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Abstract

By using dehydroabietyltrimethyl ammonium bromine (DTAB), a novel rosin-derived quater-
nary ammonium salt, as template and peroxotitanium acid as precursor, ordered lamellar
supermicroporous titania has been synthesized via a hydrothermal process. The template
agent:titanium source molar ratio in the synthesis system and the hydrothermal temperature
have great impact on the microstructure characteristics of the samples. The increase of
DTAB:TiO, molar ratio from 0.04:1 to 0.10:1 is favorable to the increase of regularity of pore
structures, but has no significant effects on the crystalline structures. The increase of the
hydrothermal temperature from 343 to 393 K can induce an increase in crystallinity of the
samples. However, the exorbitant hydrothermal temperature will reduce the regularity of
pore structures. When the mole ratio of DTAB:TiO, is 0.10:1 and the hydrothermal tempera-
ture is 373 K, the as-synthesized sample possesses pore structure with the highest level of
long-range order, as well as pore wall with semicrystallized anatase phase. The pore size
and the pore wall thickness are about 2.0 nm and 1.0 nm, respectively.

Introduction

Since M41S type molecular sieves were firstly synthesized in 1992,[1, 2] mesoporous materials
have received enormous attention. Through the soft-templating route, different kinds of meso-
porous materials were successfully fabricated.[3-9] Such materials possessing pore sizes larger
than 2.7 nm are of great interest as they can lead to fast diffusion for the large-molecules that
cannot access the pores of microporous zeolites. However, the pore sizes of mesoporous mate-
rials are too large to exhibit effective shape-selectivity in most of separation or catalytic pro-
cesses.[10] Supermicroporous materials with pore sizes ranging from 1.2 to 2.7 nm may be
more suitable for such tasks.[11] Because the hydrophobic chain lengths of surfactants have
great effects on the pore sizes of mesoporous materials (M41S), surfactants with shorter hydro-
phobic chains were applied in the synthesis of ordered supermicroporous materials. However,
due to the weak self-assembly abilities of such surfactants, the resulted materials usually pos-
sessed less ordered structures.[12-14] To overcome the problems mentioned above, three
kinds of strategies were suggested, namely applying post-synthesis method,[15, 16] using a

PLOS ONE | https://doi.org/10.1371/journal.pone.0180178  June 30, 2017

1/12


https://doi.org/10.1371/journal.pone.0180178
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0180178&domain=pdf&date_stamp=2017-06-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0180178&domain=pdf&date_stamp=2017-06-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0180178&domain=pdf&date_stamp=2017-06-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0180178&domain=pdf&date_stamp=2017-06-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0180178&domain=pdf&date_stamp=2017-06-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0180178&domain=pdf&date_stamp=2017-06-30
https://doi.org/10.1371/journal.pone.0180178
https://doi.org/10.1371/journal.pone.0180178
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

Ordered lamellar supermicroporous titania

study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

mixing templating system[17-19] and adopting elaborately designed template (w-hydroxy-
bolaform surfactants,[20, 21] Gemini surfactants,[22, 23] semifluorinated surfactants,[24]
rigid-core surfactants,[25] ionic liquids[26, 27]). Although a few works have achieved the syn-
thesis of ordered supermicroporous materials, the obtained materials were limited to silica-
based materials. As a promising semiconductor, TiO, has been widely used in the areas of cata-
lyst supports, photocatalysis, sensors, solar cells and lithium-ion batteries.[28-32] Most of
these applications require ordered pore structures and large surface areas.[33] Therefore,
ordered mesoporous TiO, is of particular interest in these fields. Great efforts have been made
to produce ordered mesoporous TiO, by using various template agents.[34-36] However, the
successful synthesis of ordered supermicroporous titanias has rarely been reported yet. Chan-
dra et al.[37] firstly introduced the synthesis of supermicroporous TiO,. Because titanium can
easily form chelating complex with chelating ligands, two kinds of chelating agents, dodecyl-
2-pyridinyl-methylamine and hexadecyl-2-pyridinyl-methylamine, were synthesized as the
template agents. The synthesized materials showed enormous surface areas of 604-634 m>/g
and narrow supermicropores of 1.4-1.68 nm. Unfortunately, the resulted TiO, materials
exhibited wormbhole-like structures. It is of great significance to synthesize supermicroporous
TiO, with long-range order.

