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ABSTRACT
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Silicoaluminophosphate (SAPO) zeolites are well-known catalytic materials because of the mild acidity

originating from the isolated SiOj tetrahedra in their frameworks. Regulating the distribution of isolated
SiO, tetrahedra in SAPO zeolites is formidably challenging because SiO, tetrahedra tend to agglomerate
to form Siislands and the isolated SiO, tetrahedra are difficult to determine using conventional

characterization techniques. Here we synthesized Si-island-free SAPO-35 zeolites by using

N-methylpiperidine as a new template, which exhibited excellent thermal stability compared to

conventional SAPO-3S zeolites and a substantially improved methanol-to-olefins catalytic lifetime even
comparable to that of commercial SAPO-34 zeolites. More strikingly, with the aid of high-throughput
computations on 44 697 structure models combined with various state-of-the-art characterization
techniques, for the first time, we reveal that the host-guest interactions between template molecules and

SAPO frameworks determine the specific distributions of isolated SiO, tetrahedra, which are responsible

for the improvement in the chemical properties of zeolites. Our work provides an insight into the

template-based regulation of isolated SiO, tetrahedra in SAPO zeolites, which opens a new avenue in the
discovery of promising zeolite catalysts with optimal SiO4 distribution.

Keywords: acidity, computational chemistry, heterogeneous catalysis, structure-activity relationships,

zeolites

INTRODUCTION

Zeolites are among the most important heteroge-
neous catalysts in the chemical industry because
of their shape selectivities and tunable active sites
within their framework structures [1,2]. The active
sites in zeolites can be generated around specific
TO, (T=A], Si, P, etc.) tetrahedra in zeolite frame-
works [3-5]. For example, the AlO, tetrahedra in
aluminosilicate zeolites provide negative charges
to the zeolite frameworks, which afford Brensted
acidity favoring important catalytic reactions. The
distribution of AlO, tetrahedra determines the
locations of active sites and the chemical properties
of aluminosilicate zeolites [6-8]. Similarly, in
silicoaluminophosphate (SAPO) zeolites, the SiO,

tetrahedra are responsible for the Bronsted acidity
[9], as well as their catalytic performance, thermal
stability and adsorption properties [10-13]. For
instance, SAPO-34 zeolites are currently the most
important commercial catalysts for methanol-to-
olefins (MTO) conversion, which is an important
reaction for the production of light olefins from
non-petroleum resources [13,14].

Regulating the concentration and the distribu-
tion of active TO, tetrahedra in zeolite frameworks
plays an important role in the development of high-
performance zeolite catalysts. For aluminosilicate
zeolites, the distribution of AlO, tetrahedra can be
regulated by several approaches, such as the in-
troduction of framework heteroatoms, the usage
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of alcoholic additives and the employment of dif-
ferent organic amines as the template molecules
[7,15-20]. In particular, the design of template
molecules has facilitated the formation of a wide
range of aluminosilicate zeolites, in which the pref-
erential T sites for AlOQ, tetrahedra or the rela-
tive distances between AlO, tetrahedra can be reg-
ulated [16,18-20]. For instance, Muraoka et al.
revealed that different azoniabicyclo[2.2.2]octane
molecules could alter the energetically favorable T
sites for AlOy tetrahedra in IFR-type zeolites [19],
Di Iorio et al. utilized the cooperative and competi-
tive structure-directing effect of organic ammonium
cations and sodium ions to regulate the arrangement
of isolated and paired AlO, tetrahedra in chabazite
(CHA) zeolites [20].

Compared to AlO4 tetrahedra in aluminosilicate
zeolites, the distribution of SiO, tetrahedra in the
SAPO zeolite framework is more difficult to con-
trol because SiO, tetrahedra tend to agglomerate via
Si—O-Si linkages to form Si islands with reduced
Bronsted acidity [9]. Thus, regulating the Si islands
to tune the acidity and catalytic activity of SAPO zeo-
lites has attracted much research attention [21-24].
However, suppressing the formation of Si islands
and regulating the distribution of isolated SiO tetra-
hedra in SAPO zeolite frameworks is formidably
challenging. This is because a large amount of Si
in the synthetic system tends to form Si islands in
SAPO zeolites, whereas a small amount of Si may
slow the growth of SAPO zeolites and lead to a low
product yield or the formation of impurities [25,26].
Meanwhile, the isolated SiO4 tetrahedra are usually
distributed among all possible T sites and their exact
locations cannot be unambiguously determined via
conventional X-ray diffraction techniques [27]. Asa
result, the effects of the distribution of isolated SiO4
tetrahedra on the chemical properties of SAPO zeo-
lites have not yet been identified so far.

