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ZEO-1, the first stable aluminosilicate zeolite with extra-large pores, marks a great breakthrough in the

zeolite community after decades of exploration and endeavors, opening possibilities for processing bulky

substrates. However, the long synthesis cycle and relatively low reproducibility hinder the wide application

of this intriguing material. This work developed a ‘deficient fluoride approach’ for ZEO-1 zeolite synthesis

by adding a small amount of fluoride to induce a charge imbalance between the OSDA and fluoride. This

approach significantly accelerates crystallization (15 times faster than the reported method) and achieves

higher reproducibility than the originally reported protocol. Crystallization kinetics studies demonstrate

the accelerating effect of stoichiometrically deficient fluoride anions on the nucleation and crystallization

process. The ZEO-1 zeolites synthesized via the ‘deficient fluoride approach’ show catalytic activity for

phenol alkylation with tert-butyl alcohol comparable to that of ZEO-1LCS, but the products are evenly dis-

tributed, suggesting that more Brønsted acid sites might have been successfully introduced in the 16 MR

channels. This work provides an incentive for feasible academic study and application of ZEO-1.

Introduction

Zeolites, as a class of inorganic microporous materials, are con-
structed from TO4 tetrahedra (T = Si, Al, P, Ge, Ga, etc.) that
form regular pore structures through shared vertices at the
molecular scale. The adjustable pore size and aperture, as well
as the diversity of framework composition, make zeolites one of
the most successful materials widely implemented in the petro-
chemical and fine chemical industries as adsorbents, mem-
branes, and catalysts.1–4 The intrinsic micropores in zeolites
endow them with shape selectivity to screen molecules based
on size differences; however, these micropores also act as bar-
riers in applications involving bulky molecules. Hence, the
quest for zeolites with extra-large pores, which are delimited by

rings of more than 12 members (i.e., greater than 12-membered
rings), has become a “holy grail” in zeolite research.

In 1988, Davis et al.5 synthesized the first extra-large pore
size 18 MR aluminum phosphate zeolite VPI-5, marking the
successful beginning of extra-large microporous zeolite syn-
thesis. The emergence of extra-large pore size zeolites has
bridged the gap between microporous zeolites and amorphous
mesoporous molecular sieves, pushing zeolite research into a
new era. Subsequently, more extra-large pore size zeolites were
synthesized, leading to progress in catalytic research involving
bulky molecules. In 1991, Estermann et al.6 reported the first
3D extra-large pore size aluminum phosphate zeolite with 20
MR (–CLO). In addition, Corma’s research group7–14 reported a
series of 3D extra-large-pore germanosilicate zeolites (ITQ
series) during the past decade; however, the incorporation of
Ge into the framework significantly compromises their
thermal and hydrothermal stability due to Ge hydrolysis under
humid conditions. A great breakthrough in extra-large-pore
zeolite synthesis was recently achieved by Camblor, Chen and
co-workers,15 who reported the successful synthesis of an alu-
minosilicate zeolite, named ZEO-1 (IZA code: JZO), using a
bulky phosphorus-containing organic mono-cation as the
organic structure directing agent (OSDA). ZEO-1 has a 3D
interconnected channel system composed of extra-large
16-ring and 12-ring pores with a fully-connected framework,
exhibiting adsorption capacity superior to that of the conven-
tional ultra-stable Y (USY) zeolite for large-sized dye molecules.
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ZEO-1 containing phosphorus shows a lower conversion rate
and higher selectivity towards gasoline and diesel in heavy oil
cracking compared to commonly used commercial zeolite cata-
lysts such as USY, MFI, and Beta. Although ZEO-1 exhibits a
novel topological structure with excellent adsorption and cata-
lytic properties, its practical industrial application is hindered
by synthesis challenges. The sluggish nucleation process pro-
longs the synthesis duration, while extended hydrothermal
treatment promotes the formation of an undesirable dense
quartz phase, collectively resulting in a long synthesis cycle
and low experimental repeatability. To address the long syn-
thesis cycle, ZEO-1 was successfully obtained with a shortened
crystallization time (8 days)16 by substituting sodium alumi-
nate and silica sol as alternative Al and Si sources together
with a lower fluoride content in the synthesis, which, however,
still needs improvement considering practical production and
energy consumption. In addition, zeolite synthesis reproduci-
bility is a well-known conundrum within the zeolite commu-
nity, where developing a consistent recipe that works in every
laboratory is challenging. Thus, developing feasible synthesis
strategies for shortening the production cycle and boosting the
reproducibility of ZEO-1 zeolites is crucial for both academic
study and practical application.

In this work, we demonstrate the successful synthesis of
ZEO-1 zeolites with a significantly improved crystallization rate
and high reproducibility using a tentatively termed “deficient
fluoride approach”, wherein fluoride anions from two different
fluoride sources were used to achieve a charge imbalance
between the fluoride anions and organic cations in the syn-
thetic gel, i.e., providing fewer fluoride anions than required to
stoichiometrically balance the charge of the OSDA. Synthesis
parameters, e.g., gel molar compositions and crystallization
temperatures, were thoroughly investigated to probe the opti-
mized synthesis window for ZEO-1 zeolites. The physico-
chemical properties of ZEO-1 zeolites in different forms, as-
made, calcined, and calcined & NH4Cl-washed, were unveiled
using comprehensive characterization techniques, including
PXRD, SEM, TEM, solid-state NMR, NH3-TPD, Py-FTIR, etc.
The crystallization kinetics of ZEO-1 zeolites was investigated
by analyzing the products obtained at different heating times
using spectroscopy techniques. The role of fluoride addition
in the crystallization of ZEO-1 zeolites was tentatively dis-
cussed. Finally, the catalytic performance of ZEO-1 zeolites in
the alkylation of phenol with tert-butanol was evaluated in
comparison with commercial USY and Beta zeolites.

Experimental
OSDA synthesis

The OSDA used in this work is the tricyclohexyl-
methylphosphonium cation (TCyMP, Fig. S1†), which was syn-
thesized according to a previously reported method.15 In a
typical synthesis procedure, 28.62 g (0.10 mol) of tricyclohexyl-
phosphine (Energy Chemical, 98%) was added to a round-
bottom flask containing 250 mL of acetonitrile (Sinopharm

Chemical Reagent, AR) under magnetic stirring in an ice bath.
Subsequently, 49.93 g (0.35 mol, 3.50 eq.) of iodomethane
(MeI, Energy Chemical, 99.5%) was added dropwise via an
addition funnel. The mixture was allowed to react for 48 hours
at room temperature, and then acetonitrile and iodomethane
were removed using a rotavapor under vacuum to obtain
tricyclohexylmethylphosphonium iodide (yield: ca. 98%).

In batch mode, the iodide salt was exchanged to its hydrox-
ide form using an anion exchange resin (Xidian, 1.1 mequiv./
1 mL). The exchanged solution was concentrated using rotary
evaporation under vacuum, and the final solution concen-
tration was determined by titration with 0.1 N HCl (Beijing
North Weiye Institute of Measuring and Testing Technology),
using phenolphthalein as an indicator.