Our group has recently demonstrated the synthesis of ordered hexagonal supermicropor-
ous silicas by using a kind of rosin-derived quaternary ammonium salt, dehydroabietyltri-
methyl ammonium bromine (DTAB), as the template.[38] Such surfactant has a three-ring-
phenanthrene-like hydrophobic group. Its strong self-assembly ability guarantees the con-
struction of an ordered structure, while its smaller molecular size ensures the pore sizes of
materials within the supermicropore range. In addition, rosin is a mixture of natural terpe-
noids extracted from pine trees. The renewable and low toxic properties of rosin-derived sur-
factant DT AB make it an environment-friendly reagent for achieving sustainable processes.

In the present study, templated by DTAB, ordered lamellar supermicroporous TiO, was
synthesized. To the best of our knowledge, there have been no reports on the preparation of
ordered supermicroporous TiO,.

Materials and methods
2.1 Materials

Tetrabutyl titanate (TBOT, CP, >98%) was purchased from Shanghai Ling Feng Chemical
Reagent Co., Ltd. Tetramethylammonium hydroxide (TMAOH, AR) was provided by Sino-
pharm Chemical Reagent Co., Ltd. The H,O, (AR) was purchased from Shanghai Pilot Test
Chemical Industry Co., Ltd. Dehydroabietyltrimethyl ammonium bromine (short for DTAB)
was self-synthesized according to Fig 1. The detailed synthesis process of the surfactant has
been described in literature[38]. The "H NMR spectrum of DTAB is shown in S1 File.

2.2 Experiment

2.2.1 Synthesis of ordered lamellar supermicroporous TiO,. The peroxotitanium acid
precursor was synthesized according to the literature [39]. In a typical procedure, 4.356 g tetra-
butyl titanate(12.5 mmol) was slowly added to the 25 g (1388.9 mmol) deionized water under
stirring at 288 K. After stirring for 0.5 h, 15 g H,O, (30% water solution, 132.3 mmol) was
added dropwise. The resulting mixture was further stirred for 5 h until peroxotitanium acid
([TiO,(OH)(H,0)]OH) was obtained. 0.2 g (0.5 mmol), 0.3 g (0.75 mmol), 0.4 g (1.0 mmol),
0.5 g (1.25 mmol) of DTAB were dissolved in the solution of 20 g TMAOH (25% water solu-
tion, 27.6 mmol) and 20 g (1111.1 mmol) deionized water at 311 K, respectively. The obtained
peroxotitanium acid was then added slowly into the above solution under stirring. The mole
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Fig 1. Synthesis route of dehydroabietyltrimethyl ammonium bromine.
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ratios of DTAB:TiO, in the synthesis systems were 0.04:1, 0.06:1, 0.08:1 and 0.10:1. After stir-
ring for 2 h, the suspension products were transferred into a Teflon-lined stainless steel auto-
clave and heated at 343 K, 353 K, 373 K or 393 K for 24 h. The solid was collected by suction
filtration using Buchner funnel and washed with water and ethanol for several times to remove
the impurities. The surfactants were removed by calciantion at 623 K for 2 h. The results are
labeled as T-X-Y, where T denotes titania, X denotes the mole ratio of DTAB:TiO,, and Y
denotes the hydrothermal temperature.

