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A reconstruction strategy to synthesize
mesoporous SAPO molecular sieve single crystals
with high MTO catalytic activity†

Chan Wang,‡a Miao Yang,‡a Mingrun Li,b Shutao Xu,a Yue Yang,a Peng Tian*a and
Zhongmin Liu*a

Mesoporous SAPO-34 single crystals with tunable porosity and Si

content have been fast synthesized within 4 hours by a reconstruction

strategy, which show excellent hydrothermal stability and MTO catalytic

activity. This new strategy is further proven to be applicable to prepare

other mesoporous SAPO molecular sieve single crystals.

Zeolites and silicoaluminophosphate (SAPO) molecular sieve
with a unique microporous structure and acidity are important
solid acid catalysts which have been widely used in many
industrial processes, such as oil refining and petrochemistry.1,2

However, the sole presence of micropores often imposes diffusion
limitation which leads to low utilization of the catalyst active
centers and fast coke deposition, resulting in a short catalytic
lifetime. Integrating mesopores into microporous structures is
believed to be an effective solution for this problem.3–5 Many
related synthetic strategies, including bottom-up directing con-
struction by soft or hard templates and top-down post-synthetic
acid/base treatments, have been developed. Unfortunately, the
process of manufacture of mesoporous structures damages the
integrity of microporous structures in most cases, which makes
it difficult to maintain the essential microporosity and acidity
comparable to those of conventional microporous molecular
sieve.6 Worse still, the hydrothermal stability decreases much
due to the amorphous structure of the mesoporous channel
wall. It is highly desirable to fabricate crystallized mesoporous
walls so that hierarchical porosity, intrinsic acidity and hydro-
thermal stability can be integrated in one material.5 For this,
several new types of multifunctional soft templates including
quaternary ammonium-type organosilane7 and gemini-type
polyquaternary ammonium surfactants8–10 have been developed,

by which mesoporous zeolites ZSM-57,8 and A,7 and alumino-
phosphate molecular sieves AlPO-5, -11 and -3110 have been
synthesized successfully. Moreover, a nonsurfactant cationic
polymer polydiallyldimethylammonium chloride has also been
developed as an effective two-in-one template to synthesize
mesoporous beta single crystals with excellent hydrothermal
stability and catalytic activity.11 Nevertheless, it is still a chal-
lenge to create highly active mesoporous SAPO molecular sieve
single crystals by a soft-template method. The presence of a
mesoporogen brings severe interference for the crystallization
of SAPO molecular sieves. The crystallization will get slow and
impurities are easy to form. It is thus difficult to achieve high
crystallinity and desired hierarchical porosity simultaneously
for the aimed product. As a result, the crystallinity and compo-
sition optimization have to be sacrificed in most cases for
the synthesized hierarchical SAPO molecular sieves, and their
catalytic performance remains less improved even though the
diffusion limitation has been relieved.12,13

In this work, we have developed a new reconstruction strategy
to synthesize mesoporous SAPO molecular sieve single crystals.
The crystallization of mesoporous SAPO-34 can be completed
within 4 hours, and the phase region is quite wide. Notably, the
obtained mesoporous SAPO-34 is proved to be a single crystal
phase possessing excellent hydrothermal stability, which has
alterable composition and textural properties. The MTO catalytic
stability is thus significantly improved. In addition, mesoporous
SAPO-11 and DNL-6 molecular sieves have also been fast synthe-
sized by this method.

The present synthesis procedure involves the use of a meso-
porogen and quite an amount of milled SAPO-34 precursor. The
introduction of the SAPO-34 precursor could greatly accelerate
the crystallization of the microporous structure and make
it match well with the fast formation of mesopores. Moreover,
it counteracts the side effect caused by the mesoporogen
and widens the phase region as much as possible. For details,
[3-(trimethoxysilyl)propyl]octadecyldimethylammonium chloride
(TPOAC), Al(i-C3H7O)3, H3PO4, TEOS, diethylamine (DEA) and
water were firstly mixed in sequence. After that, a certain amount
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of milled SAPO-34 precursor was added. The mixture was sealed
in an autoclave and heated at 200 1C for 4 hours. Finally, the
product was collected by centrifugation, washed and dried in air.
A series of mesoporous SAPO-34s with various Si content and
textural porosities have been synthesized by changing the reac-
tion compositions (see ESI†). The samples were evaluated by the
MTO catalytic reaction, and the optimized one was picked out to
do more characterizations, which was designated as SP34-MS.
For comparison, another SAPO-34 with comparable composition
was also synthesized by introducing the milled SAPO-34 precursor,
but without the use of a mesoporogen. The sample was named
SP34-P (for more details see the ESI†).

