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Abstract: Gamma-ray (g-ray) irradiation was introduced into
zeolite synthesis. The crystallization process of zeolite NaA,
NaY, Silicalite-1, and ZSM-5 were greatly accelerated. The
crystallization time of NaA zeolite was significantly decreased
to 18 h under g-ray irradiation at 20 8C, while more than 102 h
was needed for the conventional process. Unexpectedly, more
mesopores were created during this process, and thus the
adsorption capacity of CO2 increased by 6-fold compared to
the NaA prepared without g-ray irradiation. Solid experimental evidence and density function theory (DFT) calculations
demonstrated that hydroxyl free radicals (OH*) generated by
g-rays accelerated the crystallization of zeolite NaA. Besides
NaA, mesoporous ZSM-5 with MFI topology was also
successfully synthesized under g-ray irradiation, which possessed excellent catalytic performance for methanol conversion, suggesting the universality of this new synthetic strategy
for various zeolites.

Zeolites with well-defined pore structures, high surface area,
and hydrothermal stability have been widely used as adsorbents and catalysts in industrial processes.[1] Normally, most
zeolites are synthesized under hydrothermal conditions from
silicate or aluminosilicate gels.[2] The crystallization process
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generally involves a very complex sequence of steps, including
the formation of primary and secondary aluminosilicates and
silicates via polymerization, depolymerization, nucleation,
and crystal growth.[3] However, with this process it takes
a relatively long time to obtain zeolites with high crystallinity.
On the other hand, owing to the limited molecular transport
in these micropores of zeolite, samples exhibiting a hierarchical (micro/mesopore) architecture are gaining increased
interest. The mesopores are favorable for mass transfer,
while micropores provide active sites and shape selectivity.[4]
It remains a great challenge to rapidly crystallize the
mesoporous zeolites. Accelerating the nucleation process
was reported to be the most useful method to speed up the
crystallization of zeolites.[5] To achieve this, many scientists
have made great efforts in this field; for example, microwave[6] and plasma[7] have been selected to accelerate the
synthesis process. Recently, Yu and co-workers proposed that
the crystallization process of microporous zeolites could be
greatly accelerated by introducing the hydroxyl free radicals
(OH*) through the UV irradiation or Fentons reagent.[8]
Their theoretical calculations also showed that the activation
energies were lower when OH* was present in the alkaline
media, indicating that free radicals can increase the rate of Si
O bond-breaking, polymerization and depolymerization of
the gel during the nucleation process.[9] Among the various
methods, Gamma rays (g-rays) are effective to convert stable
molecules (M) into solvated electrons (es ) and highly
reactive free radicals (MC+).[10] For instance, H2O molecules
can be ionized and electronically excited at the timescale of
electronic transition, and the resulting positive radical ions
(H2OC+) will undergo an ion–molecule reaction and finally
form H3O+ and OH*,[11] and the latter can accelerate the
zeolite crystallization. Furthermore, g-rays can penetrate the
stainless-steel autoclave to reach the water inside (not
possible by UV irradiation methods) and generate a very
high concentration of OH* in a fraction of a microsecond. Up
to now, g-ray irradiation has been widely applied for food
sterilization and polymer synthesis in industry;[5, 12] however,
there is no report on the synthesis of zeolite using g-ray
irradiation.
Herein, we employ g-rays for the rapid synthesis of NaA
for the first time. As shown in Scheme 1, the initial
aluminosilicate gels were transferred to a stainless-steel
autoclave at room temperature (20 8C) under different dose
rates of g-rays. The detailed synthesis procedure was
described in ESI. Figure 1 a–c presents XRD patterns of
NaA prepared at various times under the dose rates of 0, 0.41,
and 6.10 kGy h 1, respectively. Figure 1 a shows that the
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Scheme 1. The fast synthesis of NaA through g-ray irradiation.

