefore, seems to proceed via the solution-mediated
transport process under this condition. It should be noticed that
the formation (ordering) of 4R occurs at a later stage than that of
6R, as shown in Fig. 4(b). If there are no changes in the structure
of amorphous gel during the crystallization, and amorphous gel is

simply a supplier of soluble species (if sample 2 is a mixture of
sample 1 and sample 3), the difference in peak intensities should
not occur [peak at 3.8 A in sample 2 should be higher than that
shown in Fig. 4(b)]. This result shows that the amorphous gel
structure is changing towards that of the final crystalline phase
during the crystallization.

As a result, a HEXRD technique for the elucidation of zeolite
crystallization has been applied for the first time and clear changes
are confirmed in the medium-range order, especially in the
formation of aluminosilicate rings in the initial stages of zeolite
crystallizations (zeolite A, zeolite X, mordenite and ZSM-5).
Furthermore, HEXRD in combination with Reverse Monte Carlo
modeling can provide information on more accurate atomic
arrangements of the precursor particles.'® This work is still in
progress, and results are likely to elucidate the structural pathway
for the formation of microporous materials.

3. Control of zeolite growth using dilute
aluminosilicate solutions®'-%4

Recently, research on zeolites has been reported for the novel
application of their unique structures as host frameworks for
molecules, ions, and clusters. The author has focused on the
preparation of oriented films of zeolites by heteroepitaxial growth
for use in these potential applications. The ability to connect
heterogeneous zeolite structures also enables the construction of
multidimensional, nanospatial networks. Such nanospatial net-
works may serve as hosts to integrate molecular electronics and
other molecular devices within their structures. Sodalite and
cancrinite have structural similarities, since their aluminosilicate
layers of six-membered rings are identical to one other. The
differences in the structures originate from the stacking sequences
of the six-membered rings. Sodalite along (111) is constructed by
an “abc” stacking sequence, while cancrinite along [0001] is by an
“ab” stacking sequence. In the same way, chabazite is also
constructed from six-membered ring layers with a stacking
sequence of “aabbcc” along [111]. First, the author showed
the heteroepitaxial growth of hexagonal cancrinite on a milli-
meter-sized cubic sodalite single crystal [see Fig. 5(a)].>"? A
characteristic point of the study is the use of dilute aluminosilicate
solution to control cancrinite growth on sodalite (to suppress the
spontaneous nucleation in solution and promote only heteroepi-
taxial growth on the sodalite surface). The author also showed the
heteroepitaxial growth of chabazite on a sodalite substrate whilst
maintaining the relation of chabazite (111) // sodalite {111}, as
shown in Fig. 5(b).> In this contribution, a unique patterned
surface-texture is obtained in the millimeter-scale because of the
twin formation of chabazite.

QSN

Chabazite on sodalite

Cancrinite on sodalite

Fig. 5. Heteroepitaxial growth of cancrinite and chabazite on sodalite,
respectively.
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Fig. 6. AFM images at the same position before and after the hydro-
thermal treatment. Step formation was confirmed after the treatment.

Such a dilute aluminosilicate solution is also useful in
preparing clean zeolite surfaces without amorphous matter on
an atomic scale. Recrystallization of zeolite [faujasite (Si/Al =
1.2)] surface was performed using dilute aluminosilicate solution
with the composition of 405Na;0:1A1,03:51S10,:29900H,0.
The importance of this particular ratio is that it gives a solution
nearly in equilibrium with the faujasite. This means that faujasite
is in neither macroscopic growth nor dissolution mode. In these
conditions poorly crystalline parts of faujasite are more easily
dissolved than the more crystalline parts and tend to recrystal-
lized back onto the faujasite giving a more ordered surface. AFM
images at the same position of faujasite before and after the
treatment (Fig. 6) show that the rough surface of faujasite
changes into a well-ordered face in the solution. This surface
ordering proceeded by thermodynamic stabilization of the top-
surface structure via the mutual transfer of aluminosilicate
species between the solution and solid phases.

4. Synthesis of B-SIAION from a zeolite®%59

B-SiAION ceramics are commonly produced by the reaction
sintering of mixtures of SizsNy4, AIN, and Al,O3 over 1500°C. The
corrosion resistance of B-SiAION powder is reduced with the
formation of its glassy phase in the sintered body. For this reason,
preparation of B-SiAION powder and its sintering using spark
plasma sintering (SPS)®” has received considerable attention.
B-SiAION powder is mostly synthesized from mixtures of SiO,
and Al,O3 by carbothermal reduction—nitridation (CRN) over
1400°C. So far, the suitability of various raw material minerals,
including kaolinite,®" halloysite,*” montmorillonite®® and ben-
tonite,* has been investigated. These minerals are mainly
composed of Si and Al, which they contain uniformly on an
atomic scale. However, due to the effects of contamination and
the difficulty in controlling compositions in the raw materials,
for example the Si/Al ratio, products synthesized using these
minerals contain AIN, mullite and 15R polytype as impurity
phases. The author, therefore, focused on using a zeolite raw
material to avoid these problems. Using a zeolite would enable
control of the Si/Al ratio by controlling the starting composition.
Furthermore, charge compensation cations (e.g. Nat, Ca’>* and
H™) can be introduced easily and uniformly in zeolite structures
by ion exchange procedures since the structure contains many
anionic Al sites. First, the author showed the successful syntheses
of high-purity B-SiAION*®-*7 from a mixture of zeolite and
carbon by the CRN process; however, the resultant products had
a large z-value distribution since the composition of the glassy
phase became inhomogeneous due to the formation of mullite
during firing;’” therefore, gas reduction—nitridation (GRN),
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Fig. 7. XRD spectra of (a) raw zeolite, (b) the product synthesized at
1200°C for O min, (c) 1400°C for 0 min and (d) 1400°C for 60 min. For
comparison, XRD spectra of (e) the product synthesized by the CRN
process and (f) the product synthesized from a SiO,—Al,O3 mixture by the
GRN process are shown. The arrow indicates that the product has a large
distribution of z-values.
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which uses a mixture of NH; and carbohydrate as a reactant
gas (c.a. C3Hg) was studied for producing high-purity 8-SiAION
powder as indicated by the following equations.