Recently, high-throughput computations have
demonstrated their power in the design of zeo-
lite structures and template molecules, providing
valuable guidance for the synthesis and property reg-
ulation of zeolites [28-31]. Here, for the first time,
we report the template-regulated distribution of iso-
lated SiO, tetrahedra in a SAPO zeolite unraveled
by high-throughput computations combined with
various state-of-the-art characterization techniques.
Using a new template molecule, N-methylpiperidine
(NMP), we have synthesized SAPO-35 zeolites with
LEV-type framework topology constructed by lev
cages, single 6-rings and double 6-rings [32] (Sup-
plementary Fig. S1). Compared to the SAPO-35
zeolites prepared using the conventional templates,
e.g. hexamethyleneimine (HMI) [12,33,34], those
prepared using NMP showed excellent thermal
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stability when comparing samples of the same or
similar chemical composition. Moreover, contrary
to the well-accepted fact that conventional SAPO-
35 zeolites are not good MTO catalysts because of
their limited lifetime [33-35], SAPO-35 zeolites
synthesized using NMP exhibit a substantially
improved MTO lifetime. More importantly, with
the aid of high-throughput computations based
on 44697 SAPO-35 structure models combined
with solid-state ’Si MAS NMR and synchrotron
X-ray diffraction (XRD), we are able to unravel the
mysterious distributions ofisolated SiOy tetrahedra,
which result from the different structure-directing
effects of distinct template molecules and are
responsible for the property improvement of SAPO
zeolites. This work reveals that the distribution of
isolated SiO, tetrahedra in SAPO zeolites can be
regulated by the host-guest interactions provided
by template design, opening a new avenue to the
rational tuning of the chemical properties of SAPO
zeolites.

RESULTS AND DISCUSSION
Synthesis and characterization

Using a new template NMP and the conventional
template HMI (Supplementary Fig. S2), we synthe-
sized a series of SAPO-35 zeolites with different par-
ticle sizes via conventional hydrothermal synthesis
as well as seed-assisted microwave irradiation (Sup-
plementary Table S1). Details about the synthesis
and the characterizations of these samples are pro-
vided in the supporting information. All these sam-
ples are denoted as SAPO-35_x_y_z, where x could
be NMP’ or ‘'HMTI, representing the template used
for the synthesis; y could be ‘m’ or ‘n’, which repre-
sents either a microscale or a nanoscale particle size;
z represents the Si content in SAPO-35 zeolites cal-
culated as Si/ (Si+ P + Al) in molar ratio. In general,
SAPO-35 zeolites synthesized with NMP exhibited a
wide range of Si contents from 5% to 23%. In particu-
lar, the Si content in SAPO-35_NMP zeolites could
be as low as 5%, which is among the lowest Si con-
tents for all known SAPO zeolites [23,25,36-38],
thus favoring the formation of isolated SiOj tetrahe-
dra. In comparison, the lowest Si content in SAPO-
35 zeolites prepared using conventional HMI was
8%. Further decreasing the Si content in SAPO-
35_HMI led to impurities. Notably, the synthesis of
SAPO-35 using NMP as the template was generally
easier to reproduce than using HMI. All these re-
sults indicate that NMP is a more suitable template
to regulate the Si content in SAPO-3S zeolites than
conventional HMI.
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Figure 1. Variable temperature X-ray diffraction patterns of (A) SAPO-35_.NMP_m_0.08 and (B) SAPO-35_HMI_m_0.08.
(C) Methanol conversion and (D) selectivity of ethylene and propylene varying with time-on-stream over SAPO-
35_NMP_m_0.08 and SAPO-35_HMI_m_0.08 during MTO reaction, respectively. Experimental conditions: WHSV = 2 h™",

T =400°C, catalyst weight = 200 mg.

As shown in Supplementary Figs S3 and S4,
the as-prepared SAPO-3S samples are all uniform
rhombohedral crystals with different particle sizes.
The use of seed-assisted microwave irradiation
greatly reduced the crystal sizes. In particular,
SAPO-35_.NMP_n_0.05 exhibits a crystal size as
small as 170 nm, which is ~100-fold smaller than
SAPO-3S samples synthesized under conventional
hydrothermal conditions. Supplementary Fig. S5
shows the XRD patterns of all of the as-synthesized
SAPO-35 samples, which are in good agreement
with the characteristic pattern of LEV-type zeolites
[32]. All of the samples are highly crystalline and no
impurity is observed.

