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In this work, a totally novel, extremely easy, much greener
and low-cost method has been developed to synthesize TiO,
mesocrystals. These materials are built of TiO, nanocrystals
with similar crystallographic orientation and largely
exposed {001} facets. Their unique structure optimizes the
relationship between specific surface area, crystallite size
and highly active facets, and therefore leads to a superior
photocatalytic activity.

Internal structure and external shape of a material are very
important to its properties. In order to get high performance
materials, the structure and shape have to be -carefully
optimized or designed. Taking widely-used TiO, materials as
examples, large crystallite size (means structure coherence and
helpful to electron-hole separation), large specific surface area
(means more reaction sites) and large exposure of highly active
facets (means high reaction activity on the reaction sites) are all
necessary for us to get a high photocatalytic ability.'”
However, it is hard for a structure model to satisfy all these
three requirements, because to some extent these requirements
are contradictive. A few common structure models of TiO,
materials with exposed {001} facets are shown in Fig. 1. a)
Micro-sized single crystals.*” These materials have relatively
large sizes and are highly crystallized. However the large sizes
usually put bounds to their specific surface areas. b)
Nanocrystals.®'* Their small sizes usually lead to large specific
surface area. However a smaller crystallite size may also
facilitate the electron-hole recombination and therefore offsets
the benefits from the large surface area. Another issue is that
nanocrystals are difficult to be removed from the system and
not suitable for practical applications. c¢) Porous single
crystal."*"> These materials promise a good structure coherence
and large specific surface area. However the curvature inherited
from the templates restrict the exposure of {001} facets.
Mesocrystals are a new class of solid materials, which are
built of crystallographically oriented nanocrystals.'®'® Their
unique structure may optimize the relationship between
crystallite size and specific surface area.'” Various TiO,
mesocrystals have been synthesized.'**> Most of them are built
of TiO, nanocrystals with rarely exposed {001} facets. Only a
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few methods have been developed to synthesize TiO,
mesocrystals built of nanocrystals with largely exposed {001}
facets.”> 2% These hierarchically structured materials may not
only optimize the relationship between crystallite size and
specific surface area but also provide a large amount of highly
active {001} facets. The known methods usually need corrosive
HF, a high temperature hydrothermal reaction, a large amount
of surfactant or other complex reaction conditions. These
conditions restrain the potentialities of these materials for mass
production and practical applications. An easier, greener,
cheaper and more effective method is highly demanded.
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Figure 1. Relationship between common structure models of TiO, materials --
with largely exposed {001} facets and major factors that affect photocatalytic
activity.
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In this work, we creatively use the reaction between NH,OH
and (NH,),TiFs to prepare NH,TiOF; mesocrystals and then
converted them to TiO, mesocrystals via a topotactic
transformation reaction.?* 2¢ The experiment details are
provided in ESI file.t For the preparation of the NH,TiOF;
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mesocrystals, reaction solutions with different amounts of
(NH,),TiFs and NH,OH were tested. In some cases, the
solutions became cloudy in the first half hour, suggesting
precipitates formed. In other cases, the solutions kept clear
without any evidence of precipitates even after 16 h. All
precipitates were collected, cleaned and analyzed by Powder
XRD. The results are summarized in Fig. la. When the
concentrations of (NHy4),TiFs and NH,OH are equal or greater
than 0.3 mol dm™ and 0.2 mol dm™ respectively, the main
component of the final products is NH,TiOF;. Out of the range,
ether nothing or poorly crystallized TiO, powders were
obtained. A typical XRD pattern of the sample prepared in the
solution with 0.4 mol dm™ (NH,),TiFs and 0.3 mol dm™
NH,4OH (denoted as S,3) is shown in Fig. 1b. All peaks are well
matched with the PDF card of NH,TiOF; (No. 54-0239),
suggesting that the main component of the product is
NH,4TiOF;. The XRD patterns of other samples are given in
ESI file (Fig. S1).
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Figure 2. a) Summary of XRD results of the samples prepared in the solutions
with different concentrations of (NH4),TiFs and NH,OH. A blue square means the
main component of the products is NH4TiOF;. A grey circle means the main
component of the products is a mixture of NH4TiOF; and TiO,. N/A means there
are no precipitates in the solution after a certain reaction time. b), ¢), d), e) and f)
XRD pattern, SEM images and TEM images of the sample prepared in the
solution with 0.4 mol dm™ (NH,),TiFs and 0.3 mol dm™ NH,OH. Inset of ¢) is a
SAED pattern.

