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Metal-Supported Aluminosilicate Ultrathin Films as
a Versatile Tool for Studying the Surface Chemistry of
Zeolites
Shamil Shaikhutdinov* and Hans-Joachim Freund[a]
The application of a variety of “surface-science” techniques to
elucidate surface structures and mechanisms of chemical reactions at zeolite surfaces has long been considered as almost
impossible because of the poor electrical and thermal conductivity of those materials. Here, we show that the growth of
a thin aluminosilicate film on a metal single crystal under controlled conditions results in adequate and well-defined model

systems for zeolite surfaces. In principle, silicate films that contain metals other than Al (e.g. Ti, Fe, etc) may be prepared in
a similar way. We believe that this approach opens up a new
playground for experimental and theoretical modeling of zeolites, aimed at a fundamental understanding of structure–reactivity relationships in such materials.

1. Introduction
In silicates, Si is coordinated
almost exclusively to four
oxygen ions forming a [SiO4]
tetrahedron. Although they may
exist as isolated SiO44 centres,
like in olivine (Fe, Mg)2SiO4, in
most cases the silicates are
formed by corner-sharing [SiO4]
tetrahedra. Commonly the siliFigure 1. a) Most frequently observed SBUs, shown by connected dots which represent the tetrahedral (Si, Al)
cate anions are chains (pyroxatoms. The numbers in parenthesis below each SBU are their frequency of occurrence while the numbers at the
enes), double chains (amphibupper-left side of the outlined SBUs correspond to the number of zeolite structures in which these units have
oles), sheets (phyllosilicates, for
been found. b) Linde type A zeolite is shown as an example.[1]
example, micas and clays), and
three-dimensional frameworks
(which are all aluminosilicates, except the quartz and its polyused term “rings” of different sizes, that is, n-membered rings
morphs). In aluminosilicates, some of the Si4 + ions are replaced
(nMRs). Another definition to account for the building blocks
by the Al3 + ions. The excess negative charge resulted from this
of zeolites is the composite building units (CBUs). Some of the
replacement is balanced by positive ions, such as H + or alkalimost extensively occurring CBUs are the double 4-, 6- and 8metal cations.
membered rings, outlined in Figure 1, named d4r, d6r and d8r
Zeolites are microporous members of the aluminosilicate
respectively, according to the CBUs notation.
family. As of August 2012, 201 unique zeolite frameworks have
Synthetic zeolites are widely used catalytic materials in the
been identified, and over 40 naturally occurring zeolite framepetrochemical industry. The H-form of zeolites is strongly
works are known.[1] Even millions of hypothetical zeolite strucacidic, and as such, zeolites are employed in acid–base reactures have theoretically been predicted based on topological
tions, for example, isomerisation, alkylation, etc.[3] The regular
[2]
considerations. In zeolites, the [TO4] (T = Si, Al) tetrahedra, repore structure (of molecular dimensions) in zeolites, also
known as “molecular sieves”, allows a selective sorting of moleferred to as the primary building units, are arranged into larger
cules and the tune selectivity of chemical reactions. The intestructures, called secondary building units (SBUs), which are
gration of both reaction and separation in the form of zeolite
defined such that the whole framework can be made of only
membranes is considered for catalytic membrane reactor applione type of unit repeating in space. Some SBUs are shown in
cations.
Figure 1.[1] The simplest SBUs are polygons or (more commonly
The current understanding of the relation between structure
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techniques to these materials, which are poor electric and thermal conductors, faces severe experimental difficulties. These
can, in principle, be overcome by the preparation of a very
thin zeolite film on a planar metal substrate, which do not
charge upon electron impact or electron emission, and which
may quickly be cooled down to liquid nitrogen temperatures.
Certainly, the film should exhibit characteristic features of its
bulk counterpart. There are, of course, several other attractive
features of zeolite thin films that could be utilized for a variety
of purposes in such areas as electrochemistry, sensors, photochemistry, etc.

