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Despite the enormous efforts devoted to the research of titanium dioxide (TiO,), controlling TiO,
polymorphism, size and morphology still represents an interesting challenge since its stabilities,
transitions and properties vary with them. Herein, we report a novel selective-synthesis of high purity
anatase (A), rutile (R) and brookite (B) phase TiO, from solution under mild hydrothermal conditions. By
adjusting the concentrations of chloroacetic acid, urea and sodium hydroxide, A-TiO, nanocrystals, R-
TiO, nanorods and B-TiO, hollow spheres and nanorods can be easily produced as investigated by XRD
and TEM characterisation. Based on time-varied experiments, two distinct phase transitions were
observed under different hydrothermal conditions, namely the initially formed A-TiO, nanocrystals
would transform into R-TiO, nanorods with augmented crystalline size under acidic conditions while

they transformed into B-TiO, hollow spheres under basic conditions. Moreover, polymorph formation
Received 18th October 2017 dt it hani lored in detail based ¢ tic | tigati into the effects of
Accepted 9th November 2017 and transition mechanism were explored in detail based on systematic investigation into the effects o
synthetic parameters on the products. Finally, the spectra and photocatalytic properties of the three

DOI: 10.1038/¢7ral1515¢ polymorphs were investigated and discussed. The synthetic approach reported here allows for full
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Introduction

Over the past decades, TiO, nanomaterials have continued to be
the most popular photocatalysts for their high chemical activity
and stability, environmental benignity and low cost.'”® It is
known that the properties of TiO, nanomaterials are a function
of particle size, morphology, and crystal structure. Therefore,
enormous interest has been devoted to their size, morphology,
and crystal structure-controlled synthesis, which has resulted in
a rich database for their synthetic methodology and size or
structure-dependent properties.®** TiO, occurs in nature as the
well-known minerals anatase, rutile and brookite. In fact, the
crystal structures of anatase, rutile and brookite are all built
from distorted TiOg polyhedral units, but in different connec-
tion ways.*>** It is widely recorded that anatase and brookite are
metastable phases, and both would transform into the ther-
modynamically stable rutile phase under pressure, heat or other
conditions."*™® Nevertheless, synthesis of TiO, by common
solution methods often results in the crystallization of anatase
with the size ranging from 6-30 nm."”7° Rutile is stable at
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control over polymorph selection in TiO, crystallization and provides new insights in this area.

a large size, and common synthesis usually yields the rod-like
products with the size above 35 nm, which is disadvantageous
to photocatalytic activity. As for brookite, it remains to be the
least prepared and studied phase, mainly owing to the diffi-
culties encountered in obtaining its pure phase.**** Perhaps for
these reasons, most early researches on photocatalysis are
focused on anatase, and thus generally conclude that anatase is
the best candidate in photocatalytic applications.”**” Last
several years, accompanied by the progress in the controlled
synthesis of TiO, nanoparticles are some new findings and
cognition on the photocatalytic activity of rutile and brookite
TiO,. For instance, Lin et al. reports that brookite TiO, nano-
sheet shows unexpected excellent photocatalytic performance
due to specific crystal surface exposure.”® Alike, it is also re-
ported in some cases the rutile phase exhibits higher photo-
catalytic activity than its anatase counterpart.***® This
demonstrates that besides the well-known structure-dependent
photocatalytic property, the size, as well as shape is equally
important for photocatalytic activity. Therefore, progress in the
selective synthesis of TiO, nanocrystallites allows for further
understanding their polymorph-dependent properties and
potential applications, and will continue to be interesting
themes in TiO, research.

Many synthetic methods have been used to preparing TiO,
nanocrystals, among which hydrothermal synthesis is proved to
be the most effective approach to obtaining TiO, polymorphs by
changing synthetic parameters, such as pH, reactant
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concentration, and the mineralizer used. Herein, we provide
a novel highly selective hydrothermal preparation of anatase,
rutile and especially brookite TiO, polymorphs under mild
hydrothermal conditions. With titanyl sulfate as titanium
source, anatase nanoparticles, rutile nanorods and brookite
nanorods and hollow spheres were successfully synthesized by
adjusting the addition of chloroacetic acid, urea and sodium
hydroxide. The impacts of synthetic parameters on the phase
formation and stability were discussed. The as-prepared pure
phase powders were characterized by combined means of XRD,
TEM, FT-IR and UV-vis spectroscopies. Moreover, the
polymorph-dependent photocatalytic activities were evaluated
by the degradation of methyl orange under UV illumination.

