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Hollow SAPO-34 crystals are created by selective etching its
precursor under controlled alkaline or acid conditions. The
abundant/interconnected Si-O-Al domains and Si-O-Si networks at
the outer layer of SAPO-34 crystals are revealed to be decisive
factors for the base and acid treatments respectively to achieve
well-preserved hollow structure.

Hollow materials have attained increasing interest due to
their promising applications in catalysis, electronics, medicine,
and so on.! So far, various hollow materials have been
prepared including zeolites, carbon, metals, etc. Among them,
hollow zeolites represent an interesting group because of their
unique microporosity allowing an easy access to the interior
and providing an ideal shell for shape-selectivity catalysis.2

Direct crystallization is the ideal way to synthesize hollow
zeolites, which still remains a challenge due to the complexity
and variety of synthetic gel chemistry.3 Layer-by-layer
assembly, using hard template as the core and zeolite
nanocrystals as the building block, offers a universal way to
prepare hollow zeolite spheres.Za However, the formed hollow
products with a polycrystalline shell are generally in
micrometer size, which limits their use as catalytic
nanoreactors. Post-synthetic treatment was first developed by
Perez-Ramirez et al. in 2005, which provides an alternative
approach to obtain hollow-structured zeolites in micro- or
nanosizes.” Mesoporosity may be created during the alkaline
treatment, which would increase the accessibility of the
hollow interior and benefit the mass transfer in catalytic
reactions.” Since then, many studies about post-processing
method have been carried out, and hollow Silicalite-1, ZSM-5
and TS-1 have been successfully prepared.‘r’a’6 Compositional
zoning and structural defect are generally considered to be the
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possible reasons for the generation of hollow single crystals,
though the exact mechanism has not been fully understood. It
is noted that post-synthetic treatment to fabricate hollow
morphology is hitherto only limited to base leaching and
zeolites with MFI structure.

SAPO molecular sieves are important member in zeolitic
family, which have found applications in industries as
heterogeneous catalysts.7 In contrast to the success of
preparing hollow-structured zeolites, the
preparation of hollow SAPO materials, particularly ones in a
controlled manner, difficult task. And less
knowledge exists about the impact of postsynthetic treatment

aluminosilicate
remains a

on the morphology and framework composition evolution of
SAPOs. This is possibly due to the weaker stability of SAPO
frameworks in acidic or basic aqueous solution.?

Herein, we demonstrate that hollow SAPO-34 single crystals
with good crystallinity can be successfully prepared by
controlled acid or base etching. This is the first time to employ
post-processing route to tailor the morphology of SAPO
molecular sieves. The requirements for the SAPO crystals to
form well-preserved hollow structure are researched, involving
compositions,
environments and distribution in the crystals. The present

framework elemental atomic coordination
work not only provides facile strategies to prepare hollow
SAPOs, but offers insights into the stability of local atomic
environments of SAPOs in the acid and base media.

SAPO-34 precursor (named as SP34-P) was hydrothermally
synthesized by using TEAOH and TMEDA as templates and fully
milled SAPO-34 powder as seeds.’ Figure 1 presents the SEM
and TEM images of the samples, from which a cubic-like
morphology with uneven surface could be observed for SP34-
P. Its crystal size is about 400-500 nm. The concrete conditions
for base treatment are listed in Table S1. Taking TEAOH as an
example, hollow SAPO-34 product with well crystallinity
(Figure S1) is prepared by treating the precursor in 0.6M
TEAOH solution at 180°C for 1h. From Figure 1, the outer
surface of SP34-TEAOH crystals keeps relatively intact and no
obvious holes can be perceived. TEM image reveals that large
voids have been created in the interior of SAPO-34 crystals and
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the thickness of the shell is about 40 nm. Besides TEAOH,
various organic amines (e.g. TMAOH, TPAOH, DEA) show the
ability to create hollow-structured SAPO-34 (Figure S2).
Alternatively, when inorganic base NaOH is employed, hollow
product could also be vyielded, but amorphization of SAPO
frameworks may occur (Figure S1 and S3). The stronger alkalinity
of NaOH might extract more framework atoms selectively. The
changes on the product compositions will be discussed in the
following part. Indeed, inorganic base treatments have been
found to amorphize Y and beta zeolites,10 though NaOH
treatment can enable the preparation of mesoporous ZSM-5.1*

