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Supported polycrystalline films composed of microporous
solid materials have been the subject of numerous reports
over the last decade.l'” Specifically, methods have been
developed for the design and processing of microporous
zeolite membranes for high-resolution molecular selectiv-
ity."*! Aluminophosphate-5 (AIPO,-5, AFI zeolite structure
type) is a class of microporous material comprising alternat-
ing AlO, and PO, tetrahedra forming a 12-membered ring
framework with one-dimensional cylindrical pores aligned
parallel to the crystallographic c-axis.! NMR evidence has
suggested that one-dimensional channels impart significantly
higher molecular mobility in AIPO,-5 when compared to
similarly sized zeolites with interconnected pore networks,
for example, a 1000-fold flux increase compared to the MFI
zeolite type, though there have been limited reports using
AIPO,-5 as a molecular sieving membrane material. Those
published have exemplified challenges in the development of
supported AFI-type membranes: a multi-step process for the
alignment of metal-embedded AIPO,-5 crystals with a low
ratio of crystal area to overall membrane area and hindering
cost-effective scale-up,”’! crystalline misorientation limiting
selective transport pathways,'” and most recently, crystal
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densification and defect formation at temperatures necessary
for membrane activation (removal of structure-directing
agent molecules).''l Although other methods have succeeded
in the fabrication of preferentially oriented AFI-type
films,'>™! an examination of their quality through molecular
separation performance has not yet been reported.

Following the initial discovery of AIPO,-5, Lok et al.
reported on the synthesis of silicoaluminophosphate-5
(SAPO-5), a structural analogue of AIPO,-5 with a portion
of the framework Al or P substituted by Si.*” Subsequent
studies have shown the effect of the growth method, reaction
conditions, precursor contents, and metal substitution on the
crystal morphology of AFI-type materials.”'? In particular,
Jhung et al. investigated the microwave-assisted crystalliza-
tion of plate-like SAPO-5 crystals through a manipulation of
silica content in acidic or basic conditions.”! Furthermore, Lai
and co-workers assembled such crystals through manual
assembly on a PVA-coated substrate, forming a uniform
monolayer of plate-like SAPO-5 layers with a preferred c-
orientation.?”

The fabrication of a high-quality membrane relies on the
control of essential film characteristics such as crystal
orientation, intergrowth, and continuity as well as a contribu-
tion from the physical properties of the chosen support
surface. Microwave-based hydrothermal reactions have been
shown to rapidly fabricate metal-organic framework (MOF)
thin films™ and continuous b-oriented MFI films on stainless
steel supports.””) Hwang et al. revealed a method to pattern
oriented silicalite-1 crystallites on the surface of metal oxide-
coated substrates through microwave-enhanced growth.? It
was postulated that surface hydroxy groups were selectively
activated by microwave radiation, playing a significant role in
the preferred orientation and degree of coverage of the
silicalite-1 crystals.

Here, we report a facile method for the formation of
preferentially  c-out-of-plane-oriented  cobalt-substituted
SAPO-5 membranes (CoSAPO-5, AFI zeolite structure
type) by selective microwave activation of a slip-coated
TiO, layer on porous a-Al,O; disc supports. In situ hydro-
thermal microwave growth resulted in an oriented plate-like
crystal seed layer on the surface of the TiO, coating, which
was followed by secondary hydrothermal microwave growth
using a fresh precursor solution. Membrane fabrication and
characterization details are given in the Supporting Informa-
tion.

The microwave growth of aluminophosphate materials
has been reported to reduce the hydrothermal crystallization
time and improve crystal quality.”*"! Furthermore, metal
substitution was shown to reduce the aspect ratio through
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inhibition of crystal growth along the elongated crystallo-
graphic c-axis.”**! Scanning electron microscopy (SEM,
Figure 1a) and transmission electron microscopy (TEM,
Figure 1b) images of as-synthesized CoSAPO-5 crystallites

Figure 1. Images by a) SEM and b) low-magnification TEM highlight
the crystalline CoSAPO-5 hexagonal prismatic morphology. High reso-
lution TEM images of c) parallel and d) perpendicular alignment to the
crystallographic c-axis reveal the one-dimensional pore structure.

show an evident hexagonal prismatic morphology. The one-
dimensional pore structure of AFI-type materials is observed
by high-resolution TEM imaging. In Figure 1c, the imaging
direction is parallel to the crystallographic c-axis (i.e. the
hexagonal face of the crystal), while the perpendicular
imaging direction in Figure 1d highlights the non-intercon-
nected straight channels. The elemental compositions of the
unsupported CoSAPO-5 crystals before and after heat treat-
ment are shown in the Supporting Information, Table S1.