2.2.2 Characterization. Powder XRD patterns were acquired on an X-ray diffractometer
(D8 Focus, Bucker AXS Inc., Germany) with CuKea radiation (k = 0.15418 nm). The oper-
ating target voltage was 40 kV and the current was 40 mA. The suitable sample after grind-
ing was scanned at 26 ranging from 0.5° to 10° for small-angle XRD characterization and
10° to 80° for large-angle XRD characterization. Transmission electron microscopy (TEM)
images of the pore structures were observed on a JEOL JEM-2100 instrument (JEOL Ltd.,
Japan) operated at an accelerating voltage of 200 kV. The samples were dispersed under
ultrasonic in ethanol and then dropped with piette onto the carbon-coated copper grids
prior to the measurement. Fourier transform infrared spectroscopy spectra of the samples
were recorded with Nicolet iS10 spectrometer (Thermo Fisher Scientific Inc., USA). The
samples were grinded with KBr and pressed to prepare the pellets. Then the spectra were
conducted ranging from 4000 to 400 cm ™.

Results and discussion

3.1 Effects of mole ratios of DTAB:TiO» on the microstructure
characteristics of TiO,

Fig 2A shows the small-angle XRD patterns of the as-synthesized samples prepared with various
DTAB dosages. No diffraction peaks can be observed in the curve of the T-0.04-353 sample at
20 ranging from 0.5° to 10°, which indicates that it is difficult to achieve ordered porous struc-
ture with an exiguity dosage of the template agent. As the mole ratio of DTAB:TiO, increases to
0.06:1, the T-0.06-353 sample exhibits two diffraction peaks at 26 = 3.22° (dgo; = 2.74 nm) and
20 =6.49° (dgo, = 1.36 nm), which can be related to the 001 and 002 reflections of lamellar
phase. The interplanar spacing value of 001 plane is 2.74 nm, which is much smaller than that of
the MCM-50,[40] suggesting that ordered lamellar supermicroporous structure is obtained.
With the further adding of DTAB, diffraction peaks of the crystal planes are enhanced, revealing
that the increase of DT AB concentration is beneficial to the improvement of the regularity of
the products. As the mole ratio of DTAB:TiO, is 0.10:1, the sample shows the highest and sharp-
est peaks, indicating that the highest ordering degree of the pore structures is obtained. When
the mole ratio of DTAB:TiO, exceeds 0.10:1, the surfactant cannot be completely dissolved in
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Fig 2. Small-angle (a) and large-angle (b) XRD patterns of as-synthesized supermicroporous titanias prepared with different DTAB dosages.

https://doi.org/10.1371/journal.pone.0180178.9002

the reaction system. Therefore, the experiment was terminated. As can be seen from Fig 2B, all
the samples shows a broad peak around 260 = 25.00° together with a hump at 26 ranging from
40.00° to 55.00°, suggesting that amorphous phase obtained after the hydrothermal treatment at
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353 K for all the samples. There is no obvious difference among the large-angle XRD patterns of
the samples, indicating that the amount of the surfactant has no significant effects on the crystal-
line structure of the samples.

3.2 Effects of hydrothermal temperatures on microstructure
characteristics of TiO,

Small-angle XRD patterns of as-synthesized titanias fabricated at different hydrothermal tem-
peratures are shown in Fig 3A. When the hydrothermal temperatures are 343 and 353 K, both
of the two samples of T-0.10-343 and T-0.10-353 reveal only two diffraction peaks of 001 and
002 crystal planes. As the hydrothermal temperature increases to 373 K, the sample T-0.10-
373 exhibits three diffraction peaks of 001, 002 and 003 crystal planes, at 20 = 2.98° (dgo; =
2.96 nm), 6.23° (dgg, = 1.42 nm) and 9.09° (dgg3 = 0.97 nm), suggesting that highly ordered
lamellar supermicroporous structure is synthesized. When the hydrothermal temperature
increases to 393 K, the sample T-0.10-393 still presents three diffraction peaks. However, the
intensity of the peaks significantly decreases, indicating that the exorbitant hydrothermal tem-
perature will weaken the ordering degree of the products. It is worth noting that the small-
angle diffraction peaks of the samples shift to the left as a function of increasing hydrothermal
temperature, suggesting the expansion of unit-cell upon hydrothermal treatment at higher
temperature. Fig 3B shows the large-angle XRD patterns of as-synthesized samples treated at
different hydrothermal temperatures. As the hydrothermal temperature increases, the crystal-
linity of the as-synthesized titanias increases accordingly. When the hydrothermal temperature
is 373 K, the sample T-0.10-393 shows four board peaks at 20 = 26.36° (101), 38.88° (004),
48.25° (200) and 62.93° (204), which can be related to the semicrystallized anatase phase
(JCPDS, No. 21-1272). Upon the further increase of hydrothermal temperature to 393 K, the
intensity of the diffraction peaks for sample T-0.10-393 is enhanced slightly. Unfortunately,
the regularity of the pore structure decays at such higher hydrothermal temperature.

