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MFI-supported films were prepared using secondary growth of precursor layers. The
precursor layers were prepared free of additives and no calcination step was used before
secondary growth. Combined microstructural control over film thickness, orientation,
continuity, and surface roughness was achieved. Hydrothermal conditions were identified,
such as film growth proceeds predominantly by direct growth of the particles of the precursor
layer. The prepared polycrystalline films have a columnar microstructure. The out-of-plane
grain orientation can be manipulated by secondary growth conditions, and is such that the
c-axes of the grains range from perpendicular to the substrate to an angle of ∼34° from the
direction normal to the substrate, whereas the in-plane grain orientation is random. Initial
film growth rates were sustained at a constant value for extended periods of time with an
activation energy of 70 kJ/mol. The degree of out-of-plane orientation increases with film
thickness up to a point where changes in concentrations in the secondary growth solution
lead to surface roughening and change in the preferred growth direction. Sustained growth
preserving film orientation and columnar microstructure is achieved during repeated
secondary growth, allowing for control of the film thickness without compromising the deposit
orientation and surface smoothness. As a result of their microstructure exhibiting well-
intergrown columnar texture with small surface roughness, oriented films with thickness
well exceeding the wavelength of visible light are optically transparent.

1. Introduction

Zeolite films have attracted considerable interest due
to their potential use in several applications, including
selective membranes, electrodes, sensors, and optoelec-
tronic devices.1-9 For applications such as selective
membranes, which need to utilize the molecular sieving
properties of these materials, the ideal configuration
would be a thin, appropriately oriented zeolite layer
without interzeolitic porosity.

Zeolite membrane preparation has been reported for
several different types of zeolites using, mainly, in situ
techniques.10-19 Preferentially oriented molecular sieve
membranes have been reported recently.20,21

The issue of microstructural evolution during oriented
film formation is addressed only in a limited number of
reports. Jansen and Rosmalen22 reported preparation
conditions that can lead to oriented and intergrown MFI

layers, supported on silicon wafers. Altering the syn-
thesis conditions, Jansen et al.23 were able to obtain
similar films without interzeolitic porosity visible by
scanning electron microscopy (SEM). Koegler et al.24

further investigated this preparation technique and
proposed a growth mechanism for this type of synthesis.
According to this mechanism, a thin gel layer is formed
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on the substrate (silicon wafers) and nucleation occurs
at the gel/solution interface. Crystal growth proceeds
into the gel phase until the crystals bond with the
support and finally align with their (010) faces parallel
to the substrate.

The gel formation was also observed by Kiyozumi et
al.25 during the formation of MFI noncomposite films
on mercury surfaces. The film side that was in contact
with the mercury had crystal orientation with the (0k0)
and/or (h00) crystal planes parallel to the film surface,
according to the X-ray diffraction (XRD) patterns. On
the other hand, the solution side of the films had
random orientation. The SEM images show that the
films are formed with crystals that are well intergrown,
and the final films appear transparent under optical
observation. These properties are attributed to the use
of the nonsolid support. It is suggested by the authors
that mercury fluctuation generates a capillary wave that
contributes to a moderate shaking of the crystals,
providing an additional driving force for intergrowth.
As a result, uniform and smooth films were obtained.

Tsapatsis and co-workers26 proposed the secondary
growth technique for the preparation of molecular sieve
films. The processing scheme consists of using a col-
loidal zeolite suspension to form a precursor layer on a
substrate. This step is followed by the secondary growth
step, which involves crystal growth of the precursor
layer particles to eliminate intercrystalline poros-
ity.20,21,26-31 Using the secondary growth technique for
the preparation of MFI films, it was demonstrated that
the prepared films exhibit orientation such that the
crystals were preferentially oriented with their c-axis
nearly perpendicular to the substrate.20,21,31

Secondary growth of seed layers was also employed
by Valtchev et al.,32 Mintova et al.,33 and Hedlund et
al.34 for the preparation of ultrathin silicalite films on
nonporous substrates. The substrate is modified to
facilitate adsorption of a monolayer of small zeolite seed
crystals, whereafter seeded growth leads to an inter-
grown film. Hedlund et al.34 stated that depending on
the size of the seed crystals, the final film thickness
might vary from 110 to 720 nm. However, no prefer-
ential orientation was demonstrated for MFI films in
these reports.

In another report, Mintova et al.35 used the seed layer
technique to further investigate the formation of inter-

grown MFI films on modified gold surfaces. Based on
XRD, a preferential orientation of the crystals in the
precursor layer is claimed, with the (010) faces parallel
to the surface. However, as the films grow thicker,
during secondary growth, almost all reflections of the
MFI structure are present in the X-ray pattern, indicat-
ing nearly random orientation.

