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Abstract: Highly b-oriented zeolite ZSM-5 films are critical
for applications in catalysis and separations and may serve as
models to study diffusion and catalytic properties in single
zeolite channels. However, the introduction of catalytically
active Al3+ usually disrupts the orientation of zeolite films.
Herein, using structure-directing agents with hydroxy groups,
we demonstrate a new method to prepare highly b-oriented
zeolite ZSM-5 films with a broad range of Si/Al ratios (Si/Al =

45 to 1). Fluorescence micro-(spectro)scopy was used to
monitor misoriented microstructures, which are invisible to X-
ray diffraction, and show Al3+ framework incorporation and
illustrate the differences between misoriented and b-oriented
films. The methanol-to-hydrocarbons process was studied by
operando UV/Vis diffuse reflectance micro-spectroscopy with
on-line mass spectrometry, showing that the b-oriented zeolite
ZSM-5 films are active and stable under realistic process
conditions.

Zeolites are crystalline aluminosilicate materials with ang-
strom-scale pores, and are industrially used at vast quantities
owing to their robust stability under harsh conditions (e.g.,
fluid catalytic cracking and nuclear-waste treatment) as well
as shape and size selectivity (e.g. alkylation reactions and the
methanol-to-hydrocarbons (MTH) process).[1–4] One of the
most important zeolites is ZSM-5 with the MFI framework,
which is globally applied in enormous quantities in petroleum
refining and bulk chemical manufacturing, driving continued
research.[4, 5] An innovative approach to enhance catalytic
performance is to prepare homo-epitaxially grown zeolite
ZSM-5 as continuous, oriented films with accessibility to only
the straight zeolite channels. These film materials could serve
as high-flux membranes with a combined reaction-separation
functionality, wherein continuous size-selective product

removal would maximize conversion.[6–13] Moreover, the
relative hydrophobicity/hydrophilicity of the films can be
tuned by careful control of the Al content, forming a material
capable of more diverse separations than those possible with
the Al-free analogue.[14] Comparable to 2D zeolite nanosheets
for surface chemistry studies,[15] uniform zeolite films are
a promising model system for applying advanced character-
ization techniques (e.g. near-field optical techniques, such as
tip-enhanced Raman (spectro)scopy (TERS), single-mole-
cule fluorescence microscopy as well as grazing incidence
characterization methods) to explore the synthesis mecha-
nisms of both bulk and oriented-film zeolites, as well as to
study 3D diffusion and related reactivity through a single pore
orientation of zeolite ZSM-5 down to the level of a single
molecule.[16]

Purely siliceous, highly b-oriented MFI films have been
systematically researched in the past decades, and show ultra-
selective, high-flux separation performance with enhanced
diffusion properties due to the accessibility to only straight
channels coupled with their hydrophobic nature.[17–19] How-
ever, the fabrication of highly b-oriented zeolite ZSM-5 films
with Brønsted acid sites has rarely been reported,[20, 21] and the
framework introduction of Al3+ into zeolite films is known to
modify their growth, leading to highly overgrown materials
when using tetrapropylammonium (TPA+), the commercial
structure-directing agent (SDA) for ZSM-5 synthesis.[22] The
same phenomena has also been found with a SDA-free
secondary growth media (SGM) synthesis.[23]

Herein we report a versatile second growth method to
fabricate highly b-oriented zeolite ZSM-5 films with a broad
range of Si/Al ratios by employing triethanolamine (TEOA)
or inexpensive alcohols as the SDAs. These SDAs have
hydroxy groups which chelate Al3+,[24, 25] allowing its slow
release into the synthesis mixture, and avoiding the formation
of misoriented micro-structures, which are demonstrated at
the microscale using the highly sensitive technique of
fluorescence micro-(spectro)scopy (FMS). To explore the
range of Si/Al ratios across which TPA+ can direct highly b-
oriented zeolite ZSM-5 films, different Si/Al ratios (63, 125,
and 250) in the SGM (solution 1 in Table S1 in the Supporting
Information) were first prepared according to reported
procedures.[17, 18] Films with needle-like overgrowth were
obtained in the SGM with a Si/Al ratio of 63 (Figure 1b)
and 125 (Figure S1a) after a 15 h reaction. Decreasing to 8 h
did not prevent the formation of these overgrowth structures
(Figure S2c). Both samples (Si/Al = 63 (Figure 1 e) and Si/
Al = 125 (Figure S1c)) show three new XRD peaks that can
be attributed to the (400), (600) and (800) directions,
demonstrating the formation of misoriented structures in
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the films.[17] Only when the Al content in the SGM was
reduced to Si/Al = 250 could a highly b-oriented film be
prepared as suggested by SEM and XRD (Figure S1b and
S1c). The overgrowth in Al-containing TPA+ systems can be
attributed to the propensity of Al3+ to favor nucleation over
crystal growth, which does not occur in the pure-Si system.[26]

