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Abstract: Zeolites with uniform micropores are important shape-

selective catalysts. However, the external acid sites of zeolites have 

the negative impact on shape-selective catalysis, and the sole 

microporosity may lead to serious diffusion limitation. Herein, we 

report on direct synthesis of hierarchical hollow STW-type zeolite 

single crystals with siliceous exterior. In an alkalinous fluoride 

medium, the nucleation of highly siliceous STW zeolite takes place 

first, and the nanocrystals are preferentially aligned on the outer 

surface of the gel agglomerates to grow into single crystalline shells 

upon crystallization. The lagged crystallization of the internal Al-rich 

amorphous gels onto the inner surface of nanocrystalline zeolite 

shells lead to the formation of hollow cavities in the core of the 

zeolite crystals. The hollow zeolite single crystals possess low-to-

high aluminum gradient from the surface to the core, resulting in an 

intrinsic inert external surface, and exhibit superior catalytic 

performance in toluene methylation reactions.  

Introduction 

Zeolites with regular molecular-size pores, high specific surface 

area, and good thermal / hydrothermal stability have been widely 

used as catalysts in the chemical industry.[1] The uniform 

micropores within the zeolites endow them with high shape-

selective catalytic properties in various chemical processes. Of 

particular interest to the industry is the selective production of p-

xylene from catalytic toluene alkylation with methanol (TAM), 

which is a vital feedstock for the production of terephthalic acid 

and terephthalate-based polymers. It is extremely challenging to 

achieve high p-xylene selectivity due to the thermodynamic 

equilibrium of the TAM reactions producing three xylene isomers 

of similar sizes. HZSM-5 is a well-known shape-selective zeolite 

that shows very high selectivity toward p-xylene when its 

channels are modified by P, B, Mg, and La to reduce pore size, 

though at the expense of activity loss due to the partially blocked 

pore openings.[2] Moreover, p-xylene selectivity can also be 

improved by increasing diffusion resistance of xylene isomers in 

the channel, for instance, by increasing crystal size or varying 

crystal shape to expose sinusoidal channel of ZSM-5 zeolite.[3] 

However, the increase in diffusion resistance limits the diffusion 

rate of reactants and products, which often results in coke 

formation and catalyst deactivation.[3a, 4] In addition, it is 

demonstrated that ZSM-5/silicalite-1 core-shell structured zeolite 

or inversely Al-zoned ZSM-5 zeolite with a siliceous exterior is 

beneficial for selectivity and diffusion,[5] due to the decrease in 

acid sites on the external surface, where non-shape-selective 

catalytic reactions occur.[3c, 6] However, these zeolites usually 

are not small single crystals but intergrown polycrystals, and the 

intracrystalline diffusion barriers from structural mismatch and 

large crystals often lead to diffusion restrictions.[7]  

The hierarchical zeolites containing micropores and 

mesopores and even macropores can effectively overcome 

mass transport limitations.[8] Those materials are usually 

prepared by direct synthesis with high-cost mesoporogens as 

templates, consisting of polycrystalline aggregates of small 

crystallites.[9] The prominent external surface acid sites of 

hierarchical zeolite catalysts greatly reduce product selectivity.[10] 

Therefore, it is highly desirable to design and develop single-

crystalline hierarchical zeolites with inert siliceous exteriors 

which would have fast mass transfer together with high 

selectivity. 
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Herein we report the direct synthesis of single-crystalline 

hierarchical aluminosilicate STW zeolite which possesses a 

chiral helix channel system with medium-size pores similar to 

the sinusoidal channels of ZSM-5.[11] The hierarchical STW 

zeolite consists of hollow single crystals with high crystallinity, 

uniform nanometer particle size, and good thermal stability. 

More importantly, the hollow STW nanocrystals show low-to-

high composition gradient of aluminum distribution from the 

surface to the core. High p-xylene selectivity and stability in the 

catalytic toluene alkylation with methanol over the hierarchical 

STW zeolites are measured. 