Zeolite synthesis

The synthesis of ZEO-1 zeolites was carried out in hydroxide
medium according to previously reported procedures.15 For
syntheses involving the addition of fluoride anions, two fluor-
ide sources, hydrofluoric acid (HF) and ammonium fluoride
(NH4F), were used.

In a typical synthesis using HF, 9.473 g (3.75 mmol) of the
organic structure directing agent (SDAOH) was added to a
50 mL plastic beaker, followed by 0.125 g (0.3 mmol) of alumi-
num isopropyl alcohol (Al(O-iPr)3, Shanghai Mcklin, AR). After
stirring at 200 rpm for 2 h, 3.125 g (1.5 mmol) of tetraethyl
orthosilicate (TEOS, Sinopharm Chemical Reagent, 28.4 wt%
SiO2) was added to the solution, and the mixture was hydro-
lyzed overnight at room temperature. The resulting clear sol
was aged in an oven at 100 °C for 6 h to remove excess water
and ethanol. In a fume hood, 0.13 mL (3.0 mmol) of HF
(Merck, 48%) was carefully added using a pipette, and the
mixture was manually homogenized for 15 min to obtain a
viscous gel or dry powdery gel with a final molar composition
of 1.0 SiO2 : 0.5 SDAOH : 0.02 Al2O3 : x HF : 10 H2O, where x =
0.05–0.7. Then, the gel was transferred into a Teflon-lined
autoclave, placed in a convection oven, and heated at 175 °C
and 190 °C for varying durations. After cooling down to room
temperature, the product was centrifuged at 12 000 rpm and
washed with 40 mL deionized water, 40 mL ethanol and 20 mL
acetone. The wet powdery product was dried for 2 h in a con-
vection oven at 100 °C to obtain the as-made product. The as-
made product was calcined in a muffle furnace in air using a
reported procedure.16 The calcination procedure was as
follows: the sample was heated from room temperature to
150 °C for 45 min and then kept at 150 °C for 60 min to
ensure that the water in the zeolite and the adsorbed gas were
removed; subsequently, the temperature was increased to
600 °C over a 225 min ramp, and then kept at 600 °C for 6 h to
eliminate OSDAs.

In a typical synthesis using NH4F, 9.473 g (3.75 mmol) of
the organic structure directing agent (SDAOH) was added to a
50 mL plastic beaker, followed by 0.125 g (0.3 mmol) of alumi-
num isopropyl alcohol (Al(O-iPr)3). After stirring for 2 h,
3.125 g (1.5 mmol) of tetraethyl orthosilicate (TEOS) was
added into the solution, and the mixture was hydrolyzed over-
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night at room temperature. The clear sol obtained was aged in
an oven at 100 °C for 6 h to remove excessive water and
ethanol. In a fume hood, 0.25 mL (3.0 mmol) of NH4F
(Shanghai Aladdin, 40 wt%) solution was added carefully
using a pipette, then manually homogenized for 15 min to
obtain a viscous or dry powdery gel with a final molar compo-
sition of 1.0 SiO2 : 0.5 SDAOH : 0.02 Al2O3 : x NH4F : 10 H2O,
where x = 0.1–0.7. Furthermore, the gel was transferred into a
Teflon-lined autoclave, placed in a convection oven, and
heated at 190 °C for varying durations.

Removal of phosphorous species

Typically, 0.2 g of the calcined ZEO-1 zeolite was transferred
into 25 mL sealed glass bottles, and 20 mL of a 0.5 M
ammonium chloride solution was added. Subsequently, the
glass bottles were placed in an oil bath at 60 °C and stirred at
300 rpm for 3 h to perform ion exchange. Then, the treated
product was collected by centrifugation at 12 000 rpm for
10 min and washed with several times DI water until the pH
was close to neutral. This process was repeated three times,
and then the sample was dried overnight in an oven at 100 °C.

Characterization studies

Powder X-ray diffraction (XRD) patterns were collected using a
Rigaku LabView diffractometer in the 2-theta range of 2 to 50°
with 0.01° scan steps in theta–theta geometry under Cu Kα
radiation. Thermogravimetric and differential thermal analysis
(TG/DTA) was carried out using a Rigaku TG-DTA8122 thermal
analyzer system in an air flow of 50 mL min−1, with a heating
rate of 10 °C min−1 from 30 to 1000 °C. Si, Al, and P contents
were determined by inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES) using a PerkinElmer NexION
350X. CHN elemental analysis was performed on a LECO
CHNS-932 analyzer to determine the OSDA content. Scanning
electron microscopy (SEM) was performed on a Hitachi
S-4800 microscope with a cold field emission gun at 2 kV.
High-resolution transmission electron microscopy (HRTEM)
images were obtained using a JEOL-3200FS field-emission
transmission electron microscope with an accelerating voltage
of 300 kV and captured using a Gatan OneView CMOS camera.
Argon and nitrogen physisorption isotherms were measured
on a Quantachrome Autosorb iQ. Before the measurements,
the samples were degassed at 300 °C under vacuum for 10 h.
Temperature-programmed desorption of ammonia (NH3-TPD)
was carried out in a flow system equipped with a thermal con-
ductivity detector (TCD). Using pyridine as a probe molecule,
Fourier transform infrared spectra (FTIR) were collected on a
Brucker Vertex 70 V spectrometer at a spectral resolution of
4 cm−1. In a home-made vacuum infrared cell with CaF2
windows, a self-supported wafer of the sample (about 10 mg
cm−2) was initially dried under vacuum at 450 °C for 2 h and
then cooled down to 25 °C. A reference spectrum was recorded.
Afterward, the wafer was saturated with pyridine vapor at 25 °C
for 10 min and then evacuated again for 30 min to remove pyr-
idine in the gas phase. Finally, the evacuated sample contain-
ing chemisorbed pyridine was subjected to temperature-pro-

grammed desorption from 30–450 °C, holding for 30 min at
each temperature with a heating rate of 10 °C min−1. FTIR
spectra were recorded after cooling down to 25 °C. 1H and 13C
liquid NMR spectra of the OSDA chloride in CDCl3 solution
were collected on a Bruker Avance III 400 spectrometer. Solid-
state 29Si, 27Al, 31P, and 19F MAS NMR experiments were per-
formed on a Bruker AVANCE III 400 spectrometer using a
4 mm triple resonance probe with a sample spinning rate of
14 kHz, operating at resonance frequencies of 156.4, 119.2,
161.9, 470.59 MHz, respectively. 29Si MAS NMR spectra with
high-power proton decoupling were recorded with a spinning
rate of 10 kHz, a π/4 pulse length of 2.9 μs, and a recycle delay
of 20 s. 27Al MAS NMR spectra were recorded using a small-flip
angle technique with a pulse length of 0.5 μs (<π/12), a recycle
delay of 1 s, and a spinning rate of 14 kHz. Single-pulse 31P
MAS NMR experiments with 1H decoupling were performed
with a 90° pulse width of 4.9 μs, a recycle delay of 60 s, and a
1H decoupling strength of 60 kHz. 19F MAS NMR spectra were
collected with a spinning rate of 14 000 kHz, a pulse width of
3.7 μs, and a relaxation delay of 5 s. The chemical shifts of
27Al, 29Si, and 31P MAS NMR were externally referenced to
1 mol L−1 aqueous Al(NO3)3, TMS, and 85% H3PO4, respect-
ively. 29Si × {1H} cross-polarization (CP) MAS NMR spectra were
obtained with a contact time of 5 ms (1H frequency: 400.13
Hz).