2. Background
Although numerous preparations of zeolite films of varying
magnitude and pore structure have previously been reported,[4] these studies were mostly oriented to membrane applications in catalytic reactors, whereby a zeolite film is supported
onto a porous metal or ceramic support. A variety of methods
have been used such as dip coating, spin coating, and (to
a lesser extent) sputtering, chemical vapor deposition and
laser ablation (see refs. [4, 5] and references therein). However,
only polycrystalline zeolite films were obtained. In addition,
the prepared films were commonly several hundred nanometers thick to fulfill mechanical stability limitations.
When prepared in the liquid phase, the surface morphology
of the zeolite films is determined primarily by the particle size
of the zeolite crystallites. A smooth film could therefore be
achieved by using the smallest possible zeolite particles, provided by a short synthesis time relative to in situ crystallization.
After Martens and co-workers[6] identified the intermediates
formed during the early stages of silicalite-1 (pure silica zeolite
with MFI-type structure) formation, Doyle et al.[7] reported the
synthesis of a thin zeolite film supported on Si(100) by spincoating a solution of silicalite-1 “precursors” diluted in ethanol,
followed by hydration in water vapour and heating to 60 8C.
The film thickness could be varied by the precursor dilution
factor. High-resolution transmission electron microscopy
(HRTEM) analysis (Figure 2) and atomic force microscopy (AFM)
measurements confirmed that the surface of ~ 2 nm-thick films
is smooth over a range of several microns. However, preparation of truly ultra-thin films, that is, those with thickness of the
order of the zeolite unit cell dimension, which show considerable degree of long-range ordering, using “wet chemistry”
methods remains challenging.
It is noteworthy that HRTEM was also invoked to elucidate
the external surface structure of zeolite crystals (see, for example, ref. [8] and references therein). As already mentioned, the
non-conducting nature of zeolites precludes the use of scanning tunneling microscopy (STM). (NB: Only one STM study of
a zeolite pore structure has been reported to date.[9] The electrical conductivity has been assigned to the network of hydrogen bonds since the measurements were carried out in air). In
principle, AFM enables high-resolution imaging of non-conducting surfaces. Recent reviews[10] summarize current progress
in this field primarily focused on the elucidation of zeolite
growth.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. HRTEM cross-section images of 2 nm (a) and 15 nm (b) films. The
interface area of film (a) and the atomically resolved substrate of (b) are
shown as insets. Reproduced with permission from ref. [7]. Copyright (2003).
Elsevier.

There is another approach—the main topic of this Concept—which employs the growth of thin silica films using
vacuum-based deposition methods and their characterization
by a variety of “surface science” techniques. Such an approach
is currently applied to many transition-metal oxides (see, for
example, ref. [11]). Once prepared and analyzed at the atomic
level, the aluminosilicate films could then be used for elucidating the mechanisms of chemical reactions on zeolites.
The first preparation of “surface science” models of zeolites,
to the best of our knowledge, should be referred to the work
of Somorjai and co-workers,[12] who grew thin films (< 10 nm)
of silica-alumina by argon ion beam sputter deposition on
a gold foil using different HY-zeolites as targets. Structural
characterization was performed with X-ray photoelectron spectroscopy (XPS), scanning electron microscopy, X-ray diffraction
and scanning Auger electron spectroscopy (AES). The prepared
thin films appeared homogeneous, but amorphous. The films
showed some acitivity in cumene cracking at 570 K, whereas
thin films prepared from alumina or silica targets or a mixture
of the two were inactive.
Goodman and co-workers[13] prepared mixed Al2O3/SiO2 thin
films by low-temperature deposition of metallic Al onto an
amorphous SiO2 film, grown on a Mo(100) substrate, and annealing in ultrahigh vacuum (UHV). In the temperature regime
from 100 to 800 K, Al was completely oxidized and metallic Si
is formed. In the temperature range from 800 to 1200 K, the
formation of Si O Al bonds probably occurred via the conChemPhysChem 2013, 14, 71 – 77

