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Abstract: Single crystalline anatase TiO, microspheres with co-exposed {001}/{101} facets were
prepared by a facile one-pot hydrothermal method using NaF as a morphology controlling agent.
The influences of the NaF amount on the morphology and also on the photocatalytic activity were
investigated systematically. The obtained microspheres possessed better morphology when the
concentration of NaF was chosen at 0.1 mol/L, and the experimental results indicated that the
crystal structure and morphology played important roles on the photocatalytic activity, based on the
experimental results it was found that the photocatalytic degradation efficiency of TiO, microspheres
on Tetracycline hydrochloride could reach 76.4% in 2 h. Finally, a growth mechanism was proposed
by investigating the growth process, i.e., a synergistic effect of F ions modified Ostwald ripening and
oriented attachment.
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1. Introduction

As one of the most potential photocatalyst, TiO, can be widely used in energy and
environmental fields. However, due to its shortcomings, such as wide band gap, low
quantum efficiency and difficulty in recycling nanoparticles, which limits its large-scale
application. Many methods have been employed to improve the photocatalytic efficiency
of TiO,, e.g., ion doping [1-6], noble metal modification [7-11], semiconductor compos-
ite [12-17]. Ever since Yang [18] synthesized anatase TiO; single crystal with {001} crystal
planes exposure rate of 47%, crystal plane control of TiO, has become a new means to
effectively improve the photocatalytic activity of TiO; [19,20]. Afterwards, Li [21] increased
the exposure rate of {001} crystal plane of anatase to 65%, and its photocatalytic activity was
significantly higher than that of P25. Moreover, Liu [22] synthesized single crystals with
co-exposed {001}/{110} crystal planes, and their photocatalytic activity was higher than
that of irregular anatase TiO,. Therefore, Yu [23] found that the TiO, with co-exposed {001}
and {101} crystal planes was beneficial to the transfer and separation of photogenerated
electrons and holes, then the theory of surface heterojunction was proposed, and it was
believed that 55% of the exposed {001} was the optimal ratio. In addition to the {001} and
{101} crystal facets, the {010} crystal facets of anatase have also attracted the attention of
many researchers. Li [24] prepared anatase nanorods containing {010} crystal facet, which
showed better photocatalytic activity than commercial anatase. Pan [25] also synthesized
TiO; rod with dominant {010} surface and believed that excellent performance in converting
CO; into CH4 from its unique atomic structure and the lowest conduction band width.
However, these research objects are mostly anatase single crystals, without the advantage
of hierarchical structure. Based on the performance enhancements of hierarchical structure,
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Xiang [26] synthesized flower-like TiO, films with co-exposed {001} and {101} crystal planes,
and its selective photocatalytic degradation activity of azo dyes in water could be tuned
by varying the degree of etching of {001} facets. Han [27] also prepared anatase micro-
spheres with {001} exposed rate close to 100% on titanium foil, and its photoelectrocatalytic
oxidation capability of Dimethylphthalate (DMP) wastewater was enhanced. Sayed [28]
found that different pH and cations would significantly influence the degradation ability
of TiO, microspheres film to norfloxacin. Zheng [29] has synthesized TiO, hierarchical
microspheres, which have good crystal facets synergistic effect and hydrogen evolution
activity. However, it is not environmentally friendly to use toxic chemicals (HF) to control
the morphology of the films during the above-mentioned process. In addition, the above
studies did not pay attention to the recyclability of samples, which limited the practical
application. Therefore, there is an urgent requirement to find a safe and non-toxic [30] way
to prepare the easy-to-recycle TiO, powders. In this study, the hierarchical structure anatase
TiO, microspheres with co-exposed {001}/{101} crystal planes were successfully prepared
by one-pot hydrothermal method. The photocatalytic activity of the TiO; microspheres
could be efficiently enhanced by co-exposed {001} /{101} facets, and the recyclability could
be significantly improved by larger particle size of the microsphere. Additionally, the
formation mechanism of microspheres was proposed based on the investigation of the
morphological variation at various growth conditions.