Experimental

Materials

Titanium oxysulfate (TiOSO,-xH,SO,-8H,0) was purchased
from Aladdin Chemical Reagent Corp. AR chloroacetic acid,
urea and sodium hydroxide were purchased from Sinopharm
Chemical Reagent Co., Ltd and used as received without any
further purification. Deionized water was used for the prepa-
ration of the solution and synthesis in all the experiments.

Synthesis of TiO, polymorphs

All TiO, samples were prepared by a typical hydrothermal
approach according to the following procedures.

Synthesis of A-TiO,. 2.63 g titanium sulfate was dispersed in
50 mL water under constant stirring and then 15 g urea and
giving amount of chloroacetic acid were added into the above
solution and was stirred for 2 h, and then transferred into
a 100 mL Teflon-lined stainless steel autoclave that was allowed
to react at 200 °C for 9 h. Finally, the products were centrifuged
and washed with deionized water several times, and then dried
at 80 °C for 12 h.

Synthesis of R-TiO,. 2.63 g titanium sulfate was dispersed in
50 mL water under constant stirring and then 5 g chloroacetic
acid, 4.25 g NaOH were added into the above solution and was
stirred for 2 h, and then transferred into a 100 mL Teflon-lined
stainless steel autoclave that was allowed to react at 200 °C for
36 h. As we known, it is easy to obtain anatase in the hydro-
thermal synthesis. Thus, A-TiO, formed in the synthesis of both
R-TiO, and B-TiO, processes as the synthetic parameters
changed.

Synthesis of B-TiO,. 2.63 g titanium sulfate was dispersed in
50 mL water under constant stirring and then 5 g chloroacetic
acid, 15 g urea and 2.12 g NaOH were added into the above
solution and was stirred for 2 h until the solution became
a translucent yellow, and then transferred into a 100 mL Teflon-
lined stainless steel autoclave that was allowed to react at 200 °C
for 9 h. The pH of the solution was adjusted by changing the
addition of NaOH.

Characterization

XRD was performed on a Bruker D8 Advance X-ray powder
diffractometer equipped with Cu Ko radiation (1 = 1.5406 A) at
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40 kv and 40 mA. Morphologies of the samples were examined
by using a transmission electron microscope (TEM TecnaiTF20)
with an acceleration voltage of 200 kV. Infrared spectra of the
samples were measured on a Perkin-Elmer IR spectrophotom-
eter at a resolution of 4 cm™" by KBr pellet technique. UV-vis
diffuse reflectance spectra were collected using a TU-1901 UV-
vis spectrophotometer (Beijing Purkinje General Instrument
Co., Ltd.) equipped with an integrating sphere attachment. The
photocatalytic activities were evaluated by the degradation of
methyl orange (MO) solution at room temperature. All experi-
ments were carried out as follows: 80 mg of the photocatalyst
was dispersed in 80 mL of 10 ppm MO aqueous solution in
a quartz tube with 4.6 cm diameter and 17 cm length. Prior to
illumination, the suspensions were magnetically stirred in the
dark for 2 h to ensure the establishment of absorption/
desorption equilibrium of MO on the sample surfaces. Subse-
quently, the suspension was irradiated around by four UV
lamps with wavelength centred at 254 nm (Philips, TUV 4W/G4
T5).

Results and discussion

A-TiO,, R-TiO, and especially B-TiO, were successfully prepared
by using chloroacetic acid as surface capping agent and
adjusting the urea and NaOH concentration under mild
hydrothermal condition. The detailed results and the effect of
synthetic parameter were discussed as follows.

A-TiO, nanocrystals made with urea

Fig. 1 shows the XRD patterns of the samples prepared with
urea under giving chloroacetic acid concentrations. It is seen
that the powders prepared under different chloroacetic acid
concentrations are well crystallized anatase. Using Scherrer
equation, the average crystalline sizes for the samples were
calculated to be 12.5, 12.1, 13.9, and 9.2 nm, respectively.
Further TEM analysis found that the morphologies of the A-
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Fig.1 XRD patterns of the samples prepared using urea under varied

chloroacetic acid concentrations (a) 0, (b) 0.25, (c) 0.5 and (d)
0.75 mol L%,
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TiO, were tunable by changing the chloroacetic acid concen-
trations. As shown in Fig. 2a and b, uniform nanoparticles with
the particle size about 30 nm were obtained in the absence of
chloroacetic acid. Micro spheres self-assembled by nano-
particles were obtained under 0.5 M chloroacetic acid condi-
tion, as displayed in Fig. 2c and d. It should be noted that the
product became the mixture of anatase and amorphous TiO, as
the chloroacetic acid concentrations increased up to 0.75 M,
indicating that amorphous products can be easily formed in
acidic conditions.