72

CHEMPHYSCHEM
CONCEPTS
certed diffusion of aluminum oxide into the bulk of the SiO2
film with the concomitant desorption of volatile silicon monoxide as a result of the solid state reaction of Si and SiO2. An XPS
study indicated that the electronic structure of these films
were very similar to that of bulk aluminosilicates. Due to the
absence of water during the preparation, surface hydroxyl
groups were not formed. The authors also mentioned that
preparation of a mixed oxide film by co-deposition of Al and Si
in an oxygen environment led to the deposition of a less than
uniform film.
In the following sections, we demonstrate the preparation
of well-defined silicate thin films on metal single crystals. The
films exhibit a sheetlike morphology and can be doped with
Al, ultimately resulting in the aluminosilicate films. When prepared on a proper metal substrate, the aluminosilcate films
become adequate model systems for zeolite surfaces: the
films: i) are only weakly bound to the underlying metal support; ii) are constituted of tetrahedral [SiO4] and [AlO4] units;
and iii) expose acidic OH species. We believe that this approach
opens up an avenue for experimental and theoretical modeling of zeolite surfaces aimed at a fundamental understanding
of structure-reactivity relationships on such materials.
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addition, silica films on Ru(0001) may form a “bilayer” structure,
where two SiO2.5 monolayers are linked through the bridging
oxygen layer as a mirror plane (see Figure 3 b). This bilayer film
is fully saturated with oxygen on either side and weakly bound
to underlying Ru(0001) by dispersion forces.[17] In contrast to
monolayer films, the bilayer films exist in both, crystalline and
amorphous states (see Figure 3 (b,c)).[18]
Attempts to further grow the silica films in a layer-by-layer
layer mode on both Mo and Ru supports only resulted in silica
overlayers structurally identical to the vitreous silica films
grown on Si wafers. The principal structure of the thin silica
films can be identified by IRAS as illustrated in Figure 4. The

3. Ultrathin Pure Silicate Films on Metals
To date, the preparation of thin silica films on metal single
crystals has been reported for Mo(100), Mo(110), Mo(112),
Ni(111), Pd(100), Ru(0001) and Pt(111) (see ref. [14] and references therein). The preparation commonly includes physical
vapor deposition of Si under vacuum or oxygen ambient (ca.
10 7 mbar) and subsequent annealing in UHV or oxygen at
high temperatures. Among the systems studied, only ultrathin
films grown on Mo(112) and Ru(0001) can be considered as
structurally identified. By a combination of low-energy electron
diffraction (LEED), infrared reflection-absorption spectroscopy
(IRAS), STM, XPS, and density functional theory (DFT) calculations, it was shown that ultra-thin films on Mo(112)[15] and
Ru(0001)[16] consist of a single layer of corner sharing [SiO4] tetrahedra (schematically shown in Figure 3 a), resulting in a SiO2.5
composition. In these so-called “monolayer” films, one of
oxygen atoms of each [SiO4] is bonded to the metal atoms. In

Figure 3. Schematic representations of ultrathin silica thin films grown on
metal single crystal surfaces. Top and cross-sectional views of monolayer
SiO2.5 films (a), and bilayer SiO2 films in the crystalline (b) and disordered (c)
states. All structures are formed by corner-sharing [SiO4] tetrahedra. Only the
positions of Si are marked by dots for clarity.
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Figure 4. IRAS spectra of ultrathin silica films grown on metal single crystals.
The nominal film thickness is indicated in monolayers equivalent (MLE) such
that 1 MLE corresponds to a closed monolayer film: a) SiO2.5/Mo(112);
b) SiO2.5/Ru(0001); c,d) SiO2/Ru(0001).