Results and Discussion 

Figure 1. SEM images of samples Al-STW-s (a) and Al-STW-h (b). Inset in (b) 

shows the broken hollow structure of a crystal. TEM images of samples Al-

STW-s (c) and Al-STW-h (d). Inset in (d) shows the corresponding Fast 

Fourier-Transformed diffractogram from a whole zeolite crystal.  

Aluminosilicate STW zeolite was obtained from a gel with 

molar ratios of 1 SiO2 : 1 SDA(OH) : x HF : 0.003 Al2O3 : 5 H2O 

at 160C for 15 days. As structure-directing agent (SDA), a 1-

methyl-1,5-diazabicyclo[4.3.0]non-5-ene (MDBN) cation was 

used.[12] Detailed synthesis conditions are reported in Table S1. 

The samples with STW-type framework structure were 

synthesized as confirmed by powder X-ray diffraction (PXRD) 

(Figure S1). Scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) images show that the 

samples exhibit diverse morphology depending on the synthesis 

conditions. The sample named Al-STW-n prepared under 

normal conditions with an equivalent amount of SDAOH and HF 

(Run 1, x = 1, Table S1) consists of regular hexagonal-bipyramid 

crystals with a size of ca. 3 μm in length (Figure S2), while 

uniform nanocrystal zeolite named as Al-STW-s (Figure 1a and 

1c) was synthesized by use of zeolite STW seeds to promote 

fast nucleation and crystal growth (Run 2, Table S1), similar to 

fluoride-free synthesis of siliceous STW.[12] Hierarchical hollow 

STW zeolite, sample named as Al-STW-h was synthesized (Run 

3, x = 0.3, Table S1) by simply reducing the amount of HF used 

in the synthesis. SEM images show that the Al-STW-h consists 

of uniform intergrown hexagonal-bipyramid crystals of ca. 300 

nm in diameter with hollow structure (Figure 1b). TEM images 

clearly reveal that all crystals are hollow, possessing a large 

inner cavity (ca. 100-150 nm in length) and the shell thickness is 

of approximately 40-70 nm (Figure 1d). The single-crystalline 

nature of Al-STW-h is confirmed by the electron diffraction 

pattern (Figure 1d) and high-resolution TEM image (Figure S3); 

a distinct single set of diffraction spots and continuous zeolite 

microporous structure are clearly seen. 

The highly-crystalline single crystals of the Al-STW-h show 

high thermal and hydrothermal stability (Figure S4). In contrast, 

the hierarchical zeolites obtained by post-synthesis approach 

usually exhibit poor stability.[13] Solid state 29Si and 27Al NMR 

spectra of samples Al-STW-s and Al-STW-h show that the Si 

and Al atoms are tetrahedrally coordinated (i.e. Si(OSi)4 and 

Si(OSi)3(OAl), Al(OSi)4, respectively) (Figures S5 and S6). 

Nitrogen adsorption–desorption isotherms of samples Al-STW-s 

and Al-STW-h are both of type-I (Figure S7), characteristic of 

microporous materials, and contain adsorption hysteresis type 

H4 and H3 indicating the presence of mesopores and 

macropores within the aggregated and intergrown STW 

nanocrystals, respectively. Pore size distribution analyses based 

on density-function-theory (DFT) model show the presence of 

noticeable mesopores and macropores in sample Al-STW-h, 

resulting in total pore volume of 0.333 cm3 g1 larger than that of 

Al-STW-s (0.223 cm3 g1), but slightly smaller Brunauer–

Emmett–Teller (BET) surface area (509 m2 g1 vs 551 m2 g1) 

(Table S2). 