In the work just described, binders or additives were
used for the preparation of the precursor layer20,21 along
with modification of the substrate by organic or inor-
ganic coatings32-35 to ensure high coverage and attach-
ment of the zeolite seed nanoparticles on the substrate.
Furthermore, before secondary growth, calcination of
the precursor layer was applied to enhance adhesion of
particles to the substrate.

In what follows, it is demonstrated that the use of
elevated temperatures and/or additives is not necessary
for the preparation of the precursor layer. In section
3.1 it is shown that by secondary growth at 175 °C a
c-axis out-of-plane preferential orientation is achieved
and that the degree of out-of-plane orientation increases
with film thickness. In section 3.2 it is demonstrated
that the out-of-plane orientation can be manipulated by
varying the temperature of secondary growth. A specu-
lation for the reason leading to different orientation is
also presented in this section. In section 3.3 it is
established that renewal of reactants during secondary
growth can lead to sustained film growth, preserving
and enhancing the preferred orientation. Finally, in
section 3.4, the preparation of transparent and oriented
MFI films is reported. The transparency is attributed
to the grain structure and small surface roughness of
thick films prepared by sustained growth.

2. Experimental Section

2.1. Preparation. A colloidal silicalite suspension with
discrete particles (∼100 nm), concentration of 15 g/L, and pH
∼ 8 was prepared as previously reported,20 but excluding the
use of the alumina binder. The suspension was used for
coating nonporous substrates (glass slides) with a precursor
layer. The substrates were left to dry in air at room temper-
ature overnight and further dried for 2 h at 50 °C. Then they
were placed vertically in Teflon-lined reaction vessels. Sub-
sequently, they were treated hydrothermally (secondary growth)
at 175 and 140 °C using a solution with a composition of
40SiO2:9TPAOH:9500H2O:160EtOH to obtain MFI films.

2.2. Characterization. X-ray diffraction was used to
characterize the orientation of the obtained films. The XRD
patterns were collected on a Phillips X’Pert system using Cu
KR radiation. X-ray powder diffraction was performed in a
θ/2θ geometry. For this type of analysis, crystal planes that
are parallel to the substrate are detected and, for relatively
thick films, this is the technique of choice for preliminary
analysis of preferred orientation. X-ray thin film analysis was
also used with the angle of incidence set to 1° for characteriza-
tion of the precursor layers and films at the early stages of
secondary growth. The XRD pole figure was used to quantify
the degree of the orientation achieved. For these measure-
ments, the 2θ positions of the desired reflections were identi-
fied from the powder XRD pattern. The incidence and exit
angle were fixed at this position and the sample was rotated
360° (æ) for each tilt angle (ψ).

Scanning electron microscopy (SEM) was performed on a
JEOL 100CX microscope operating in SEM mode at 20 kV.
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The samples were mounted on the specimen holder with
conductive carbon tape and sputtered with a gold coating.

3. Results and Discussion

3.1. Microstructural Evolution for Secondary
Growth at 175 °C. The film microstructure evolution
during secondary growth was followed by SEM and
XRD. Figures 1b-d show SEM top views and corre-
sponding cross sections for films prepared by secondary
growth at 175 °C. Film thickness evolution is followed
from 0 to 15 h (Figure 1e). Figure 2 shows the
corresponding θ/2θ diffractograms for up to 15 h of
secondary growth, and Figure 3 shows X-ray pole figures
for films obtained after 5 and 15 h of secondary growth.

Before the secondary growth step, the precursor layer
is comprised of nearly a monolayer of silicalite nano-
crystals. The interpenetrant twin nanoparticles exhibit
equiaxed morphology, shown in the SEM top view of
Figure 1a. Their nearly spherical shape results in a
random orientation of the precursor particles. The thin
film XRD pattern shown in Figure 2a indicates the
absence of preferential orientation in the precursor
layer.