asymmetric stretching vibrations of the Si-O-Mo(Ru) linkages
falls into the region 1050–1150 cm 1. Meanwhile, bilayer films
(both, crystalline and vitreous) are characterized by the sharp
band at ~ 1300 cm 1, assigned to the asymmetric stretching of
the Si-O-Si linkage between two monolayers. The band at
1257 cm 1 with a prominent shoulder at 1164 cm 1, developed
for the multilayer films on any metal support, is well-documented for the bulk-like silica (e.g., quartz).[14] It therefore appears that films thicker than bilayer exhibit a three-dimensional
network of [SiO4] tetrahedra rather than the layered structure
observed for mono- and bi-layer films. These “thick” films exChemPhysChem 2013, 14, 71 – 77
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hedra, in which some Si4 + ions are replaced by Al. In the aluminosilicate minerals, the charge imbalance introduced by the
Al3 + ions is compensated by the intercalation of H + or alkalimetal cations. Since alkali metals were not present during the
film preparation, and H + ions were not detected by vibrational
and electron spectroscopy, the extra charge in thin films is
most likely compensated by the metal substrate. In this AlO4model, the Al3 + ions are each coordinated to four O2 ions in
the same geometry as the Si4 + ions in the pure silica film. Another possibility includes the Al3 + ions only coordinated to
three O2 ions in the topmost layer, thus resulting in the AlO3model depicted in Figure 5 c. Based on DFT calculations, both
structures were stable with nearly equal energies. However,
4. Aluminosilicate Thin Films
STM image simulations clearly favored the AlO3 model (compare insets in Figure 5 (b,c)). This model also fits the results of
Crystalline silica films on Mo(112) have been utilized as a temhigh resolution XPS studies performed with synchrotron radiaplate to prepare the aluminosilicate films. However, the prepation.
ration involving Al deposition onto the preformed SiO2.5/
Certainly, for the monolayer aluminosilicate films, a metal
Mo(112) film and subsequent annealing led to film disordering
support has to be explicitly involved in a proper description of
as judged by LEED. Also, STM inspection of the resulted films
the system’s electronic structure, which definitely limits their
revealed a rough and heterogeneous surface. In order to faciliuse as an adequate model of zeolitic surfaces. Indeed, such
tate the intermixing of aluminum and silicon atoms in the film,
films lack the negative framework charge present in zeolites as
Al and Si were co-deposited onto an O-precovered Mo(112)
well as acidic Si–OH–Al species. Since bilayer silica films on
surface in an oxygen ambient followed by high temperature
Ru(0001)[17] are only weakly bound to the underlying metal
annealing at ~ 1100 K. This approach turned out to be success[20]
support, it was near at hand to try to incorporate Al into these
ful.
films.[21] The preparation includes Si and Al co-deposition in
The films at relatively low Al/Si ratios (< 0.2) showed a sharp
total amounts equal to the amount of Si necessary to prepare
c(22)-Mo(112) LEED pattern as in the pure silica film. XPS
a SiO2 bilayer film. XPS measurements allowed to determine
spectra revealed the silicon and aluminum atoms in the fully
the average film composition and showed both Si and Al in
oxidized states. IRAS spectra became broader and underwent
the highest oxidation states. The surfaces show a (2  2)red-shifts by ~ 30 cm 1. STM images showed atomically flat terRu(0001) LEED pattern, suggesting a high degree of crystalliniraces (Figure 5 a) with basically the same honeycomb structure
ty. With increasing Al content, the principal phonon band at
as observed for the pure silica films. However, numerous addi1300 cm 1 only gradually red-shifts to ~ 1280 cm 1 (Figure 6 c)
tional bright spots were observed, whose density correlated
without losing intensity, thus indicating that the films essentialwell with the aluminum content in the film and as such they
ly retain the bilayer structure as of pure silicate films.
were assigned to Al-related species. The random distribution
An STM study revealed atomically flat surfaces of the films.
of these spots implies a random distribution of the Al atoms in
At low Ai:Si atomic ratios, areas (labeled A in Figure 6 a) showthe film.
ing a hexagonal lattice of protrusions were observed which exThese results suggested that the aluminosilicate film on
hibited a considerably higher corrugation amplitude as comMo(112) consists of a monolayer of corner-sharing [SiO4] tetrapared to the rest of the surface
(labeled B), which in turn exposed a surface virtually identical to that of crystalline SiO2
films. The surface area covered
by the A domains correlated
with the Al:Si ratio, thus suggesting that the Al atoms are
not randomly distributed across
the surface, as it was found for
a monolayer aluminosilicate film
on Mo(112) (see Figure 5 b), but
segregate into domains. This
Figure 5. a,b) Large-scale and high-resolution STM images of an aluminosilicate (Al:Si ~ 1:5) monolayer film prefinding is not trivial in its own
pared on Mo(112). The honeycomb-like morphology corresponds to the structure depicted in Figure 3 a. The
white dashed lines in (b) indicate anitiphase domain boundaries consisiting of a row of eight- and four-membered
right, since it is commonly acrings (also present in pure silica films). The inset zooms in asymmetric bright protrusions, randomly distributed at
cepted, based on electrostatic
[20]
the surface. c) Top view of the structural (periodic) model, where Al substitutes Si in the silica framework, but
considerations, that the Al
has no bond to the Mo surface. The inset shows an STM simulation, to be compared with the high-resolution
atoms arrange in zeolites as far
STM image shown in (b).
hibit smooth surfaces, with a corrugation amplitude of ca.
~ 1  as measured by STM.
Interestingly, no monolayer, but amorphous bilayer films
were only observed on Pt(111).[19] The support effect for the
structure of the films (monolayer vs. bilayer) can be rationalized on the basis of the metal–oxygen bond strength, which is
considerably different for the Mo, Ru and Pt supports studied.
The bond is very strong in the SiO–Mo linkage, which favors
the monolayer structure on Mo(112), whereas on Pt(111), silica
only forms a bilayer structure. Ru(0001) exhibits intermediate
properties and forms both mono- and bi-layer structures.
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Figure 6. a) STM image of an Al0.12Si0.88O2 film on Ru(0001). Domains A show
a higher corrugation amplitude as compared to domains B, which in turn
show the same morphology as all-Si silicate crystalline films. b) STM image
of an Al0.36Si0.64O2 film showing a rather uniform surface, where domains A
and B can hardly be discriminated. c) IRAS spectra of a pristine SiO2 film
(a) and an Al0.19Si0.81O2 film (c). The respective vibrational modes are
schematically shown.