Figure 1. XRD patterns of NaA synthesized with g-rays dose rates of
a) 0, b) 0.41 kGy h 1, and c) 6.10 kGy h 1 for various time; and d) crystallization curves of NaA under different g-ray dose rates of 0, 0.41,
1.63, 6.10 kGy h 1.

sample is primarily amorphous when the gel crystallized for
less than 78 h at pH 13.6 without g-rays, and very weak peaks
associated with NaA structure start to appear after 102 h. In
contrast, under mild irradiant conditions (0.41 kGy h 1),
40.5 h of crystallization has already led to apparent diffraction
peaks of NaA crystal structure (LTA type)[13] shown in
Figure 1 b. The peak intensity increases with prolonged
crystallization time from XRD patterns, and no obvious
changes can be found any more after 45 h (Supporting
Information, Figure S1), indicating the completion of zeolite
growth.[14] These results demonstrate that g-ray irradiation
does greatly accelerate the crystallization of NaA, which may
be attributed to the resultant OH* in starting gels during the
irradiation process. To further validate these results, g-ray
irradiation with different dose rates was introduced in order
to vary the OH* concentration. Well-crystallized NaA
samples were obtained at 40.5 h and 18 h after irradiation at
1.63 (Supporting Information, Figure S2) and 6.10 kGy h 1
(Figure 1 c), respectively. Figure 1 d shows the crystallization
curves for the NaA under different dose rates. The peak
intensity significantly increases with the increase of the g-ray
dose at the same irradiation time. Calculations show that the
irradiation dose for 18 h under 6.10 kGy h 1 is 109.8 kGy,
while that for 67.5 h under 1.63 kGy h 1 is 110.03 kGy.
Although the total irradiation dose is similar, the diffraction
intensity of the sample synthesized under the higher dose rate
is much higher, and also the crystallization time is much
shorter, indicating that increasing intensity of g-ray irradiation is effective in accelerating zeolite crystallization.
SEM images were taken to investigate the morphology of
the as-synthesized NaA prepared with different dose rates of
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g-rays at various time (Figure 2; Supporting Information,
Figures S4,S5). The SEM images of the sample synthesized
without g-rays at different time is shown in the Supporting
Information, Figure S4. It remains amorphous until 40 h.
There are some spheres formed from 68 h. After crystallization for 102 h, the sample exhibits a primary spherical phase
(Figure 2 a). After being irradiated with 6.10 kGy h 1 for 18 h,
cube-like NaA crystals appear in Figure 2 b by consuming the
spherical phase. Furthermore, most of the spherical phase was
into cubic crystals (ca. 200 nm) after prolonging the irradiation time to 45 h. Even under a lower dose rate (0.41 and
1.63 kGy h 1) at 45 h, the samples also present cubic crystals
(Supporting Information, Figure S5). Figure 2 c shows a TEM
image of a typical cube-like particle of zeolite. The inset in
Figure 2 d shows that the obtained cubes are standard single
crystals viewed along the [100] zone axis.[15] TEM images
(Supporting Information, Figure S6) confirm that highly
crystalline NaA zeolite was obtained at different crystallization time under g-ray irradiation, while some mesopores can
also be observed in the crystals, which is probably due to the
fast kinetic control of primary nanoparticles aggregation.
Textural data of NaA prepared with the dose rates of 0,
0.41, 1.63 and 6.10 kGy h 1 for 40.5 h were measured by N2
adsorption–desorption isotherms. As illustrated in the Supporting Information, Figure S7, NaA-0 exhibits the least N2
volume absorbed due to the existence of amorphous phase
inferred from Figure 1 a. NaA-0.41, NaA-1.63, and NaA-6.10
show much higher N2 uptakes near P/P0 = 0 owing to the
microporous structure, indicating that highly crystalline NaA
were formed with the g-ray irradiation. A remarkable difference among these isotherms appears at P/P0 > 0.4. The
increased uptakes at the medium-pressure region of P/P0 =
0.4–0.9 are interpreted as capillary condensation in the
mesopores of the samples of NaA under g-ray irradiation.
The inset in the Supporting Information, Figure S7 shows that
the pore size centered at about 3.7 nm and 3.6 nm for NaA1.63 and NaA-6.1, respectively. Textual data summarized in
the Supporting Information, Table S1 illustrates that NaA-