The incorporation of aluminum in zeolite STW framework 

creates acidic sites and renders it as a good candidate for 

shape-selective catalysis. The acidic properties of samples Al-

STW-s (Si/Al = 97) and Al-STW-h (Si/Al = 89) were studied by 

comparison with nanozeolite H-ZSM-5 with a Si/Al ratio of 93  

and particle size of ca. 200 nm (reference sample named ZSM-

5-n93, Figure S8). As shown in Figure S9, ammonia 

temperature-programmed desorption (NH3-TPD) curves of the 

three samples display three peaks at 160C, 250C, and 380C, 

corresponding to NH3 desorption from weak, medium-strong, 

and strong acid sites,[14] respectively. The desorption 

temperature for the reference sample, ZSM-5-n93 at strong acid 

sites is higher (398C vs 372C for Al-STW) and the peak 

intensity is larger than those for the two Al-STW samples, 

demonstrating that ZSM-5-n93 possesses stronger and more 

acid sites. The acid properties of Al-STW-h is similar to those of 

Al-STW-s (Table S3). 

The acid properties of samples Al-STW-s and Al-STW-h 

were further studied by diffuse reflectance infrared Fourier-

transformed spectroscopy (DRIFTS) using pyridine (Py) and 2,6-

di-tert-butylpyridine (DTBPy) probe molecules adsorbed at 150, 

250 and 350C. The bands at 1452 and 1544 cm1 in the Py-

DRIFTS spectra are assigned to pyridine adsorbed on Lewis (L) 

acid sites and Brönsted (B) acid sites, respectively (Figure 2).[14b] 

Despite having the smallest BET surface area of 413 m2 g1, the 

ZSM-5-n93 zeolite displays the largest peak areas as measured 

at the three temperatures (Table S4), suggesting the presence 

of the most acidic sites amongst the three samples. The B/L 

ratio of ZSM-5-n93 increases from 3.25 to 5.53 along with 
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increasing of temperature, proving that the ZSM-5-n93 is a 

strong Brönsted acid catalyst. The number of accessible B acid 

sites in Al-STW-s is approximately 53% of those in ZSM-5-n93 

at 150C and 51% at 250 and 350C. Interestingly, the Al-STW-

h possesses more accessible B-acid sites than the Al-STW-s, ca. 

64% at 150C and 62% of those in ZSM-5-n93 at 250 and 

350C; this can be explained by its hollow hierarchical structure. 

Both Al-STW-h and Al-STW-s zeolites show same decline trend 

for the B/L ratio with the increase of temperature (Figure S10), in 

contrast to the ZSM-5-n93. Noticeably, the numbers of the 

accessible L-acid sites in samples Al-STW-h and Al-STW-s 

measured at 250 and 350C are comparable to those of ZSM-5-

n93. 

 

Figure 2. Py-DRIFTS (a, c, and e) and DTBPy-DRIFTS (b, d, and f) spectra of 

ZSM-5-n93 (blue line), Al-STW-s (green line) and Al-STW-h (orange line) at 

the desorption temperature of 150C (a and b), 250C (c and d), 350C (e and 

f). 

The external acid sites of the three samples were 

characterized by adsorption of 2,6-di-tert-butylpyridine (DTBPy), 

a large molecule that cannot enter the 10-member-ring (10-MR) 

channels of zeolites. A band at ca. 3370 cm1 characteristic for 

the adsorbed DTBPyH+ ions, is used to monitor the B acid 

sites.[15] As shown in Figure 2, the intensities of the band at 3367 

cm1 for ZSM-5-n93 are greater than those for Al-STW-s and Al-

STW-h at all three temperatures, thus proving that the ZSM-5-

n93 has more abundant external surface acid sites attributing to 

the larger external surface area (26.4%, see Table S2). The 

presence of very weak peak at 3367 cm1 in sample Al-STW-s 

indicates few external acid sites owing to its low external surface 

area (7.3%, see Table S2), while the spectrum of Al-STW-h 

sample contains no peak at 3367 cm1, suggesting almost zero 

external surface acidity. The weak or absence of external acidity 

in Al-STW-s and Al-STW-h samples was confirmed by catalytic 

test in benzylation of toluene (Figure S11). The reaction was 

selected since it occurs on the external surface due to 

inaccessibility of the 10-memebred ring pores in the catalysts. 

