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c-Oriented, continuousAlPO4-5 andCoAPO-5 films with an average thickness of as low as 500 nm
were synthesized by seeded growth. Growth behavior was controlled by appropriate manipulation of the
precursor mixture without altering hydrothermal temperature. Employing crystalline seeds and precrys-
tallization of the precursormixture under proper conditions yielded a controllable and uniform growth of
prism-shaped oriented crystals over the entire substrate surface. Systematically altering the water content
affected growth direction, which was continuously tuned between in-plane and c-out-of-plane. The AFI
films synthesized by the present work being the first thin, oriented, and well-intergrown ones represent
promising materials for fabricating high-flux, unidimensional-pore membranes, for hosting and organiz-
ing molecules and clusters, and for growing arrays ofmonodisperse and ultrathin nanostructures, such as
carbon nanotubes, inside the AFI channels targeting highly efficient optoelectronic devices.

1. Introduction

Ordered framework materials exhibiting controlled
crystal orientation, precise pore structure, stability, and
activity offer great potential for a variety of applications
such as separation membranes, shape-selective catalysts,
adsorbents, ion exchangers, chemical sensors, and func-
tional units in optical systems.1-4 Aluminophosphate
AlPO4-5 (AFI structure) consists of one-dimensional,
12-membered ring channels with a 7.3 Å cross section
that are arranged parallel to the c-axis of the crystal in a
hexagonal lattice. Because of the unidimensional pore
network, it has been suggested that transport through
AlPO4-5 membranes may exhibit orders of magnitude
higher flux compared to multidimensional zeolites (e.g.,
MFI).5,6 A variety of techniques have been developed for
synthesis of AFI aluminophosphate (AlPO) molecular
sieve deposits that exhibit preferred orientation, including

alignment using electric field,7,8 growth on premodified
substrates9 and under geometrical confinement,5,10 laser
ablation,11 epitaxial growth,12 and seeded growth,13,14 yet
the combination of orientation, small thickness (i.e., in the
order of 1 μm), and continuity that could boost up film
performance still remains unachievable.
For separation applications, intense research efforts

currently focus on reducing the thickness of membranes
in order to increase permeability while maintaining pre-
ferred orientation, without inducing film discontinuity or
increasing defect densities that would compromise mo-
lecular selectivity.2,13-15 In our previous work, oriented
AFI films were developed by employing a modified
seeded growth technique,14,16 which improved control
over film microstructure as it decoupled the nucleation
from the growth processes by involving growth of pre-
deposited particles (seeds). Exposing the seeds to second-
ary growth using a high H2O:Al2O3 molar ratio favored
c-out-of-plane growth yielding nonintergrown columnar
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crystals, which were subsequently interconnected by expos-
ing them to a tertiary, in-plane growth under appropriate
conditions. The outcome was well-intergrown, c-oriented
AlPO4-5 films with a thickness of several micrometers. On
the other hand, using dense precursor mixtures favored in-
plane growth and suppressed c-out-of-plane one thus offer-
ing potential for thickness reduction, nonetheless the high
growth rate caused by the high nutrient concentration
induced significant misorientation that compromised the
quality of the resulting films. Here, we thoroughly investi-
gate crucial parameters involved during preparation of the
precursormixture in an attempt tobetter control the growth
behavior and achieve film thickness reduction while main-
taining preferred orientation and continuity.
In parallel, the optimization study was expanded to

cobalt-substituted AlPO4-5 (CoAPO-5) films in order to
dope the framework with transition metal, Br€onsted acid
catalytic sites. We are particularly interested in use of the
developed catalyticmicroporous films as host-guest nanor-
eactor templates for synthesis of ultrathin andmonodisperse
carbon nanotube arrays. Ultrasmall single-walled carbon
nanotube (SWCNTs) have attracted special attention due to

their unique optical, electrical, mechanical, and electronic
properties,17-24 yet the extreme curvature and reactivity of
these structures render their synthesis in well aligned,mono-
disperse populations a challenging issue.25,26 Formation of
monosized SWCNTs of the smallest diameter (4 Å) was
recently templated in AlPO4-5 powder,17,27,28 via pyrolysis
of the structure directing agent (SDA) inside the framework
channels. To this extent, the small thickness, continuity, and
orientation of the CoAPO-5 catalytic templates produced
in the present work can trigger nanotube organization
into parallel assemblies and direct oriented attachment on