Figure 2. SEM images of NaA prepared with the dose rate of
a) 0 kGy h 1 for 102 h, b) 6.10 kGy h 1 for 18 h, c) 6.10 kGy h 1 for 45 h,
and d) HRTEM image of NaA in (c); inset: corresponding electron
diffraction pattern.
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0.41 has a low specific surface area of 74 m2 g 1, while NaA1.63 and NaA-6.10 exhibit much higher specific surface area
(156 m2 g 1 and 157 m2 g 1, respectively) owing to their high
crystallinity. The micropore volume of these samples remains
around 0.03 cm3 g 1 while the mesopore volume increases
from 0.05 to 0.12 cm3 g 1 and finally to 0.13 cm3 g 1, and the
corresponding total pore volume increases from 0.08 to 0.15
and 0.16 cm3 g 1, respectively.
We note that the crystallization of zeolite under no g-ray
irradiation was investigated by many researchers.[16] It is
generally understood to involve the following steps: polymerization, depolymerization, and repolymerization, which
comprise the nucleation and crystal growth processes. As
illustrated in Figure 3 a, under g-ray irradiation water present
in the synthesis process can undergo ionization and ion–
molecule reaction to generate hydroxyl free radicals (OH*).
Thus, when the raw material is dissolved in NaOH solution, it
leads to the formation of Si(OH)4, Si O Si and Al(OH)4
units in the gel solution and Si(OH)4 can react with hydroxyl
free radicals to form Si(OH)3O*.[8] The first stage of the
nucleation process of NaA is the dimerization reaction, which
is initiated by the condensation reaction of the Si(OH)3O*