The N, adsorption—desorption isotherms of the
calcined SAPO-35 samples are shown in Sup-
plementary Fig. S6, which exhibit characteristic
type I isotherms of microporous zeolites. All of
the SAPO-35 samples show high surface areas
(451-538 m*g™) and possess similar microp-
ore volumes in the range of 0.19-0.24 cm’g™’,
which are similar to previous SAPO-35 reported in
literature [39].
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Thermal stability and catalytic
performance

To investigate the difference in the structures and
properties of SAPO-35 prepared using NMP and
HMI, we took SAPO-35_NMP_m_0.08 and SAPO-
35-HMI_m_0.08 with similar Si contents and crys-
tal sizes for further characterizations. Temperature-
programmed desorption of ammonia (NH;-TPD)
measurements indicate that these two samples
also possess similar acidities (Supplementary Fig.
S7). Despite above-mentioned similarity, these two
samples exhibited different chemical properties.
Figure 1A and B shows the XRD patterns of
these two samples heated at different temperatures.
SAPO-35_NMP_m_0.08 remained stable at 800°C
and no impurity peak was observed upon calcina-
tion. However, when SAPO-35_HMI_m_0.08 was
heated to 700°C, impurity peaks appeared in its
XRD pattern. The occurrence of impurities was also
confirmed by the inset SEM images of the heated
samples (Supplementary Fig. $4). These results indi-
cate that SAPO-35_NMP_m_0.08 is thermally more
stable than SAPO-35_HMI_m_0.08.
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Figure 2. 22Si MAS NMR of (A) SAP0-35_NMP_m_0.08 and (B) SAPO-35_HMI_m_0.08.

The catalytic performance of SAPO-
35 NMP_m_0.08 and SAPO-35_HMI.m 0.08
was evaluated using MTO reactions at 400°C in a
fixed-bed reactor (see the supporting information
for details). These two samples show similar selec-
tivity to C,.3~. However, SAPO-35_NMP_m_0.08
shows a significantly longer catalytic lifetime than
SAPO-35_-HMI_m_0.08 (Fig. 1C and D), although
they possess almost identical Si contents, particle
sizes and acidity. So we assume such differences
might originate from the distinct distributions of
SiO, tetrahedra in the frameworks of these two
zeolite samples.

Distribution of Si0, tetrahedra

Both SAPO-35_NMP and SAPO-35_HMI possess
the LEV-type zeolite framework, which consists of
double 6-rings, single 6-rings and lev cages formed
by these rings. There are two possible T sites for
SiO4 tetrahedra to occupy, including the T1 site
at the double 6-rings and the T2 site at the single
6-rings (Supplementary Fig. S1). To probe the
preferential distribution of SiO4 tetrahedra, solid-
state Si MAS NMR and synchrotron-radiation
single-crystal XRD were performed on these two
samples (Fig. 2 and Supplementary Table S2).
The 2°Si MAS NMR spectra for these two samples
are almost identical, both showing only two peaks
at -90 and -95 ppm. Thus, the two peaks at -90
and -95 ppm for both samples could be assigned
to the isolated SiO, tetrahedra at the T1 and T2
sites in the SAPO-35 framework, respectively [39].
However, the difference in the NMR patterns of
these two SAPO-35 samples seems negligible. The
absence of the peak of Si islands, which usually
appear between —108 and -114 ppm, implies that Si
atoms are incorporated into the SAPO-35 following
the SM2 mechanism [9,39]. Synchrotron-radiation
single-crystal XRD gives the cell parameters for
SAPO-35 NMP as a = 13.176 Aand c = 45.914 A,
respectively, and those for SAPO-35_HMI as
a=13.264 A, c = 45.355 A, respectively. According
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to the SM2 mechanism, Si atoms will occupy P sites
only, but the average P-O bond lengths do not show
much difference between the T1 and T2 sites (1.530
and 1.528 A for SAPO-35_NMP, and 1.532 and
1.536 A for SAPO-35_HMI; details are provided in
Supplementary Table S3, CIF-S1_AIPO-35.cif, CIF-
S2_SAPO-35_NMP_m_0.08.cif, CIF-S3_SAPO-
35_HMI_m_0.08.cif). These results indicate that
there is no obvious preferential occupancy for Si
atoms among the two T sites in both samples.