2. Results and Discussion
2.1. Structures and Morphology

Figure 1 shows the XRD patterns of the as-prepared powders treated with various
NaF concentrations. All diffraction peaks were well indexed to the anatase structure of
TiO, (PDF 01-084-1825). The sharp diffraction patterns indicated all the samples were
well-crystallized anatase TiO, powders. With an increase in concentrations of NaF, the
intensity and the width of anatase peaks were gradually changed to be stronger and
narrower, and sample T3 deserved the highest crystallinity. However, further increase
in NaF concentrations resulted in a slight decrease in intensity of anatase peaks, which
indicated the NaF concentration had important influence on the crystalline phase and a
suitable concentration of NaF was benefitial to forming well-crystallized anatase phase.
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Figure 1. XRD patterns of samples treated with different NaF concentrations, denoted as T1, T2, T3
and T4, respectively.
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Figure 2 showed the morphologies of samples prepared under various NaF concentra-
tions (corresponding to Samples T1, T2, T3 and T4, respectively), which indicated that the
NaF concentration had a significant influence on the size of the prepared samples. When
the NaF concentration was 0.0667 mol/L, micron-sized spherical particles and irregular
aggregates of non-spheres nano-sized nanoparticles coexisted in the product (as shown in
Figure 2a,b), whose morphology was different from those of the powders synthesized at
the other NaF concentrations. The morphology of nanoparticles was not uniform, and the
particle size was about 20-100 nm (higher magnification could be seen in Figure S1). At the
same time, a small part of particles was agglomerated into micron-sized spheroids, which
indicated that those nanoparticles had the tendency to form spheres at this NaF concentra-
tion. Comparing with the samples prepared in other NaF concentrations, although XRD
results showed that the crystalline form of these samples were anatase, only a few particles
in the SEM images of sample T1 showed obvious characteristics of anatase {001} /{101}
crystal facets. However, the decahedral particles and {001}/{101} crystal facets could be
found obviously in other samples. In addition, some nanoparticles had defects or pores on
the surface, which further reduced the consistency of the morphology. In previous stud-
ies [21-24], TiO, particles had good consistency, uniform particle size and obvious crystal
facet characteristics, which were not found in T1. However, the tendency of agglomerated
into micron-sized spheroid could be obtained in T1 and which did not exist in those studies.
The above results indicated that although a small amount of spherical structure existed in
T1, the concentration of 0.0667 mol/L NaF was insufficient for the formation of consistent
microspheres. As the NaF concentration was increased to 0.0833 mol/L, spherical particles
with co-exposed {001}/{101} crystal planes came into being and crystallinity of the crystals
improved, while the crystal plane was still unclear and had many defects (Figure 2¢,d).
With a further increase in the NaF concentrations to 0.1 mol/L, microspheres with trun-
cated tetragonal pyramidal TiO, nanocrystals were obtained almost all in spherical shape
(Figure 2e,f), which disclosed that 0.1 mol/L or higher NaF concentration were appropriate
for the preparation of well-dispersion microspheres (Figure S2) with co-exposed {001} /{101}
crystal planes. When the NaF concentration increase to 0.1167 mol/L, the agglomeration
between microspheres occurred, which led to a further increase in particle size of micro-
spheres as well as the truncated tetragonal pyramidal single crystals that made up the
microspheres (Figure 2g,h).

To explore the formation mechanism of the microspheres, the morphologies of sam-
ples hydrothermal-treated at different reaction times were investigated to speculate the
evolution of the microspheres (Figure 3). As shown in Figure 3a, the dominant products
after 20 min of reaction time were agglomerated particles with flower-like morphology,
which had a size of 1.0 pm whereas its spindle-shaped primary particle sizes with lengths
100-400 nm and diameters in the range from 100 to 200 nm. With the extension of reaction
time from 20 to 30 min, the particle size of the agglomerated particles was increased from
1 pm to 2 pum, the flower-like morphology started to be spherical, and the spindle-shaped
primary particles constituting the agglomerated particles turned into a truncated bipyra-
mids with {001} crystal plane (Figure 3b). When the reaction time was increased to 6 h
(Figure 3c), all the spindle-shaped primary particles were disappeared and the size of
spherical particles was about 2-3 um in diameter, which were assembled from decahedral
crystals with clear {001} crystal planes, were produced. Moreover, the sphericity and dis-
persibility of the product were significantly improved. With a further increase in reaction
time to 12 h, the as-prepared microparticles with smooth {001} /{101} crystal planes were
monodisperse, spherical and non-aggregated, it possessed a higher percentage of anatase
{001} crystal planes, which should be attributed to a high-degree truncation of fluorine
along the [001] axes in a longer reaction time of 12 h. In addition, no surface defects were
observed in Figure 3d, it indicated that the crystallinity of the decahedral was intact, which
was remarkably consistent with the XRD results of Figure 1(T3). When the reaction time
was further increased to 24 h, due to the intensified etching of F ions, a few surfaces of
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truncated bipyramid constituting the microspheres became rough and porous (Figure 3e).
Meanwhile, the particle size and dispersibility of the microspheres were almost unchanged.

Figure 2. Field emission scanning electron microscopy images of the samples synthesized for 12 h at
different NaF concentrations: (a,b) T1; (¢,d) T2; (e,f) T3; (g,h) T4.