3.3 Effects of calcinations on microstructure characteristics of TiO»

Fig 4A illustrates the small-angle XRD patterns of the as-synthesized and calcined supermicro-
porous titanias. Just like all the other lamellar phase materials,[40, 41] the samples we synthe-
sized also possess poor heat stability. After the thermal treatment at 623 K, no diffraction peaks
can be observed in the small-angle XRD pattern due to the complete collapse of the pore chan-
nels. As can be seen in Fig 4B, the as-synthesized sample T-0.10-373 shows broad anatase
peaks, suggesting that semicrystallized anatase phase is obtained. After the calcination at 623
K, the sample T-0.10-373-623 displays much sharper and stronger peaks which can be indexed
to an anatase phase with high crystallinity.

3.4 The FTIR characterizations on surfactant and TiO»

Fig 5 plots the FTIR spectra of surfactant, as-synthesized and calcined samples. As for the
DTAB surfactant, the peak at 3010 cm’! belongs to the stretching vibration of Ar C-H, and the
peak at 1490 cm ™ belongs to the stretching vibration of Ar C = C. The peaks at 883 and 818
cm™ are due to the asymmetric tri-substituted benzene ring. The bands at 2950, 2860 and 1380
cm™ can be assigned to the stretching vibration of -CHj- or -CH,-. The bands at 3440 and
1640 cm™ are caused by the vibration of adsorbed water. It can be seen from the as-synthesized
sample T-0.10-373, the bands at 681 and 457 cm™" can be related to the Ti-O stretching vibra-
tion of anatase titania. The peaks with reduced intensity belonging to DTAB can be observed
in the as-synthesized sample, suggesting that the DTAB template agent is incorporated in the
pore of TiO,. After the calcination at 623 K, the bands caused by anatase titania still can be
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Fig 3. Small-angle (a) and large-angle (b) XRD patterns of as-synthesized supermicroporous titanias prepared at different hydrothermal temperatures.
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observed. Meanwhile, the peaks belonging to DTAB can barely be observed, indicating that
the DTAB surfactant is removed by the calcination.
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3.5 The TEM characterizations on TiO,

Fig 6 presents the TEM characterizations of the as-synthesized and calcined titanias. The sam-
ple T-0.06-353 (Fig 6A) shows radial pore structure with wormhole-like channels in some

PLOS ONE | https://doi.org/10.1371/journal.pone.0180178  June 30, 2017 7/12


https://doi.org/10.1371/journal.pone.0180178.g004
https://doi.org/10.1371/journal.pone.0180178

o @
@ : PLOS | ONE Ordered lamellar supermicroporous titania

120

T-0.10-373-623
llo_m e,
{00 ] T-0.10-373

90
80

:; J
>60_ o0
+ - —
™50 - A
S {DTAB 2
+ 40_
c 4
— 30 -
- (0}
20 1 214 2 "%
10 - Cﬁ -h% © oo
J S (&) ©
o (@) o
' |

0 ' | |
4000 3500 3000 2500

| | |
2000 1500 1000 500

Wavenumber (cm ')