R-TiO, nanocrystals made with NaOH

As mentioned above, only A-TiO, was obtained by employing urea
with or without the adding of chloroacetic acid. In order to
control the polymorph crystallization, NaOH instead of urea were
used. Previous work reports rutile is thermodynamically stable
phase and in usual anatase can convent into rutile under various
conditions, including milling, laser or heat treatment.*** To
investigate the polymorph formation and transition process,
a series of time-resolved experiments with fixed NaOH (2 M),
chloroacetic acid (0.75 M) concentration and reaction tempera-
ture (200 °C) were carried out. Fig. 3 shows the corresponding
XRD patterns of powders synthesized for different periods of
hydrothermal time. It is noted that the product was exclusively
anatase nanocrystals with 5 nm size (Fig. 4a) when reaction time
was as short as 1 h. Prolonging the reaction time to 3 h, the
product was a mixed phase of anatase and rutile with apparent
changes in particle morphology (Fig. 4b). Further prolonging the
reaction time, these anatase nanoparticles gradually disappeared
while the rutile increased. In the time range from 3 to 18 h, the
mixture of anatase nanoparticles and rutile nanorods was ob-
tained (Fig. 4c). Pure-phase rutile nanorods with diameters of
20 nm and lengths of up to 150 nm were obtained after 36 h
reactions (Fig. 4d). These observations strongly indicated that the
formation of rutile nanorods was originated from the direct
transformation of the anatase precursor. This observation is
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RSC Advances

0: Anatase

+: Rutile

Intensity (a.u.)

2 0 (degree)

Fig. 3 XRD patterns of the samples prepared in 2 M NaOH, 0.75 M
chloroacetic acid for different periods of hydrothermal time.

interesting and important since anatase to rutile transition
requires high temperature. As previous literatures revealed, the
preferential growth along [001] direction is the reason why rutile
frequently crystallizes in rod like and rarely crystallizes in
rounded shapes. This preferential growth in solution is arising
from the unique crystal structure of rutile. In this work, rutile was
prepared in basic environment (2 M NaOH), distinction from
previous reports, in which pure rutile can only be formed under
highly acidic conditions, irrespective of the titanium type and
concentration.*

B-TiO, nanocrystals made with urea and NaOH

As one of the most attractive TiO, polymorphs, brookite with
several morphologies has been reported in the literature. For

Fig. 2 TEM images of the samples prepared in the absence chloro-
acetic acid (a, b) and (c, d) 0.5 M chloroacetic acid.

This journal is © The Royal Society of Chemistry 2017

Fig. 4 TEM images of the samples prepared in 2 M NaOH, 0.75 M
chloroacetic acid for different periods of hydrothermal time: (a) 1 h; (b)
3 h; (c) 18 h and (d) 36 h.
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example, Bahnemann et al, prepared phase-pure brookite
nanorods by the thermal hydrolysis of commercially available
aqueous solutions of titanium bis(ammonium lactate) dihydr-
oxide.*® Herein, we initially adopted a simple formation of
phase-pure brookite under hydrothermal condition by
employing common reagents chloroacetic acid, urea, and
NaOH. Fig. 5 shows XRD patterns of the samples prepared at
200 °C for 9 h with varied pH values adjusted by changing NaOH
addition. When the pH value was 2, the product was a mixture
of anatase and amorphous TiO,, which is in good agreement
with previous result (Fig. 1d). According to early literatures,
phase purity of brookite can be estimated by the intensity ratio
of diffraction peaks, 1555°1%/(D5o0Kit + [3patase) 13,36 Adjusting the
pH value to 3 by increasing the NaOH amount, the obtained
product was high pure brookite self-assembled hollow spheres
(Fig. 6a), for the second diffraction from (121) was almost equal
to the strongest diffraction from brookite (120), indicating high
purity of the brookite. The product was still pure brookite as the
pH value was increased to 5 while the morphology became
nanorods (Fig. 6b). In neutral condition of pH = 7, the product
became pure phase anatase. Interesting, anatase with trace
brookite was obtained when increase pH up to 9. Further
increase pH value to 13 leads to the conformation of brookite
(79%) and a small amount of anatase (21%). These observations
demonstrated that brookite can be prepared under acidic or
alkaline conditions. It is important since early work concluded
that brookite usually crystallize in strong alkaline solution.?**”
Besides, it should be mentioned that the as-prepared brookite
was characterized by its purity since many of the previously
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Fig. 5 XRD patterns of the samples prepared in 0.75 M chloroacetic
acid at 200 °C for 9 h with varied pH values adjusted by changing
NaOH addition: (a) pH=2; (b) pH = 3; (c) pH=5; (d) pH=7; (e) pH=9;
and (f) pH = 13. Vertical bars in bottom layers denote the standard data
of anatase (JCPDS no. 71-1167), rutile (JCPDS no. 21-1276), and
brookite (JCPDS no. 29-1360), respectively.
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Fig. 6 TEM images of the pure phase brookite samples prepared
under (@) pH = 3 (S2) and (b) pH = 5 (S3).