Moreover, TPA+ primarily helps to incorporate silicate
species, leading to the known phenomenon of Al zoning in
zeolite ZSM-5, resulting in the formation of crystallographic
defects due to the Al-induced distortion of zeolite frame-
work.[27] For comparison, an Al-free MFI film (Figure S3) was
easily prepared under the same conditions, with preferential
b-orientation and no overgrowth observed even after 42 h.

As it was not possible to prepare highly b-oriented zeolite
ZSM-5 films with an Al content higher than Si/Al = 250 using
TPA+ as the SDA, we explored a strategy to intrinsically
suppress nucleation—which is a potential cause of the

overgrowth due to the presence of Al3+—by altering the
SDA to properly incorporate Al3+. Drawing on inspiration
from past zeolite synthesis, triethanolamine (TEOA) was
used to replace TPA+ as the SDA for the synthesis of zeolite
ZSM-5 films.[24, 28] It is known that Al3+ can be chelated by
TEOA, resulting in its slow release into reaction solution
during synthesis, avoiding nucleation, which may prevent
overgrowth.[24] As shown in Figure 1c, TEOA was able to
direct the formation of a continuous and overgrowth-free
zeolite ZSM-5 film from a SGM with Si/Al = 45 (solution 2),
with preferential b-orientation (Figure 1e). To test if this
result is due to the tertiary amine or the hydroxy groups,
a TEOA-structure-like alcohol (see Section S3), 2-hydroxy-
methyl-1,3-propanediol (HPD), was used as the SDA, and
a highly b-oriented zeolite ZSM-5 film with Si/Al = 45
(Figure S4) was obtained. This illustrates that hydroxy
groups are the key to the homo-epitaxial growth of the
highly b-oriented zeolite ZSM-5 films, and not the amine.
Furthermore, environmentally friendly ethanol (EtOH) was
employed as the SDA,[29,30] and a continuous (Figure 1d) and
overgrowth-free highly b-oriented (Figure 1e) zeolite ZSM-5
film with Si/Al = 45 was also obtained. As the results from
SEM and XRD suggest, continuous, b-oriented films from Si/
Al = 45 to1 could be obtained with both TEOA and EtOH
as the SDAs (Figure S5). Further investigations into the
importance of hydroxy groups were conducted (Figure S6)
and it was determined that they were the key to suppressing
overgrowth. A series of organics with different numbers of
hydroxy groups, namely 1OH (methanol, 2-propanol, and t-
butanol) and 2OH (ethylene glycol, 1,6-hexandiol) and 4OH
(penta-erythritol), as the SDAs in the SGM with Si/Al = 45
were tested to determine the generality of this approach.
SEM (Figure 2) and XRD (Figure S7) suggest that continu-
ous, b-oriented zeolite ZSM-5 films could be prepared by all
above SDAs, except penta-erythritol (Figure 2 f). It is possible
that its four hydroxy groups interact too strongly with Al
species, interrupting the crystallization of ZSM-5. Thus,
hydroxy groups alone can suppress the overgrowth.

Figure 1. a)–d) Scanning electron microscopy (SEM) images of
a) purely siliceous MFI monolayer and zeolite ZSM-5 films from the
monolayer in a secondary growth media (SGM) with Si/Al =b) 63,
c) 45, and d) 45, and different structure-directing agents (SDAs);
e) traces (A), (B), (C), and (D) display representative X-ray diffraction
(XRD) patterns of the samples in (a), (b), (c), and (d), respectively.
Note that the SDAs used in the SGM solutions are b) tetrapropylam-
monium (TPA+), c) triethanolamine (TEOA), and d) ethanol (EtOH),
respectively.