2.2. BET Analysis

The N, adsorption-desorption isotherm of the obtained samples is shown in Figure 4a.
It could be seen that the isotherms of T1, T2, T3 and T4 were all typical type IV curves with
a type H3 hysteretic loop, which indicated the characteristic of material with crevice.

Furthermore, Figure 4b showed the BET surface areas of the samples. It could be seen
from Figure 4b that all the surface areas of samples T2, T3 and T4 were smaller than that of
T1, owing to the enlargement in particle size resulted in a corresponding decrease in the
specific surface area from 37.2 to 5.1 m? /g, which was also consistent with SEM images in
Figure 2.

2.3. Growth Mechanism

As in the above-mentioned results, the influence of NaF concentration on the growth of
TiO; microspheres was investigated. Accordingly, a possible specific formation mechanism
of the microspheres was proposed. During the preparation, the cumulative hydrolysis
reaction and formation of titanium oxide precipitates can be described as follows [18,31-35]:

Ti(SO,)2+H,0 < TiOSO4+H;S0,, 1)
TiOSO4+2H " +6F~ < TiF2~ +S042~ +H,0, ()

TiFs?>~+2H,0 < TiO, | +4HF + 2F~, (3)
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Figure 3. Field emission scanning electron microscopy images of the samples synthesized by varying
the reaction duration at (a) 20 min, (b) 30 min, (c) 6 h, (d) 12 h, and (e) 24 h, keeping other parameters
fixed (e.g. reaction temperature, NaF concentrations and Ti(SO4),).

At the primary stage of the reaction, a large number of titanium oxide crystal nuclei
were formed and gradually grown into nanocrystals, and these nanocrystals tended to
aggregate and turned into larger nanocrystals. Then, the dissolution of small nanocrystals
and the re-deposition of the dissolved species on the surfaces of the larger nanocrystals led
to a rapid growth along [001] direction, driven by the relatively high surface energy of {001}
surface [36]. Therefore, the oriented attachment between the larger nanocrystals results
in the appearance of the spindle-shaped particles. In order to reduce the total surface
energy, some nanocrystals tend to adsorb on the {010} crystal plane of the spindle-like
particles and grow further due to the oriented attachment [37]. Based on Ostwald ripening,
the {010} crystal planes gradually disappear, and the spindle-like crystals develop into
incomplete flower-like spheres. During the Ostwald ripening and oriented attachment
process, the recrystallization was modified by the presence of F ions, which was the
reason that decahedrons came into being [10,38,39]. However, low F ion concentration
was not enough to stabilize {001} crystal planes, so the {001} crystal surfaces were few
and the interface was not clear [31]. With the increase in NaF concentration, the more F
ion stabilized {001} surfaces, the more {001} surfaces appearance, thus the appearance of
microspheres with better dispersion and exposed {001} planes could be observed during the
consecutive dissolution-recrystallization process. However, the surface of the microspheres
can be etched to produce defects if the concentration of F ion is high. Therefore, the
appropriate concentration of F ions can be conducive to the formation of microspheres. The
formation mechanism of microspheres is shown in Figure 5.
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Figure 4. (a) N, adsorption—desorption isotherms of samples, (b) BET surface areas of samples.

Figure 5. The formation mechanism of microspheres.

2.4. Photocatalytic Activity Evaluation

The photocatalytic activity of the as-prepared samples on TC degradation is shown in
Figure 6, T1 had the best photocatalytic activity among these four samples possibly due
to its smallest particle size, since smaller particle size means a larger specific surface area
(as shown in Figure 4) and could provide more active sites for the reaction. Compared
with T1, the photocatalytic activities of T2 and T3 were decreased gradually by decreasing
the specific surface area. Although the specific surface area of T4 was larger than that
of T3, the photocatalytic activity of T4 was the worst due to the easily recombination of
photogenerated electron/hole pairs which was caused by the surface defects formed by
F ion etching. For T3, on the premise of maintaining certain photocatalytic activity, its
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larger particle size increases its recoverability. Compared with P25, T3 could completely
self-precipitated within 4 h, which is impossible for nanoparticles (as shown in Figure S3).
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Figure 6. Photocatalytic activity: (a) degradations of Tetracycline hydrochloride, (b) kinetic linear
fitting curves.

The photocatalytic mechanism of co-exposed {001}/{101} anatase TiO, microspheres
(as shown in Figure 7) can be summarized as follows: at first, photogenerated electron-hole
pairs were generated on the surface of the microspheres under photoirradiation, then the
electron-hole pairs were separated spontaneously due to the crystal surface effect of anatase
TiO, [19,40], i.e., the electrons and holes migrated to the {101} and {001} crystal surfaces,
respectively (red spheres represent the holes and blue spheres represent the electrons),
finally the oxidation and reduction reactions were carried out, respectively.
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Figure 7. Schematic diagram of photocatalytic degradation mechanism.