The crystallization kinetics was analyzed using the
Johnson–Mehl–Avrami–Kolmogorov (JMAK) model to calculate
the rate constants at different temperatures:

xðtÞ ¼ 1� expð�ktnÞ
In the JMAK model, x(t ) represents the crystallized fraction

at time t, k denotes the temperature-dependent rate constant,
and n is the Avrami exponent indicating the nucleation/growth
dimensionality.

The activation energy was determined via the Arrhenius
equation:

k ¼ k0 expð�Ea=RTÞ
where Ea represents the activation energy, T is the thermo-

dynamic temperature, R is the gas constant (8.314 J mol−1 K−1)
and k0 is the pre-exponential factor.

Phenol alkylation with tert-butanol

Phenol alkylation with tert-butyl alcohol was carried out in a
batch reactor as follows: 200 mg of the zeolite catalyst, 565 mg
(0.006 mol) of phenol, and 445 mg (0.006 mol) of tert-butanol
were accurately weighed and combined in a 50 mL round-
bottom flask. Additionally, 769 mg (0.006 mol) of nonane was
added as an internal standard for chromatographic analysis.
Finally, the mixture was homogenised with 19 mL of heptane.
After cooling the mixture, the liquid phase was recovered using
a syringe equipped with a filter to separate it from the solid
catalyst. The distribution of the products was determined by
analyzing the supernatant using a SCION gas chromatograph
equipped with a 5 MS column (30 m length, 0.25 mm dia-
meter, and 0.2 μm thickness). Phenol conversion and product
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selectivity were estimated using the following equations:

Phenol conv: ¼
P

Aðaromatic productsÞ
P

Aðaromatic productsÞ þ AðphenolÞ
� 100

Selectivity ¼ AðproductÞ
P

Aðaromatic productsÞ � 100

Here, Phenol conv. denotes phenol conversion and A is the
surface area of the corresponding chromatographic peak.

Catalytic tests were repeated three times using the USY
zeolite as the reference catalyst. The standard deviations for
product selectivity were ±3.5% for ortho-tert-butylphenol
(o-TBP), ±2.6% for para-tert-butylphenol (p-TBP), and ±1.5%
for 2,4-di-tert-butylphenol. The standard deviation for conver-
sion was ±2.0%.

Results and discussion
Zeolite synthesis

The synthesis of ZEO-1 zeolites was initially investigated using
HF as the fluoride source by systematically varying the F/SiO2

and H2O/SiO2 ratios in the synthetic gel. The synthesis results

are summarized in Table 1. At the typical synthesis tempera-
ture of 190 °C for ZEO-1 zeolites, upon increasing the F/SiO2

ratio from 0 to 0.7 while keeping the H2O/SiO2 ratio constant
at 10, the crystallization rate increased and then decreased. At
a F/SiO2 ratio of 0.2, well-crystallized ZEO-1 zeolites were
obtained within 2 days (Table 1, entry 9), almost 8 times faster
than the 15 days reported in the literature.15 In contrast, only
an amorphous phase was obtained at an F/SiO2 ratio of 0.7,
even after 9 days of heating (Table 1, entries 18 and 19). These
observations indicate a critical fluoride concentration
threshold beyond which zeolite crystallization is inhibited.
Excess fluoride forms stable complexes with silicate species at
high fluoride concentrations, preventing them from properly
rearranging into lattice structures. The critical concentrations
for the HF and NH4F systems are 0.5 and 0.3, respectively,
reflecting their differing acidities: the stronger acidity of HF
enhances the stabilization of zeolite precursors, allowing
higher fluoride tolerance. Furthermore, the effect of water
content on the crystallization rate and crystallinity of ZEO-1
zeolites was also investigated. At a F/SiO2 ratio of 0.2, reducing
the H2O/SiO2 ratio to 5 significantly improved the crystalliza-
tion rate, with well-crystallized ZEO-1 zeolites formed within 1
day (Table 1, entry 11). In contrast, a lower water content pro-
longed the crystallization time for the composition with a F/

Table 1 Summary of synthesis results using HF at 175 °C and 190 °C

Entry F/SiO2 H2O/SiO2 Time (day) Phasea Crystallinity (±SD%)b

1 0 10 7 ZEO-1 76.7 ± 0.002

2 0.05 10 5 Amorphous (ZEO-1) —
3 7 ZEO-1 61.7 ± 0.026

4 0.1 10 1 Amorphous (ZEO-1) —
5 3 ZEO-1 95.7 ± 0.001

6 0.15 10 1 Amorphous (ZEO-1) —
7 3 ZEO-1 97.2 ± 0.025

8 0.2 10 1 Amorphous (ZEO-1) —
9 2 ZEO-1 88.0
10 3 ZEO-1 100 ± 0.086

11 0.2 5 1 ZEO-1 84.8
12 2 ZEO-1 95.7
13 3 ZEO-1 99.2 ± 0.006

14 0.25 10 7 ZEO-1 79.2 ± 0.018
15 0.3 10 9 ZEO-1 84.3 ± 0.065

16 0.5 10 5 ZEO-1 81.1 ± 0.082
17 0.5 5 30 Amorphous (ZEO-1) —

18 0.7 10 9 Amorphous —
19 15 Amorphous —

20 0c 10 18 ZEO-1 90.7
21 0.2c 10 3 Amorphous —
22 5 ZEO-1 (amorphous) 64.3
23 9 ZEO-1 79.2

a The product in parentheses is a minor phase. b The crystallinity was calculated by comparing the sum of peak areas at 4.05°, 7.04°, 10.78°,
21.70°, and 22.90°. c Synthesis at 175 °C.
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SiO2 ratio of 0.5 (Table 1, entries 16 and 17). At a reduced temp-
erature of 175 °C, it took a longer time, 9 days, to achieve crystal-
line ZEO-1 zeolites (relative crystallinity 79.2%) compared to its
counterpart with the same composition (Table 1, entries 21–23).
Fig. S2† compares the variations in crystallinity (%) calculated
by the XRD peak area method and the micropore volume
method across different F/SiO2 ratios. The Pearson correlation
coefficient (R ≈ 0.8) indicates a strong positive correlation. No
other crystalline impurities were detected in any of the compo-
sitions explored, proving the high robustness and reproducibil-
ity of the method. The stoichiometrically unbalanced charges of
the cation and anion from SDA+ and F−, respectively, possibly
induce driving forces that facilitate the formation of certain
building units of ZEO-1 zeolites, and thus accelerating the crys-
tallization of the ZEO-1 structure, which is further investigated
in the following section on crystallization kinetics. Based on
these findings, we tentatively designated the synthesis protocol
as the “deficient” fluoride synthesis approach.