Figure 2. Scanning electron microscopy (SEM) images of zeolite ZSM-
5 films from purely siliceous MFI monolayer in a secondary growth
media (SGM) with Si/Al= 45 using a) methanol (MeOH), b) 2-propa-
nol (2-PROH), c) t-butanol (t-BUOH), d) ethylene glycol (EG), e) 1,6-
hexandiol (1,6-DIOH), and f) penta-erythritol (PET) as the structure-
directing agents (SDAs), respectively.
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While the structural features and orientation of zeolite
ZSM-5 films could be characterized by SEM and XRD, it is
difficult to decode the fabrication of the films and assert that
the XRD perfect films are free from misoriented structures at
the microscale owing to the inherent detection limitations of
the technique. Moreover, the presence of a small amount of
Al3+ renders laboratory XRD unreliable to monitor its
framework incorporation, since the unit cell volume increase
from such a small amount of Al will be difficult to quantify.
Therefore, FMS, with a high sensitivity to fluorescent product
molecules from the Brønsted acid-catalyzed methoxystyrene
oligomerization,[31] was employed to examine the quality of
the films. Specifically, as shown in Figure 3, the resulting
fluorescent products trapped in certain zeolite channels, with
their fingerprint fluorescence emission bands, can be used as
markers for assessing structural features, and the orientation
as well as the framework incorporation of Al3+ in zeolite films
by using wide-field (WFM) and confocal (CFM) fluorescence
micro-(spectro)scopy, respectively.[32–34] Using a highly b-
oriented zeolite ZSM-5 monolayer and large zeolite ZSM-5
crystals, we determined the locations of the transition dipole
moments of the products relative to the channel system (see
Supporting Information). It was found that the trimeric
carbocations (emission at ca. 650 nm with emission region of
640–680 nm) were confined with its dipole moment exclu-
sively along the straight channels, while the linear dimeric
carbocations (emission at ca. 600 nm with emission region of
580–620 nm) could be trapped with its dipole moment along

both channels.[31, 34] Thus, the trimeric carbocation can be
applied as a sensitive marker for the examination the film
orientation since any misoriented zeolite domains will be
fluorescent in the emission region of 640–680 nm in a hori-
zontally positioned zeolite film (Figure 3e).

Under WFM, the TPA-directed zeolite ZSM-5 film
prepared from the SGM solution with Si/Al = 63 in the
horizontal position showed a large number of fluorescent,
needle-like structures (Figure 3 b), consistent with the SEM
image (Figure 1 b). Remarkably, TEOA- or EtOH-directed
zeolite ZSM-5 films with a very high Al content (Si/Al = 45)
clearly show honey-comb-like fluorescent features (Fig-
ure 3c,d), attributed to the catalytically active regions
formed by laterally filling the inter-crystal spaces between
the siliceous seed crystals with aluminosilicate zeolite mate-
rial. This result shows the potential of applying WFM to probe
the fabrication of zeolite films. The CFM study of the WFM
fluorescent structures in the TPA-directed film showed the
co-existence of strong emission regions of 580–620 nm and
640–680 nm (Figure 3 f), demonstrating that these domains
are misoriented (shown in Figure 3e). The fluorescence
results (Figure S11) also illustrate that when using TPA+ as
the SDA, a highly b-oriented zeolite ZSM-5 film with only
a tiny amount of Al (Si/Al = 250) can be obtained. However,
as shown in Figure 3g,h, unlike the TPA-directed analogue,
both the TEOA- and EtOH-directed zeolite ZSM-5 films in
horizontal position showed only one emission region of 580–
620 nm from the linear dimeric carbocations, and were