Figure 3. a) The accelerated synthesis mechanism of NaA through gray irradiation. b) Gibbs free-energy profiles for the depolymerization
of silicate by hydroxide anion (red) and hydroxyl free radical (blue)
calculated at the B3LYP/cc-pVDZ level with solvation.
Angew. Chem. Int. Ed. 2020, 59, 11325 –11329
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and Al(OH)4 monomers to produce the AlSiO(OH)6*
dimer. Because AlSiO(OH)6* dimer is thermodynamically
more stable than both Si2O(OH)6 and Al2O(OH)62 by the
calculated energies of the dimerization reactions.[17] In the
third step, two Al O Si form the tetramer (Si Al Si Al)
and 4ring cyclization. Among the nucleation of zeolite A, the
4ring species are the crucial species and probably the main
initial stage in the crystallization process. Then, the 4ring can
combine with another 4ring to form bi4ring, 4-4ring, tri4ring,
or openD4R by internal condensation.[17] Finally the D4R was
obtained, which could be assembled to result in NaA crystal
structure. Furthermore, 29Si MAS NMR spectra (Supporting
Information, Figures S8,S9) show that there is a relatively
broad peak centered at 84 ppm which is related to the D4R
species in the initial crystallization period.[16b] By increasing
the crystallization time, the peak at 84 ppm was shifted to
89 ppm (Supporting Information, Figure S9). The peak at
89 ppm is attributed to Si(4Al) species in the a-cage of
zeolite A.[18] Thus, the overall mechanism of the nucleation of
NaA is via dimer, tetramer, 4ring, 4-4ring, tri4ring, openD4R,
D4R, and NaA crystal. The crystallization curves (Figure 1 d)
and 29Si MAS NMR spectra (Supporting Information, Figures S8,S9) show that the induction period under g-ray irradiation is much shorter than that without irradiation, which
suggests that g-ray irradiation plays an important role in
accelerating the nucleation stage. The slopes of the crystallization curves of NaA (Figure 1 d) under different dose rates
are quite different, suggesting different growth rates during
the crystal growth period. The higher the intensity of g-ray
irradiation, the faster the crystal growth. Thus, both the
nucleation and crystal growth processes can be accelerated
with the help of OH* under g-ray irradiation.
To further elucidate the role of the OH* in accelerating
the nucleation stage, we performed density function theory
(DFT) calculations with a hybrid exchange-correlation functional (B3LYP) and the valence-polarized double-zeta basis
set (cc-pVDZ).[19] The solvation effect of water in the reaction
was treated with the integral equation formalism of the
polarizable continuum model (IEFPCM).[20] Under the very
basic conditions used in the synthesis process, the silicate was
modeled by the Si2O7HNa5 molecule, which can be understood as (NaO)3Si O Si(ONa)2(OH), although each Na+ ion
usually interacts with more than one O atom, and the
depolymerization reaction was induced by its reaction with
either the hydroxide (OH ) anion from the NaOH solution or
the hydroxyl free radicals (OH*) generated from g-ray
irradiation. The above molecular and reaction models are
similar to those used in previous studies.[8, 9] We calculated the
Gibbs free energy profile of the depolymerization reaction by
breaking of Si O Si bonds in the presence of OH or OH* to
form two monomers. As shown in Figure 3 b, for the reaction
with OH , the incoming OH group firstly attaches to the
silicate dimer via TS-1a, which has a pentacoordinate structure and results in a pentacoordinate intermediate IM-2a.
This step is the most difficult step (red line) with a free energy
barrier of 14.1 kcal mol 1 and an endothermicity of 9.7 kcal
mol 1. In contrast, the reaction of the silicate dimer with the
OH* radical (blue line) was predicted to follow a similar
pathway, but the formation of the pentacoordinate inter-
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mediate IM-2b involves no free energy barrier and has an
exothermicity of 3.8 kcal mol 1, suggesting that the reaction
with the OH* radical is much faster than that with the OH
anion. Further hydrogen transfer occurs in the above
intermediates (IM-2a and IM-2b), which promotes the
dissociation of the Si O Si bond and generates the monomeric species IM-4a via TS-3a with a much lower free energy
barrier of 3.3 kcal mol 1. Similar structures are shown in the
reaction of the (NaO)3Si-O-Si(ONa)2(OH) model with OH*
(Figure 3 b, blue line), and the depolymerization reaction by
the OH* was found to involve much lower energy barrier than
that by the OH . In fact, all the intermediate states in the
reaction with OH*, that is, IM-1b, IM-2b, IM-3b, and IM-4b
are much more stable than those in the reaction with OH ,
showing that deploymerization by the OH* is thermodynamically and kinetically favored to that by the OH . Furthermore, the formation of new Si O Si bonds is the reverse
reaction of the above process, and our calculations suggest
that the OH* can also accelerate the reverse reaction (that is,
polymerization), as the reverse free energy barrier (17.2 kcal
mol 1) is again much lower than that for the reverse reaction
with OH (27.3 kcal mol 1).
CO2 is one of the most important greenhouse gases, whose
capture by adsorption using different materials is of significant interest. Thus, we further investigated the CO2 adsorption capacity of our prepared samples. It can be observed
from Figure 4 that CO2 adsorption capacity increases greatly
on the samples with g-ray irradiation. The CO2 adsorption
capacity is only 1.87 wt % on NaA-0 from the simulated flue
gas (15 vol % CO2/85 vol % N2), while it increases sharply to
5.65 wt % on NaA-0.41. The adsorption capacity increases
further to 6.36 wt % on NaA-1.63, and to 7.88 wt % on NaA6.1, which is more than four times than that of NaA without gray irradiation. Similar phenomenon was observed on the
adsorption of pure CO2. The adsorption capacity of CO2 is
1.98 wt % on NaA-0 while 12.83 wt % on NaA-6.1 (more than
6-fold increase) was observed under the pure CO2 condition.
The excellent adsorption capability on NaA after g-ray
irradiation possibly come from the accelerated crystallization
process, which led to the formation of mesopores.