In addition to base treatment, we also succeed in preparing
hollow SAPO-34 by acid etching (Table S1). It should be
mentioned that it is the first time for zeolitic materials to
achieve such morphology through an acid treatment approach.
By employing HCI as a leaching agent, SAPO-34 with hollow
structure and moderate crystallinity is obtained after refluxing
in 0.58M HCl solution at 80°C for 3h. Figure 1 indicates that the
crystal size of SP34-HCl is similar to that of SP34-P. The wall
thickness is about 30 nm, which is thinner than the base-
treated samples and agrees with its lower yield. Moreover, the
crystal surface of SP34-HCl is a little rough as compared with
that of SP34-TEAOH, possibly due to a stronger corrosiveness
to the crystal external surface in the acid condition. Further
increasing the temperature to 180°C, the product (SP34-HCl-i)
turns into dense tridymite (amorphous materials may also
exist as deduced from the weak XRD peak intensity), though
hollow morphology is still well kept (Figure S1 and S3).

Journal Name

After post-treatment, an obvious increase in external surface
area and total pore volume can be observed, especially for the
acid-treated hollow sample SP34-HCl. Because there is only
the post-treated
samples as deduced from N, isotherms, the increased external

limited mesoporosity development in

surface area and pore volume are supposed to be a result of
the creation of large voids inside the crystals. Besides, the
rough surface of SP34-HCI should also contribute to its largest
external surface area (148 mz/g) and pore volume (0.49
cm®/g).

Table 1. The textual properties of the samples

Figure 1. SEM (left) and TEM (right) images of the samples.

Sample Surface asrea (m%g)  Pore volume (cm®/g)
SBETa Sexxb Vmicroc Vtmald
SP34-P 613 8 0.28 0.31
SP34-TEAOH 614 53 0.26 0.37
SP34-HCI 705 148 0.23 0.49

* BET surface area. ® t-plot external surface area. © t-plot micropore
volume. ¢ Vol is evaluated at P/P¢=0.99.

In order to better understand why the etching selectively
occurs in the crystal interior, both the surface and bulk
compositions of the samples are measured. As given in Table
2, the precursor SP34-P has a Si-rich outer surface, in
agreement with our previous findings.12 After acid or base
treatment, the surface Si enrichment degree (R value) shows a
decrease, although Si enrichment phenomenon still exists. The
surface Si content of the treated samples is higher than that of
the precursor, implying that the crystal surface is also modified
during the hollowing process. For the bulk compositions, the Si
content in the hollow products increases evidently, whereas
the Al and P contents decrease. The drop of P content in the
base-treated samples is greater than that of Al, suggesting the
highest sensitivity of P to base leaching. However, the acid
treatment results in a greater decrease of Al content than P.
This phenomenon is more obvious for SP34-HCl-i from the
harsh acid treatment, implying the worst stability of Al among
the three framework T atoms. These results suggest that the
formation of hollow SAPO morphology may be related to the
different chemical stability and the inhomogeneous spatial
distribution of the framework T atoms in SAPO-34 crystals.

Table 2. Bulk and surface compositions of the samples.

Table 1 gives the textural results of the samples determined
from N, adsorption isotherms (Figure S4). The precursor SP34-
P has a large micropore surface area and micropore volume.

2| J. Name., 2012, 00, 1-3

Sample Product composition R?
Bulk (XRF) Surface (XPS)