Despite the random orientation of the precursor layer,
a preferentially oriented film is obtained upon secondary

growth. Deviations from random orientation are al-
ready apparent after 5 h of secondary growth at 175 °C
(Figure 2b) and are strongly manifested after 9 and 15
h (Figures 2c and d, respectively). Some of the reflec-
tions that are clearly resolved in the precursor layer
pattern (Figure 2a) decrease in intensity, but after 5 h
of secondary growth (Figure 2b), the reflections corre-
sponding to the (h0l) or (0hl) crystal planes dominate
the pattern. In addition, the intensity of the (002)
reflection increases. This reflection is weak for the
precursor layer, but after 15 h of secondary growth
(Figure 2d) has the highest relative intensity. These
results show a preferred orientation where a large
fraction of the crystals have their c-axis perpendicular
to the substrate, whereas the rest are slightly tilted
around the direction normal to the substrate. The
deviations from random orientation, as revealed from
XRD, coincide with the appearance and pronounced
development of columnar texture shown in the SEM
cross sections of Figure 1 (Figures 1b to 1d). It can be
concluded that the long axis of the columnar grains of
the polycrystalline MFI films prepared by secondary
growth at 175 °C is their c-axis.

Additional X-ray pole figure analysis was performed
for the films obtained after 5 and 15 h of secondary
growth at 175 °C. The analysis was carried out for the
(002) and (101) or (011) reflections. Spinning the
sample from 0 to 360° did not affect the diffracted
intensity. This result can be seen in Figure 3a, where
a quadrant of the (101) pole figure is presented for the
film obtained after 15 h of secondary growth. This
result was also observed in a previous report31 and
indicates a random rotation of the crystals around the
axis normal to the substrate (i.e., random in-plane
orientation). For this reason, the pole figure line plots
presented in Figure 3b are sufficient to describe the
orientational order of the films. As can be seen from
this figure, the intensity of the (002) line plot has a
maximum at 0° tilt angle for both samples, as was
expected because for crystals that are c-oriented, the
(00l) planes are parallel to the substrate surface. For
the film obtained after 15 h of secondary the intensity
maximum at 0° is sharper compared with the one
obtained after 5 h. Furthermore, the intensity drops

Figure 1. SEM micrographs of (a) the precursor layer and
after secondary growth at 175 °C for (b) 5 h, (c) 9 h, and (d) 15
h; (e) film thickness versus secondary growth time.

Figure 2. Thin film XRD pattern of the (a) precursor layer,
and XRD patterns after secondary growth at 175 °C for (b) 5
h, (c) 9 h, and (d) 15 h.
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essentially to zero at high tilt angles. The (101) line
plot from the film obtained after 15 h of secondary
growth shows maximum intensity at ∼34°, as expected.
These observations further verify the preferred c-
orientation of the grains and confirm the increase in the
degree of orientation for longer secondary growth time
and larger thickness.

From the SEM cross sections of Figure 1b-d and the
resulting Figure 1e it is indicated that uniform grain
growth takes place. Furthermore, there is no induction
time, indicating that the presence of seeds, under these
secondary growth conditions, leads to elimination of the
nucleation stage. This observation is different from our
previous report20 where calcined self-supported sili-
calite/alumina seed layers were used. In that case, an
induction time for secondary growth was observed, and
only a fraction of the precursor layer was covered
initially with growing grains. Here, when the uncal-
cined/alumina-free precursor layer is brought in contact

with the secondary growth solution, the high density
and active external surface of grains allows for uniform
growth. The seed crystals, at the early stages begin to
grow in all possible directions. Under these conditions,
growth of the existing particles contributes to film
growth without incorporation of crystals nucleated in
the solution, suggesting that grain growth proceeds by
direct growth of the seeds of the precursor layer result-
ing in well-intergrown films, as shown by the SEM top
views in Figure 1b-d.

The growth of the seeds propagates with time as a
moving front from the precursor layer to the solution,
as can be seen from the SEM cross sections in Figure
1b-d. Grains continue to grow as the film thickens and
the crystal direction with the highest vertical growth
velocity dominates, resulting in a columnar film texture.
The rest of the grains that grow faster in a direction
other than the vertical become buried. In the final
films, grains have increasing size from the bottom to
the top of the film and individual grains can be traced
following the direction normal to the substrate. This
can be clearly seen from the SEM cross section in Figure
1d for the thick film obtained after 15 h of secondary
growth.

3.2. Secondary Growth at 140 °C. The effect of
temperature variation on film growth rates during
secondary growth was examined over a range of tem-
peratures from 90 to 175 °C. The growth rate increased
with increasing temperature. Initial growth rates were
determined from the slopes of the growth curves and
ranged from 0.01 µm/h at 90 °C to 0.84 µm/h at 175 °C.
From these rates, the apparent activation energy for
secondary growth was found to have a value of 70 ( 10
kJ/mol.

For secondary growth at the highest temperature of
175 °C, the high growth rate was sustained for 15 h and
led to the formation of the thickest film (∼13 µm),
without observing pronounced surface roughening. For
secondary growth at 140 °C, the growth rate was
sustained for 20 h and SEM observation showed similar
columnar film microstructure (Figure 4).

