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Anatase and brookite TiO2 with various
morphologies and their proposed building block†
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Hsin-Tien Chiub and Chi-Young Lee*a

In this work, brookite TiO2 has been synthesized by a simple hydrothermal approach using sodium

titanate as a precursor in the presence of a sodium fluoride aqueous solution. The ratio of brookite and

anatase TiO2 can be tailored by the NaF concentration. In a concentrated NaF solution, high quality

brookite TiO2 was acquired. Pure anatase nanoparticles were obtained in only deionized water.

Moreover, the morphology and size of brookite TiO2 can be tailored by using various acid treated

titanates which influence the stability of the building blocks and nucleation points of TiO2. Micro-sized

flower-like brookite, submicro-sized urchin-like brookite and brookite nanorods with anatase

nanoparticles were obtained. The micro-sized flower-like brookite remains the same shape and phase

even at 800 °C, whereas obvious grains were formed on the matrix with brookite, rutile and anatase

mixture phases at 900 °C. On the other hand, as the submicro-sized urchin-like brookite was heated, a

rutile phase appeared at 750 °C and 100% grain-like rutile was obtained at 900 °C.
Introduction

In nature, TiO2 exists generally in three crystal phases which
are rutile (P42/mnm), anatase (I41/amd) and brookite (Pcab).
Owing to these different crystalline polymorphs of TiO2, it
has unique physical and chemical properties1,2 which have a
variety of applications in photocatalysts,3–5 dye sensitized
solar cells,6,7 lithium ion storage8,9 and electrochromic
devices.10 In general, the rutile phase has been synthesized
in strong acidic solutions11 or at high temperature condi-
tions,12 whereas anatase is obtained in neutral or alkaline
solutions.13,14 Compared with rutile and anatase TiO2, getting
a high quantity brookite phase is complicated and needs
particular conditions, such as a specific precursor, pH value
and additive.15–20

Recently, brookite nanorods were synthesized using
titanium bis(ammonium lactate) dihydroxide (TALH) in the
presence of a urea solution.18 Brookite nanoflowers were
synthesized with tetrabutyl titanate (TBOT) as a precursor in
an ammonia and sodium salts mixed aqueous solution.15,20

Pseudo-cube shaped brookite nanocrystals were synthesized
using an oleate-modified hydrothermal method and a water-
soluble titanium–glycolate as a precursor.19 The aforemen-
tioned methods can obtain high quality brookite TiO2

crystals, but mostly use titanium organic compounds as
precursors. The organic pollutants and high cost precursors
may limit the study of the physical and chemical behaviors of
brookite TiO2 and its applications.

In this investigation, we attempt to synthesize brookite
TiO2 by a simple hydrothermal approach using sodium titanate
as a precursor in the presence of a sodium fluoride aqueous
solution. The morphology and size tailored brookite TiO2

was obtained by tuning the acid treated sodium titanate. The
influence of the additive salts and dissolving rate of the
precursors in the reaction on the brookite phase formation
were discussed.
Experimental
Preparation of sodium titanate

Sodium titanate was synthesized by adding TiO2 (Riedel-
de-Haën) to a 10 M NaOH aqueous solution. The mixture was
refluxed at 150 °C for 48 h. The obtained precipitates were
washed with DI water several times to remove the unreacted
NaOH. Furthermore, the sodium titanate was separated into
four parts. The collected precipitates were suspended in DI
water and underwent acidic treatments in which HCl was
added until the solutions became invariable with respect to
pH values at 8, 5, 4 or 2, respectively, for 24 h. The precipi-
tates were further washed with DI water, dried at 50 °C and
mm, 2014, 16, 441–447 | 441
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Fig. 1 Powder XRD patterns of TiO2 obtained in (A) 0 M (B) 0.4 M
(C) 0.6 M (D) 1 M NaF using T8 as a precursor in the hydrothermal process.
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then collected as precursors. The acid treated titanates were
denoted as T8 (pH 8), T5 (pH 5), T4 (pH 4) and T2 (pH 2),
respectively.

Preparation of TiO2

0.2 g of the titanates (T8, T5, T4 or T2) were added to 30 ml
(0 to 1 M) of a NaF solution under ultrasonication. The
precursor solution was transferred to a Teflon-lined autoclave
and heated to 200 °C for 20 h. After the hydrothermal
process, the product was washed with DI water and dried in
a 50 °C oven. For further confirmation, other salts (LiF, KF,
NaCl and NaBr) were added individually or as a mixture of
LiF and NaCl as well as KF and NaCl in the hydrothermal
processes. To study the phase transformation, brookite TiO2

was annealed at various temperatures (700 °C to 950 °C) for 1 h.