Figure 1. SEM image of CoAPO-5 powder used to produce seeds (a) before and (b) after treatment in HCl that was used to fracture the powder and form
seed particles. (c) SEM image and (d) XRD pattern of a CoAPO-5 seed layer on silicon. The scale bars correspond to 50 μm.
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various supporting layers toward fabrication of highly
efficient SWCNT-based devices.

2. Experimental Section

Film growth on silicon substrates took place hydrothermally

at 150 �C in a conventional oven using a precursor mixture

composition of Al2O3:1.3P2O5:(0.025CoO):1.2TEA:xH2O. The

procedure is reported in detail in our previous work14,16 and in

brief involves the following steps: (1) hydrolysis of aluminum

isopropoxide in deionized water, (2) consecutive addition of

phosphoric acid, triethylamine (TEA), and cobalt-II acetate

tetrahydrate, (3) aging of the mixture for 12 h, and (4) hydro-

thermal reaction in a Teflon-lined autoclave. Prior to growth,

the silicon substrates were cleaned, functionalized by 3-chlor-

opropyltrimethoxysilane, and loaded with a monolayer of

AlPO4-5 or CoAPO-5 particles (seeds) by sonicating the func-

tionalized substrates between two glass slides in a seeds-in-

toluene suspension under humidity-free conditions.

Thermal pretreatment of the precursor mixture prior to

growth was carried out at 150 �C. Thirty milliliters of the

mixture after aging was introduced in an autoclave and inserted

in the oven, which was preheated to the desired temperature.

Following thermal treatment, the autoclave was removed and

quenched in a cold water bath for 20 min, and the seeded

substrate was inserted into the processed precursor mixtures at

a position close to the upper surface of the liquidwith the aid of a

Teflon holder for secondary growth. Controlled-temperature

precursor mixture preparation experiments were performed by

mixing the precursor components using a water bath, where ice

was periodically added to it in order to keep the temperature

between 5 and 10 �C. The 12 h aging of the mixture was carried

out under stirring in a refrigerator at a temperature of 5 �C. The
molar composition in this set of experiments remained constant

at Al2O3:1.3P2O5:0.025CoO:1.2TEA:400H2O, while the growth

temperature and time were set at 150 �C and 10 h, respectively.

Precursor mixture composition after thermal treatment and

before introducing the seeded substrate was determined by

inductively coupled plasma (ICP) of both the liquid and solid

phases. The samples collected from the clear supernatant were

diluted inMiliQwater, and the solids were dissolved in acid. The

instrument used was a Varian 715-ES ICP-optical emission

spectrometer. The TEA concentration in the supernatant was

estimated through determining the C and N content in the

recovered solid by elemental analysis using a Fissons EA-1108

elemental organic analyzer. Scanning electron microscopy

(SEM) of the produced films was performed using a JEOL

6500 Field EmissionGun Scanning ElectronMicroscope (FEG-

SEM) and a FEI Inspect SEM, while X-ray diffraction (XRD)

was carried out using a Siemens D500 X-ray diffractometer in a

θ/2θ geometry, which is the technique of choice for preliminary

analysis of preferred orientation given that in this way crystal

planes that are parallel to the substrate are detected.