Considering the toxic and corrosive nature of HF and the
difficulty of handling it in industrialization production, NH4F
was explored as an alternative fluoride source for the synthesis

of ZEO-1 zeolites. The phases obtained under different syn-
thesis conditions are summarized in Table 2. With the
addition of a small amount of NH4F, the crystallization rate of
ZEO-1 zeolites was significantly improved. Specifically, well-
crystallized ZEO-1 zeolites were obtained within 3 days of
heating at F/SiO2 ratios of 0.1, 0.2, and 0.3, since all the zeo-
lites possess high micropore volumes measured by Ar adsorp-
tion–desorption (Table S1†). By further increasing the F/SiO2

ratio, only the amorphous phase was obtained even after pro-
longed heating for up to 28 days (Table 2, entries 8 and 9). In
HF medium, the synthesis window is wider, proving the higher
efficiency of HF for directing the formation of ZEO-1 zeolites.
However, when the synthetic gel system is in an acidic
medium, that is, HF or NH4F is in excessive stoichiometric
amounts relative to OSDA, no crystallization of ZEO-1 zeolites
is observed.

Collectively, a small amount of fluoride source and an
appropriate amount of water, i.e., a lower water content, are
proved to be conducive to accelerated crystallization and high
reproducibility of ZEO-1 zeolites. This significantly contrasts
with most of the previous zeolite syntheses in a fluoride
medium, where fluoride was introduced in stoichiometric
amounts relative to the positive charge of OSDA or in excess to
create an acidic environment.17,18

Phase selectivity and morphology

Fig. S3† shows the PXRD patterns of products obtained at
different heating times. The PXRD patterns of as-made, cal-
cined, and subsequently NH4Cl-washed ZEO-1 products
obtained at different F/SiO2 ratios using HF are shown in
Fig. 1. It is noted that the phosphorus species originating from
the calcination of the as-made zeolites remain trapped in the
zeolite channels.16 All products, as-made (as), calcined (cal),
and NH4Cl-washed (cnw), show characteristic diffraction peaks

Table 2 Summary of synthesis results using NH4F at 190 °C

Entry F/SiO2 H2O/SiO2 Time (day) Phase

1 0.1 10 1 Amorphous (ZEO-1)
2 3 ZEO-1

3 0.2 10 1 Amorphous (ZEO-1)
4 5 ZEO-1
5 5 3 Amorphous (ZEO-1)
6 5 ZEO-1

7 0.3 10 3 ZEO-1
8 0.5 10 28 Unknown
9 0.7 10 28 Unknown

Fig. 1 PXRD patterns of as-made (a), calcined (b) and subsequently NH4Cl-washed (c) ZEO-1 zeolites obtained with different F/SiO2 ratios using HF
as the fluoride source. The gel molar composition is 1.0 SiO2 : 0.5 SDAOH : 0.02 Al2O3 : x HF : 10 H2O, x = 0.05–0.7.
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consistent with the simulated patterns of ZEO-1 zeolites, with
no detectable impurity peaks, confirming that pure ZEO-1
zeolite with good crystallinity was successfully obtained. The
ICP results show that the P content of the sample washed with
ammonium chloride was 0.07%, much lower than that of the
untreated ZEO-1 zeolite (Table S2†). It is noteworthy that a
better resolution of diffraction peaks is observed for the
NH4Cl-washed zeolites compared to the calcined counterparts.
The PXRD patterns of ZEO-1 zeolites with different F/SiO2

ratios using NH4F as a fluoride source are shown in Fig. S4,†
which show similar characteristics to those obtained using HF.
Although all products retain phase purity, the peak resolution,
intensities, and broadness vary depending on the F/SiO2 ratios
and fluoride sources, which is potentially related to the differ-
ences in crystallinity and crystal sizes (vide infra). It is worth
noting that a dense phase, i.e., quartz, formed with prolonged
heating (Fig. S5†). The relationship between temperature and
crystallization rate was further explored in different media.
Fig. S6† shows that higher temperatures accelerated the crys-
tallization rate of the ZEO-1 zeolite, but quartz phases were
also observed in OH medium with prolonged heating.

The morphology changes of ZEO-1 zeolites with varying
F/SiO2 ratios were investigated, and the corresponding SEM
images are shown Fig. 2. We found that the crystal size of the
as-made OH-ZEO-1 obtained here is ca.1 μm (F/SiO2 = 0),
which is larger than that reported in the literature. Upon the
addition and increase of HF content, the crystal size gradually
increased from ca. 50 nm (F/SiO2 = 0.05) to ca. 1.5 μm (F/SiO2 =
0.3) and then decreased to 200 nm (F/SiO2 = 0.5). The particle
size distribution of ZEO-1 zeolites was further studied, as shown
in Fig. S7.† At low F/SiO2 ratios (e.g., 0.05), the average size of
the ZEO-1 crystal was about 61 ± 13 nm, with a narrow error
range, while higher F/SiO2 ratios resulted in broader particle
size distributions, e.g., 230 ± 44 nm and 302 ± 32 nm for F/SiO2

ratios of 0.2 and 0.5, respectively. This suggests that introducing
trace fluoride ions promotes uniform nucleation and crystalliza-

tion due to the formation of a flowable and uniform synthetic
gel. In contrast, a further increase in fluoride content produced
viscous or powdery synthetic gels that induced non-uniform
nucleation and hence crystal growth, finally producing zeolite
crystals with a highly non-uniform crystal size distribution.
When the F/SiO2 ratio was increased to 0.3, the average particle
size increased to 779 ± 126 nm, with a significantly broader size
distribution, indicating that the role of fluoride ions had shifted
from promoting nucleation to promoting crystal growth. When
the fluorine content was further increased to F/SiO2 = 0.5, the
average particle size decreased back to 230 ± 44 nm, a conse-
quence of dual inhibitory effects from excess fluoride ions: on
the one hand, a high fluorine concentration increases gel rigid-
ity, limits monomer diffusion and terminates crystal growth; on
the other hand, excess fluoride ions hinder the directional depo-
sition of silicates on the crystal surface by forming stable SiF6

2−.
Therefore, the morphology of the product can be flexibly con-
trolled by varying the F content, and hence the alkalinity, of the
initial synthetic gel. Despite size variations, all ZEO-1 crystals
retain a consistent leaf-like morphology. The crystal morphology
of the ZEO-1 zeolites obtained using NH4F as the fluoride
source is shown Fig. S8.† In terms of crystal size, there is no sig-
nificant variations among samples obtained with the increase
of F content. The crystal morphology closely resembled that of
ZEO-1 zeolites obtained using HF.