The measured conversion of 64.5%, 15.6% and 11.4% for 

samples ZSM-5-n93, Al-STW-s and Al-STW-h, respectively, is in 

accordance with their external surface acidity. 

The absence of external acidity in sample Al-STW-h is 

attributed to extremely low aluminum content on the external 

surface of zeolite particles, which was confirmed by Ar-ion 

sputtering X-ray photoelectron spectroscopy (XPS) analyses. As 

shown in Figure 3a, the Al 2p XPS signal on the external surface 

of sample Al-STW-h is extremely low, and it increases from the 

surface to the core of the crystals upon increasing the Ar-ion 

etching time. The Si/Al ratio of sample Al-STW-h gradually 

decreases from the surface to the core of the crystals (Figure 

3b), demonstrating that aluminum in Al-STW-h is unevenly 

distributed, with the composition gradient of extremely low Al 

concentration on the surface of zeolite crystals and high in the 

core. The inversely zoned Al distribution of Al-STW-h was 

further confirmed by scanning transmission electron microscopy 

(STEM) and energy dispersive spectroscopy (EDS) (Figure 3c). 

In comparison, sample Al-STW-s has nearly homogeneous 

aluminum distribution within the zeolite crystals (Figure S12). 

Zeolites with chemical composition gradient mostly observed in 

large single zeolite crystals have been reported.[3c, 16] The 

formation of hollow Al-STW-h nanocrystals with Al gradient is 

rather rare. 

 

Figure 3. Evolution profiles of (a) normalized Al 2p XPS peak intensity with Ar-

ion sputtering time, and (b) the Si/Al ratio as a function of Ar-ion etch depth 

and etch time of Al-STW-h. (c) STEM-EDS mapping images of Al-STW-h: Si 

(blue), O (green), Al (yellow), and F (red). 

The morphology evolution of sample Al-STW-h synthesized 

at different crystallization time is shown in Figure 4. At the initial 
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crystallization stage (1 day), the precursor formed uniform 

wormlike nanoparticles of about 30  70 nm2 in size (Figure 4a, 

4f). The PXRD analyses showed that precursor nanoparticles 

were amorphous (Figure S13). After further incubation, the 

nanoparticles aggregated and formed larger agglomerates, 

where  



RESEARCH ARTICLE    

5 

 

 

Figure 4. SEM and TEM images of sample Al-STW-h synthesized for different time: 1 d (a, f), 4 d (b, g), 8 d (c, h), 12 d (d, i), and 15 d (e, j). Insets in (c) and (d) 

show broken crystals.  

the crystal nucleation and growth began.[17] SEM and TEM 

images showed the appearance of aligned zeolite nanocrystals 

on the periphery of the agglomerates after 4 days, while the 

inner core was still amorphous as evidenced by PXRD and 

selected-area electron diffraction (SAED) patterns (Figures 4b, 

4g, S13 and S14). This is in accordance with the observations 

that zeolite crystals nucleate on the periphery of the aggregated 

amorphous gels.[18] Interestingly, the agglomerates exhibited 

aluminum concentration gradient, with the surface STW zeolite 

nanocrystals being highly siliceous (Si/Al  583) and the 

amorphous core being Al-rich (Si/Al  76) (Figure S14). Upon 

further crystallization, the agglomerates’ shape became regular 

(bipyramid-like type) and the surface turned smoother, but the 

interior was disordered as demonstrated (see sample obtained 

after 8 days, Figure 4c, 4h). As crystallization time increased 

from 8 to 12 days, hollow cavities inside the agglomerates 

appeared while the overall size of the agglomerates remained 

approximately constant (Figures 4d, 4i and S13); this suggests 

that the nutrients for the crystal growth were primarily supplied 

by the inside of the agglomerates. With the crystallization time 

increasing from 12 to 15 days, the internal gel nutrients within 

the agglomerates were continuously crystallized, leaving larger 

inner cavities (Figure 4e, 4j). In comparison, the crystallization of 

Al-STW-s is different from that of Al-STW-h. With the help of 

seeds, the crystal nucleus of Al-STW-s formed rapidly and grew 

into regular single crystals (Figure S15 and S16). 