3. Results and Discussion

Before proceeding to secondary growth, experiments
were performed in order to improve the crystalline quality
of the seeds. Figure 1a is an SEM image of the CoAPO-5
powder used to produce seeds. The powder was formed
by using a synthesis mixture molar composition of Al2O3:
1.3P2O5:0.025CoO:1.2TEA:100H2O heated at 150 �C for
10 h. Initially, the powder consisted of large spherical
particles with an average diameter of 50 μm that consisted

Figure 2. Sensitivity of film structure to temperature fluctuations during precursor mixture preparation. SEM images of films corresponding to a mixture
preparation temperature of (a)<10 �C,using an ice/water bath, (b) 25 �C, and (c) 25 �Cwith the exception thatTEAwasadded at low temperature (∼6 �C).
The mixture molar composition was Al2O3:1.3P2O5:0.025CoO:1.2TEA:400H2O and the secondary growth temperature and time were 150 �C and 10 h,
respectively. (d) XRD pattern of a film corresponding to the high mixture preparation temperature indicating the formation of APC-type crystals. SEM
images of films synthesized after precursormixture preparation at room temperature (e) on awinter day and (f) on a summer day demonstrating transition
of AFI- to APC-type structure, respectively. Scale bars correspond to 10 μm.
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of flat-shaped intergrown CoAPO-5 crystals as well as
from amorphous particles that were smaller in size and
irregular in shape. The crystalline particles were deep-
blue, a characteristic color of CoAPO-5,29,30 and were
isolated from the amorphous ones that were white, by
allowing sedimentation by gravity in deionized water. The

incorporation of Co2þ into the AFI framework under the

present conditions has been confirmed byUV-vis Diffuse

Reflectance Spectroscopy (DRS), shown in our previous

set of data.16 To produce CoAPO-5 particles for seeding,

the crystals were exposed to 1 wt % hydrochloric acid

(HCl) for 1 h or higher HCl concentration for shorter time

(e.g., 10 wt% for 10 min). This treatment broke down the

big spheres into small fractals as shown in Figure 1b. The

particles produced after CoAPO-5 powder treatment in

HCl were covalently attached onto the functionalized sili-

con substrates, as described in the Experimental Section.

Figure 1c,d shows an SEM image and the corresponding

XRD pattern of the deposited seed layer on silicon. The

seed layer, though thin and discontinued, exhibits themain

diffraction peaks of the AFI framework confirming the
crystalline quality of the deposited particles.
3.1. Precursor Mixture Preparation Temperature.

Growth experiments using different temperatures during
preparation of the precursormixturewere first performed in
order to investigate whether the mixture preparation tem-
perature affects the quality of the resulting crystals. The
molar composition in this set of experiments remained con-
stant at Al2O3:1.3P2O5:0.025CoO:1.2TEA:400H2O, which
has been shown to yield columnar crystals,14 while the
growth temperature and time were set at 150 �C and 10 h,
respectively. Interestingly, it was found that the mixture
preparation temperature has a strong effect on the final
crystal structure and can even change the crystalline phase
of the resultingdeposits.Figure 2a showsa typical columnar
film of oriented hexagonal CoAPO-5 crystals correspond-
ing to a mixture preparation temperature lower than 10 �C.
Addition of themixture components in this casewas carried
out in a water/ice bath at temperature between 5 and 10 �C,
while the 12 h aging of the mixture was carried out under
stirring in a refrigerator at a temperature of 5 �C. However,
executing the mixture preparation at 25 �C yielded a non-
AFI material, the morphology of which is shown in
Figure 2b. We also repeated the experiment at 25 �C with
the exception that the addition of TEA, being the most

Figure 3. Morphology andorientationmanipulation ofAlPO4-5 films grown at 150 �Cbyusing aH2O:Al2O3molar ratio of (a) 100 and (b) 400. Scale bars
correspond to 1 μm.
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volatile compound, was carried out in an ice/water bath at
∼6 �C. Once again, the resulting product consisted mainly
by the non-AFI material, though the percentage of AFI
grains was increased, as shown in Figure 2c. XRD char-
acterization of the material corresponding to high tempera-
ture mixture preparation (Figure 2d) provided evidence of
possible formation of CoAPO-H3 crystals, which exhibit
the characteristic peaks of hydrated AlPO4-C (APC
structure).31 AlPO4-H3 consists of alternating AlPO4