Fig 5. FTIR spectra of surfactant, as-synthesized and calcined supermicroporous titanias.
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regions, which can be related to a lamellar phase without long-range order. After optimizing
the reaction parameters of DTAB dosage and hydrothermal temperature, the sample T-0.10-
373 (Fig 6C) displays parallel channels with long-range order, suggesting a practically ordered
lamellar phase is obtained. It can be seen that the pore size and the pore wall thickness are
about 2.0 nm and 1.0 nm, respectively. As for the sample T-0.10-393 (Fig 6E), the collapse
phenomenon of pore channels can be observed in partial regions as the hydrothermal temper-
ature increases to 393 K. After the calcination at 623 K, the ordered pore channels collapse
completely. It can be seen that the tunnel of the sample T-0.10-373-623 (Fig 6G) is formed by
the simple accumulation of nanometer grains. Such results are coincident with the small-angle
XRD characterizations. Fig 6B shows the electron diffraction pattern obtained from a selected
area of Fig 6A. No diffraction rings can be observed in the pattern, indicating the amorphous
phase is formed in this sample. Fig 6D shows ambiguous diffraction rings, suggesting the semi-
crystallized anatase phase is obtained after the hydrothermal treatment at 373 K. With the
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Fig 6. TEMimages (a, c, €, g) and electron diffraction patterns (b, d, f, h) of as-synthesized and calcined supermicroporous titanias (a, b: T-0.06—
353, ¢, d: T-0.10-373, e, f: T-0.10-393, g, h: T-0.10-373-623).

https://doi.org/10.1371/journal.pone.0180178.9006

increase of hydrothermal temperature from 373 K to 393 K, the diffraction rings (Fig 6F)
become clearer, suggesting the increase of the crystallinity. Upon the calcination at 623 K, the
diffraction rings become more distinct, and some bright spots can also be observed in Fig 6H,
which may be derived from the presence of highly crystallized nanometer grains. Such result is
also in good agreement with the results of large-angle XRD characterizations.

Conclusions

In summary, ordered lamellar supermicroporous titania has been synthesized by using rosin-
derived quaternary ammonium salt as template via a hydrothermal process. The results indi-
cate that the template agent: titanium source molar ratio in the synthesis system and the
hydrothermal temperature have great influences on the microstructure characteristics of the
titanias. The increase of template agent results in the improvement of regularity of pore struc-
tures, but has no significant effects on the crystalline structures. The increase of the hydrother-
mal temperature is beneficial to enhancing the crystallinity of the samples. However, the
exorbitant hydrothermal temperature will undermine the regularity of pore structures. As the
mole ratio of DTAB:TiO, is 0.10:1 and the hydrothermal temperature is 373 K, the as-synthe-
sized sample reveals the pore structure with the highest level of regularity, as well as pore wall
with semicrystallized anatase phase. The pore size of the sample is about 2.0 nm, and the pore
wall thickness is about 1.0 nm.

PLOS ONE | https://doi.org/10.1371/journal.pone.0180178  June 30, 2017 9/12


https://doi.org/10.1371/journal.pone.0180178.g006
https://doi.org/10.1371/journal.pone.0180178

@° PLOS | ONE

Ordered lamellar supermicroporous titania

Supporting information

S1 File. The '"H NMR spectrum of DTAB.
(PDF)

Acknowledgments

This work was supported by the National Natural Science Foundation of China (grant No.
31500484), the Natural Science Foundation of Jiangxi Province, China (grant No.
20151BAB214019 and 20161BAB204186) and the Open Foundation of Guangxi Key Labora-
tory of Chemistry and Engineering of Forest Products (grant no. GXFC14-05).

Author Contributions

Conceptualization: PW.

Data curation: FS.

Formal analysis: ZW.

Funding acquisition: PW.

Investigation: FS PW SC.

Methodology: PW GF.

Project administration: PW ZW.

Resources: SC.