SEM images of all as-prepared NH,TiOF; samples are
shown in Fig. S2. The results indicate that the morphology can
be controlled by the ratio of [(NH,),TiFs]/[NH,OH]. The SEM
images of the sample S,; is shown in Fig. 1c and 1d. The main
products are cube-like particles with sizes of 200~500 nm.
These particles are well separated without much aggregation,
which is comparable with the particles prepared in presence of
surfactants.”® 2® The high resolution SEM image (Fig. 1d)
indicates that these cube-like particles are not single crystals.
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There are many pores inside. The pores are clearly shown in the
TEM images (Fig le and 1f). Pore sizes are about 5 nm. The
SAED pattern (inset of Fig le) show “single-crystal-like” spot
patterns with some distortion, typical for mesocrystals. The
distortions come from small crystallographical mismatches
between the nanocrystals (i.e. the building blocks).
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Figure 3. a) XRD patterns of the samples prepared by sintering the sample S43 at
different temperatures for 15 min. b) and c) low and high resolution SEM images
of the sample S43 sintered at 800 °C for 15 min.

In order to get TiO, mesocrystals, the as-prepared NH,TiOF;
samples have to be sintered at above 700 °C.>° SEM images of
all sintered samples are shown in Fig. S3. After sintering, all
samples remained the overall shapes and sizes of the original
samples. In order to examine the effect of sintering temperature
on composition and morphologies. The sample S;; were
sintered at different temperature from 700 °C to 1000 °C. XRD
patterns of all products are shown in Fig. 3a. The results
indicate 700 °C is enough for NH,TiOFj; to convert to TiO,. An
interesting thing is that even being sintered at 1000 °C, only a
very small part of particles transfer from anatase to rutile. The
stability at high temperatures may be caused by stabilizing
function of F~ on the surface, which is consistent with others’
work.? 3° The high temperature stability will increase their
potentialities for practical applications. For these applications, a
high temperature processing such as at up to 900 °C is
necessary.”’

SEM images of the sample sintered at 800 °C is shown in
Fig 3b and 3c. It is obvious that the particles remain the overall
shape and size after sintering. The higher resolution image (Fig
3c) indicates that the particles are built of nanoparticles with
sizes of 20~30 nm and smooth surface. These nanoparticles are
fused with each other at the edges, which leads to seldom
finding an individual nanoparticles in the final products. SEM
images of the samples sintered at other temperatures are shown
in Fig. S4. When the sintering temperature is lower than 800
°C, the surface of nanoparticles are not smooth, suggesting the
{001} facets are not completely exposed.”® When the sintering
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temperature is higher than 800 °C, with temperature increasing,
the interspaces between nanoparticles disappear and therefore
lead to smaller surface area.

Figure 4. TEM images of the sample prepared by sintering the sample S4; at 800
°C for 15 min. a), b) and ¢) viewed along the [001] direction. d), ¢) and f) viewed
along the [010]/[100] direction.
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The high resolution images of two nanoparticles with typical
shapes are given in Fig. 4c and 4f, which give us more details
of the subunit building block (i.e. the nanoparticles). The
rhombus shape in Fig. 4c is observed through [11-1] zone axis.
The (101) and (011) atomic planes with lattice spacing of 0.36
nm and 0.36 nm respectively are clearly shown. The (101) and
(011) faces form the interfacial angle of 82 °C, which is very
consistent with the theoretical value.’ Fig. 4f shows a hexagon
shape, suggesting it is viewed from to a pair of joint {101}
facets. The (101) and (001) atomic planes with lattice spacing
of 0.36 nm and 0.48 nm respectively are clearly shown. The
(101) and (001) faces form the interfacial angle of 69 °C, which
is very consistent with the theoretical value. Based on the
analysis of HRTEM image, it is unambiguous that the TiO,
nanoparticles are decahedron with dominant {001} facets. The
schematic illustrations of the building blocks are given in the
insets of Fig.4c and Fig. 4f.