Composition analysis of as-made ZEO-1 zeolites

Elemental analysis (EA) and thermogravimetric analysis (TGA)
were performed on as-made ZEO-1 zeolites synthesized with
different F/SiO2 ratios to study their composition and content,
as well as the status of the OSDA (Table 3). The Si/Al ratio of
ZEO-1 zeolites synthesized using fluoride ranges from approxi-
mately 20 to 28, which is much higher than that of ZEO-1 zeo-
lites synthesized in a hydroxide medium (OH-ZEO-1, 12.7).
This latter value is comparable with that reported in the litera-
ture (12.7 versus 14.5).15 This indicates that adding fluoride

Fig. 2 SEM images of ZEO-1 zeolites obtained with F/SiO2 ratios of 0 (a), 0.05 (b), 0.10 (c), 0.15 (d), 0.20 (e), 0.25 (f ), 0.30 (g) and 0.50 (h) using HF
as the fluoride source. The gel molar composition is 1.0 SiO2 : 0.5 SDAOH : 0.02 Al2O3 : x HF : 10 H2O, x = 0–0.5.
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reduces the aluminum incorporation in the zeolite, which
aligns with the previous reports on aluminosilicate zeolites
synthesized in F-medium.19 The explanation is that the fluor-
ide anions interact with aluminum to form AlFx species
(vide infra), which, to some extent, hinder the incorporation of
Al into the zeolite framework.20 Notably, ZEO-1 synthesized at
F/SiO2 = 0.2 exhibits a lower Si/Al ratio than other fluoride-con-
taining samples. The H/C ratio of ZEO-1 zeolites synthesized
with fluoride matches the theoretical value of 1.89 based on
the OSDA, implying that the OSDA is essentially intact, which
is further corroborated by the 13C–1H CP NMR spectra
(Fig. S9†). Considering the important role of fluoride in the
crystallization of ZEO-1, its content was quantified using XRF.
The amount of F in the as-made ZEO-1 is negligible, ranging
from 0 to 0.57 wt%, indicating that fluoride anions are not
encapsulated in the zeolite structure, specifically in the small
cavities or cages. The proposed mechanistic role of fluoride in
forming zeolite is detailed in the following section. The empiri-
cal formula of the as-made ZEO-1 zeolites indicates that the
number of OSDA cations per cell is ca. 40, which is slightly
lower than that of OH-ZEO-1 reported in the literature. All as-
made ZEO-1 zeolites synthesized using HF show similar TG
curves (Fig. 3) from 25 °C to 1000 °C. At temperatures below
200 °C, the weight loss is due to the desorption of physically
adsorbed water. When the temperature rises above 200 °C, a sig-
nificant weight loss stage occurs up to ca. 650 °C, ascribed to
the removal of the OSDA from the zeolite channels. Beyond this
temperature, the weight loss decreases up to 1000 °C. The
weight loss of the OSDA is much lower in F-ZEO-1 (ca. 15 wt%
to 19 wt%) than in OH-ZEO-1 (23.23 wt%), which can be
explained by less Al incorporated into the former, resulting in
fewer negative charges that need to be counterbalanced by the
OSDA cations. For as-made ZEO-1 synthesized using NH4F,
similar TG weight loss stages were observed (Fig. 3c).
Interestingly, the weight loss due to water removal gradually
decreased from 1.72 wt% to 1.0 wt% with the increase of NH4F
employed in the synthesis, indicating that the ZEO-1 zeolite
becomes more hydrophobic. The Si/Al ratios for these samples
are 15.26, 18.45, and 18.47, showing a decreasing trend, which

is conducive to the decreasing hydrophilicity. The DTA curves
show a first endothermic peak between 25 °C and 100 °C, then
a weak exothermic peak between 300 °C and 400 °C, followed by
an intense exothermic peak between 350 °C and 450 °C, and
finally a broad weak exothermic peak at ca. 600 °C. The
endothermic stage is naturally ascribed to water desorption. The
first exothermic stage at 300-400 °C could possibly be assigned
to the Hoffman degradation of TCyMP+ cations, while the
intense exothermic peak that follows could be assigned to the

Table 3 Elemental analysis and composition of as-made ZEO-1 zeolites obtained with different F/SiO2 ratios

Zeolite (F/SiO2)

ICP CHN TG weight loss (%)

Empirical formulaaSi % Al % P % Si/P Si/Al F % C % H % H/C <200 °C 200–1000 °C

0 25.97 2.04 2.23 11.62 12.72 — 14.12 2.72 2.33 2.21 15.67 |(C19H36P)33.7| [Si558.2Al43.9O1248]
0.05 31.97 1.17 2.40 13.3 27.25 — 15.91 2.79 2.10 2.37 17.45 |(C19H36P)37.3| [Si591.4Al21.7O1248]
0.1 31.65 1.31 2.15 14.74 24.22 0.39 14.55 2.57 2.12 3.42 15.65 |(C19H36P)32.4| [Si587.6Al24.2O1248]
0.15 31.49 1.36 2.29 13.74 23.18 — 15.43 2.48 1.93 2.54 16.14 |(C19H36P)35.1| [Si586.1Al25.3O1248]
0.2 30.41 1.54 2.67 11.41 19.75 0.32 18.38 2.99 1.95 3.95 16.90 |(C19H36P)42.9| [Si580.0Al29.4O1248]
0.25 29.81 1.27 2.62 11.37 23.53 — 18.23 2.94 1.94 1.73 18.96 |(C19H36P)41.9| [Si586.6Al24.9O1248]
0.3 31.95 1.36 2.51 12.73 23.51 0.57 16.67 2.67 1.92 1.61 18.61 |(C19H36P)39.5| [Si586.6Al25.0O1248]
0.5 30.92 1.33 2.6 11.88 23.24 0.21 18.35 2.91 1.91 1.48 18.90 |(C19H36P)41.4| [Si586.2Al25.2O1248]
0.1b 25.80 1.69 2.49 10.34 15.26 0 17.88 3.06 2.05 2.34 17.38 |(C19H36P)38.9| [Si568.2Al37.2O1248]
0.2b 27.14 1.47 2.53 10.75 18.45 — 17.71 3.05 2.24 1.79 16.46 |(C19H36P)39.9| [Si577.1Al31.3O1248]
0.3b 27.21 1.47 2.30 11.82 18.47 — 16.86 2.90 2.06 1.00 15.95 |(C19H36P)35.2| [Si577.1Al31.2O1248]

a The empirical formula was calculated from the ICP results. b Synthesis using of NH4F as the fluoride source.

Fig. 3 TG and DTA profiles of ZEO-1 zeolites obtained with different F/
SiO2 ratios using HF (a and b) and NH4F (c and d) and at different syn-
thesis temperatures (e and f) with a gel molar ratio of 1.0 SiO2 : 0.5
SDAOH : 0.02 Al2O3 : 0.20 HF : 10 H2O.
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decomposition and combustion of TCyMP+ cations balancing
framework Al charges. The final stage corresponds to the oxi-
dation of residual species from the previous stage.19

Solid-state NMR analysis
31P and 13C MAS solid-state nuclear magnetic resonance
(NMR) spectra of as-made ZEO-1 zeolites obtained with an
H2O/SiO2 of 10 at different F/SiO2 ratios are shown in Fig. S9,†
alongside liquid NMR spectra of the pristine OSDA for com-
parison. It is observed that the P species in the as-made ZEO-1
zeolites show consistent behavior, with a single resonance
peak centered at ca. 33 ppm, and the resonances of the C
species are also consistent with those of the liquid NMR spec-
trum of the pristine OSDA, corroborating the intactness of the
OSDA cations in the zeolite framework.