Supervision: ZW.

Validation: SC.

Writing - original draft: FS PW.

Writing - review & editing: SC ZW GF.

References

1.

Kresge C, Leonowicz M, Roth W, Vartuli J, Beck J. Ordered mesoporous molecular sieves synthesized
by a liquid-crystal template mechanism. Nature. 1992; 359(6397):710-2.

Beck J, Vartuli J, Roth W, Leonowicz M, Kresge C, Schmitt K, et al. A new family of mesoporous molec-
ular sieves prepared with liquid crystal templates. J Am Chem Soc. 1992; 114(27):10834—43.

Huo Q, Margolese DI, Stucky GD. Surfactant control of phases in the synthesis of mesoporous silica-
based materials. Chem Mater. 1996; 8(5):1147-60.

Yu C, Tian B, Fan J, Stucky GD, Zhao D. Nonionic block copolymer synthesis of large-pore cubic meso-
porous single crystals by use of inorganic salts. J Am Chem Soc. 2002; 124(17):4556—7. PMID:
11971691

Zhao D, Feng J, Huo Q, Melosh N, Fredrickson GH, Chmelka BF, et al. Triblock copolymer syntheses
of mesoporous silica with periodic 50 to 300 angstrom pores. Science. 1998; 279(5350):548-52. PMID:
9438845

Tanev PT, Pinnavaia TJ. A neutral templating route to mesoporous molecular sieves. Science. 1995;
267(5199):865—7. https://doi.org/10.1126/science.267.5199.865 PMID: 17813916

Bagshaw SA, Prouzet E, Pinnavaia TJ. Templating of mesoporous molecular sieves by nonionic poly-
ethylene oxide surfactants. Science. 1995; 269(5228):1242—4. https://doi.org/10.1126/science.269.
5228.1242 PMID: 17732109

YuC, YuY, Zhao D. Highly ordered large caged cubic mesoporous silica structures templated by tri-
block PEO—PBO-PEO copolymer. Chem Commun. 2000;(7):575-6.

PLOS ONE | https://doi.org/10.1371/journal.pone.0180178  June 30, 2017 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180178.s001
http://www.ncbi.nlm.nih.gov/pubmed/11971691
http://www.ncbi.nlm.nih.gov/pubmed/9438845
https://doi.org/10.1126/science.267.5199.865
http://www.ncbi.nlm.nih.gov/pubmed/17813916
https://doi.org/10.1126/science.269.5228.1242
https://doi.org/10.1126/science.269.5228.1242
http://www.ncbi.nlm.nih.gov/pubmed/17732109
https://doi.org/10.1371/journal.pone.0180178

@° PLOS | ONE

Ordered lamellar supermicroporous titania

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Liu X, Tian B, Yu C, Gao F, Xie S, Tu B, et al. Room-Temperature Synthesis in Acidic Media of Large-
Pore Three-Dimensional Bicontinuous Mesoporous Silica with 1a3d Symmetry. Angew Chem Int Ed.
2002; 41(20):3876-8.

Corma A. From microporous to mesoporous molecular sieve materials and their use in catalysis. Chem
Rev. 1997; 97(6):2373—-420. PMID: 11848903

Davis ME. Ordered porous materials for emerging applications. nature. 2002; 417(6891):813-21.
https://doi.org/10.1038/nature00785 PMID: 12075343

Serrano DP, Aguado J, Garagorri E. Synthesis of microporous surfactant-templated aluminosilicates.
Chem Commun. 2000;(20):2041-2.

Kruk M, Jaroniec M, Sayari A. Adsorption study of surface and structural properties of MCM-41 materi-
als of different pore sizes. J Phys Chem B. 1997; 101(4):583-9.

Beck J, Vartuli J, Kennedy G, Kresge C, Roth W, Schramm S. Molecular or supramolecular templating:
defining the role of surfactant chemistry in the formation of microporous and mesoporous molecular
sieves. Chem Mater. 1994; 6(10):1816-21.

