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Synthesis of all-silica hollow zeolites by selective
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We report a method to efficiently produce all-silica hollow zeolites by leaching their parent crystals in
sodium aluminate and hydrochloric acid solutions successively. The extra-framework aluminum species

resulted from the dissolution of sodium aluminate can protect the crystal rim from damaging, and are
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Materials with hollow structure find interest in catalysis due
to their key advantages compared to their counterparts with
non-hollow morphologies.”” They effectively encapsulate and
isolate metal nanoparticles from each other and thus prevent
sintering under harsh catalytic conditions. Besides, they are
efficient in case mass transfer plays a role since the shell can
be made very thin. If the shell part possesses a regular pore
structure, such as in the case of hollow zeolites, features of
size-selectivity and poison-resistance for catalysts can be
achieved.>*

With respect to the synthesis of hollow zeolite crystals,
different synthetic routes have been explored, such as by
using  sacrificial templates®® or exploiting  zeolite
crystallization patterns.”® A recent trend to synthesize hollow
zeolites is synthesizing zeolite crystals first and then
introducing hollow structures by selectively removing the
core part.”** Through this facile route, hollow zeolite crystals
with a single crystalline shell can be produced. Exploiting the
aluminum zoning in ZSM-5 zeolites, hollow crystals can be
prepared by leaching the corresponding parent crystals in a
mildly alkaline solution."*"* This is attributed to the negative
charge of the AlO, tetrahedra in the shell framework that
protect the mircroporous structure. Silicate zeolites attract
lots of attention due to their high thermal stability and
hydrophobicity = compared to their aluminosilicate
counterparts. The absence of aluminum-related acid sites
also suppress the undesired reactions such as the coking
reaction. However, with regards to synthesizing all-silica
hollow crystals, the most reported efficient method is to use
a tetrapropylammonium hydroxide (TPAOH) solution to leach
crystals at the crystallization temperature of zeolites.'®>°
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subsequently eliminated by acid wash.

TPAOH acts as both the alkaline solution to etch the core
part, as well as the organic structure directing agent (OSDA)
to direct any crystallization of the leached species on the
shell. As the same with other OSDAs, TPAOH is costly,
possibly leading to an increase of the cost in the preparation
of all-silica hollow zeolites. Therefore, other leaching
reagents and procedures need to be explored.

Herein, we report a method to prepare all-silica hollow
zeolite crystals by successive desilication and dealumination
with low-cost reagents. Compared to the TPAOH route to
obtain hollow crystals, the present protocol involving
desilication and dealumination is less energy-intensive due
to a low temperature operation. The key is using sodium
aluminate with suitable concentrations to leach the zeolite
crystals to first obtain the hollow structure. Then, an acid
wash allows to eliminate the extra-framework aluminum
species.

Fig. 1a and b show electron micrographs of the S1 (the
defect-rich silicalite-1) crystals which were synthesized in
basic media. Crystals have a hexagonal shape of size between
200 and 300 nm. Recently, based on this material we

Fig. 1 TEM images of (a and b) the parent crystals S1, (c and d) the
base leached crystals S1-0.01 M, (e and f) the base leached hollow
crystals S1-0.1 M and (g and h) the acid leached hollow crystals S1-0.1
M-HCL. S1 refers to silicalite-1 sample with abundant inner defects.
Scale bars are 100 nm for (a, c, e and g) and 200 nm for (b, d, f and h).
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Fig. 2 Nitrogen physisorption isotherms for the parent crystals (S1),
and the leached crystals (S1-0.1 M, S1-0.1 M-HCL).

reported a procedure to visualize the uneven distribution of
defects by wusing a heavy atom labeling method in
conjunction with electron microscopy.”’ The presence of
abundant inner defects allows the preferential desilication of
the defective core part, which is essential to making the
hollow structures. The S1 crystals were firstly leached in a
dilute sodium aluminate solution (0.01 M) at 60 °C. A period
of 4 hour leaching introduced mesopores only to the core
part of the crystals (Fig. 1c and d). Close examination of the
crystals (S1-0.01 M) indicates that their shell part was
relatively intact, suggesting that an increase of base
concentration may be feasible to obtain hollow structures.
Fig. 1e and f show the images of the leached crystals by 0.1
M sodium aluminate solution (S1-0.1 M), where hollow
structures were observed. Different from the previously
reported hollow crystals, the S1-0.1 M crystals possessed a
rough surface, implying the presence of non-zeolite relics. A
further increase of the base concentration (0.5 M) lead to
both the severe damage of crystals and the generation of
amorphous material (Fig. S17).