Figure 4. CO2 adsorption capacity on prepared NaA from the pure CO2
and simulated flue gas (15 vol % CO2/N2).
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We further extended this method to prepare other type of
zeolite, such as silicalite-1 (MFI), NaY (FAU) and ZSM-5
(MFI). The synthesis procedure of silicalite-1, NaY, and ZSM5 with/without g-ray irradiation were described in ESI. The
crystallinity of the prepared silicalite-1 and NaY samples
increases significantly under g-ray irradiation (Supporting
Information, Figures S10–S13), and the yields of silicalite-1 at
different crystallization time under g-ray irradiation also
remarkably improve compared with that under no g-ray
irradiation (Supporting Information, Figure S11). The SEM
and TEM images of silicalite-1 recovered at the end of
crystallization with/without g-ray irradiation are displayed in
the Supporting Information, Figure S14. Fentons reagent can
also generate OH*, and we investigated the crystallization
process of silicalite-1 in the presence of Fenton reagent (H2O2
and FeSO4). It indicates that the relative crystallinity of
silicalite-1 increases with the addition of Fentons reagent
(Supporting Information, Figure S15). And the higher concentration of H2O2, the faster the crystallization of silicalite1 in our experiment shown in the Supporting Information,
Figure S16. The sample HZSM-5-0 (without g-ray irradiation,
Si/Al = 62) is primarily amorphous from Figure S17a, whereas
the sample synthesized under g-ray irradiation of 4.16 kGy h 1
(denoted as HZSM-5-4.16, Si/Al = 60) presents MFI structure
of typical ZSM-5 zeolite from XRD (Supporting Information,
Figure S17b). Moreover, some mesoporous structure was
created from BET analysis (Supporting Information, Figure S18 and Table S2) after g-ray irradiation, and both
Pyridine IR spectra and 1H MAS NMR[21] show that the
amount of Brønsted acid sites increased after the g-ray
irradiation (Supporting Information, Figures S20, S21 and
Table S3). Methanol to gasoline (MTG) technology, which
relies on nonpetroleum resources, has been considered as an
increasingly important route in replacing petroleum. The
MTG reaction on HZSM-5-0 and HZSM-5-4.16 respectively
(Supporting Information, Figure S22), under the reaction
conditions of 1 atm, 370 8C and methanol WHSV of 2 h 1, and
the gross yield of gasoline (C5+) of HZSM-5-4.16 is about
12 % higher than that on HZSM-5-0 (66.94 % vs. 54.98 %). It
has excellent catalytic performance on MTG reaction compared with other hierarchical zeolites summarized in the
Supporting Information, Table S4. Furthermore, the yield of
aromatics over HZSM-5-4.16 increases to 35.59 %, which is
more than twice of that on HZSM-5-0 (16.75 %). The larger
amount of strong Brønsted acid sites in HZSM-5-4.16 from gray irradiation are crucial for the high aromatic yield. More
importantly, the lifetime of HZSM-5-4.16 was doubled due to
the faster mass transfer from the hierarchical (micro/mesopore) architecture after g-ray irradiation.
In summary, by introducing g-ray irradiation into the
zeolite crystallization process, the crystallization of NaA
(LTA type), NaY (FAU type), Silicalite-1 (MFI type), and
ZSM-5 (MFI type) were greatly accelerated with the help of
the resultant OH* radicals. The crystallization time of NaA
was dramatically decreased to only 18 h even at room
temperature, which is much shorter than that of the conventional method without g-ray irradiation. Furthermore, g-ray
irradiation resulted in a larger pore volume and higher
specific surface area in NaA, which drastically improved its
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adsorption capability. The CO2 adsorption capacity increased
from 1.88 wt % to 7.88 wt % (a 4-fold increase) for simulated
flue gas, and from 1.98 wt % to 12.83 wt % (a 6-fold increase)
with pure CO2. Interestingly, ZSM-5 could be synthesized at
the low temperature of 90 8C, which was almost impossible
without g-ray irradiation. Furthermore, more mesopores
formed, and a larger amount of Brønsted acid sites were
obtained on HZSM-5 after g-ray irradiation, which significantly enhanced mass transfer and catalytic performance on
MTG. It led to the increase of the C5+ yield from 54.98 % to
66.94 %. Meanwhile, the lifetime of the MTG catalyst was
more than doubled after the g-ray irradiation. The g-ray
irradiation route sheds a light into the rapid synthesis of
mesoporous zeolites with improving adsorption and catalytic
performance.