as possible from each other.[22] As a possible explanation for
this effect can be the lattice strain, induced by the Al incorporation into the silicate frame, which can be minimized if Alcontaining species locate near each other as theoretically predicted.[23] Another explanation could be related to the possible
inhomogeneity of Al and Si species at the deposition step, that
is, before film annealing at high temperatures. Note also, that
although STM images allow the determination of the position
of tetrahedral atoms, the distinction between Al and Si atoms
is not resolved yet. This issue is studied at present.
The surface coverage measured by STM of Al-containing domains A[21] was consistent with the estimations based on the
following assumptions: i) Al first populates the bottom cation
layer, which is closer to the metal substrate, to overcome
charge-balance issues (very recent studies comprising XPS
measurements at grazing and normal electron emissions
proved this scenario);[24] and ii) the Al distribution within the
bottom layer follows the Lowenstein’s rule,[25] stating that Al–
O–Al linkages in zeolitic frameworks are forbidden. Following
the same rule, Al must occupy sites in the upper cation layer
at the Al:Si ratios above 0.5. Indeed, such films showed
a rather uniform surface in STM (domains A were not distinguishable anymore), albeit the surface exposed both crystalline
and disordered phases, as shown in Figure 6 b.
The “as prepared” films did not show any IRAS-detectable
OH species. Exposure to water vapor (typically, ~ 10 6 mbar) at
room temperature did not result in hydroxyl groups either. To
form surface OH species, the aluminosilicate films had to be
exposed to water at ~ 100 K, resulting in an amorphous solid
water (ice) overlayer. The film was then heated to 300 K to
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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desorb weakly bound water molecules monitored by mass
spectrometry.
IRAS measurements showed a sharp signal at 3594 cm 1,
which falls in the frequency range of the hydroxyl groups in
the bridging Si–OHbr–Al positions in zeolites.[26] For comparison, only silanol (Si–OH) groups with a characteristic OH vibration (nO-H) at 3750 cm 1 were observed on pure silicate films.
The fact, that OHbr species only appeared at high Al/Si ratios, is
consistent with the sequential population of Al first in the
bottom and then in the top cation layer. The bridging OHbr
groups are thermally stable up to ~ 650 K.
Once formed, OH groups can be replaced by OD upon exposure to D2O at ~ 100 K and heating to 300 K.[21] The OHbr signal
at 3594 cm 1 disappears, and the ODbr signal appears at
2652 cm 1, thus indicating H/D exchange reaction, which is
a well-known phenomenon in zeolite chemistry.
The acidity of zeolites can be measured by adsorption of CO
as a weak base,[27] which binds to the acidic proton through
the C atom to form an CO···HO adduct. This induces a red-shift
in n(OH) and a blue-shift of n(CO) (compared to a gas phase
2143 cm 1), and the magnitude of the shift is proportional to
the degree of acidity.[27, 28] The IRAS measurements on
Al0.4Si0.6O2 films revealed the red-shift about 379 and 243 cm 1,
for n(OH) and n(OD), and the blue-shift of 40 cm 1 for n(CO),

Figure 7. IRAS spectra of the Al0.4Si0.6O2 films exposing OH (top) and OD
(bottom) recorded in 2  10 5 mbar of CO.[21] Each spectrum was divided by
a reference spectrum taken before CO exposure. The formation of CO…HO
adduct that causes n(OH) and n(CO) bands shift is schematically shown.

respectively (see Figure 7). These results indicate that the acidity of the OH species formed on the aluminosilicate films at
high Al/Si ratios is among the highest ones reported for zeolites. For comparison, in zeolite H-SSZ-13, a high silica form of
chabasite, the n(OH) red-shifts by 316 cm 1 and n(CO) blueshifts by 38 cm 1.[26]
Therefore, the characteristics of the metal-supported aluminosilicate films possessing Si–OH–Al surface species perfectly
fit into what is known about regular zeolites. The films expose
strongly acidic sites and exhibit H-D exchange reaction. These
well-defined films constitute the first well-defined model
ChemPhysChem 2013, 14, 71 – 77
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system where the surface properties of zeolites can be modeled by a surface-science approach.