To remove the non-zeolite relics, the S1-0.1 M crystals
were subsequently leached in 0.3 M hydrochloric acid
solution. Crystals (S1-0.1 M-HCIl) with more pronounced
hollow structures were obtained, with an average shell
thickness of 25 nm (Fig. 1g and h). The preservation of
crystallinity is confirmed by powder X-ray diffraction (Fig.
S21).

Fig. 2 shows the nitrogen physisorption isotherms of the
samples and Table 1 lists the derived parameters. S1 had a
relatively large surface area (Sppr = 424 m® g '), which
decreased significantly after leaching the samples in 0.1
sodium aluminate solution (Sgpr = 238 m?> g™'). In the
meantime, the micropore volume decreased by 36%, which
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Fig. 3 TEM images of the leached crystals by (a) 0.1 M sodium
carbonate, pH = 11.3, (b) 0.1 M sodium hydroxide, pH = 12.8, and (c
and d) 0.025 M sodium hydroxide, pH = 12.3 which is close to the pH
value of 0.1 M sodium aluminate 12.3. The red arrows in (c) and (d)
indicate the amorphous relics and the damaged rim part, respectively.
Scale bars are 200 nm for (a and b) and 50 nm for (c and d).

can be explained by the presence of non-zeolite species after
leaching. Elemental analysis indicated that such species had
a high aluminum content since the Si/Al ratio of the samples
decreased to 17 (Table 1). The >’Al MAS NMR spectrum of $1-
0.1 M shows a single signal at about 60 ppm that can be
assigned to tetrahedrally coordinated aluminum, and no
octahedral aluminum was observed (Fig. S31). The peak
center of resonance was different from that of aluminum in
ZSM-5 zeolite (53 ppm)" and sodium aluminate (80 ppm),
indicative of the presence of non-zeolite aluminum species.
Interestingly, the aluminum-containing species are
homogeneously distributed in the shell part (Fig. S4a and
bf). An acid wash efficiently eliminated the aluminum-
containing species, as confirmed by elemental analysis
(Table 1, Si/Al ratio is infinity), the noisy signals in both *’Al
MAS NMR spectrum (Fig. S31) and energy-dispersive X-ray
spectroscopy (EDX) mapping (Fig. S4c and df). As a result,
both the surface area and micropore volume of the samples
were restored, and a more pronounced hysteresis loop of S1-
0.1 M-HCI compared to that of S1-0.1 M suggests the hollow

Table 1 Si/Al ratio and derived parameters obtained from N, physisorption isotherms

Sample Si/Al? Sper’ [m? g7'] Sext” [m* 7] Viot [em® g77] Vimier' [em® g7
S1 +00 424 159 0.24 0.11
S1-0.1 M 17 238 77 0.19 0.07
$1-0.1 M-HC1 +00 419 216 0.28 0.10

¢ Determined by AAS. b Derived from the BET model. ¢ Derived from the t-plot method. 4 Derived from single point at p/py = 0.96. Sgety Sexts Viot
and Vp,i.r represent the surface area, the external surface area, the total pore volume and the micropore volume, respectively.
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Fig. 4 TEM images of (a and b) the parent crystals S2, (c and d) the
base leached crystals S2-0.1 M, (e and f) the base leached crystals S2-
0.2 M. S2 refers to silicalite-1 sample with less inner defects. Scale bars
are 100 nm for (a, c and e) and 50 nm for (b, d and f).