Since all our available experimental characteri-
zation approaches could not identify the difference
in the distribution of isolated SiO, tetrahedra in
SAPO-35_.NMP and SAPO-35_HMI, we con-
ducted high-throughput computations to reveal this
mystery (see the supporting information for compu-
tational details). We built up an AIPO-3S structure
model consisting of 54 Al sites and 54 P sites. To
reduce the computational complexity, we intro-
duced five isolated SiO, tetrahedra in the unit cell of
AIPO-35, which was closed to the lowest Si content
(5%) achieved in this study, and enumerated all
possible SAPO configurations for the distribution of
five Siatoms among the 54 P sites following the SM2
mechanism. According to the NMR result that no
Siislands were observed, the direct Si-O-Si linkage
was avoided during our enumeration. Meanwhile,
from NMR data, we could deduce that the numbers
of Si atoms at T'1 and T2 sites should be similar. So
during structure enumeration, we only kept models
with two Si atoms at T1 sites and three Si atoms
at T2 sites, and models with three Si atoms at T1
sites and two Si atoms at T2 sites. In the end, a
total of 44 697 distinct SAPO-35 structure models
were built and all these models were geometrically
optimized using the molecular mechanics method.
NMP and HMI molecules were then put into
these SAPO-35 models using molecular dynamics
simulations, respectively. Finally, the host—guest
models, i.e. SAPO-35 models with NMP or HMI
molecules in their pores, were fully relaxed and the
total energies of the host-guest models as well as the
non-bonding host-guest interaction energies were
calculated to evaluate the structure-directing effects
of NMP and HMI. The relaxed host-guest models
possessed cell parameters similar to the experi-
mental ones measured using synchrotron-radiation
single-crystal XRD, validating the feasibility of our
high-throughput computations (Supplementary
Table S2). In general, NMP shows a stronger
structure-directing effect towards SAPO-35 than
HMI (Fig. 3A and Supplementary Table $S4), which
agrees with the experimental fact that the synthesis
of SAPO-35 using NMP was easier than using HML
Moreover, we find that the most stable host—guest
models induced by NMP exhibit significantly
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Figure 4. (A) Degree of aggregation (Dsggregation) and (B) degree of dispersion (Dyispersion) 0f isolated SiOy tetrahedra in SAPO-35

zeolites.

lower framework energies than the most stable
host-guest models induced by HMI (Fig. 3B and
Supplementary Table S4). This implies that NMP
favors low-energy SAPO-35 frameworks, whereas
HMI favors SAPO-35 frameworks with relatively
high energies. This agrees with the experimental
fact that SAPO-35 induced by NMP is thermally
more stable than that induced by HMLI. Since these
high-throughput computational models successfully
reproduce the difference in experimental lattice
parameters and thermal stability, investigating
the distribution of isolated SiO, tetrahedra in these
structure models might reveal the true difference
between SAPO-35_NMP and SAPO-35_HMIL

To understand the distribution of isolated
SiOy tetrahedra in a quantitative way, we propose
Diaggregation and Daigpersion to evaluate the degree
of aggregation and the degree of dispersion of
isolated SiO4 tetrahedra in our SAPO models,
where Diggregation is defined as the summation of
the numbers of the neighboring SiO, tetrahedra
in adjacent 6-ring layers for each SiO, tetrahedron
divided by the upper limit of this summation (which
is 8 for five Si atoms) and Daispersion is defined as the
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number of lev cages containing Si atoms divided
by 12, the total number of lev cages in each of our
SAPO-3S models. A Diggregation of 0.0 indicates
that all of the SiO, tetrahedra are highly dispersed
and a Dyggregation Of 1.0 indicated all of the Si atoms
are aggregated and distributed among adjacent
6-ring layers. On the other hand, a Dyispersion of 1.0
indicates that the SiO, tetrahedra are well dispersed
among all lev cages, and a low Dygjgpersion indicates
that the SiOy tetrahedra are not well dispersed and
distributed among a small number of lev cages. As
shown in Fig. 4 and Supplementary Table S4, the
most stable SAPO-35 zeolites induced by NMP
possess much lower Dyggregation and higher Digpersion
than those induced by HMI, indicating that the
isolated SiO, tetrahedra are better dispersed in
SAPO-35_NMP than SAPO-35_HMI.