layers containing 8- and 4-oxygen membered rings (824)
and 6-oxygen membered rings (63), which are connected
to construct a 3-dimensional network.32 Previous studies
have revealed that synthesis of this material is favored by
excess in phosphate component33 or by significant reduc-
tion of the organic template from the synthesis mixture,34

conditions that can be easily attained in our case when
mixture preparation takes place at high temperature,
mainly due to amine evaporation. It is therefore necessary
that the preparation of the reaction mixture is carried out
under controlled conditions. To further support our
findings, we compared two films obtained without any
control of the preparation temperature (i.e., correspond-
ing to mixtures prepared at room temperature), one on a

winter and the other on a summer day. The room
temperature between the two cases may vary by several
degrees. Although the film synthesized on the winter day
consisted of typical hexagonally shaped CoAPO-5 crys-
tals (Figure 2e), the one synthesized on the summer day
was dominated by the APC-type material (Figure 2f).
Consequently, the observations of these experiments
can be of particular importance to those working on
growth of AFI and possibly other zeolite materials, as it
can eliminate the critical but not enough-respected po-
tential irreproducibility factor of film quality induced by
temperature fluctuations during preparation of the pre-
cursor mixture.
3.2. Precursor Mixture Dilution. In our previous

work,14,16 we found that the water content in the pre-
cursor mixture affects drastically the morphology of the
resulting AlPO crystals. Figure 3 compares AlPO4-5 films
produced by using the two H2O:Al2O3 molar ratios used
in that work. By using a concentrated reaction mixture
(H2O:Al2O3=100), fast growth along the a-, b-axis of the
crystal, i.e. perpendicular to AFI channels, is favored
producing thin crystals, which are well-intergrown but
are oriented with their channels parallel to the support, as
the SEM image and corresponding XRD pattern in
Figure 3a depict. On the other hand, using a dilute
reaction mixture (Figure 3b, H2O:Al2O3=400) and keep-
ing the molar ratio with respect to Al2O3 of the rest of the
components, as well as the reaction temperature constant,
i.e. Al2O3:1.3P2O5:1.2TEA and 150 �C respectively,

Figure 4. CoAPO-5 films grownbyusing aH2O:Al2O3molar ratio of 200. (a) SEMimage and (b)XRDpattern of film corresponding to secondary growth
durationof 4 h. (c) SEM imageof film grown for 4.5 h. Intergrowthofmisoriented grains takingplace after a growthdurationof (d) 5 h and (e), (f) 6 h. Scale
bars correspond to 5 μm.
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(32) Kunii, K.; Narahara, K.; Yamanaka, S. Microporous Mesoporous
Mater. 2001, 50(2-3), 181–185.
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growth along the c-axis was favored yielding columnar

crystals, which are well-oriented but form a relatively thick

and discontinuous film. c-Orientation is confirmed by

XRD analysis (Figure 3b, right), which shows that the
intensity ratio of the (100):(002) reflections that expresses

the ratioof channels parallel versus channels perpendicular

to support isminimal compared to that of a pattern ofAFI

powder that does not exhibit any preferred orientation.

These findings motivated us to further study the effect of

water content to the quality of the final film by system-

atically varying mixture dilution using intermediate H2O:

Al2O3 molar ratios, in an attempt to reduce film thickness
but without sacrificing orientation and continuity.
Figure 4 corresponds to aH2O:Al2O3molar ratio of 200.

It is evident that even for the early stages of growth

(Figure 4a, 4 h) misorientation is considerably suppressed

compared to the samples corresponding to the H2O:Al2O3

molar ratio of 100 (Figure 3a), as also confirmed by the

corresponding XRD pattern shown in Figure 4b. Increas-

ing growth time (Figure 4c, 4.5 h), the film continues to

Figure 5. CoAPO-5 films grown by using a H2O:Al2O3 molar ratio of 300 after a secondary growth of (a), (b), (c) 4 h, (d) 5 h, and (e), (f) 6 h.Misoriented
intergrowth is not observed even after extended growth duration. Scale bars correspond to 5 μm.