The different crystallization profiles of Al-STW-s and Al-

STW-h suggested that the formation of Al-STW-h zeolite was 

likely due to its unique synthetic gel compositions with an 

alkalinous fluoride medium (F/OH = 0.3). It is known that the 

fluoride ion is favorable to the crystallization of zeolite STW 

zeolite.[12] Additional experiments showed that the siliceous STW 

zeolite began to crystallize after 1 d under similar conditions, 

much faster than the Al-rich STW (Figure S17). Therefore, we 

postulated that during the crystallization of Al-STW-h, the 

nucleation and crystal growth of highly siliceous F-rich STW 

zeolite took place first and preferentially on the outer surface of 

the gel agglomerates (Figure 3c and Scheme S1), where the 

soluble siliceous species and fluoride ions were more readily 

accessible. After depletion of the soluble nutrients, the highly 

siliceous STW zeolite nanocrystals on the surface of the 

agglomerates started to act as seeds to facilitate the 

crystallization of the F-deficient, Al-rich gels in the core. The 

crystallization of the internal loosely-packed Al-rich amorphous 

gels onto the inner surface of zeolite nanocrystal shells led to 

the formation of the Al-gradient zeolite crystals, and also created 

hollow cavities in the core of the zeolite crystals. Single crystals 

of Al-STW-h were formed as a result of oriented attachment and 

intergrowth of adjacent nanocrystals within each agglomerate.[19] 

The crystallization process of Al-STW-h can also be inferred 

from the porosity of the samples at different stages (Figures S18 

and S19, Table S5). Pore size distribution profiles showed the 

appearance and increase in proportion of the uniform 

micropores of 5.6 Å in diameter, indicative of the nucleation and 

growth of zeolite STW. Upon increasing the crystallization time, 

the disordered mesopores of 2-200 nm owing to the presence of 

amorphous species gradually disappeared. Prolonged 

crystallization led to the reappearance of mesopores and 

macropores, due to the formation of inner cavities within zeolite 

crystals (Figure S19).  

The catalytic performance of Al-STW on TAM reaction was 

evaluated by comparison with that of MFI catalysts. As shown in 

Figure 5, Al-STW-s showed a high p-xylene selectivity of 90%, 

which is mainly attributed to its weak external acidity because of 

low external/total (E/T) surface ratio of 7.3% (Table S2). Another 

reason is the unique topological feature of the STW zeolite 

consisting of helical 10-MR channels (5.8 × 5.5 Å2) and straight 

8-MR channels (4.5 × 3.2 Å2). The latter is too small for most 

aromatics to pass through. The helical 10-ring channels are 

primarily responsible for high p-xylene selectivity, as the zigzag 

(sinusoidal) channels have been proven to improve the shape-

selectivity for p-xylene.[3c, 3d, 20] However, Al-STW-s exhibited a 
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low toluene conversion of ca. 11.3% and gradually deactivated 

after 10 h of reaction. That is due to the one-dimensional 10-MR 

pore system of the STW zeolite more easily blocked by coking. 