+ extra-framework Al

Scheme 1 |llustration for the formation of all-silica hollow zeolite
crystals by successive desilication and dealumination.

structure and relatively smooth outer surface. The sub-step in the
range of p/p, = 0.1-0.2 is attributed to a phase transition of the
adsorbed N, from a disordered “fluid” phase to a more ordered
“crystalline” like phase, which has been observed in MFI zeolites
with high Si/Al ratio and less defects.”>>" Considering the parent
silicalite-1 crystals possess abundant defects in the core and less
defects in the rim, we can deduce that the resulted hollow
counterparts would exhibit the feature of sub-step.

To prove the role of defects in directing the mesopore
formation, a time-series leaching experiment was performed. In
various time-points, mixtures of pristine, partially leached, and
fully leached particles can be observed (Fig. S5t). In general, the
leaching started from the core, and more and more mesopores
were generated until they coalesced into a big cavity. The
preferential elimination of the core should be related to the
abundant silanol defect inside of zeolites, as confirmed by
Fourier-transform infrared spectroscopy (Fig. S61). The presence
of silanol nests (3500 cm™) and the obvious external silanol
peak (3726 cm™") implied the existence of abundant defects.

Aluminum-zoning is well-known for zeolite ZSM-5,
allowing the preparation of their hollow crystals by different
leaching reagents. This is mainly attributed to the protective
function of framework aluminum in the shell part. In
addition, the extra-framework aluminum species, as created
by the steaming® or the extra addition of aluminum nitrate
to an alkaline solution,?®?’ also inhibit silicon extraction.
Verboekend et al. found that the metal complexes (Al(OH), ,
Ga(OH), ) avoided the excessive dissolution of silicalite-1
crystals, although their target is to obtain crystals with

This journal is © The Royal Society of Chemistry 2020
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randomly distributed mesopores.*® To explore the function of
extra-framework aluminum species in the present procedure,
we compared the leaching results based on different
reagents. Fig. 3a shows the TEM image of the crystals leached
in 0.1 M sodium carbonate. No mesopores were observed,
which could be due to the low pH value (11.3). Leaching
crystals in 0.1 M sodium hydroxide lead to the generation of
hollow structures, but the shell part was severely damaged.
Besides, some crystal were not leached well, with fewer
mesopores (Fig. 3b). To study the effect of pH on desilication,
a sodium hydroxide solution with lower concentration (0.025
M) was prepared, which had a pH value (12.3), similar to that
of 0.1 M sodium aluminate. Compared to S1-0.1 M
(Fig. 1e and f), the leaching of crystals in 0.025 M sodium
hydroxide was inefficient, as the hollowfication degree of
crystals was much lower, suggesting insufficient OH in
desilication (Fig. 3c and d). Moreover, both the presence of a
large portion of amorphous species and the damaged shell
were observed. Considering the reversible attribute of the
sodium aluminate dissolution, a slow release of OH was
expected, which could explain its lower initial pH value but
providing sufficient OH during the whole desilication
process. In total, the aluminum-deposited species resulted
from the sodium aluminate can suppress the attack of OH"
on the zeolite shell.

Next, we extend the procedure to a silicalite-1 sample with
fewer inner defects, namely S2 (defect-poor silicalite-1)."* The
introduction of S2 to this study is used to prove that the
protective effect of aluminum-containing species plays a
more important role than the content of defects in forming
hollow crystals. Crystals had a size between 100 and 150 nm
(Fig. 4a and b). After leaching in 0.1 M sodium aluminate,
only mesopores were observed (Fig. 4c and d). A further
increase of sodium aluminate concentration to 0.2 M sodium
aluminate results in the generation of the hollow structure,
which is confirmed by the obvious contrast between the core
and the shell of crystals. The feasibility of using sodium
aluminate solutions with suitable concentrations in
producing all-silica hollow zeolites are substantiated in both
the defect-rich and the defect-poor silicalite-1 crystals.

In summary, as illustrated in Scheme 1, by using sodium
aluminate and hydrochloric acid solutions successively to
leach all-silica zeolites, we could synthesize all-silica hollow
crystals in an economic route. The dissolution of sodium
aluminate provides not only hydroxide ions to attack the
defective core part of crystals, but also extra-framework
aluminum species to protect the shell part of crystals. An
eventual acid wash allows to efficiently eliminate the
aluminum-containing species from the zeolite part, and
subsequently well crystalline all-silica hollow crystals are
obtained.
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