[4]

[5]
[6]

[7]
[8]
[9]
[10]

Acknowledgements

[11]

The authors acknowledge the financial supports from NSFC
(No. 21776295, 21573074, 21872053), Youth Innovation
Promotion Association, CAS (No.2017355), Strategic Priority
Research Program of the Chinese Academy of Sciences
(XDA21090204) and Shanghai Functional Platform for Innovation Low Carbon Technology.

[12]

[13]
[14]
[15]

Conflict of interest
The authors declare no conflict of interest.

[16]

Keywords: g-ray irradiation · hydroxyl free radicals ·
synthetic methods · zeolites
[1] a) A. Corma, Chem. Rev. 1997, 97, 2373 – 2419; b) M. E. Davis,
Nature 2002, 417, 813 – 821; c) X. Meng, F. S. Xiao, Chem. Rev.
2014, 114, 663 – 701; d) U. Olsbye, S. Svelle, M. Bjorgen, P. Beato,
T. V. Janssens, F. Joensen, S. Bordiga, K. P. Lillerud, Angew.
Chem. Int. Ed. 2012, 51, 5810 – 5831; Angew. Chem. 2012, 124,
5910 – 5933; e) Q. Zhang, S. Bolisetty, Y. Cao, S. Handschin, J.
Adamcik, Q. Peng, R. Mezzenga, Angew. Chem. Int. Ed. 2019,
58, 6012 – 6016; Angew. Chem. 2019, 131, 6073 – 6077; f) X. Yu,
C. Zhou, X. Chen, P. Gao, M. Qiu, W. Xue, C. Yang, H. Zhao, H.
Liu, Z. Liu, Y. Sun, ChemCatChem 2018, 10, 5619 – 5626; g) D.
Wu, X. Yu, X. Chen, G. Yu, K. Zhang, M. Qiu, W. Xue, C. Yang,
Z. Liu, Y. Sun, ChemSusChem 2019, 12, 3871 – 3877.
[2] a) E. R. Cooper, C. D. Andrews, P. S. Wheatley, P. B. Webb, P.
Wormald, R. E. Morris, Nature 2004, 430, 1012 – 1016; b) C. S.
Cundy, P. A. Cox, Chem. Rev. 2003, 103, 663 – 701; c) Y. Li, J. Yu,
Chem. Rev. 2014, 114, 7268 – 7316; d) V. Vattipalli, A. M. Paracha, W. Hu, H. Chen, W. Fan, Angew. Chem. Int. Ed. 2018, 57,
3607 – 3611; Angew. Chem. 2018, 130, 3669 – 3673; e) X. Meng, F.
Nawaz, F. S. Xiao, Nano Today 2009, 4, 292 – 301.
[3] a) J. Yao, D. Li, X. Zhang, C. H. Kong, W. Yue, W. Zhou, H.
Wang, Angew. Chem. Int. Ed. 2008, 47, 8397 – 8399; Angew.

Angew. Chem. Int. Ed. 2020, 59, 11325 –11329

[17]

[18]
[19]
[20]
[21]