Figure 6. Tertiary, in-plane growthof (a) the film corresponding to aH2O:Al2O3molar ratio of 300 and 4 h secondary growth (shown inFigure 5a) and (b)
the film corresponding toaH2O:Al2O3molar ratioof 200 and4.5h secondarygrowth (shown inFigure 4c). The tertiary growthdurationwas 2h20min and
3 h, respectively. Scale bars correspond to 5 μm.
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grow following the preferred orientation, while concur-
rent in-plane growth gradually fills the gaps between the
oriented grains. Increasing reaction time further however
(Figure 4d, 5 h), despite the fact that the film is now well-
intergrown, misoriented crystals are formed on the top of
the initial oriented ones. These crystals increase in num-
ber and size by increasing growth time (Figure 4e, 6 h), yet
the overall film thickness remains small, i.e. at approxi-
mately 2 μm, as shown by the side-view SEM image of
Figure 4f.
To further suppress growth of misoriented grains, we

increased the H2O:Al2O3 molar ratio to 300 (Figure 5).
For a reaction time of 4 h (Figure 5a, b), hexagonal
crystals are grown perpendicular to support forming a
film with an average thickness of 2 μm, which exhibits
preferred orientation, as indicated by the XRD pattern in
Figure 5c. For higher reaction times, crystals continue to
grow along the c-out-of-plane direction (Figure 5d, 5 h),
while there is no evidence of formation of misoriented
grains, as also shown in the cross-section SEM image of
Figure 5e and the respective XRD pattern (Figure 5f),
which correspond to a reaction time of 6 h.
In order to completely fill the gaps of the thinner films

produced using the intermediate H2O:Al2O3 molar ra-
tios described above, we executed tertiary growth using
concentrated precursor mixtures (H2O:Al2O3 = 100) in

order to enable in-plane, oriented intergrowth of the
secondary crystals. Figure 6a shows the film corres-
ponding to a H2O:Al2O3 molar ratio of 300 and 4 h
secondary growth, which is depicted in Figure 5a,b,c,
after it has undergone a tertiary growth treatment for 2 h
20 min at 150 �C. Comparing Figures 5a and 6a, we
realize that the intergrain gaps have been closed offering
film continuity without evidence of misorientation. The
cross-section SEM image in Figure 6b, which corre-
sponds to a 3 h tertiary growth of the film shown in
Figure 4c (H2O:Al2O3 = 200, 4.5 h secondary growth),
demonstrates that tertiary growth does not increase film
thickness (which remains at about 2.5 μm), owing to the
in-plane, oriented intergrowth that takes place under
the present conditions.
3.3. PrecursorMixture Thermal Pretreatment. To pro-

vide an additional optimization parameter toward finer
control over film growth, the precursor mixture was ther-
mally treated before secondary growth using different
treatment durations, in an attempt to alter its activity
by causing a first crystallization before introducing the
seeded substrate and study the effect on the morphology
of the resulting AlPO films. This treatment took place in
an autoclave at the same temperature as the one used for
film growth (150 �C), using a mixture molar composi-
tion of Al2O3:1.3P2O5:0.025CoO:1.2TEA:100H2O. Under

Figure 7. Crystal morphology manipulation by varying the thermal pretreatment duration of the reaction mixture. SEM (left) and corresponding XRD
(right) images of CoAPO-5 films obtained after a thermal pretreatment and secondary growth time of (a) 10 h, 1 h 30 min, and (b) 24 h, 2 h, respectively.
Scale bars correspond to 2 μm.
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these conditions, crystallization has been shown to occur
for reaction duration as short as 10 h (Figure 1a), thus
longer reaction times have been selected in the precrystal-
lization experiments performed, so as to manipulate the
concentration of the available nutrients before secondary
growth. The duration of the pretreatment thus the extent
of the first crystallization was found to strongly affect the
characteristics of the resulting film. Figure 7 shows SEM
images and correspondingXRDpatterns of films obtained
after different thermal pretreatment times. A 10 h pretreat-
ment (Figure 7a) yielded flakelike crystals due to fast
growth perpendicular to the AFI channels caused by the
relatively high concentration of the nutrients that are still
available in the pretreated mixture. In addition, fast
growth resulted in high intergrowth of misoriented grains
which compromised film orientation. By increasing pre-
treatment duration to 24 h, the growth rate was signifi-
cantly reduced, and growth along the c-directionwas favo-
red yielding hexagonally shaped yet thin crystals, while the
degree of misorientation was suppressed, as the SEM
image and XRD pattern in Figure 7b reveal. However,
the growth is still too fast to allow complete coverage
without misoriented growth to occur.