As previously described for zeolite MFI films on dense
supports,*”! selective microwave activation of a metal oxide
surface may impart a preferential crystal orientation. The
surface structure of a porous a-Al,O; disc support used in the
fabrication of CoOSAPO-5 membranes is shown in Figure 2a.
The preparation, slip-coating, and heat treatment of the TiO,
layer in Figure 2b followed a report by Zaspalis et al.’? and
was furthermore used for the supported growth of CoSAPO-
5. The in situ hydrothermal microwave growth of CoOSAPO-5
resulted in the oriented crystalline seed layer in Figure 2¢c. A
secondary hydrothermal microwave growth step (Figure 2d)
was used to improve crystal intergrowth while retaining the
original crystallographic orientation and thickness. Diffuse
reflectance UV/Vis spectroscopy of a CoOSAPO-5 membrane
confirmed the incorporation of Co into the framework
(Figure S1).

It is important to note that under identical growth
conditions using only the bare a-Al,O; support, the resulting
seed layer is sparse and misoriented (Figure S2). Further-
more, an investigation into the TiO, coating process revealed
that the propagation of defects and/or cracks in the TiO, layer
reduces the CoSAPO-5 crystal surface coverage and increases
misorientation following microwave growth. Therefore,
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Figure 2. SEM images of a) the bare a-Al,O; support surface and
following b) TiO, slip-coating, c) in situ hydrothermal microwave
CoSAPO-5 growth, and d) secondary hydrothermal microwave growth
before heat treatment.

under the conditions studied, a high-quality TiO, layer is
necessary to produce an oriented seed layer with high surface
coverage.

A well-known problem in supported membrane fabrica-
tion is the formation of defects which may arise through heat
treatment necessary for activation. Notable examples include
crack propagation and grain boundary defects in oriented
silicalite-1 membranes and thermal densification in AIPO,-5
membranes.'! SEM visualization of the membrane cross-
section (at a tilt angle of 52°) following heat treatment was
completed through focused ion beam (FIB) milling. The SEM
image in Figure 3a surveys the surface of the heat-treated
CoSAPO-5 membrane which is void of observable surface
defects or crystal morphology changes when compared to

R

Sl o
~ Al O3 support

Figure 3. a), b) SEM images of a heat-treated CoOSAPO-5 membrane
after treatment by focused ion beam milling with a Ga ion source at
40 keV. c) Higher magnification SEM image of (b) identifying the
layers comprising the membrane along with d) TEM imaging of the
TiO, coating/CoSAPO-5 interface. Images in (a—c) were obtained at
a tilt angle of 52°.
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Figure 2d. SEM imaging in Figure 3b (lower magnification)
and 3 ¢ (higher magnification) clearly indicates the layers of a-
Al,O; support, TiO, coating (approximately 1.5 pum thick),
and CoSAPO-5 membrane (approximately 5 um thick) below
the protective Pt layer used during imaging. TiO, mesoporos-
ity can be seen in the TEM image of the CoSAPO-5
membrane/TiO, interface in Figure 3d, which further shows
no observable defects in the membrane.

Figure 4a includes representative X-ray diffraction
(XRD) patterns for the unsupported CoSAPO-5 powder
and the supported membranes. The lower powder pattern

&
=

(002

h )Activated

(100 R

| 2° growth
|

l Seeded
) S

normalized intensity

| \ | Powder
e M
5 10 15 20 25 30 35 40

26/Degrees —
<)

\ —Ov'\e(\"“{\o“
G

Figure 4. a) XRD patterns of the unsupported CoSAPO-5 powder and
supported CoSAPO-5 membranes following in situ hydrothermal
microwave growth, secondary hydrothermal microwave growth, and
heat treatment. Al,O; support peaks (+) are noted. b) SEM imaging
(at a tilt angle of 52°) of the membrane side surface (perpendicular to
the crystallographic c-axis), with arrows indicating grain features, and
c) TEM imaging of a sample prepared by focused ion beam milling
with a Ga ion source at 30 keV for d) electron diffraction.