Angewandte

Chemie

Chem. 2008, 120, 8525 – 8527; b) W. Fan, M. Ogura, G. Sankar, T.
Okubo, Chem. Mater. 2007, 19, 1906.
J. C. Groen, W. Zhu, S. Brouwer, S. J. Huynink, F. Kapteijn, J. A.
Moulijn, J. Perez-Ramirez, J. Am. Chem. Soc. 2007, 129, 355 –
360.
R. Xu, W. Pang, J. Yu, Q. Huo, J. Chen, Chemistry of Zeolite and
Related Porous Materials, Wiley-VCH, Singapore, 2007.
a) W. C. Conner, G. Tompsett, K. H. Lee, K. S. Yngvesson, J.
Phys. Chem. B 2004, 108, 13913; b) Q. Li, D. Creaser, J. Sterte,
Chem. Mater. 2002, 14, 1319 – 1324; c) Y. K. Hwang, J. S. Chang,
E. E. Park, Y. U. Kwon, S. H. Jhung, J. S. Hwang, M. S. Park,
Angew. Chem. Int. Ed. 2005, 44, 556; Angew. Chem. 2005, 117,
562.
J. Huang, J. Hu, W. Du, H. Liu, F. Qian, M. Wang, J. Mater.
Chem. A 2017, 5, 18801 – 18807.
G. Feng, P. Cheng, W. Yan, M. Boronat, X. Li, J. H. Su, J. Wang,
Y. Li, A. Corma, R. Xu, J. Yu, Science 2016, 351, 1188 – 1191.
G. Feng, J. Y. Wang, M. Boronat, Y. Li, J. H. Sun, J. Huang, Y. H.
Ma, J. Yu, J. Am. Chem. Soc. 2018, 140, 4770 – 4773.
C. Ferradini, J. P. Jay-Gerin, Res. Chem. Intermed. 2000, 26, 549 –
565.
M. Spotheim-Maurizot, M. Mostafavi, T. Douki, J. Belloni,
Radiation Chemistry—from basics to applications in material and
life sciences, EDD Science France, Paris, 2008.
a) Y. Yu, J. Wang, Food Res. Int. 2007, 40, 297 – 303; A. Atta, S.
Lotfy, E. Abdeltwab, J. Appl. Polym. Sci. 2018, 135, 46647;
b) Y. M. Lim, H. J. Gwon, J. S. Park, Y. C. Nho, J. W. Shim, I. K.
Kwon, S. E. Kim, S. H. Baik, Macromol. Res. 2011, 19, 436 – 441.
M. Alkan, C. Hopa, Z. Yilmaz, H. Guler, Microporous
Mesoporous Mater. 2005, 86, 176 – 184.
C. A. Emeis, J. Catal. 1993, 141, 347 – 354.
J. Yao, D. Li, X. Zhang, C. H. Kong, W. Yue, W. Zhou, H. Wang,
Angew. Chem. Int. Ed. 2008, 47, 8397 – 8399; Angew. Chem.
2008, 120, 8525 – 8527.
a) A. I. Lupulescu, J. D. Rimer, Science 2014, 344, 729 – 732; b) J.
Shi, M. W. Anderson, Chem. Mater. 1996, 8, 369 – 375; c) P.
Cubillas, S. M. Stevens, N. Blake, A. Umemura, C. B. Chong, O.
Terasaki, M. W. Anderson, J. Phys. Chem. C 2011, 115, 12567 –
12574; d) V. Van Speybroeck, K. Hemelsoet, L. Joos, M.
Waroquier, R. G. Bell, C. R. A. Catlow, Chem. Soc. Rev. 2015,
44, 7044 – 7111.
a) C. S. Yang, J. M. Mora-Fonz, C. R. A. Catlow, J. Phys. Chem.
C 2013, 117, 24796 – 24803; b) M. J. Mora-Fonz, C. R. A. Catlow,
D. W. Lewis, Angew. Chem. Int. Ed. 2005, 44, 3082 – 3086;
Angew. Chem. 2005, 117, 3142 – 3146; c) C. S. Yang, J. M. MoraFonz, C. R. A. Catlow, J. Phys. Chem. C 2011, 115, 24102 – 24114.
L. Ren, C. Li, Y. F. Fan, Q. Guo, D. Liang, Z. Feng, C. Li, S. Li,
F. S. Xiao, Chem. Eur. J. 2011, 17, 6162 – 6169.
a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648 – 5652; b) T. H.
Dunning, Jr., J. Chem. Phys. 1989, 90, 1007 – 1023.
J. Tomasi, B. Mennucci, R. Cammi, Chem. Rev. 2005, 105, 2999 –
3093.
a) D. Freeman, R. P. K. Wells, G. J. Hutchings, J. Catal. 2002, 205,
358 – 365; b) A. Corma, J. Catal. 2003, 216, 298 – 312.

Manuscript received: February 25, 2020
Accepted manuscript online: March 30, 2020
Version of record online: April 28, 2020

 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

11329