The 29Si MAS NMR spectra of as-made ZEO-1 zeolites show
that the resonance intensity and resolution increase with rising
fluoride content in the synthetic gel (Fig. 4a), indicating
enhanced structural ordering of the material. The spectra show
4 distinct resonances centered at ca. −100, −105, −110,
−116 ppm, which can be largely ascribed to Q4 species, i.e., Si in
fully connected tetrahedral environments.21 It is worth noting
that the resonance at ca. −105 ppm might also be assignable to
Q3 [Si(3Si, 1OH)] species due to its overlapping with Q4 [Si(4Si,
0Al)] species. The resonance between ca. −95 and −100 ppm is
barely visible, indicating the absence of silanol Q2 species. After
calcination, the resonance intensity at −105 ppm is significantly
reduced (Fig. 4b), which may indicate the healing or conden-

sation of Q3 [Si(3Si, 1OH)] species at the edges of the framework
during the calcination process. The broad peaks at ca.
−116 ppm are almost indistinguishable, which could be due to
the slight angular distortion of the ZEO-1 framework.16 The 27Al
MAS NMR spectra of as-made ZEO-1 zeolites show a prominent
resonance centered at ca. 56 ppm and a shoulder at ca. 54 ppm
(Fig. 4c), both attributed to tetrahedral aluminum in the frame-
work with two possible crystallographic aluminum species.
Resonance signals assignable to extra-framework aluminum
species are not detected. The resonance intensity of ZEO-1
obtained with an F/SiO2 ratio of 0.2 is significantly stronger
than that of other ZEO-1 zeolites due to its higher aluminum
content, aligning with the elemental analysis results (Table 3).
For the calcined ZEO-1 zeolites, the resonance lines of frame-
work aluminum species remain concentrated in the 54–60 ppm
region, while resonances in the chemical shift range of 0 to
−9 ppm are attributed to the formation of extra-framework
aluminum species in monomeric and polymeric compositions
(Fig. 4d).22 Three distinct Al species can be clearly observed in
the range of ca. 50 to 60 ppm after calcination, centered at ca.
51.9, 55.6, and 60.0 ppm, respectively, indicating the presence
of at least three different kinds of non-equivalent Al species in
the framework.16 19F MAS NMR spectra were also collected for
as-made ZEO-1 zeolites obtained using F/SiO2 ratios of 0.1, 0.2
and 0.5 (Fig. S10†). However, the qualitative assignment of the
fluoride species is not possible due to the low F content in the
samples and the resulting poor spectral resolution.

Porosity analysis

Fig. 5 shows the physisorption results of P-free ZEO-1 zeolites
after calcination and NH4Cl washing. N2@77 K and Ar@87 K
adsorption–desorption for ZEO-1 zeolites both exhibit type I
isotherms (Fig. 5a and b) with similar micropore adsorption
volumes, as more explicitly demonstrated by the Ar@87 K iso-
therms on a logarithmic scale (Fig. 5c). Several samples show

Fig. 5 (a) N2 adsorption–desorption isotherms, where the gel H2O/
SiO2 ratio is 10. (b and c) Ar adsorption–desorption isotherms on linear
(b) and logarithmic (c) scales and the corresponding (d) pore size distri-
bution calculated using the NLDFT method.

Fig. 4 29Si (a and b) and 27Al (c and d) MAS NMR spectra of as-made (a
and c) and calcined (b and d) ZEO-1 zeolites obtained with a gel molar
ratio of 1.0 SiO2 : 0.5 SDAOH : 0.02 Al2O3 : x HF : 10 H2O, x = 0–0.5.
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steep uptakes after a P/P0 of 0.8, indicating the presence of
mesopores originating from the pores generated by aggregated
crystals or particles. The pore size distribution was calculated
using the non-local density functional theory (NLDFT) method
based on the Ar physisorption data (Fig. 5d).

The data show three main volumetric adsorptions associ-
ated with different pore sizes, centered at ca. 0.6 nm, 0.7 nm,
and 0.9 nm. The lower values (ca. 0.6 and 0.7 nm) are naturally
attributed to the size of the 12 MR pore, while the higher value
(ca. 0.9 nm) is consistent with the maximum opening size of
the 16 MR pore. We also investigated ZEO-1 zeolites using
NH4F as a fluoride source. The adsorption and desorption iso-
therms and the pore size distribution of Ar@87 K are consist-
ent with the above results (Fig. S11†). Based on the Ar physi-
sorption data, the micropore volumes were calculated using
the t-plot method, as shown in Table S1,† which are important
indicators of the zeolite’s crystallinity since good PXRD pat-
terns do not necessarily guarantee good crystallinity. The
micropore volume obtained from well-crystallized ZEO-1 zeo-
lites ranges between 0.25 and 0.30 cm3 g−1. Based on our pre-
vious work, the ideal micropore volume is ca. 0.30 cm3 g−1 for
well-crystallized ZEO-1. It is found that the micropore volume
is largest (0.29 cm3 g−1) for ZEO-1 obtained with a F/SiO2 ratio
of 0.2 and a H2O/SiO2 ratio of 10, proving that pure ZEO-1
zeolite with high crystallinity can be facilely and quickly
obtained using the deficient fluoride-mediated approach pro-
posed in this study.

Acidity analysis

NH3-TPD was used to analyse the acidic properties of P-free
ZEO-1 zeolites, and the results are shown in Fig. 6. The NH3-
TPD curves show two types of ammonia desorption peaks
corresponding to weak and medium-strong acid sites centered
at temperature ranges of ca. 150–200 °C and 250–400 °C,
respectively (Fig. 6a–c). It was found that the ratio of weak and
medium-strong acid sites varies in ZEO-1 zeolites obtained with
different F/SiO2 and H2O/SiO2 ratios. The amount of NH3 corres-
ponding to these peaks was calculated from the peak areas and
is given in Table S3.† By keeping the F/SiO2 constant at 0.2, a
prominently increased amount of weak acid sites was observed
for ZEO-1 obtained at lower water content (H2O/SiO2 = 5).

Following the procedures in previous work,16 di-tert-butyl-
pyridine (DTBPy) was employed as an alternative basic probe
molecule for infrared spectroscopy studies on the ZEO-1 zeo-
lites obtained via the deficient fluoride route. DTBPy can dis-
tinguish the Brønsted acid sites at the pore mouths and the
surfaces of medium-pore zeolites due to its much larger size
than the pyridine molecule. Therefore, the Brønsted acid sites
in 3D 12 MR channels and 16 MR channels in ZEO-1 zeolites
can be monitored. Fig. S12† shows the infrared spectra of
DTBPy probe molecules after diffusion and desorption in
ZEO-1 zeolites. The spectral band at 3640 cm−1, characteristic
of Brønsted acid sites, is absent, indicating that all Brønsted
acid sites of zeolite have interacted with DTBPy. The band at
3370 cm−1 corresponds to the stretching vibration of the uN–
H+ bond, and this characteristic peak is formed due to
complex formation between the Brønsted hydroxyl group and
DTBPy.23 The data demonstrate the full accessibility of the
Brønsted acid sites in both the 12-ring and 16-ring channels.