The top 10 stable host-guest models for SAPO-
35_NMP and SAPO-35_HMI calculated via high-
throughput computations are shown in Fig. 5 and
Supplementary Fig. S8. According to our compu-
tational results, the SAPO-3S zeolites induced by
NMP possess more dispersed SiO, tetrahedra distri-
bution, which stabilizes zeolite frameworks because
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the negative charges introduced by isolated SiO,
are well dispersed. These results agree with our ex-
perimental observation that SAPO-35_NMP is ther-
mally more stable than SAPO-35_HMI as well as
the theoretical studies in the literature that maxi-
mizing the distances between SiO, tetrahedra would
be beneficial to the stability of SAPO frameworks
[40,41]. Meanwhile, the dispersed distribution of
SiOy tetrahedra is generally favorable to MTO con-
version, because the close contact of acid sites would
induce side reactions that deactivated the MTO con-
version [42,43]. This might be the reason why the
SAPO-35 zeolites induced by NMP exhibit a longer
catalytic lifetime than those induced by HML

Furthermore, using NMP as the template, the
nanoscale SAPO-35 samples with a Si content of
as low as 5% could be prepared under seed-assisted
microwave synthetic conditions. Three-dimensional
electron diffraction tomography (3D-EDT) con-
firmed its typical LEV-type framework topology
(Supplementary Fig. S9). Owing to the decrease in
crystal size and Si content, SAPO-35_NMP_n_0.05
kept 100% methanol conversion for 186 min for
MTO reaction, which was much longer than the
lifetime of conventional SAPO-3S zeolites (Supple-
mentary Fig. $10). So far, conventional SAPO-35
has not been considered as a good catalytic mate-
rial for MTO reaction because of its limited lifetime.
However, by regulating the isolated SiO, tetrahedra
in it, SAPO-35 could be another promising candi-
date material for MTO reactions. In our previous
work, we enumerated >80 000 hypothetical ABC-6
zeolite structures consisting of single 6-rings, double
6-rings and cages similar to those in SAPO-34 and
SAPO-35 [28]. Several of these predicted structures
have been experimentally realized recently via tem-
plate design. We anticipate that an increasing num-
ber of new ABC-6 zeolites, as well as a large number
of hypothetical zeolite structures predicted by other
computational approaches [44-46], can be realized
in the future, among which candidates with suitable
cage structures and heteroatom distribution for de-
sired reactions may be identified as promising new
catalysts.

CONCLUSION

In summary, by using NMP as a new template, the
Si content in SAPO-3S zeolites could achieve as low
as 5%. More importantly, this new template favors
more dispersed distribution of isolated SiO, tetrahe-
dra in the framework than conventional templates,
which affects the thermal stability and catalytic
lifetime of SAPO-35. Therefore, template design
provides a new avenue to the challenging regulation
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of the isolated SiO, tetrahedra in SAPO zeolites,
as well as their chemical and physical properties.
Furthermore, our work demonstrates the power of
high-throughput computations, which are able to
unravel the mysterious distribution of isolated SiO,4
tetrahedra that is inaccessible to any state-of-the-art
characterization technique. To date, millions of hy-
pothetical zeolite framework topologies have been
predicted using various computational methods,
but their framework compositions and heteroatom
distributions have not been investigated because
of the expensive computational overheads. With
the development of computational algorithms and
devices, such as the high-throughput algorithms,
distributed computing and GPU-accelerated com-
puting techniques, one can expect that enormous
zeolite structures with diverse framework composi-
tions and heteroatom distributions, as well as their
template molecules, can be predicted in the near
future. In this way, high-throughput computations
will provide important theoretical guidance to
experimental chemists not only in the synthesis of
novel zeolite materials but also in the rational tuning
of their properties by heteroatom regulation.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.

ACKNOWLEDGEMENTS

The Centre for High-resolution Electron Microscopy (ChEM),
supported by SPST of ShanghaiTech University under Con-
tract EM02161943, is acknowledged for help on electron

microscopy.

FUNDING

This work was supported by the National Key Research and De-
velopment Program of China (2021YFA1501202), the National
Natural Science Foundation of China (21920102005,21835002,
22175073 and 21621001) and the Overseas Expertise Introduc-
tion Project for Discipline Innovation (111 Project, B17020).

AUTHOR CONTRIBUTIONS

Prof. J.Y. and Prof. Y.L. conceived of the project. Y.L., Prof. J.Y.
and Prof. Y.L. designed the experiments. Y.L. prepared materials
and performed the experimental measurements and experimental
data analysis. C.S. and L.L. performed high-throughput computa-
tions. G.Y. carried out the catalytic tests. J.L. collected 3D-EDT
data.].X. and X.W. collected 2 Si MAS NMR data. Q.G. collected
single-crystal synchrotron-radiation data. J.H. and T.Z. provided
helpful suggestions. Y.L. wrote the draft manuscript. Prof.J.Y. and
Prof. Y.L. revised and finalized the manuscript. All the authors

participated in the result discussion.