Zhao SX, Lu GQM, Hu X. A novel method for tailoring the pore-opening size of MCM-41 materials.
Chem Commun. 1999;(15):1391-2.

Song K, Guan J, Wang Z, Xu C, Kan Q. Post-treatment of mesoporous material with high temperature
for synthesis super-microporous materials with enhanced hydrothermal stability. Appl Surf Sci. 2009;
255(11):5843-6.

Lin Y-S, Lin H-P, Mou C-Y. A simple synthesis of well-ordered super-microporous aluminosilicate.
Microporous Mesoporous Mater. 2004; 76(1):203-8.

Wang R-L, Zhu Y-M, Zhang X-M, Ji H-W, Li L, Ge H-Y. An economic method for synthesis of highly
ordered porous silica. J Colloid Interface Sci. 2013; 407:128-32. https://doi.org/10.1016/j.jcis.2013.06.
033 PMID: 23885748

Zhu Y-M, Wang R-L, Zhang W-P, Ge H-Y, Li L. Facile Preparation of Highly Ordered Small Pore Meso-
porous Silicas. Chem Lett. 2014; 43(7):1170-2.

Bagshaw S, Hayman A. Super-Microporous Silicate Molecular Sieves. Adv Mater. 2001; 13(12-
13):1011-3.

Bagshaw SA, Hayman AR. Synthesis of novel super-microporous silicates by w-hydroxy alkyl ammo-
nium halide bolaform surfactant templating. Microporous Mesoporous Mater. 2001; 44:81-8.

Ryoo R, Park I-S, Jun S, Lee CW, Kruk M, Jaroniec M. Synthesis of ordered and disordered silicas with
uniform pores on the border between micropore and mesopore regions using short double-chain surfac-
tants. J Am Chem Soc. 2001; 123(8):1650—7. PMID: 11456764

Wang R, Han S, Hou W, Sun L, Zhao J, Wang Y. Highly ordered supermicroporous silica. J Phys Chem
C. 2007; 111(29):10955-8.

DiY, Meng X, WangLL, Li S, Xiao F-S. Ultralow temperature synthesis of ordered hexagonal smaller
supermicroporous silica using semifluorinated surfactants as template. Langmuir. 2006; 22(7):3068—
72. https://doi.org/10.1021/1a0521342 PMID: 16548559

Fukasawa Y, Sugawara A, Hirahara H, Shimojima A, Okubo T. Tri (quaternary ammonium) Surfactant
with a Benzene Core as a Novel Template for Synthesis of Ordered Porous Silica. Chem Lett. 2010; 39
(3):236-7.

Zhou Y, Antonietti M. Preparation of Highly Ordered Monolithic Super-Microporous Lamellar Silica with
a Room-Temperature lonic Liquid as Template via the Nanocasting Technique. Adv Mater. 2003; 15
(17):1452-5,

Zhou Y, Antonietti M. A series of highly ordered, super-microporous, lamellar silicas prepared by nano-
casting with ionic liquids. Chem Mater. 2004; 16(3):544-50.

Liu G, Yin L-C, Wang J, Niu P, Zhen C, Xie Y, et al. A red anatase TiO 2 photocatalyst for solar energy
conversion. Energ Environ Sci. 2012; 5(11):9603-10.

Zhang J, Deng Y, Gu D, Wang S, She L, Che R, et al. Ligand-Assisted Assembly Approach to Synthe-
size Large-Pore Ordered Mesoporous Titania with Thermally Stable and Crystalline Framework. Adv
Energy Mater. 2011; 1(2):241-8.

LiuH, Li W, Shen D, Zhao D, Wang G. Graphitic carbon conformal coating of mesoporous TiO2 hollow
spheres for high-performance lithium ion battery anodes. J Am Chem Soc. 2015; 137(40):13161-6.
https://doi.org/10.1021/jacs.5b08743 PMID: 26414170

Bastakoti BP, Torad NL, Yamauchi Y. Polymeric micelle assembly for the direct synthesis of platinum-
decorated mesoporous TiO2 toward highly selective sensing of acetaldehyde. ACS Appl Mater Inter
2013; 6(2):854—60.