Crystallization kinetics

The crystallization kinetics was studied for gel compositions
with a fixed F/SiO2 ratio of 0.2 at varying H2O/SiO2 ratios of 5
and 10, by heating the synthetic gel from 0 h to 72 h (Fig. 7a
and b). At a H2O/SiO2 ratio of 10, the crystalline phase
appeared after heating for 54 h. In contrast, for the compo-
sition with a H2O/SiO2 ratio of 5, the crystalline phase
emerged after only 12 h of heating. Typical S-shaped crystalli-
zation curves were obtained based on the relative crystallinity
calculated using the PXRD data (Fig. 7c). The crystallization
process can be divided into three stages: induction, transition,
and crystal growth. The induction period was 36 h with a H2O/
SiO2 ratio of 10. With a decrease in water content (H2O/SiO2 =
5), the induction period drastically shortened to 5 h, indicating
that lower water content is conducive to accelerating the crys-
tallization of ZEO-1 zeolites. The nucleation rates (1/tinduction),
calculated using the method reported by Hong et al.,18 were
0.15 and 1.0 for H2O/SiO2 ratios of 10 and 5, respectively. For
the synthesis with a H2O/SiO2 ratio of 5, ZEO-1 zeolites with
good crystallinity (90%) were obtained after heating for 30 h.
However, the crystallization rate then slowed until a fully-crys-

Fig. 6 NH3-TPD curves of P-free ZEO-1 zeolites. Gel composition: (a)
F/SiO2 = 0.5, H2O/SiO2 = 10; (b) F/SiO2 = 0.2, H2O/SiO2 = 10; and (c) F/
SiO2 = 0.2, H2O/SiO2 = 5.

Fig. 7 PXRD patterns of zeolites obtained with H2O/SiO2 ratios of 10 (a)
and 5 (b) at F/SiO2 = 0.2. Crystallization kinetics curves of the ZEO-1
zeolite with different water contents at F/SiO2 = 0.2 (c).
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talline product (100% crystallinity) was obtained after 54 h.
For the synthesis with a H2O/SiO2 ratio of 10, ZEO-1 zeolites
with good crystallinity (90%) were achieved after heating for
50 h, which was also evidenced by the almost regular grains
shown in Fig. S13.† Then, it took a much faster crystallization
rate to obtain fully-crystalline ZEO-1 after heating for another
22 h, in comparison with the synthesis with lower water
content. To further quantitatively analyze the crystallization
kinetics, the Johnson–Mehl–Avrami–Kolmogorov (JMAK)
model24 was applied to fit the crystallization data collected at
175 °C and 190 °C, as shown in Fig. S14.† The results revealed
Avrami rate constants of 1.05 × 10−4 h−3 and 2.98 × 10−6 h−3

(where n is the Avrami exponent), indicating that increasing
temperature significantly accelerates crystallization. The appar-
ent activation energy (Ea), calculated via the Arrhenius
equation, was determined to be 405.3 kJ mol−1. These findings
further corroborate the critical role of fluorine modulation in
governing the crystallization kinetics of ZEO-1 zeolites. In
short, the deficient fluoride synthesis approach can dramati-
cally shorten the induction period to generate viable nuclei,
thus decreasing the crystallization time of the extra-large-pore
ZEO-1 zeolite.

To have an in-depth understanding of the role of the
deficient fluoride employed in the synthesis, together with a
plausible mechanism, comprehensive characterization studies
were performed on the products extracted at different heating
stages. SEM and TEM images of products obtained with two
different water contents at a F/SiO2 ratio of 0.2 were collected
(Fig. 8). For the synthesis with a H2O/SiO2 ratio of 5, it can be
observed that the product obtained from the as-prepared gel
without heating, denoted as the 0 h sample, exhibits amor-

phous aggregates with irregular morphology (Fig. 8a and d).
After prolonged heating for 12 h, particles with elongated
layer-like morphology and filamentous features formed,
showing a weak and broad X-ray diffraction peak at ca. 23°
(Fig. 7b). This layered precursor remains stable after calcina-
tion upon removing the OSDAs, since several broad diffraction
peaks persist (Fig. S15†). Further investigation on this
unknown precursor phase is under way. Ill-defined rectangular
crystals emerged after further heating to 18 h (Fig. 8b and e),
which are attributed to the ZEO-1 phase, as corroborated by
the weak characteristic X-ray diffraction peaks alongside those
of the precursor (Fig. 7b). The high-magnification TEM image
shows crystals with visible lattice fringes attached to the per-
iphery of the layered precursor particles (Fig. 8e, inset), indi-
cating a possible phase transformation during crystallization,
i.e., from amorphous to layered precursor and then to crystal-
line ZEO-1. However, no clear crystallographic registration
between the two phases was observed. The phenomenon of
phase transformation from a layered precursor to a specific
zeolite has been reported previously.25,26 After heating for
54 h, fully-crystalline ZEO-1 crystals with leaf-like morphology
and clear lattice fringes were obtained (Fig. 8f, inset), and the
crystal size varies between ca. 20 nm and 100 nm. The layered
precursor was not detectable in both the microscopy images
and PXRD patterns for the synthesis with a H2O/SiO2 ratio
of 10.

Furthermore, the as-made products obtained at different
time intervals were investigated using FTIR spectroscopy
(Fig. S16†). Previously, FTIR has been extensively used to
investigate the structure and crystallization of zeolites.27–31

The absorbance band at a wavelength of ca. 455 cm−1 could

Fig. 8 SEM (a–c) and TEM (d–f ) images of as-made products obtained with a H2O/SiO2 ratio of 5 and a F/SiO2 ratio of 0.2 after heating for 0 h (a
and d), 18 h (b and e), and 54 h (c and f).
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be assigned to the bending vibration of the Si–O bond.32 The
stretching vibration of the Si–O–Si bond corresponds to the
wavelength of 1060 cm−1.33 The peak at 550–600 cm−1 corres-
ponds to the stretching vibration of the five-membered ring
present in the ZEO-1 zeolite, indicating its atomic order.34 The
455 cm−1 band is very broad during the induction period, and
the gradual narrowing of the band with time indicates that the
disordered Si–O bonds gradually become ordered. It can be
clearly observed in Fig. S16† that the 587 cm−1 band is very
weak during the induction period and gradually strengthens
over time, which again indicates a gradual increase in atomic
order and crystallinity consistent with the XRD results.

Solid-state 27Al and 29Si MAS NMR analyses of as-made pro-
ducts obtained at different crystallization times are shown in
Fig. 9.