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwac094#supplementary-data

Natl Sci Rev, 2022, Vol. 9, nwac094

Conflict of interest statement. None declared.

REFERENCES

N

N

w

b

o

S

~

©

©

—

. Li Y and Yu JH. Emerging applications of zeolites in catalysis,

separation and host—guest assembly. Nat Rev Mater 2021; 6:
1156-74.

Li'Y,LiLand Yu JH. Applications of zeolites in sustainable chem-
istry. Chem 2017; 3: 928-49.

Dusselier M and Davis ME. Small-pore zeolites: synthesis and
catalysis. Chem Rev2018; 118: 5265-329.

Davis ME. Ordered porous materials for emerging applications.
Nature 2002; 417 813-21.

Wang ZP, Yu JH and Xu RR. Needs and trends in ratio-
nal synthesis of zeolitic materials. Chem Soc Rev 2012; 41:
1729-41.

Perea DE, Arslan | and Liu J et al. Determining the location and
nearest neighbours of aluminium in zeolites with atom probe
tomography. Nat Commun 2015; 6: 7589.

. Chen JL, Liang TY and Li JF et al. Regulation of framework alu-

minum siting and acid distribution in H-MCM-22 by boron incor-
poration and its effect on the catalytic performance in methanol
to hydrocarbons. ACS Catal 2016; 6: 2299-313.

Berkson ZJ, Hsieh MF and Smeets S et al. Preferential siting of
aluminum heteroatoms in the zeolite catalyst Al-SSZ-70. Angew
Chem Int Ed2019; 58: 6255-9.

Sastre G, Lewis DW and Catlow CRA. Mechanisms of silicon in-
corporation in aluminophosphate molecular sieves. J Mol Catal
A: Chem 1997; 119: 349-56.

. Song WG, Fu H and Haw JF. Supramolecular origins of product

selectivity for methanol-to-olefin catalysis on HSAPO-34. J Am
Chem Soc 2001; 123: 4749-54.

. Buchholz A, Wang W and Xu M et al. Thermal stability and de-

hydroxylation of Brgnsted acid sites in silicoaluminophosphates
H-SAPO-11, H-SAPQ-18, H-SAPQ-31, and H-SAP0O-34 investi-
gated by multi-nuclear solid-state NMR spectroscopy. Microp-
orous Mesoporous Mater 2002; 56: 267—78.

. Cheung 0, Liu QL and Bacsik Z et al. Silicoaluminophosphates

as CO, sorbents. Microporous Mesoporous Mater 2012; 156:
90-6.

. Sun QM, Xie ZK and Yu JH. The state-of-the-art synthetic strate-

gies for SAPO-34 zeolite catalysts in methanol-to-olefin conver-
sion. Nat/ Sci Rev2018; 5: 542-58.

Tian P, Wei YX and Ye M et al. Methanol to olefins (MTQ): from
fundamentals to commercialization. ACS Catal 2015; 5: 1922—
38.

. Wang S, Zhang L and Li SY et al. Tuning the siting of aluminum

in ZSM-11 zeolite and regulating its catalytic performance in the
conversion of methanol to olefins. J Catal 2019; 377: 81-97.

. Zhang J, Shan YL and Zhang L et al. Importance of controllable

Al sites in CHA framework by crystallization pathways for NHz-
SCR reaction. Appl Catal B2020; 277: 119193.

. Biligetu T, Wang Y and Nishitoba T et al. Al distribution and cat-

alytic performance of ZSM-5 zeolites synthesized with various
alcohols. J Catal 2017; 353: 1-10.

Page 8 of 9

20.

21.

22.

23.

24.

25.

26.

21.

28.

29.

30.

31.

32.

33.

. Pinar AB, Gémez-Hortigtiela L and McCusker LB et al. Controlling

the aluminum distribution in the zeolite ferrierite via the organic
structure directing agent. Chem Mater 2013; 25: 3654-61.

. Muraoka K, Chaikittisilp W and Yanaba Y et al. Directing alu-

minum atoms into energetically favorable tetrahedral sites in a
zeolite framework by using organic structure-directing agents.
Angew Chem Int Ed 2018; 57: 3742—6.

Di lorio JR, Li SC and Jones CB et al. Cooperative and com-
petitive occlusion of organic and inorganic structure-directing
agents within chabazite zeolites influences their aluminum ar-
rangement. J Am Chem Soc 2020; 142: 4807—19.