H,Sis_,ALO»(zeolite) + (8 — z)NH;
— Sig_,ALLO,Ng_.(B-SIAION) + (12 — 2)H,0  (2)

The GRN process is quite a simple process since it does not
require mixing, milling or a decarburization process. Moreover,
the GRN process is generally performed at lower temperatures
(1200-1400°C) and with a lower solid solution of carbon in the
products than the CRN process (1400-1500°C).

Figure 7 shows XRD spectra of the products synthesized at
1200 and 1400°C for O min and 1400°C for 60 min from raw
zeolite (HSZ-330HUA, Toso Chem. Co., Tokyo), the product
synthesized by the CRN process from the raw zeolite and the
product synthesized from the SiO,—~Al,O3 mixture by the GRN
process. It was found that raw zeolite was transformed into its
amorphous phase at 1200°C [Fig. 7(b)] and a small amount of
O’-SiAION and X’-SiAION as intermediate phases were con-
firmed in the sample synthesized at 1400°C for 0 min [Fig. 7(c)].
Finally, high-purity 8-SiAION was obtained by heat treatment at
1400°C for 60 min as shown in Fig. 7(d). Figure 7(e) shows the
XRD spectrum of the sample prepared by the CRN process. It is
found that high purity B-SiAlON can also be synthesized by the
CRN process; however, the peak of B-SiAION is broadened
as indicated by the arrow in Fig. 7(e). This indicates that the
resultant products have a large distribution of z-values (0.1 < z <
2.7) because of the formation of a Si-rich amorphous phase and
an Al-rich mullite phase during firing and subsequent crystal-
lization to B-SiAION.?”) Note that The z value of the S-SiAION
phase was the mean of z, and z. calculated from the cell
parameters by the following equations.

a=7.603+0.0296zA ¢ =2.907+0.0255zA (3)
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Figure 7(f) shows the XRD spectrum of the product prepared
from the SiO,—-Al,O3; mixture. It was found that o-SizNy
represents a considerable impurity phase when compared to
zeolite as raw material [Fig. 7(d)]. This result can be ascribed to
inhomogeneous distributions of Si and Al atoms in the SiO,—
Al,O; mixture. It is known that SiO gas is formed in a reducing
atmosphere around 1400°C. Because the Si and Al atoms are
not distributed uniformly on an atomic scale in the SiO,—Al,O
mixture, SiO gas is easily formed and reacts with NH;. As a
result, a larger volume of «-SizNy is formed as indicated by the
following equations.

SiO, 4+ 2NH; — SiO + N, + H,O0 + 2H, “4)
3SiO + 4NH3 — Si3N4 4+ 3H,0 + 3H, (5)

On the other hand, since Si and Al atoms are mixed uniformly on
an atomic scale in zeolite, it is thought that uniform reaction was
performed at lower temperature (1200-1400°C) and the forma-
tion of SiO gas is prevented by well-dispersed Al atoms in the
amorphous phase, suppressing «¢-SizN, formation and forming
high purity B-SiAION powder with a sharp z-value distribution
(z=1.3).

As a result, high purity 8-SiAION powder was produced from
zeolite by GRN at 1400°C for 60 min. Zeolite was used directly
as the raw material without previous preparation or handling.
Furthermore, completely pure 8-SiAION was produced success-
fully, containing no minor phases, by the optimization of
nitridation, that is, by concentration of C;Hg and the timing of its
introduction, and its formation mechanism was investigated in
detail by ?’Al and °SiNMR.>”

5. Conclusions

Zeolites and SiAlONs have been synthesized and charac-
terized. This study draws the following conclusions:

(1) The application of a HEXRD technique for the elucida-
tion of zeolite crystallization has been performed for the
first time and clear changes are confirmed in the medium-
range order, especially in the formation of aluminosili-
cate rings in the initial stages of zeolite crystallizations.

(2) Heteroepitaxial growth of cancrinite and chabazite on
sodalite has been performed. A characteristic point of
the study is the use of dilute aluminosilicate solution to
control cancrinite growth on sodalite. Furthermore, it is
possible to obtain a well-ordered zeolite surface using
the same solution.

(3) High purity B-SiAION powder was produced from a
zeolite by GRN at 1400°C for 60 min. Zeolite was used
directly as the raw material without previous preparation
or handling.
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