5. Two-Dimensional Films versus ThreeDimensional Frameworks
Certainly, the planar aluminosilicate films cannot directly address the properties of zeolites related to their pore structures.
However, the possibility to visualize the atomic structure of
such films with STM may also aid in a deeper understating of
the mechanism by which the frameworks are assembled,
which is currently a topic under active debate.[29] This and related issues were recently addressed by Boscoboinik et al.[30]
who have performed quantitative STM analysis of the prepared
films. The results revealed some interesting topological relations between two-dimensional films and zeolites.
As schematically shown in Figures 3 b,c (see also inset in Figure 6 c), the bilayer silicate films consist of a sheet of double Nmembered rings. Figure 6 clearly shows that the most abundant structure in the aluminosilicate films is the d6r which is
zoomed in Figure 8 a. In addition, there were few other struc-

www.chemphyschem.org
tures observed by STM, some of those are depicted in Figures 8 b,c together with its schematic representations. In most
cases, five-membered rings (5MR) are located next to 7MR,
while 4MR are located next to 8MR (or larger rings). The ring
size distribution for the surface regions out of the domains exhibiting exclusively 6MRs is displayed in Figure 8 d. The histogram reveals a rather broad distribution between N = 4 and 8.
For comparison, the results for the vitreous silica films[18a] are
also shown. This distribution has a peak at 6MR, and 5MR and
7MR being the next most abundant species, with negligible
amounts of 4MRs. The lack of the 4MR was also observed in
the recent study using HRTEM.[31] In principle, the presence of
adjacent 5- and 7MRs can easily be explained as a result of
“disproportionation” of the two 6MRs, which most likely accounts for their observation in both systems.
However, in the case of aluminosilicate films, the population
of 4MR and 8MR is significantly higher than in the vitreous
silica films and is comparable to the number of 5MR and 7MR.
Therefore, the increase in the number of 4- and 8MRs can be
clearly attributed to the incorporation of Al atoms into the
framework. This finding is in a good agreement with the fact
that zeolites show a strong preference for ring sizes having
even numbers of tetrahedral atoms. The latter is basically the
consequence of the Lowenstein’s rule, which leads to the formation of Al–O–Si moieties which repeat around the rings, ultimately resulting in the even-numbered rings. Apparently, Al incorporation results in a more flexible network as compared to
all-Si silicalites.
Moreover, it has turned out that the arrangement of alternating 4-, and 8MRs surrounded by 6MRs in the films resembles the planar structures artificially created by unfolding of
the rings forming the a-cage in LTA-type zeolites (see details in
ref. [30]). This finding may, for example, shed light on the
mechanism of the thermal transformation of Ba2 + substituted
zeolite A into the layered barium aluminosilicate (hexacelsian).[32]

6. Concluding Remarks

Figure 8. a–c) Close-ups of STM images and their schematic representations,
showing several ring structures on aluminosilicate films. d) Ring-size distribution derived from atomically resolved STM images. Note that the ordered regions dominating the film surface (see Figure 6 b) were not taken into account. The distribution observed for vitreous silica films in ref. [18a] is
shown for comparison.
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This short review shows that ultrathin silicate and aluminosilicate films open a new playground for experimental and theoretical modeling of zeolites, aimed at a fundamental understanding of structure–reactivity relationships in these materials.
Furthermore, in a similar way, one could prepare films containing metal cations other than Al, such as titanium silicalite (TS1), which is a crystalline zeotype material in which tetrahedral
[TiO4] and [SiO4] units are arranged in an MFI structure. Another candidate would be Fe-containing zeolites such as Fe-ZSM5,
which were suggested as efficient oxidation catalysts.[33] The
fabrication of well-ordered films with three-dimensional structures is the next step in this approach. If successful, this will
allow one to study also the molecular-sieve properties of zeolites and porosity-related effects on the reactivity of such materials.
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