PLOS ONE | https://doi.org/10.1371/journal.pone.0180178  June 30, 2017 11/12


http://www.ncbi.nlm.nih.gov/pubmed/11848903
https://doi.org/10.1038/nature00785
http://www.ncbi.nlm.nih.gov/pubmed/12075343
https://doi.org/10.1016/j.jcis.2013.06.033
https://doi.org/10.1016/j.jcis.2013.06.033
http://www.ncbi.nlm.nih.gov/pubmed/23885748
http://www.ncbi.nlm.nih.gov/pubmed/11456764
https://doi.org/10.1021/la0521342
http://www.ncbi.nlm.nih.gov/pubmed/16548559
https://doi.org/10.1021/jacs.5b08743
http://www.ncbi.nlm.nih.gov/pubmed/26414170
https://doi.org/10.1371/journal.pone.0180178

@° PLOS | ONE

Ordered lamellar supermicroporous titania

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mori K, Miyawaki K, Yamashita H. Ru and Ru—-Ni Nanoparticles on TiO2 Support as Extremely Active
Catalysts for Hydrogen Production from Ammonia—Borane. ACS Catal. 2016; 6(5):3128-35.

Gu D, Schiith F. Synthesis of non-siliceous mesoporous oxides. Chem Soc Rev. 2014; 43(1):313—-44.
https://doi.org/10.1039/c3cs60155b PMID: 23942521

Antonelli DM, Ying JY. Synthesis of hexagonally packed mesoporous TiO2 by a modified sol—gel
method. Angew Chem Int Edit. 1995; 34(18):2014—7.

Yang P, Zhao D, Margolese DI, Chmelka BF, Stucky GD. Generalized syntheses of large-pore meso-
porous metal oxides with semicrystalline frameworks. Nature. 1998; 396(6707):152—5.

Shibata H, Ogura T, Mukai T, Ohkubo T, Sakai H, Abe M. Direct synthesis of mesoporous titania parti-
cles having a crystalline wall. J Am Chem Soc. 2005; 127(47):16396—7. https://doi.org/10.1021/
ja0552601 PMID: 16305217

Chandra D, Bhaumik A. Super-microporous TiO 2 synthesized by using new designed chelating struc-
ture directing agents. Microporous Mesoporous Mater. 2008; 112(1):533—41.

Wang P, Chen S-x, Zhao Z-d, Wang Z, Fan G. Synthesis of ordered porous SiO 2 with pores on the bor-
der between the micropore and mesopore regions using rosin-based quaternary ammonium salt. RSC
Adv. 2015; 5(15):11223-8.

On DT. A simple route for the synthesis of mesostructured lamellar and hexagonal phosphorus-free tita-
nia (TiO2). Langmuir. 1999; 15(25):8561—4.

Vartuli J, Schmitt K, Kresge C, Roth W, Leonowicz M, McCullen S, et al. Effect of surfactant/silica molar
ratios on the formation of mesoporous molecular sieves: inorganic mimicry of surfactant liquid-crystal
phases and mechanistic implications. Chem Mater. 1994; 6(12):2317-26.

Huang Y, Sachtler WM. Preparation of mesostructured lamellar zirconia. Chem Commun. 1997;
(13):1181-2.

PLOS ONE | https://doi.org/10.1371/journal.pone.0180178  June 30, 2017 12/12


https://doi.org/10.1039/c3cs60155b
http://www.ncbi.nlm.nih.gov/pubmed/23942521
https://doi.org/10.1021/ja0552601
https://doi.org/10.1021/ja0552601
http://www.ncbi.nlm.nih.gov/pubmed/16305217
https://doi.org/10.1371/journal.pone.0180178