claimed pure brookite powders show I25gokite/fProokite pating
lower than 0.9, indicating coexistence of anatase phase.

To explore the role of urea on the brookite crystallization,
another set of experiments were carried out with varying urea
concentrations by setting NaOH concentration at 2 M and
chloroacetic acid concentration at 0.75 M, respectively. As seen
from Fig. 7, rutile with a small amount of anatase was obtained
in the absence of urea. Meanwhile, brookite can be formed in
a wide range of urea concentration from 1.67 to 5 M. As proved
above, anatase was able to transform to rutile by expanding
hydrothermal reaction time. To understand the formation
process of brookite, a series of time-resolved experiments with
other synthetic parameters fixed were carried out, as shown in
Fig. 8. It is found that the product was a mixture of amorphous,
anatase and brookite at the initial stage of the reaction (1 h).
Amorphous is a common product in the low temperature
synthesis of TiO,, which can transform into anatase, rutile or
brookite depending on solution environment. Increasing of
reaction time resulted in the steadily decreasing of anatase
content and finally led to pure brookite when the reaction time
to 9 h. From this result and above, it is easy to conclude that
both amorphous and anatase were able to transform into rutile
in the absence of urea (Fig. 3) while they transformed into
brookite in urea solution (Fig. 8). Different from our result,
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Fig. 7 XRD patterns of the samples prepared under different urea
concentrations: (a) 0, (b) 1.67, (c) 3.35 and (d) 5 mol L%,
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Table 1 Experimental conditions and products in the hydrothermal
preparation of TiO, polymorphs®

Reagents concentrations (M) Conditions
Chloroacetic

NaOH Urea  acid Tem./time Products
S1 0 5 1 200 °C/9 h A
S2 1 5 1 200 °C/9 h B
S3 2 5 1 200 °C/9 h B
S4 3 5 1 200 °C/9 h B + A (trace)
S5 2 0 1 200 °C/9 h R + R (trace)
S6 2 1.7 1 200 °C/9 h B
S7 2 3.4 1 200 °C/9 h B
S8 0 5 0 200 °C/9 h A
S9 0 5 0.25 200 °C/9 h A
S10 0 5 0.5 200 °C/9 h A
S11 2 0 1 200 °C/1 h A
S12 2 0 1 200 °C/3 h A+R
S13 2 0 1 200 °C/36 h R

Fig. 8 XRD patterns of the samples prepared at 200 °C, pH = 3, at
different reaction times.

most several literatures reports that rutile or brookite could be
transformed from amorphous TiO, precursor rather than
anatase under different hydrothermal condition.*® As a matter
of fact, the formation mechanism and phase transition of
brookite is still controversial especially in solution. As we
known, it is generally thought that TiO, polymorphs showed the
size-dependent stability, controlled by surface energy. Anatase
is the most stable at smaller sizes (below 11 nm) while rutile and
brookite in bigger size.** Indeed, evident crystalline size
increase and morphologies change were observed in both
transitions, revealing that structural reorganization took place
in these transitions. In this regard, anatase tends to crystalline
into particles while rutile into rods, as we shown. Combined
with the results above (Fig. 1, 5 and 6), we can easily conclude
that chloroacetic acid, pH value and urea are essential factors
for the crystallization of brookite. The crystallization of TiO,
polymorphs is high sensitive to synthetic environment under
hydrothermal condition. To illustrate the impact of synthetic
parameters clearly, the synthetic conditions and phase
constituents are summarized in Table 1.