Although SEM observation showed similar columnar
film microstructure, XRD from the films obtained at 140
°C revealed different orientation than the one of the
films grown at 175 °C. The thin film and θ/2θ diffrac-
tograms for up to 20 h of secondary growth at 140 °C
are presented in Figure 5a-e. From Figure 5a-d it can
be seen that the degree of orientation increases with
time (or thickness) as in the case of secondary growth
at 175 °C. Deviations from random orientation appear
after 4 h (Figure 5b) and are strongly manifested after
9 h. Between 9 and 20 h (Figures 5d and 5e, respec-
tively), although film thickness increases, the degree of
out-of-plane orientation does not seem to change sig-
nificantly. Moreover, the peak corresponding to the
(002) reflection that was dominant for the films at 175
°C (Figure 2) has a small intensity for up to 20 h of
secondary growth at 140 °C. Instead the (101) or (011)
reflection is dominating, which suggests that the long
axis of the columnar grains is not the c-axis, but their
c-axis is tilted to an angle of 34° with respect to the
direction normal to the substrate.

Additional support for this suggestion was provided
from X-ray pole figure analysis, performed around the

Figure 3. (a) Quadrant of the (101) pole figure for the film
obtained after secondary growth at 175 °C for 15 h. (b) Pole
figure line plots of films obtained after secondary growth at
175 °C for 5 and 15 h.
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(101) or (011) reflection (Figure 6) for films obtained
after 9 and 20 h of secondary growth at 140 °C. These
line plots show maximum intensity at 0° angle, which
suggests that the columnar grains have their c-axis
tilted 34° with respect to the normal. It is thus shown
that secondary growth at 140 °C leads to a different out-

of-plane preferred orientation compared with secondary
growth at 175 °C.

A possible explanation for the influence of tempera-
ture of secondary growth on film orientation is il-
lustrated in Figure 7. As can be seen from the SEM
micrographs in this figure, lower temperatures and
short times favor the formation of more equiaxed MFI
particles. On the other hand, at higher temperatures
(e.g., 175 °C) elongated coffin-shape particles are ob-
tained more quickly. Consequently, secondary growth
at 175 °C leads to c-out-of-plane grain orientation,
whereas deviations from this orientation occur at lower
temperatures. More specifically, growth at 140 °C
results in [h0h] orientation for secondary growth times
up to 20 h. However, for longer secondary growth at
140 °C, this preferred orientation is not sustained and
instead c-orientation starts to dominate as illustrated
later.

As can be seen from Figure 8 for secondary growth
at 140 °C, the film thickness initially evolves with time
at a constant rate, which is sustained and increases
although the silica concentration in solution decreases.
After 20 h, the growth rate drops, presumably due to
further nutrient depletion, leading to concentrations in

Figure 4. SEM micrographs for films obtained after second-
ary growth at 140 °C for (a) 2 h, (b) 4 h, (c) 9 h, and (d) 20 h.

Figure 5. XRD patterns for secondary growth at 140 °C. Thin-
film XRD for films obtained after secondary growth for (a) 2
h, (b) 4 h, and (c) 6 h and XRD for films after (d) 9 h and (e)
20 h.

Figure 6. Pole figure line plots of the (101) reflection for films
obtained after secondary growth at 140 °C for (a) 9 h and (b)
20 h.

Figure 7. SEM images of MFI crystal grains in solution under
conditions of secondary growth at 140 °C and 175 °C, and
schematic illustration of proposed relation with film texture.
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the secondary growth solution that are not high enough
to provide the necessary precursors. After the point
where the growth rate at 140 °C declines, SEM observa-
tion indicates that faceting of the crystals dominates,
resulting in surface roughening (Figure 9a). The sur-
face roughening is accompanied with loss of preferred

orientation. The θ/2θ diffractogram corresponding to a
film with thickness of ∼9 µm that was obtained after
96 h is presented in Figure 9b. It can be seen from this
figure that the same reflections are still present as in
the case of secondary growth for up to 20 h at 140 °C
(Figure 5). However, the intensity of the (002) reflection
has increased significantly in this case. The associated
(101) pole figure line plot (Figure 9c) shows a distribu-
tion with two maxima, one at 0° and the second at ∼34°
tilt angle. These observations suggest that for pro-
longed secondary growth at 140° the [h0h] preferred
orientation cannot be sustained.