Blasco T, Chica A and Corma A et al. Changing the Si distribution
in SAPO-11 by synthesis with surfactants improves the hydroi-
somerization/dewaxing properties. J Catal 2006; 242: 153-61.
Yang J, Kikhtyanin OV and Wu W et al. Influence of the template
on the properties of SAPO-31 and performance of Pd-loaded
catalysts for n-paraffin isomerization. Microporous Mesoporous
Mater2012; 150: 14-24.

Martinez-Franco R, Li ZB and Martinez-Triguero J et al. Improv-
ing the catalytic performance of SAPO-18 for the methanol-to-
olefins (MTO) reaction by controlling the Si distribution and crys-
tal size. Catal Sci Technol 2016; 6: 2796-806.

Martinez-Franco R, Cantin A and Vidal-Moya A et al. Self-
assembled aromatic molecules as efficient organic structure di-
recting agents to synthesize the silicoaluminophosphate SAPO-
42 with isolated Si species. Chem Mater 2015; 27: 2981-9.
Gao BB, Yang M and Qiao YY et al. A low-temperature approach
to synthesize low-silica SAPO-34 nanocrystals and their applica-
tion in the methanol-to-olefins (MTO) reaction. Catal Sci Technol
2016; 6: 7569-78.

Xuan L, Wang XT and Zhu YJ et al. Synthesis of low-silica SAPO-
34 at lower hydrothermal temperature by additional pressure
and its enhanced catalytic performance for methanol to olefin.
Microporous Mesoporous Mater 2021; 323: 111218.

Deroche I, Maurin G and Llewellyn PL et al. Silicon distribution
in SAPO materials: a computational study of STA-7 combined to
235i MAS NMR spectroscopy. Microporous Mesoporous Mater
2008; 107: 268-75.

Li'Y, Li X'and Liu JC et al. In silico prediction and screening of
modular crystal structures via a high-throughput genomic ap-
proach. Nat Commun 2015; 6: 8328.

Schwalbe-Koda D, Kwon S and Paris C et al. A priori control of
zeolite phase competition and intergrowth with high-throughput
simulations. Science 2021; 374: 308-15.

Kim B, Lee S and Kim J. Inverse design of porous materials using
artificial neural networks. Sc/ Adv2020; 6: eaax9324.

Moliner M, Roman-Leshkov Y and Corma A. Machine learning
applied to zeolite synthesis: the missing link for realizing high-
throughput discovery. Acc Chem Res 2019; 52: 2971-80.
Baerlocher C and McCusker LB. Database of zeolite structures.
http://www.iza-structure.org/databases/ (20 December 2021,
date last accessed).

Pinilla-Herrero |, Mérquez-Alvarez C and Sastre E. Methanol-
to-olefin reaction on SAPQ-35 catalysts synthesized with con-
trolled crystal size and using mesoporogen additives. Catal
Today 2016; 277: 29-36.


http://dx.doi.org/10.1038/s41578-021-00347-3
http://dx.doi.org/10.1016/j.chempr.2017.10.009
http://dx.doi.org/10.1021/acs.chemrev.7b00738
http://dx.doi.org/10.1038/nature00785
http://dx.doi.org/10.1039/C1CS15150A
http://dx.doi.org/10.1038/ncomms8589
http://dx.doi.org/10.1021/acscatal.5b02862
http://dx.doi.org/10.1002/anie.201813533
http://dx.doi.org/10.1002/anie.201813533
http://dx.doi.org/10.1016/S1381-1169(96)00498-0
http://dx.doi.org/10.1016/S1381-1169(96)00498-0
http://dx.doi.org/10.1021/ja0041167
http://dx.doi.org/10.1021/ja0041167
http://dx.doi.org/10.1016/S1387-1811(02)00491-2
http://dx.doi.org/10.1016/S1387-1811(02)00491-2
http://dx.doi.org/10.1016/j.micromeso.2012.02.003
http://dx.doi.org/10.1093/nsr/nwx103
http://dx.doi.org/10.1021/acscatal.5b00007
http://dx.doi.org/10.1016/j.jcat.2019.07.028
http://dx.doi.org/10.1016/j.apcatb.2020.119193
http://dx.doi.org/10.1016/j.jcat.2017.06.026
http://dx.doi.org/10.1021/cm4018024
http://dx.doi.org/10.1002/anie.201713308
http://dx.doi.org/10.1016/j.jcat.2006.05.027
http://dx.doi.org/10.1016/j.micromeso.2011.09.020
http://dx.doi.org/10.1016/j.micromeso.2011.09.020
http://dx.doi.org/10.1039/C5CY02298C
http://dx.doi.org/10.1021/acs.chemmater.5b00337
http://dx.doi.org/10.1039/C6CY01461E
http://dx.doi.org/10.1016/j.micromeso.2021.111218
http://dx.doi.org/10.1016/j.micromeso.2007.03.021
http://dx.doi.org/10.1038/ncomms9328
http://dx.doi.org/10.1126/science.abh3350
http://dx.doi.org/10.1126/sciadv.aax9324
http://dx.doi.org/10.1021/acs.accounts.9b00399
http://www.iza-structure.org/databases/
http://dx.doi.org/10.1016/j.cattod.2015.11.030
http://dx.doi.org/10.1016/j.cattod.2015.11.030

34.