Both SP34-MS and SP34-P have well-resolved XRD patterns
indexed to the highly crystalline CHA structure (Fig. S1, ESI†).
However, they have quite different morphology, as shown in
Fig. 1a, b and Fig. S2 (ESI†). The crystals of SP34-P are inter-
grown by multiple micrometer-sized SAPO-34 crystals which
form the secondary particles of around 3 mm, while SP34-MS
presents uniform dice-like particles in the size range of 300–
500 nm. It is very interesting to note that the surface of the
SP34-MS crystal is quite rough. It consists of a large number of
20–50 nm nanocrystals with abundant holes. The crystals were
further crushed and characterized by SEM. It is found that
the crystal interior is the same as the external surface (Fig. 1c).
N2 adsorption isotherms and pore size distribution curves are
depicted in Fig. 1d and e, respectively. SP34-P shows a typical
I-type isotherm for microporous materials, while SP34-MS gives
I plus IV type isotherms suggesting the coexistence of micro-
pores and mesopores. A significant enhanced uptake and a

pronounced hysteresis loop at 0.4 o P/P0 o 0.9 are observed for
SP34-MS owing to the capillary condensation in the mesopores.
The mesopore size distribution of SP34-MS is centered at 4.7 nm.
The textural properties of the two samples are exhibited in Table 1.
SP34-MS exhibits an apparently larger external surface area of
112 m2 g�1 and a higher mesopore volume of 0.17 cm3 g�1

suggesting the existence of the mesoporous structure.
Variable-temperature laser-hyperpolarized (HP) 129Xe NMR

is a very sensitive technique to check the geometry and con-
nectivity of the porous structures.14,15 So, it was herein used to
explore the porosities of the samples. Mesoporous silica (named
SiO2) with mesopore size distribution at 4.5 nm (Fig. S3, ESI†),
and a mechanical mixture of SAPO-34 and mesoporous silica
(named mixture) were taken as reference samples. The mixture
has very similar textural properties to that of SP34-MS (Fig. S3
and Table S1, ESI†). HP 129Xe NMR spectra of the four samples at
various temperatures are shown in Fig. S4 (ESI†). Fig. 1f illus-
trates their HP 129Xe NMR spectra at 173 K. For mesoporous
SiO2, the signal at 109 ppm is attributed to the adsorbed Xe in
the mesopores. Because SP34-P is a pure microporous material,
its two 129Xe signals at 200 and 149 ppm should arise from the
adsorbed Xe in the microporous CHA structure. The appearance
of more than one signal is due to the sensitivity for the different
number of Xe atoms absorbed in the micropores.16 Accordingly,
the two downfield signals at 190 and 148 ppm of SP34-MS are
due to the absorbed Xe in the CHA microporous structure, while
the upfield line at 115 ppm is ascribed to adsorbed Xe in
the mesopores. The mixture has a comparable HP 129Xe NMR
spectrum with that of SP34-MS. However, the chemical shift
distance (Dd) between micropore and mesopore signals is
33 ppm for SP34-MS, which is less than that of the mechanically
mixed one (40 ppm). The results suggest that the Xe exchange
between the micropores and mesopores in SP34-MS is faster
than in the mechanically mixed counterpart. 2D-exchange
spectroscopy (EXSY) NMR spectra were further measured to
confirm this. As illustrated in Fig. S5 (ESI†), the cross-signals
of 148 and 115 ppm peaks can be easily detected for SP34-MS in
2 ms mixing time, while they are absent for the mechanically
mixed one. It is thus believed that SP34-MS has good channel
connectivity between micropores and mesopores.

Transmission electron microscopy (TEM) was taken to
further characterize SP34-MS. Many irregular pores are visible
under low magnification (Fig. 2a and b). The thin zone of
the crystal edge was selected to take the high-resolution TEM

Fig. 1 SEM images of calcined (a) SP34-P, (b) SP34-MS and (c) broken
crystals of SP34-MS. (d) N2 sorption isotherms and (e) pore size distribution
calculated from the adsorption branch of calcined SP34-P, SP34-MS and
SP34-MS-HT. (f) Laser-hyperpolarized 129Xe NMR spectra of Xe adsorbed
in mesoporous silica (SiO2), SP34-P, mechanical mixture and SP34-MS
at 173 K.