Figure 3. a) Schematic representation of the wide-field fluorescence microscopic (WFM) study of a zeolite ZSM-5 film in its horizontal position
(088) with needle-like domains and inter-crystal spaces. b)–d) WFM images of the zeolite ZSM-5 films (088) grown in a secondary growth media
(SGM) with Si/Al =b) 63, c) 45, and d) 45, respectively, and different structure-directing agents (SDAs). e) Schematic representation of the
confocal fluorescence micro-spectroscopic (CFM) study of a zeolite ZSM-5 film in its horizontal position (088) with misoriented (left) and
oriented (right) zeolite domains. Images f)–h) the corresponding CFM images from linear dimeric carbocation emission (580–620 nm) and
trimeric carbocation emission (640–680 nm) in the same area of the zeolite films (088). i) Schematic representation of the CFM study of a zeolite
ZSM-5 film in its tilted position (6088) to confirm the trapped oligomerization products. Images j)–l) the corresponding CFM images from linear
dimeric carbocation emission (580–620 nm) and trimeric carbocation emission (640–680 nm) of the 6088 titled zeolite films. Note that the SDAs
used in the SGM solutions are (b, f, and j) tetrapropylammonium (TPA+), (c, g, and k) triethanolamine (TEOA), and (d, h, and l) ethanol (EtOH),
respectively. The blue arrows denote polarized laser light and red arrows the transition dipole moment of the reaction products. White scale bar:
10 mm, green scale bar: 60 mm.
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fluorescence-free in the tri-
meric region of 640–
680 nm, demonstrating
their perfect b-orientation.
To confirm the confine-
ment of the trimeric carbo-
cation we have tilted all of
the films by 6088 (Figure 3 i)
so that the fluorescence of
trimeric carbocation (if any
is present) can be effi-
ciently excited by the laser
light. Two pronounced flu-
orescent lines, arising from
the refraction of the laser
on the film/substrate inter-
face, with a CFM emission
region of 640–680 nm, were observed for all the films
(Figure 3 j,k,l), consistent with the trimeric reaction product
(Figure S8), and demonstrating the successful framework
incorporation of Al3+ and the perfect b-orientation of the
films. A systematic 3D fluorescence study (Figure S12) with
respect to the tilt angle of the EtOH-directed zeolite ZSM-5
film shows a gradual increase of the intensity ratio of about
650 nm to 600 nm with increasing tilt angle, demonstrating its
perfect b-orientation. The successful framework incorpora-
tion of Al3+ was further confirmed by removing the films from
the substrates, and the fragments showed fluorescence (Fig-
ure S13) when randomly oriented. Moreover, the five zeolite
films prepared with the range of alcohols were examined, and
the fluorescence microscopy images and spectra (Figure S14)
clearly show their perfect b-orientation and the presence of
framework Al3+. Additionally, further investigations (dis-
cussed in the caption of Figure S15) show that the FMS
technique is highly sensitive to probe the film orientation and
Al3+ incorporation, and highlight the importance of applying
a range of characterization techniques to verify film quality, as
any single technique may not be sufficiently sensitive or
accessible.

To demonstrate the utility of the highly b-oriented zeolite
ZSM-5 films under realistic reaction conditions and provide
secondary confirmation of their Brønsted acidity, operando
UV/Vis diffuse-reflectance micro-spectroscopy with on-line
mass spectrometry (MS) was utilized on an EtOH-directed,
highly b-oriented zeolite ZSM-5 film with Si/Al = 45 during
the MTH process conducted at 673 K.[35] The absorption
maxima that developed with time-on-stream at around 410,
520, and 620 nm were assigned to neutral methylated
benzenes, dienylic carbocationic/methylbenzenium ions, tri-
enylic and methylated poly-arenium ions, respectively (Fig-
ure 4a and S16).[35, 36] The clearly separated bands, compared
to the broad signal normally found from bulk crystals,[36] can
be used to easily explore the evolution of the reaction
intermediates, and their contribution to the activity and
deactivation of the MTH process demonstrates that the
oriented films are promising for use as a model system to
study catalytic reactions. Moreover, the on-line MS data
reveals the existence of dimethyl ether (DME) and ethylene,
along with propylene, as the reaction products during the

MTH process (Figure 4b and Figure S17), meaning that the
films are catalytically active through their Brønsted acid
sites.[37, 38]

Summarizing, highly b-oriented zeolite ZSM-5 films with
a broad range of Al contents have been fabricated using
SDAs with hydroxy groups, which serve to suppress film
overgrowth by properly introducing Al3+ into the zeolite
framework. The preparation route suggests that large-scale
film production could meet scalability as well as strict health,
safety and environmental requirements at an affordable cost,
especially using EtOH. Moreover, the films prepared using
this method were free of misoriented micro-structures and
contain accessible Brønsted acid sites, showing not only
potential for various catalytic applications, but that they can
also serve as important model systems for understanding the
synthesis mechanism of zeolite films, as well as catalysis in
well-oriented zeolite channels.
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