In comparison, ZSM-5-n93 exhibited a higher toluene 

conversion (23.5%) and longer catalytic life (24 h), which is 

attributed to its remarkable acidity and the two-dimensional 10-

MR channels. However, ZSM-5-n93 showed a low p-xylene 

selectivity of ca. 30%, close to the thermodynamic equilibrium of 

xylene isomers (~24%),[3c, 21] owing to its prominent external 

acidity (Table S2). Nanozeolite H-ZSM-5 (Si/Al = 138, named as 

ZSM-5-n138) with less amount of strong acidity (131 µmol g1, 

similar to Al-STW-s and Al-STW-h with 118 and 127 µmol g1, 

respectively, see Figure S20 and Table S3) displayed a slightly 

higher p-xylene selectivity of 48.6% and improved catalytic 

lifetime (35 h) than ZSM-5-n93 (Figure S21). Moreover, core-

shell structured ZSM-5@silicalite-1 (Si/Al = 90, named ZSM-

5@S1, Figure S22 and S23) showed a higher p-xylene 

selectivity of 98.7% , a longer lifetime of 57 h, but a lower 

conversion of ca. 15%. The increase in p-xylene selectivity and 

lifetime from ZSM-n93 to ZSM-n138 to ZSM-5@S1 is mainly 

attributed to the decrease in external surface acidic sites (Figure 

S24), where the non-shape-selective reactions occur. The 

reduction of external acidic sites reduces generation of larger 

coke-forming aromatic species such as C9+ (Figure S25), 

thereby reducing deactivation.[5] Interestingly, Al-STW-h showed 

a high para-selectivity of ca. 93%, attributed to negligible 

external acidity caused by siliceous exterior. More importantly, 

Al-STW-h displayed a higher toluene conversion of 17.5% and a 

much longer lifetime of over 85 h than Al-STW-s or ZSM-5@S1. 

In contrast, the para-selectivity over the crushed Al-STW-h 

(Figure S26) decrease to 40.8%, accompanied by decreased 

lifetime of ca. 30 h. The results strongly suggest that the 

siliceous exterior and single-crystalline hierarchical hollow 

structure of Al-STW-h catalyst played an important role in 

enhancing para-selectivity and lifetime. 

 

Figure 5. p-Xylene selectivity and toluene conversion over Al-STW-s, ZSM-5-

n93, ZSM-5@S1, Al-STW-h, and crushed Al-STW-h catalysts at 400C, 2.0 

MPa, 2.5 h1
 WHSV, and a 3:1 toluene/methanol ratio. 

To further elucidate the extraordinary performance of the Al-

STW-h catalyst, characteristic diffusion timescale (R2/D), a proxy 

for effective internal diffusion time, was derived from transient 

sorption experiments with 2,3-dimethylbutane (Figure S27 and 

S28).[22] The R2/D value of Al-STW-h (2.3 ×103 s) is the smallest 

(Table S6), one order of magnitude smaller than that of ZSM-

5@S1 (3.08 ×104 s). This indicates that diffusion in Al-STW-h is 

much faster than in ZSM-5@S1 despite they have similar 

crystallite sizes, Si/Al ratio and inert external surface acidity. It is 

likely that the intracrystalline diffusion barriers from structural 

mismatch and the sole microporosity in ZSM-5@S1 led to 

increased diffusion limitations and thus reduced lifetime in TAM 

reactions.[7] On the other hand, the single-crystalline, 

hierarchical hollow structure of Al-STW-h dramatically reduced 

the diffusion limitations, which led to an enhanced catalyst 

lifetime. In addition, the large inner cavities of Al-STW-h not only 

shortened the mass transfer path but also afforded more coke 

deposition. In a word, Al-STW-h zeolite displayed extraordinarily 

high p-xylene reactivity and long lifetime amongst the modified 

zeolites reported in literature (Table S7), making it a good 

candidate for TAM. 

 

Conclusion 

In summary, we demonstrate a new strategy for constructing 

hollow single crystals of STW-type aluminosilicate zeolite 

containing large cavity and nano-sized siliceous shell. The 

hollow zeolite crystals possess nearly zero acidity on the 

external surface due to low-to-high aluminum gradient 

distribution from the surface to the core. The intrinsic inert 

external surface and unique structural features of the STW-type 

aluminosilicate zeolite resulted in high p-xylene selectivity, 

activity and stability in toluene alkylation with methanol. This 

work not only opens up a new way to the synthesis of high-

quality single-crystalline hollow zeolites, but also provides a 

synthesis strategy for regulating the Al gradient distribution in 

zeolites. 
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The hierarchical hollow single crystal STW-type zeolite was directly prepared in an alkalinous fluoride medium, which exhibits 

excellent catalytic performance in toluene methylation reactions to p-xylene. 

 

 
 

 