Table 1 Textural properties of the samples

Sample
SBET

b

(m2 g�1)
Smic

c

(m2 g�1)
Sext

c

(m2 g�1)
Vmic

c

(cm3 g�1)
Vmeso

d

(cm3 g�1)

SP34-MS 567 455 112 0.21 0.17
SP34-MS-HTa 450 400 50 0.20 0.15
SP34-P 602 593 9 0.28 0.02

a SP34-MS after 100% steam treatment at 800 1C for 17 h. b Total surface
area is determined using the BET equation. c Micropore surface area,
volume and external surface area are determined by the t-plot method.
d Mesopore volume is determined from the adsorption isotherm by the
BJH method.
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(HRTEM) and selected area electron diffraction (SAED). There
are clear crystal lattice fringes with consistent orientation in the
HRTEM image (Fig. 2d). The spacing of the atomic layers is
0.92 nm corresponding to the (101) plane. 4–10 nm mesopores can
be identified in the HRTEM image which break the continuous
microporous structure. The results agree with the characterization
of N2 adsorption and HP 129Xe NMR measurements. Interestingly,
the SAED pattern (inset of Fig. 2c) gives highly discrete diffraction
spots suggesting a single crystal feature. More individual crystals
were picked out to take the SAED in large selected area and along
various directions. All the images (Fig. 2e, f and Fig. S6, ESI†)
give individual diffraction patterns confirming the single crystal
nature of the product.

Hydrothermal stability is a fatal weakness for mesoporous
materials because of their disordered channel wall structure.
When the material becomes a mesoporous single crystal, the
channel wall is an actually ordered microporous framework
structure, whose hydrothermal stability is expected to be con-
siderably improved. In the present study, the hydrothermal
stability of SP34-MS was assessed by exposing it to 100% steam
at 800 1C for 17 h. The sample after treatment, denoted as SP34-
MS-HT, has a nearly unchanged XRD pattern (Fig. S1, ESI†),
morphology (Fig. S7, ESI†) and N2 adsorption isotherms (Fig. 1d). The
crystallinity of SP34-MS-HT remains 80% though the external surface
area decreases some (see Table 1). It exhibits a better hydrothermal
stability than other hierarchical SAPO-34 molecular sieve.17

Solid-state NMR measurements were used to characterize the
chemical environments of SP34-MS. The 29Si CP NMR spectrum

of as-synthesized SP34-MS (Fig. 3a) gives a clear resonance signal
at �89.6 ppm due to Si(OAl)4 species.18 A broad signal at �51
to �70 ppm is detected and ascribed to the Tn groups
(Tn = RSi(OAl)n(OH)3�n, R = organic groups, n = 2 and 3).19,20

This suggests that the organo-siloxane groups coming from
mesoporogen TPOAC are condensed into the SAPO framework.
The existence of the organic part is further confirmed by the
13C NMR MAS spectrum (Fig. 3b). After calcination, the Tn signal
in the 29Si spectrum disappears due to the removal of TPOAC.
Besides, a shoulder peak at around �83 ppm and a broad peak
near �103 ppm arise which correspond to the newly formed
Si(OAl)n(OH)4�n (n = 1, 2) and Si(OSi)n(OAl)4�n (n = 1–3) species,
respectively.18,20 The Si environment further changes after the
hydrothermal treatment (800 1C for 17 h). The main 29Si signal
shifts to �94.4 ppm, together with the appearance of a broad
signal at around �110 ppm due to the formation of Si islands.
High-temperature steam treatment leads to the atomic migration,
dehydroxylation and the change of bond lengths and angles.
These variations are responsible for the change in the Si environ-
ments which agree with the results of conventional SAPO-34.21,22

The catalytic properties of SP34-P, SP34-MS and SP34-MS-HT
were evaluated in the MTO reaction. The results are presented in
Table 2 and Fig. S8 (ESI†). SP34-MS exhibits excellent catalytic
performance. The methanol conversion over 99% can be kept for
480 min, which is more than twice as long as that of micro-
porous SP34-P. Their selectivity for ethylene plus propylene is
comparable (82.1% vs. 81.9%). After hydrothermal treatment,
the catalytic lifetime of SP34-MS-HT is prolonged to 530 min,
and the selectivity of ethylene and propylene increases to 83.8%.
NH3-TPD was measured to check the acidity of these samples.
The results (Fig. S9, ESI†) indicate that SP34-MS has a compar-
able acid strength with that of SP34-P, but its acidic concen-
tration is much lower than that of SP34-P. After hydrothermal
treatment, the acid concentration of SP34-MS-HT decreases
further due to the formation of large Si islands, while its acid
strength is still well kept. It is thus believed that the decreased
acid concentration and enhanced diffusion efficiency associated
with SP34-MS are responsible for the enhancement of MTO
catalytic performance. And the single crystal nature of the sample
helps the hydrothermally treated SP34-MS-HT in holding the
excellent catalytic activity. As a comparison, our previously
synthesized hierarchical SAPO-3423 was also hydrothermally
treated and tested in the MTO reaction. The catalytic lifetime