SP34-P Sio.208Al0.435Po3s7  Sio319Al0304P0.287 1.53

SP34-TEAOH  Sig3ssAlos00Po24s  SiossAlossoPo2se 1.05

SP34-NaOH Sio.s81Al0317Po.102

SP34-HCl SioasAloszasPo2r2  SiosaAloaesPo2n 1.37

SP34-HCl-i Si0.470Al0.265P0.265

* R=[SI(AI+P+S1) [surtace/[ SV(AHP+S1) Jpulk

Solid-state MAS NMR spectra are further determined to
investigate the local atomic environments in the samples. As
shown in Figure 2, the gj spectrum of the precursor SP34-P is
complex, in which the five peaks ranging from -91 to -110 ppm
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correspond to Si(0Si),(OAl)4.n) (n=0-4) species |'espet:tive|y.13
In addition, one weak peak around -88 ppm may be discerned,
which is attributable to Si(OAl);(OH) or Si(OSi)(OAl)(OH),
species at the defective sites. Deconvolution results reveal that
the Si(OAl), content only amounts to 21.1% and the five fully
condensed Si species are in close percentages. Such Si
environments are rather scarce for SAPO molecular seives. For
the spectrum of SP34-TEAOH, a slight broadness together with
variation in the relative peak intensities occurs. The contents
of Si(OAl), and Si(OSi), species drop, whereas the amount of
defective Si species shows a rise. In the case of NaOH
treatment, Si(OSi), species in the framework are completely
leached. Partially hydrolyzed Si species located in Si-Al
environments become dominant as noticed by the broad
resonances in the range of -70~-90 ppm, which is in consistent
with the amorphous characteristic of SP34-NaOH and indicates
that Si-O-Al domains have the best stability in base solution.
For the acid-treated sample SP34-HCI, the resonance around -
99 ppm becomes the strongest accompanying with a decrease
of the peak at -91 ppm as compared with that of SP34-P. The
'"H->?%Si CP MAS NMR of SP34-HCl is further measured (Figure
S5), revealing that the strong signal should comprise the co-
contribution of Si(OSi),(OAl), and newly generated defective
Si(OSi)m(OAl)3.m)(OH)(m=0-2). The latter should be formed due
to the dealumination, for example, the removal of Al from the
Si(OSi),(OAl); species. The spectrum of SP34-HCl-i presents a
considerable change in the Si environments, featuring two
broad signals around -99 and -109 ppm. Combined with the 'H
—295i CP NMR result (Figure S5), the resonances at -91 and -99
ppm should be mainly contributed by hydrolyzed silanols
located at the edge of Si islands. And the broad signal at -109
ppm having less connection with hydroxyl arises from
amorphous SiO,. These results imply that Si islands have good
resistance to the acid leaching. The 31p and ¥al spectra of the
samples are shown in Figure S6. Less pronounced change can
be found for SP34-TEAOH, SP34-HClI and SP34-HCl-i in
comparison with those of the precursor. Amorphous SP34-
NaOH, however, shows very different P and Al spectra. All P
species transform to hydrolyzed P(OAI),(OH),. For Al atoms,
large amount of octahedral Al species (6 = 2 ppm) appears and
coexists with tetrahedral Al (6§ = 60 ppm). The obvious low-
field shift of tetrahedral Al confirms that most of the residual
in SP34-NaOH are situated
environments.

Al atoms in aluminosilicate

SP34-HCl-i

18% \  15.8%

BLR o 17.9%

T T T T T T 1
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Figure 2. 2°Si MAS NMR spectra of the samples.

On the basis of the characterizations above, the relative
stability of the local atomic environments in SAPO molecular
sieves and the formation of hollow crystals are rationalized as
follows. For the alkaline treatment, framework P atoms are the
most sensitive one to the leaching. Following the extraction of
P, Al and Si atoms in the P-rich Al-O-P domains, which are
mainly composed of AI(OP), species and isolated Si(OAl),
species with P as the second coordination neighbours, will be
influenced and removed. Moreover, Si atoms in the Si(OSi),
environments are also sensitive to the base etching, though
they have better stability than P. Framework Al in the Si-O-Al
domains has the best stability in basic media, which can offer
super protection to the Si atoms around itself and fabricate
robust Si-Al environments to resist the base leaching. Indeed,
the inhibition of Si extraction by high framework Al content
has been proven in the aluminosilicate zeolites.” At extreme
conditions using NaOH, framework P atoms and Si(OSi),
species will be extensively leached. And part of the tetrahedral
Al transforms to octahedron following the destructure.
Moreover, abundant Si(0Si),(OAl)z.,)(OH) (n=0,1) species
located in the residue Si-O-Al domains are created, as
indicated by the 2Si NMR. These harsh leaching would cause
elemental loss in an order of P > Al > Si, and lead to a sharp
increase of Si content in the final product. Given that the
precursor SP34-P has a Si-rich external surface, that is, the Si
environments become more complex from the core to the
shell, more Si islands and Si-O-Al domains are supposed to
locate at the outer layer of the crystals. It is thus believed that
the abundant and interconnected Si-O-Al domains, which are
the most stable environments in the SAPO framework to
endure the alkaline treatment,8 help the crystal shell keep the
integrity and lead to the generation of hollow morphology, as

illustrated in Figure 3.
Si-deficit
interior

Hollow Hollow
core Alkaline Acid oore,
—
treatment treatment

Modified shell rich

in Si-O-Al domains r—
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Figure 3. Formation mechanisms of hollow SAPO-34 single crystals upon acid and
alkaline treatments.