The FT-IR spectrum is effective to detect the surface adsor-
bate, as shown in Fig. 9. It is noted that several absorptions were
observed at wavelength of 3450, 1640, and 602 cm ', respec-
tively. The appearances of absorption bands at 3450 and
1640 cm ™' suggest the existence of hydration water on the
surface of the three samples. Another vibration at 602 cm™ " was
the characteristic of the bending vibrations of Ti-O in TiOg
octahedron, which shows no obvious difference among three
samples. Fig. 10 shows the UV-vis spectra of the hydrothermal
prepared different TiO, polymorphs. It is seen that optical
absorption edges of the anatase, rutile, and brookite poly-
morphs were located at 410, 419, and 405 nm, respectively.
According to plenty of literature work, anatase is an indirect
transition semiconductor while rutile and brookite are direct-
transition semiconductors.’”**** According to the plots of
(F(R) x hv)" vs. energy (hv) in the insert of Fig. 10, the band gap

This journal is © The Royal Society of Chemistry 2017

¢ TiOSO, concentration was 0.22 M and unchanged in all experiments.

E, were determined to be 3.22, 3.0, and 3.23 €V for the anatase,
rutile and brookite, respectively. The value of brookite obtained
in the present work is the a little smaller than the reported
value.*?

The photocatalytic activity of the TiO, polymorphs was tested
by the degradation of 10 ppm methyl orange solutions at
natural pH values under UV light. Fig. 11 shows the degradation
kinetics of MO over different TiO, polymorphs. Evidently,
anatase shows the best photocatalytic activity with 90%
degraded within 2 hours while in the presence of rutile, only
60% MO molecular was degraded in the same time. Brookite
shows the worst photocatalytic activity among. There was little
different in photocatalytic activity between brookite hollow
spheres and nanorods. The photocatalytic activity order for
three polymorphs obtained here is in agreement with most
previous studies.**™** There are several literatures reporting that
the photocatalytic activity of rutile TiO, is better than its anatase
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Fig. 9 FT-IR spectra of the as-prepared A-TiO, (S1), R-TiO, (S13) and
B-TiO, (S6) samples.
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Fig. 10 UV-vis spectra of the as-prepared A-TiO, (S1), R-TiO, (S13)
and B-TiO, (S6) samples.
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Fig. 11 Degradation kinetics of MO solutions over A-TiO, (S1), R-TiO,
(S13) and B-TiO, nanorods (S6) and hollow spheres (S2) under UV
irradiation.

counterpart.*® It is well documented that the photocatalytic
activity of TiO, is closely related to several factors, such as
crystal structure, crystalline size, defect concentration, exposing
crystal surface, etc., all of which are determined by synthetic
conditions. Therefore, it is understandable for the different
order of photocatalytic properties among TiO, polymorphs re-
ported in the literature. We believe that the unique crystal
structure and crystallite shape of anatase are responsible for the
excellent photocatalytic performance in our study.

Conclusions

In summary, we have demonstrated a facile method for the
selective synthesis of A, R or B-type TiO, polymorph under
hydrothermal condition. Anatase nanoparticles, rutile nano-
rods, and especially brookite hollow spheres and nanorods are
successfully synthesized by adjusting the amount of chloro-
acetic acid, urea and NaOH. The use of chloroacetic acid and
urea consistently yields anatase, and the morphology of the
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anatase particles can be controlled from dispersed nanocrystals
to sphere-structured agglomerates by changing the chloroacetic
acid concentration. The combined use of chloroacetic acid and
NaOH leads to the formation of anatase, rutile and their
mixtures by controlling the hydrothermal reaction time. It is
found that rutile formed from anatase-to-rutile transition under
hydrothermal condition. Nevertheless, the combined use of
chloroacetic acid, urea and NaOH yields high pure brookite
with the morphology from nanorods and self-assemble hollow
spheres. Unlike rutile, brookite seems formed directly from the
precursor rather than anatase, in agreement with previous
discovery. Finally, the photocatalytic activity of three poly-
morphs of TiO, was compared. We believe that the method
reported here provide new perspectives for the facile selective
preparation of inorganic materials, especially for TiO, poly-
morphs, and thus allow for study on relevant structure-
dependent properties.
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