The TEM images (Fig 4) give us more details about the
building model of the sintered samples. Fig. 4a shows a sintered
particle, which is built of nanoparticles. Most of the
nanoparticles have sizes of 20~50 nm, square-like shape and
fuse with each other (Fig. 4b). The SAED pattern (inset of Fig.
4a) show “single-crystal-like” diffraction with minor distortion.
The distortions come from small mismatches between
boundaries of the nanoparticles, which is typical for
mesocrystals. The arrangement of the spots indicates that the
particle is viewed along [001] direction of anatase TiO,.* Fig.
4d shows another sintered particle, which is also built of
nanoparticles. Most of these nanoparticles have hexagonal
shape and similar orientation (Fig. 4e). The hexagon is a
combine of two symmetrical trapezoids, which suggests that the
particle is viewed along [100]/[010] direction of TiO,.* The
spot arrangement of the SAED pattern (inset of Fig. 4d)
confirms our speculation. Based on the analysis of these two
particles, it is unambiguous that the sintered particles are built
of TiO, nanocrystals with exposed {001} facets. The schematic
illustrations of the building model are given in the insets of
Fig.4a and Fig. 4d.
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Figure 5. a) Photocatalytic activities of the samples prepared by sintering the
sample S4; at different temperatures for 15 min. b) Plots of InCy/C versus reaction
time. Co is the initial concentration of methylene blue after being stirred in the
dark for 1 h. C is the concentration of methylene blue after the reaction of time t.

Photocatalytic activities of the samples prepared by sintering
the sample S,; at different temperatures are shown in Fig. 5. It
is clear that the 800 °C sample has the best performance. After
20 mins of UV irradiation, the decoloring ratio of methylene
blue is close to 80% and much larger than that done by the
commercialized P25 (50%). The degradation rate constant is
almost twice as large as that of P25. In addition to the 800 °C
sample, the photocatalytic activities of the 700 °C and 900 °C
samples are also better than P25. Photocatalytic activity of a
material is highly related with three factors, crystallite size,
specific surface area and active facets. The specific surface area
of the 800 °C sample is 25 m* g, which is only half of that of
P25 (56 m> g™'). The good photocatalytic activity must not
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come from a high specific surface area. The TEM results (Fig.
4) indicate that the 800 °C sample are built of TiO, nanocrystals
with exposed {001} facets, which makes sure there are large
amount of exposed {001} facets on the surface. The
nanocrystals fused with each other along [010]/[100] direction,
which leads to a relatively large crystallite size (~30 nm). The
specific structure model of the 800 °C sample largely optimize
the relationship among the three factors and therefore promote
the photocatalytic activity. Lower or higher processing
temperature such as 700 °C and 900 °C may damage the
structure model (Fig. S4) and therefore deteriorate the
photocatalytic activity.

Conclusions

In this work, we developed a totally novel, extremely easy,
much greener and method to prepare TiO,
mesocrystals, which are built of nanoparticles with largely
exposed {001} facets and superior photocatalytic ability. It
need neither extremely toxic HF nor high-energy-consuming
hydrothermal route. All you have to do is just to put (NH,),TiF
and NH4OH into water and sinter the precipitates. This method
is very robust and can be scaled up easily, which may pave the
way for the mass production of anatase TiO, mesocrystals with
exposed {001} facets. In addition to facile synthesis and
superior photocatalytic ability, these particles have good
photochemical stability (discuss is given in ESI file) and much
larger size than P25, which make sure they can be easily
removed from the system by filtering or centrifugation (Fig. S7
and S8) and reused. This increases their potentialities for
practical applications. Another merit of the TiO, mesocrystals
is that they can keep their superior photocatalytic ability even
after being sintered at 900 °C. The high temperature stability is
very important for some applications, such as ceramic tiles,
asphalt and etc. For these applications, a high temperature
processing procedure such as at up to 900 °C is necessary.

low-cost
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