35.

36.

37.

38.

39.

Natl Sei Rev, 2022, Vol. 9, nwac094

Pinilla-Herrero I, Qlsbye U and Marquez-Alvarez C et al. Effect of frame-
work topology of SAPO catalysts on selectivity and deactivation profile in the
methanol-to-olefins reaction. J Catal 2017; 352: 191-207.

Pinilla-Herrero |, Marquez-Alvarez C and Sastre E. Complex relationship be-
tween SAPO framework topology, content and distribution of Si and catalytic
behaviour in the MTO reaction. Catal Sci Technol 2017; 7: 3892—-901.
Djieugoue M-A, Prakash AM and Kevan L. Catalytic study of methanol-to-
olefins conversion in four small-pore silicoaluminophosphate molecular sieves:
influence of the structural type, nickel incorporation, nickel location, and nickel
concentration. J Phys Chem B 2000; 104: 6452—61.

Zhu ZD, Hartmann M and Kevan L. Catalytic conversion of methanol to olefins
on SAPO-n (n = 11, 34, and 35), CrAPSO-n, and Cr-SAPO-n molecular sieves.
Chem Mater 2000; 12: 2781-7.

Dai WL, Wang X and Wu GJ et al. Methanol-to-olefin conversion on silicoalu-
minophosphate catalysts: effect of Bransted acid sites and framework struc-
tures. ACS Catal 2011; 1: 292-9.

Jung HJ, Shin CH and Hong SB. Si distribution in silicoaluminophosphate
molecular sieves with the LEV topology: a solid-state NMR study. J Phys Chem
£2005; 109: 20847-53.

Page 9 of 9

40.

4

=

42.

43.

44.

45.

46.

Ruiz-Salvador AR, Gomez A and Diaz BN et al. Si atoms in SAPO-31: A compu-
tational study. Stud Surf Sci Catal 2004; 154: 1439-47.

. Abbad B, Attou M and Kessler H. Synthesis of the silicoaluminophosphate

molecular sieve SAPO-31 in the presence of fluoride ions and its characteri-
zation. Microporous Mesoporous Mater 1998; 21: 13-8.

Yang M, Fan D and Wei YX et al. Recent progress in methanol-to-olefins (MT0)
catalysts. Adv Mater 2019; 31: 1902181.

Olsbye U, Svelle S and Bjergen M et al. Conversion of methanol to hydrocar-
bons: how zeolite cavity and pore size controls product selectivity. Angew Chem
Int Ed2012; 51: 5810-31.

Treacy MMJ, Rivin | and Balkovsky E et a/. Enumeration of periodic tetrahedral
frameworks. II. Polynodal graphs. Microporous Mesoporous Mater 2004; 74:
121-32.

Wang JZ, Xuan YZ and Ming Y et al. Reducing possible combinations of
Wyckoff positions for zeolite structure prediction. Farad Discuss 2018; 211:
541-52.

Yu JH and Xu RR. Rational approaches toward the design and synthesis of
zeolitic inorganic open-framework materials. Acc Chem Res 2010; 43: 1195—
204.


http://dx.doi.org/10.1016/j.jcat.2017.05.008
http://dx.doi.org/10.1039/C7CY01250K
http://dx.doi.org/10.1021/jp000504j
http://dx.doi.org/10.1021/cm0003267
http://dx.doi.org/10.1021/cs200016u
http://dx.doi.org/10.1021/jp054199j
http://dx.doi.org/10.1021/jp054199j
http://dx.doi.org/10.1016/S1387-1811(97)00027-9
http://dx.doi.org/10.1002/adma.201902181
http://dx.doi.org/10.1002/anie.201103657
http://dx.doi.org/10.1002/anie.201103657
http://dx.doi.org/10.1016/j.micromeso.2004.06.013
http://dx.doi.org/10.1039/C8FD00040A
http://dx.doi.org/10.1021/ar900293m