Figure 8 shows CoAPO-5 films obtained using a pre-
crystallization time of 30 h. For a growth time of 2 h
(Figure 8a), seed growth has been initiated, and crystals
with an average width of 500 nm and thickness of 200 nm
having a broad size distribution are apparent. As SEM
images reveal, the crystals, although small, tend to ac-
quire the hexagonal shape and are grown with their
channels perpendicular to substrate (flat side up) follow-
ing the orientation of the seeds, while a few misoriented
grains (channels parallel to substrate) can also be found
that are probably generated by growth of the small
portion of seeds that are misoriented. c-Orientation is
also confirmed by XRD (Figure 8a right), which shows a
very small intensity ratio of the (100):(002) reflections. At
2 h 30min (Figure 8b), crystals have beenwell-intergrown
forming a film with an average thickness of approxi-
mately 500 nm. Cross-sectional SEM analysis demon-
strates that a monolayer of crystals is preferentially
grown, while a second layer appears in some parts of
the support. The presence of a small number of misor-
iented crystals that appear to have intergrown on the
original oriented ones is also evident. The XRD pattern,
however, confirms that the number of these misoriented

Figure 8. SEM images and correspondingXRDpatterns ofCoAPO-5 films obtained after a 30 h thermal pretreatment using a secondary growth duration
of (a) 2 h, (b) 2 h 30 min, and (c) 3 h. Scale bars correspond to 2 μm.
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grains is minimal compared to the oriented ones, as
shown by the strong enhancement of the reflection that
corresponds to the (002) plane. For higher secondary
growth times (3 h), film thickness increases and formation
of misoriented crystals is augmented, as indicated by
the SEM image and corresponding XRD pattern in
Figure 8c.
In order to further enhance crystal intergrowth andmini-

mize misorientation, we increased thermal pretreatment
duration, which was followed by an analogous increase in
secondary growth time. Figure 9 corresponds to a pre-
treatment time of 48 h. The SEM image in Figure 9a
indicates that the synthesized hexagonal crystals after a
6 h growth arewell intergrown forming a continuous film,
which exhibits preferred orientation as confirmed by the
corresponding XRD pattern (Figure 9b). Increasing
growth time to 7 h without changing pretreatment dura-
tion (Figure 9c) further improved film intergrowth with-
out formation of misoriented grains to have taken place.
Under these conditions therefore, film continuity and
orientation have been enhanced, while a small film thick-
ness (i.e., in the order of 1 μm) has been achieved, as
indicated by the SEM image in Figure 9d. Experiments
continued using even longer pretreatment (i.e., 60 h) and
growth, but in both cases either it was difficult to achieve

a complete coverage or crystals tended to grow following
a rather random orientation. An intermediate pretreat-
ment duration therefore, combined with appropriate
secondary growth time, was optimal in order to obtain
a continuous and thin film while maintaining c-out-of-
plane orientation.
To correlate the morphology of the resulting films with

the composition of the pretreated precursor mixtures, the
supernatants (i.e., the portion that would be in contact
with the growing film) after different precrystallization
times were analyzed. The Al, P, Co, and TEA concentra-
tions after 24 h and 48 h precrystallization are shown in
Figure 10a and compared with the starting gel. Long
precrystallization (24 h and 48 h) of the initially dense
reaction mixtures caused considerable reduction of the
amount of nutrients, which were consumed for the forma-
tion of the crystalline powder, thus increasing the dilution
of the remaining nutrients, a fact that is visually confirmed
through the transition between milky to clear superna-
tants. The alterations in species content induced by pre-
crystallization affected the morphology of the crystalline
grains and the characteristics of the obtained film.
From the composition analysis of the supernatant, it is

apparent that a considerable drop in Al and P concentra-
tion takes place during the first 24 h, which becomesmuch