3. Materials and Methods
3.1. Synthesis of Materials

All chemicals used in this study were without further treatment. Titanium (IV) sulfate
(Ti(SO4)2, Macklin Inc purity > 96%) was used as Ti source. Sodium fluoride (NaF, Shanghai
Chemical Regent Factory of China purity > 99%) was used to control the morphology
of the TiO, microspheres. To prepare the mixed aqueous solutions for synthesis of TiO,
microspheres, 0.1680 g, 0.2099 g, 0.2519 g, and 0.2939 g of NaF was dissolved in 60 mL
aqueous solutions of Ti(SO,), with concentrations of 0.0167 mol-L~!. The obtained powders
were denoted as Samples T1, T2, T3 and T4, respectively. In a typical procedure, 0.2519 g of
NaF and 0.24 g of Ti(SO4); were mixed in a 100 mL Teflon-lined autoclave with 60 mL of
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deionized water at room temperature. After ultrasonic treating for 0.5 h, the Teflon-lined
autoclave was kept at 200 °C for 12 h and cooled to room temperature naturally. Then, the
white precipitate was collected and washed three times with deionized water. Finally, the
TiO, powder was obtained by freeze-drying at —85 °C for 24 h.

3.2. Characterization of Materials

X-ray diffraction (XRD) patterns of the powders were recorded on an X-ray diffractome-
ter (XRD, PANalytical Empyrean X-ray diffractometer, Panalytical, Almelo, Netherlands)
equipped with a Cu K« radiation (A = 0.15418 nm) source. The accelerating voltage and the
applied current were 40 kV and 40 mA, the step size was 0.2°. The diffraction data were
obtained over the range 10°< 26 < 90°(5° /min). The morphologies of the powders were
analyzed by field-emission scanning electron microscopy (SEM, SU8010, Hitachi, Tokyo,
Japan) operating with deceleration mode at 1 kV accelerating voltage and 10 mA applied
current. Surface areas and porosities of the samples were characterized using nitrogen
sorption measurements conducted at 77 K, the Brunauer-Emmett-Teller (BET) method was
used to analyze the specific surface area (BET, ASAP 2020 PLUS, Micromeritics, Norcross,
GA, USA).

3.3. Photocatalytic Activity Evaluation

The photocatalytic activity of the samples was evaluated by the decolorization of
Tetracycline hydrochloride (TC) aqueous solutions at room temperature. Typically, 0.03 g
of the as-prepared TiO, powder was dispersed in 100 mL of 10 mg/L TC aqueous solution
in a photocatalytic reactor. Prior to irradiation, the suspension was magnetically stirred
in dark condition for 30 min to reach an adsorption/desorption equilibrium. Then, the
suspension was kept stirring and irradiated for different durations under a xenon lamp
(300 W, 100 mW/cm?) at a working distance of 10 cm (Circulating water cooling). After
every 15 min of photoirradiation, 6 mL aliquot was sampled (Medical disposable syringe
10 mL) and centrifuged (10,000 rpm, room temperature) to remove the particles, and the
TC concentration was analyzed by measuring the absorption intensity using a UV-1800 UV-
vis spectrophotometer (UV-vis spectrophotometer, UV-1800, Macylab, Shanghai, China).
Degradation rate of TC is expressed by the following formula:

eEe

D ,
t CO

4)
Dy was the degradation rate, Cy was the concentration after adsorption/desorption
equilibrium, C; was the concentration at the duration of t.

4. Conclusions

In summary, a facile hydrothermal method was developed for preparation of anatase
TiO, microspheres with exposed {001} facets and the possible formation mechanism of
microspheres was proposed, meanwhile a new idea for controllable preparation of TiO,
hierarchical microspheres was also provided. The as-obtained TiO, microspheres exhibited
high photocatalytic activity on degradation of TC solution under xenon lamp irradiation.
In addition, the produced microspheres have excellent crystallinity, morphology and size,
which can be conducive to recycling (completely self-precipitated within 4 h) and have
broad application prospects in the fields of photocatalysis and optoelectronics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13010201/s1, Figure S1: Higher magnification SEM image of T1;
Figure S2: Particle size of microspheres; Figure S3: Precipitation time of microspheres (MS) and P25;
Table S1: Comparison of TiO, photocatalytic activity in different literatures [18,21,22,27,33,38,41,42];
Table S2: Crystallinity of different sample.
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