displays a pure AFI phase, indicative of an AIPO,-5 structural
analogue. The powder retained the AFI structure at elevated
temperatures (up to 550°C) required to remove the structure-
directing agent (Figure $3)."*! Confirmation of preferred c-
out-of-plane orientation was observed following in situ
seeding. Membranes having undergone secondary growth
(seen in Figure 2d) sustained the preferential c-orientation
and showed an increase in intensity relative to the a-Al,O;
support peaks, indicating a higher degree of crystalline
surface coverage. Recently, it was shown that heating o-
Al Os-supported AIPO,-5 or CoAPO-5 membranes to tem-
peratures as low as 400°C resulted in a structural trans-
formation to a densified AIPO,-tridymite phase, rendering
the material incapable for molecular sieving applications.!'!]
Promisingly, heat treatment of the CoSAPO-5 membrane
following secondary hydrothermal microwave growth dis-
played an XRD pattern (top-most, Figure 4 a) consistent with
the heat-treated unsupported powder form with no observed
transition from the AFI framework type.

Observation of crystal grain structure may be seen in the
SEM image in Figure 4b. Arrows indicate vertical features
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which are grain boundaries. A TEM image of the membrane
cross-section following FIB milling is shown in Figure 4 c. The
electron diffraction pattern in Figure 4d was taken near
aregion of observed bend contour lines (further TEM images
of bend contour features in Figure S4). These bend contours
are artifacts of FIB milling, which have been previously
reported for perovskite-type membranes.* Spot assignment
indicates two important details: the absence of (002) when
diffracting from the cross-section further confirms crystal
orientation, and no peaks were observed which would be
assigned to densified AIPO,-tridymite. It may be concluded
that the TiO,-supported CoSAPO-5 membranes are of high-
quality and thermally stable to temperatures required for
membrane activation.

Permeability measurements using CoOSAPO-5 membranes
following activation through heat treatment provided a quan-
titative determination of molecular sieving quality. Noack
et al. previously described the alignment of AIPO,-5 crystals
in a nickel grid (AIPO,5-in-nickel) which was further
exposed to metal deposition to fill intercrystalline voids.”!
In that work, the pervaporation separation factor, defined as
the ratio of permeabilities of n-heptane (kinetic diameter
0.43nm) and 1,3,5-triisopropylbenzene (TIPB, 0.85nm)
through the AFI channels (0.73 nm pore channel opening),
was approximately 1200 for an equimolar binary feed. The
reported permeability of single component n-heptane (1.8 x
10" molmm2s~'Pa™'), however, was an order of magnitude
higher than that in the binary mixture (4.4x
107" molmm2s"'Pa™"), indicating a mass transport reduc-
tion due to the bulky TIPB molecules blocking the oriented
AIPO,5 pore channel openings. Our first report on the
synthesis of 1020 pm thick AIPO,-5 membranes on porous a-
AlLO; showed reduced molecular sieving quality due to
crystal densification and defect propagation during high-
temperature activation, as exhibited through low separation
factors in an equimolar binary feed of n-heptane/TIPB
regardless of calcination method."!! From four heat-treated
CoSAPO-5 membranes reported here, the n-heptane
and TIPB single component permeabilities were found
to be 3.6+07x10"molmm=2s'Pa”' and 8.0+0.9x
107" molmm s 'Pa~!, respectively, giving a separation
factor of approximately 4500. The n-heptane permeability is
lower than expected based on the reported values from the
aligned AIPO,-5-in-nickel crystals,”! while a comparison of
the separation factor is similar.

In summary, we demonstrated for the first time the
fabrication of highly c-oriented, continuous, and homoge-
neous AFI-type membranes exhibiting high molecular sieving
performance. CoSAPO-5 membranes were grown on TiO,-
coated a-Al,O; porous disc supports through in situ and
secondary microwave hydrothermal growths. High-temper-
ature membrane activation showed good thermal stability via
XRD and electron diffraction, which was further shown by
permeability measurements. We are currently investigating
whether any improvement in the performance of CoSAPO-5
membranes is possible, focusing on determining the presence
of pore blocking of the parallel straight channels, reducing the
thicknesses of the TiO, or CoOSAPO-5 membrane layers, and/
or achieving a higher degree of crystallographic orientation.
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The quality of the developed AFI-type membranes suggests
strong potential in applications such as in biofuel separation,
catalysis, sensor design, and host—guest assemblies.
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