3.3. Sustained Growth. It was possible to sustain
the initial growth rate by replenishing the nutrients in
the solution. This replenishment was achieved by
performing sequential secondary growth experiments at
140 °C, where the solution was renewed in time
intervals from 5 to 15 h. The film thickness evolution
during sustained growth is presented in the diagram
of Figure 10a, and shows that the growth rate remained
constant and equal to the initial growth rate. The final
film had a thickness of ∼ 8.5 µm after 50 h total time of
secondary growth. The XRD and the pole figure line
plots for this film are presented in Figures 10b and 10c,
respectively. From Figure 10 it is clear that the [h0h]
orientation that could not be preserved after 20 h of
secondary growth at 140 °C can be sustained and

Figure 8. Film thickness evolution and silica depletion in
solution for secondary growth at 140 °C.

Figure 9. (a) SEM views for films obtained after secondary growth at 140 °C for 96 h; (b) corresponding XRD pattern; and (c)
(101) pole figure line plot.

2502 Chem. Mater., Vol. 10, No. 9, 1998 Gouzinis and Tsapatsis



enhanced using sequential renewal of reactants. The
line plots corresponding to the (101) and (002) pole
figures shown in Figure 10c indicate that the grains are
aligned with the c-axis to an angle of ∼34° to the
direction normal to the substrate.

3.4. Transparent and Oriented MFI Films. The
films prepared by sustained growth at 140 °C exhibit,
in addition to preferred orientation, small surface
roughness (∼0.1 µm) and well intergrown columnar
microstructure. As a result, these oriented films even
at thickness (∼10 µm) well exceeding the wavelength
of visible light are optically transparent. The transpar-
ency is illustrated in Figure 11, where a picture of a
film grown on a glass slide is presented. The left area
that appears darker is the one that was not coated with
precursor layer. During secondary growth crystals
nucleated in the solution or at the solution-substrate

interface were deposited in this area. The nonuniform
microstructure results in considerable scattering of
visible light (SEM and optical micrographs in Figure
11a and c). In contrast, a very smooth film occupies the
area initially covered with the precursor layer. Optical
inspection of the coated part of the glass substrate after
secondary growth does not reveal any difference from
the as received glass slides, whereas the uncoated part
appears nearly white.

The microstructural control demonstrated here is also
of significance for the use of these films in equally
important applications, such as membranes for gas
separations and coatings on sensors. Similar film
microstructures have been obtained under similar sec-
ondary growth conditions on porous alumina disks and
silicon wafers. The results reported point to the search
of secondary growth conditions leading to slower nucle-
ation compared with growth rates and highly anisotro-
pic growth rates with fastest growth along the direction
that is desired to dominate the out-of-plane orientation.
The emphasis was on secondary growth conditions,
whereas no attempt was made in changing the orienta-
tion or density of the precursor layer. As is shown
elsewhere,36 the density of seeds and their orientation
can play an important role in determining the final film
microstructure.

4. Conclusions

Polycrystaline MFI films were prepared by secondary
growth of precursor layers. Precursor layers that

(36) Boudreau, L. C.; Kuck, J. A.; Tsapatsis, M. J. Membr. Sci. In
press.

Figure 10. (a) Film thickness evolution under sustained
secondary growth at 140 °C; (b) XRD pattern; and (c) pole
figure line plot for a film obtained after sustained growth at
140 °C for 50 h.

Figure 11. (a) SEM top-view and (c) optical micrograph from
the interface of the coated with precursor layer and uncoated
regions of the substrate (b) after secondary growth.
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adhere on the substrate can be formed without calcina-
tion or use of surface modification or additives. During
secondary growth, the precursor particles remain at-
tached on the surface. Secondary growth conditions
were identified where film growth proceeds by direct
growth of the seed particles, leading to continuous
columnar films with single grains extending along the
film thickness.

This work demonstrates that orientation of molecular
sieve films can be manipulated by secondary growth
conditions, as illustrated by the preparation of the
c-oriented ([00l]), and the [h0h]-oriented films. More-
over, it is shown that secondary growth can be sustained
upon repeated renewal of reactants, providingcontrol
over film thickness while preserving the preferred

orientation and surface smoothness.

To our knowledge, this work for the first time dem-
onstrates combined microstructural control over film
thickness, uniformity, surface roughness, crystal orien-
tation, continuity, and intergrowth for molecular sieve
films.

Acknowledgment. Support for this work was pro-
vided by NSF [CTS-9624613 (CAREER) and CTS-
9512485 (ARI)] and NETI. M.T. is grateful to the David
and Lucile Packard Foundation for a Fellowship in
Science and Engineering.

CM9802402

2504 Chem. Mater., Vol. 10, No. 9, 1998 Gouzinis and Tsapatsis