Figure 9. CoAPO-5 films after a 48 h precursor mixture thermal pretreatment. The secondary growth time was (a), (b) 6 h, and (c), (d) 7 h. Scale bars
correspond to 2 μm.
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less significant for longer reaction times. In addition,
most of Co is removed from the supernatant to precipi-
tated solid during the first 24 h processing. Taking into
account ICP evidence from the recovered precipitate, it is
estimated that approximately 95% and 99.8% of the
initial Co amount after 24 h and 48 h treatment, respec-
tively, is in the solid. In contrast, a relatively small
consumption of TEA is observed in all treatment dura-
tions tested. The disproportional reduction of Al versus P
in the supernatant and the low TEA consumption com-
pared to that expected for highly crystalline CoAPO-5 are
attributed to the formation of a significant amount of
amorphous material that is precipitated together with the
crystals during the precrystallization treatment, as con-
firmed by SEM and XRD analysis of the recovered solid
(data not shown). Indeed, based on the fact that the frame-
work unit cell consists of 24 T atoms (T=Al, P, Co), if we
assume that all the amount of T atoms measured in the
solid belongs to crystalline material, the number of TEA
molecules per unit cell after 24 h precrystallization is
calculated to be 0.8, which is lower than that reported
for crystalline CoAPO-5 (1.27).35 However, the presence
of amorphous material justifies the low value, giving that
a significant portion of the T atoms do not actually belong
to the crystals but to the amorphous material. For 48 h
precrystallization, the number of TEAmolecules per unit
cell increases to ∼1, mainly due to suppression of the
amount of amorphous phase in relation to the crystalline

one caused by longer reaction, which increases the por-
tion of T atoms that belong to the crystals. The evolution
of the precursor molar ratio in the supernatant with
precrystallization time, which is shown in Figure 10b,
indicates that the P2O5 andTEAmolar ratios with respect
to Al2O3 increase almost linearly with time, reaching a
value of approximately 15 and 35, respectively, after 48 h
of reaction. These are considerably higher than the cor-
responding molar ratios for the starting gel, which are
1.3 and 1.2. At the same time, the CoO:Al2O3 molar
ratio decreases with precrystallization time and Co is
almost exhausted after 48 h, as shown in the insets of
Figure 10a,b.
Considering only the highwater content of the resulting

liquids after precrystallization that are subsequently used
for secondary growth, one would expect to observe
growth behavior similar to that observed using precursor
mixtures with highH2O:Al2O3molar ratio, i.e. thick films
consisting of long columnar crystals (Figure 3b). How-
ever, the high TEA and P2O5 molar ratios in the pre-
crystallized mixtures, as shown by the data of Figure 10b,
apparently counteract this effect and suppress the length
of the columnar crystals. This effect is in qualitative
agreement to powder experiments investigating AlPO4-5
crystal morphology for different precursor compositions,
which have shown that increasing the amine molar ratio
resulted in formation of smaller crystals, while an analo-
gous behavior was also observed when the P2O5 content
was increased.36 In addition, given that the presence ofCo
favors formation of longer crystals compared to nonsub-
stituted AlPO4-5,