Modified shell rich
in Si-O-Si connections

In the case of acid treatment, framework Al atoms become
the most susceptible one to be attacked and extracted,
particularly for the Al atoms in the Al-rich Al-O-P domains. The
leaching of Al would cause a corresponding removal of P and Si
(mainly Si(OAl), species) located inside the AI-O-P domains. Si
atoms in the Si islands have good resistance to the acid
leaching. It is supposed that Si islands may provide a slight
stabilization effect to the Al atoms around themselves, which
is somewhat like the protection of Si by Al in the alkaline
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treatment. When intensifying the acid treatment conditions, Al
atoms even in proximity to Si islands may be extracted,
generating not fully condensed Si environments, among which
the highly hydrolyzed Si species (e.g. Si(OSi)(OH);) are not
stable enough in the acid media and would be further
hydrolyzed and removed. On the whole, the acid treatment
extracts more Al than P and Si, and leave Si as the dominant
framework T atom. Regarding the formation of hollow crystals,
it should once again result from the Si enrichment at the outer
shell. The existence of interconnected Si-O-Si networks
(Si(OAIl)N(OSi)(4-n), n=0~2) protects the crystal outer layer
from dissolution in the acid media (Figure 3).

Additionally, high-Si SAPO-20 molecular sieve with surface Si
enrichment are synthesized and subjected to the acid/base
treatments to further verify the above conclusions about the
formation mechanisms of hollow structure. Detailed
information about the samples is given in Table S1, S2 and
Figure S7-S9. Upon TMAOH treatment, beautiful hollow
prodcut with moderate crystallinity can be readily obtained.
However, low-crystallinity products with some broken particles
seem inevitable for the acid-treated SAPO-20-HCl. From the
g spectra (Figure S9) of the samples, SAPO-20 possesses
uncommon *°Si environment with high concentration of
Si(OAl); species. The Si spectra of SAPO-20-TMAOH and SAPO-
20-HCI show some similarity to those of SP34-TEAOH and
SP34-HCl-i respectively. Basically, the changes of SAPO-20
upon base and acid treatments are in well correspondence
with the existence of abundant Si-O-Al domains and less Si-O-
Si connections in the framework. These results consist with the
above studies on SP34-P and suggest that preparing a SAPO
precursor with suitable Si coordination environments at the
outer layer of crystals is essential for selective etching to
achieve a well-preserved hollow product.

The model alkylation reaction of benzene with benzene
alcohol (BA) is employed to evaluate the catalytic performance
of the hollow-structured SAPO molecular sieves. Because the
reagents have larger sizes than the micropores of SAPO-34, the
reaction is very susceptible to the external surface area and
the accessibility of the acid sites. As shown in Figure S10, the
BA conversion over SP34-HCl is about seven times higher than
on SP34-P, though both samples possess similar acid
concentration and strength as indicated by NH;-TPD (Figure
S11). SP34-TEAOH, having a higher acid strength than SP34-P
and SP34-HCl, also displays better catalytic activity. The
obviously improved catalytic performance observed on the
hollow catalysts should be related to the increased external
surface area and meso-/macropore volume.

In summary, hollow SAPO single crystals with shell thickness
of 30-50 nm have been successfully prepared by post-synthetic
treatment. Si gradients in the crystals are revealed to play
important role in the generation of hollow structure with Si-
rich external surface. For the base or acid treatment, the
crucial micro-environments for the well preservation of the
crystal shell are the enriched Si-Al domains and Si islands at
the out layer of crystals, respectively. The hollow products
show large external surface area and pore volume, which
enhance the catalytic performance and benefit applications as

4| J. Name., 2012, 00, 1-3

catalyst support and microreactors (when nanosized hollow
structure is created). We expect more useful hollow SAPO
molecular sieves are prepared using this facile strategy.
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