Fig. 2 (a and b) TEM images of SP34-MS under low magnification. (c) TEM
image and SAED pattern (inset) of SP34-MS taken along the [�111] zone axis.
(d) HRTEM image of SP34-MS corresponding to the circle region in (c).
(e) TEM image of individual SP34-MS crystals. (f) SAED pattern taken with the
selected circle region of (e) and along the [120] zone axis.

Fig. 3 (a) 29Si CP NMR spectrum of as-synthesized SP34-MS, 29Si MAS
NMR spectra for calcined and steam treated SP34-MS. (b) 13C MAS NMR
spectrum of as-synthesized SP34-MS.
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of this sample drastically reduced after the hydrothermal
treatment (see Table 2), which clearly demonstrates the advan-
tages of mesoporous SAPO-34 single crystals synthesized by the
reconstruction method.

In order to understand the reconstruction method, a series
of mesoporous SAPO-34s synthesized using different SiO2/Al2O3

and starting amounts of milled SAPO-34 precursor were pre-
pared and the synthetic results are illustrated in Table S2 and
Fig. S10 (ESI†). Notably, the crystallization region is quite wide,
and the molar ratio of SiO2/Al2O3 in reactant gel can be changed
from 0.2 to 0.6. The product Si content rises as the increasing
amount of milled SAPO-34 precursor for the samples synthesized
with constant silica and aluminum sources. It is deduced that
the increased Si content is contributed by the milled SAPO-34
precursor which was integrated into the products. Besides
the contribution to the composition, the precursor also helps
to modify the textural properties. The BET surface area and
micropore volume increase, and the external surface area and
mesopore volume decrease with the increase of the precursor.
This is likely due to the greatly improved growth rate of micro-
porous structures by the presence of the precursor, which
suppresses the generation of mesoporosity. So the double intro-
duction of a suitable amount of milled SAPO-34 precursor
together with the quaternary ammonium-type organosilane
would be the key to success which makes the crystallization of
microporous and mesoporous structures match well.

The reconstruction method is further developed to prepare
other SAPO molecular sieve single crystals, and mesoporous
SAPO-11 and DNL-6 have also been successfully synthesized.
More synthesis and characterization details are given in ESI†
including Table S3 and Fig. S11, S12.

In summary, we have demonstrated a reconstruction approach
for the fast synthesis of mesoporous SAPO molecular sieves. For the
first time, an unusual mesoporous SAPO-34 single crystal phase has
been achieved by the combined use of a milled SAPO-34 precursor
and a mesoprogen, which accelerates the growth rate of micro-
porous structures and implants mesopores simultaneously. The
sample exhibits good hydrothermal stability and excellent MTO
catalytic stability. This new synthetic strategy has been proven to be
applicable to the synthesis of other mesoporous SAPO molecular
sieve single crystals.

This work was supported by National Natural Science Founda-
tion of China (21476228, 21473182 and 21101150).
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34s before and after steam treatment at 800 1C for 17 h

Sample
Lifetime
(min) C=

2 (%) C=
3 (%) C=

2 + C=
3 (%)

SP34-MS 480 49 33.1 82.1
SP34-MS-HT 530 58.1 25.7 83.8
SP34-P 225 48.3 33.6 81.9
SAPO-34 nanosheet
assemblyc

308 49.7 31.4 81.1

SAPO-34 nanosheet
assembly-HTd

191 51.8 31.2 83.0

a Experimental conditions: WHSV = 3 h�1, T = 450 1C, catalyst weight =
300 mg. The catalyst lifetime is defined as the reaction duration with
499% methanol conversion. b The highest selectivity of ethene
and propene under 499% methanol conversion. c Sample 7 in ref. 23.
d SAPO-34 nanosheet assembly after treatment with 100% steam at
800 1C for 17 h.
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