The 27Al MAS NMR spectra show the evolution of Al species
over time, from a broad band centered at ca. 55 ppm at 0 h to
a narrower overlapping band centered at ca. 54 ppm with a
shoulder at ca. 56 ppm at 18 h. With prolonged heating, the
band at ca. 56 ppm gradually strengthens, while the band at
ca. 54 ppm weakens, up to a heating time of 72 h. Fig. 9b
shows the evolution of different Si species with crystallization
time. The resonances of Q4 (4Si, 0Al) species were not observed
at 0 h, and with the extension of crystallization time, the reso-
nance intensity of Q4 (4Si, 0Al) species gradually increased and
became better resolved at 24 h. The intensity and resolution of
the resonances did not change significantly after 24 h, indicat-
ing that crystallization was nearly completed within 24 h.
Fig. 9c shows the evolution of F species with crystallization. A
distinct wide peak at −174 to −185 ppm and a relatively weak
wide peak at −150 ppm can be clearly observed at 18 h, which
are attributed to vibrations of [AlFx(H2O)6−x]

3−x.35,36 At the
initial stage of crystallization, fluorine ions rapidly combine
with aluminum species to form complexes. Meanwhile, the F
species also combine with the Si species to form SiF6

2−, which
corresponds to peak chemical shift values of −122 ppm and
−92 ppm. As the crystallization time increases, the −63 ppm
peak attributed to fluoride within the t-mel cage of the ZEO-1
structure emerges.37 This observation demonstrates that fluo-
rine species accelerate the formation of t-mel cages during
zeolite crystallization. The presence of a small amount of fluo-

rine is consequently one of the key factors enabling rapid syn-
thesis of the ZEO-1 zeolite, which is well supported by the
experimental data presented in Fig. S10.† The decrease in
intensity of the AlFx species peak may be due to its removal
during the zeolite washing process.

The above results clearly demonstrate that fluoride anions
play a significant role in directing the formation of ZEO-1 zeo-
lites. The proposed ‘deficient fluoride approach’, i.e., the
addition of a small portion of fluoride source, is conducive to
the earlier formation of primary or secondary building units of
the zeolite, hence leading to the formation of viable nuclei to
finally realize rapid crystallization of the ZEO-1 zeolite. Despite
its important role in the crystallization, the fluoride content is
found to be minor in the as-made ZEO-1 zeolites. This leads us
to surmise that fluoride anions might act as buffer agents in the
synthetic gel, i.e., compensating for partial hydroxide anions
and thus lowering the alkalinity of the gel. However, the high
viscosity and powdery nature of the synthetic gel and as-made
products prevent accurate pH measurement. To prove this
hypothesis, we carried out a synthesis using hydrochloric acid
instead of HF or NH4F. The results show that no trace of ZEO-1
could be obtained in the presence of HCl, which also demon-
strates that the rapid synthesis of ZEO-1 depends critically on
the structure-directing role of fluoride anions rather than
merely on the reduction of gel basicity (Fig. S17†).

Catalytic tests

The Friedel–Crafts alkylation reaction, i.e., the alkylation of
phenol with tert-butanol, was employed to test the catalytic
properties of ZEO-1 zeolites. In this reaction, o-tert-butylphenol
(o-TBP), p-tert-butylphenol (p-TBP) and 2,4-di-tert-butylphenol
(DiTBP) are formed as the main products, with a small
amount of by-products also produced.38 The dimensions of
the alkylation products, as determined by DFT calculations,
are as follows: o-TBP (0.57 × 0.68 × 0.43 nm), p-TBP (0.79 ×
0.43 × 0.38 nm), and 2,4-DTBP (0.79 × 0.68 × 0.43 nm).39 In the
case of zeolite catalysts, the distribution of alkylation products
strongly depends on the size and geometry of the micropores
where the active sites are located.38 Consequently, p-TBP is the
main product formed over Beta zeolites, which possess an
interconnected channel system with a cross-section of 0.76 ×
0.64 nm. In contrast, o-TBP is predominantly formed over Y
zeolites. The formation of the bulkier 2,4-DTBP primarily
occurs within the supercages of Y zeolite (1.3 nm)38,39 (an illus-
tration of the proposed reaction mechanism is provided in the
ESI, Fig. S18†). Moreover, several studies have demonstrated
that phenol conversion is more strongly influenced by the
accessibility of acid sites than by their concentration.40

Commercial USY (CBV 712, Zeolyst), Beta zeolites (BEA
CP814E*, Zeolyst), and ZEO-1 synthesized in the Laboratory of
Catalysis and Spectrochemistry (LCS) were used as references
for comparative study with ZEO-1 zeolites synthesized using
two different H2O/SiO2 ratios at a F/SiO2 ratio 0.2. The results
are shown in Fig. 10. All five catalysts show high conversion
rates of 82%, 71%, 85%, 84% and 80%, respectively. Both
ZEO-1LCS and Beta show high selectivity for p-TBP. Beta zeo-

Fig. 9 27Al (a); 29Si (b) and 19F (c) MAS NMR spectra of as-made pro-
ducts obtained at different crystallization times.
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lite’s 12-membered ring channels proved to be structurally
favorable for accommodating the linear conformation of
p-TBP.38 A previous study attributes ZEO-1’s catalytic behavior
primarily to its 12 MR supercages due to limited acidic sites in
16 MR channels, resulting in selectivity constraints analogous
to those observed in Beta zeolite.16 Although USY zeolite pos-
sesses supercage structures, its spherical pore configuration
appears to preferentially facilitate o-TBP formation, potentially
by restricting the linear conformation of p-TBP.

Interestingly, ZEO-15 and ZEO-110 exhibit a non-selective
product distribution, generating approximately 35% o-TBP,
38% p-TBP, and 27% DiTBP, a significant deviation from litera-
ture reports. This phenomenon may originate from the
uniform distribution of acidic sites across both 16-membered
and 12-membered ring channels in our ZEO-1 zeolites. Within
the 1.1 nm supercage, all three primary products form without
restriction, along with trace amounts of by-products such as
2,6-di-tert-butylphenol (2,6-DiTBP) and 2,4,6-tri-tert-butylphe-
nol (2,4,6-TriTBP) (Table S4†). Furthermore, a comparative
evaluation of ZEO-1 synthesized with varying water contents
(Fig. 10) reveals marginally enhanced conversion rates (84%)
in ZEO-15 (the sample synthesized with a low water content).
The catalytic results demonstrate that the deficient fluorine
synthesis approach used here might have successfully intro-
duced acidic sites into 16 MR channels, simultaneously enhan-
cing selectivity for o-TBP and DiTBP while maintaining
superior catalytic activity across samples obtained with
different synthetic compositions.

Conclusions

A deficient fluoride approach was explored for the successful
synthesis of the extra-large-pore aluminosilicate zeolite ZEO-1,
achieving a much shorter crystallization time (1 day at 190 °C)
and higher reproducibility compared to the reported protocol.

With an increase in fluoride amount, the crystal size of the
ZEO-1 zeolite initially increases and then decreases, with the
largest size reaching 1.5 μm. The as-made ZEO-1 zeolites
possess higher Si/Al ratios and lower OSDA loading than their
counterparts synthesized in hydroxide medium. Solid-state
NMR spectra confirmed both the integrity of the OSDA and
partial fluoride retention in the ZEO-1 structure.
Crystallization kinetics studies demonstrate that stoichiometri-
cally deficient fluoride anions accelerate nucleation and crys-
tallization rates. The ZEO-1 zeolites synthesized via the
‘deficient fluoride approach’ show catalytic activity for phenol
alkylation with tert-butyl alcohol comparable to that of
ZEO-1LCS, but the products are evenly distributed, suggesting
that more Brønsted acid sites might have been successfully
introduced in 16 MR channels, hence eliminating size or
shape constraints. The deficient fluoride synthesis strategy
proposed here opens up the possibility for easier fabrication
and wider academic study of ZEO-1.
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