16 the reduction in Co content that was
observed in the precrystallized precursors also appears to
contribute to the formation of thinner films. Therefore,
the hexagonal shape of the crystals and the slow nuclea-
tion/growth were achieved due to nutrient dilution in-
duced by the precrystallization (in contrast to dense
starting mixtures that result in formation of flake-like
crystals (Figure 3a)), yet the balance between dilution and
nutrient molar ratios of the resulting precursors kept the
crystal size small, thus producing films that combine
preferred orientationwith continuity and small thickness.
Of course more subtle effects associated with speciation
details that cannot be revealed by simple elemental ana-
lysis cannot be excluded as contributors to the observed
microstructures.
Interestingly, carrying out long enough precrystalliza-

tion considerably suppresses the tendency to misoriented
growth even from the early stages of film formation. In
support of this, Figure 11a,b shows SEM images of films
grown after a 2 h and a 48 h pretreatment, respectively,
where the reaction has been stopped before considerable
crystal intergrowth has been attained. A comparison
between the two images demonstrates that when a short
pretreatment is used, heavy intergrowth takes place
from the beginning of film formation. In contrast, only
a few misoriented grains are observed in the SEM image

Figure 10. Characterization of the precrystallized precursors. (a) Al, P,
Co, and TEA concentration determined by ICP and elemental analysis
before and after precrystallization for 24 h and 48 h. (b) Evolution of
molar ratios with respect to Al2O3 with precrystallization time.

(35) Montes, C.; Davis, M. E.; Murray, B.; Narayana, M. J. Phys.
Chem. 1990, 94(16), 6425–6430.

(36) Finger, G.; Richtermendau, J.; Bulow, M.; Kornatowski, J. Zeo-
lites 1991, 11(5), 443–448.
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corresponding to a pretreatment time of 48 h (Figure 11b),
indicating that the film in this case starts growing follow-
ing the preferred orientation and ultimately evolves into a
continuous one maintaining the preferred orientation
(Figure 9). Conclusively, the absence of a gradual transi-
tion from random orientation to c-preferred-orientation
indicates that the formation of these thin and oriented
films is not based upon competitive growth, which would
evolve through domination of oriented crystals at the
expanse of outgrown misoriented ones, but rather pro-
ceeds through oriented intergrowth of originally oriented
grains.

4. Conclusions

The growth behavior of AlPO4-5 andmetal-substituted
AlPO4-5 films was controlled by appropriate manipula-
tion of parameters involved during the pregrowth stage.
Using a constant mixture composition and hydrothermal
temperature, we focused on processes related to precursor
mixture preparation in an attempt to affect growth.
Systematic manipulation of the water content, thermal
pretreatment, and preparation temperature of the mix-
ture resulted in a variation of film morphologies, while
under optimal conditions films that exhibited c-orienta-
tion, continuity, and small thickness were obtained.
Using intermediate dilutions of the precursor mixture
(H2O:Al2O3 molar ratio of 200 and 300) suppressed
misorientation significantly and reduced film thickness
down to approximately 2 μm after a secondary growth
duration of 4 h at 150 �C. Without increasing film
thickness or inducing considerable misoriented inter-
growth, tertiary, in-plane, and oriented growth using

concentrated mixtures (H2O:Al2O3 molar ratio of 100)
closed the intercrystalline gaps yielding continuous films.
Long thermal pretreatment (precrystallization) of con-
centrated precursor mixtures at 150 �C balanced precur-
sor dilution with appropriate nutrient molar ratios
yielding flat hexagonal crystals that were grown with
their channels perpendicular to support. As a result,
formation of oriented films with an average thickness of
500 nm was realized, after a pretreatment of 30 h and a
secondary growth of 2 h 30 min. 48 h thermal pretreat-
ment followed by a 7 h growth further enhanced crystal
intergrowth while maintaining preferred orientation and
yielded films with a thickness of approximately 1 μm. The
AFI films prepared here, being the first thin, oriented, and
continuous ones, represent an important step forward
toward realization of high quality unidimensional-chan-
nel films that can open up new prospects in such areas as
high-flux membranes, molecular hosting and organiza-
tion, and templated growth of nanostructures inside the
oriented pores, with numerous potential applications
ranging from advanced separations to highly efficient
optoelectronics.
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Figure 11. Early stages of film growthafter a precursormixture thermal pretreatmentof (a) 2 h and (b) 48 h.Extendedpretreatment favors oriented growth
even from the early stages of film formation. Scale bars correspond to 5 μm.