Materials characterization

The morphologies of the materials were examined by FE-SEM
(JSE-6500F field emission SEM). The high resolution morpho-
logical analyses were performed by HRTEM (JEM-2010 and
JEM-3000F). Phase detection analyses were studied by XRD
patterns (Brucker D8-advanced with Cu Kα radiation, λ =
1.5405981 Å). A Raman spectrometer (Renishaw using a laser
with λ = 632.8 nm) was used to characterize the structure of
the samples. The trace element in the samples was identified
by ICP-MS (Perkin Elmer, SCIEX ELAN 5000).

Quantitative analysis of the TiO2 phase composition

The phase content of the TiO2 polymorphs was estimated
based on the integrated intensities of the anatase (101),
brookite (121) and rutile (110). The weight fraction of TiO2

can be derived:21
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where WA, WB and WR refer to the weight fraction of anatase,
brookite and rutile, respectively. AA, AB and AR represent the
integrated intensities of the anatase (101) peak, brookite
(121) peak and rutile (110) peak, respectively. KA and KB are
two coefficients which are 0.886 and 2.721, respectively.

Results and discussion

TiO2 with various amounts of brookite and anatase was
synthesized using sodium titanate as the precursor in the
presence of a NaF solution. Fig. 1 shows the XRD patterns of
TiO2 synthesized using T8 as a precursor in different
442 | CrystEngComm, 2014, 16, 441–447
concentrated NaF solutions. An anatase phase (JCPDS file
no. 21-1272) was mainly obtained in only DI water (in the
absence of NaF as the additive), whereas increasing the con-
centration of NaF leads to an increase in the 2θ peak at
30.8°, which corresponds to the reflection from the brookite
TiO2 lattice plane {121} (JCPDS file no. 29-1360). Raman spec-
tra are also used to identify the phase structures.22,23 Fig. S1
in the ESI† shows the Raman spectra of TiO2 obtained in 0,
0.4 and 1 M NaF solutions, respectively. The peaks of TiO2

obtained in DI water correspond to anatase phase TiO2. The
anatase and brookite overlapped peaks were observed in the
spectrum of TiO2 obtained in 0.4 M NaF. In the spectrum of
TiO2 obtained in 1 M NaF, brookite TiO2 was the only
product obtained, which was confirmed by the Ramen
spectra, without significant anatase peaks (A1g and B1g) present
at around 515 cm−1. In addition, the XRD peaks at 9.3°, 24.2°
and 28.2° correspond to the unreacted titanate precursor, as
shown in Fig. 1 and Fig. S2 in the ESI.† It implies that the
addition of NaF slows down the reaction rate and enhances
the brookite formation.

Fig. 2 shows the SEM images of TiO2 synthesized using T8
as a precursor in NaF solutions with different concentrations.
Fig. 2A shows irregular shaped particles which are hundreds
of nanometres in size, obtained using DI water in the
absence of NaF. A mixture of micro-sized flower shaped pow-
der and particles was obtained in the reaction solution with
respect to the addition of NaF, as shown in Fig. 2B and C.
The content and size of the flower-like brookite increased as
the NaF concentration increased. In a 1.0 M NaF solution,
4–5 μm sized flower-like brookite was covered by titanate
nanowires, as shown in Fig. 2D and Fig. S3A in the ESI.† After
a concentrated HCl treatment, the unreacted titanate was
removed. High purity micro-sized flower-like brookite with a
clean surface was obtained, as shown in Fig. S3B and S3C
in the ESI.†

To investigate the role of the precursor on the brookite
TiO2 formation, the sodium titanate was washed using an
HCl solution with different pH values to obtain titanates with
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 FESEM images of TiO2 obtained in (A) 0 M (B) 0.4 M (C) 0.6 M
(D) 1.0 M NaF using T8 as a precursor in the hydrothermal process.
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various displacement degrees of sodium by hydrogen ions.
The sodium contents of the titanate decreased as they were
acid treated in a solution with a lower pH value. From the
EDS analysis shown in Fig. S4 in the ESI,† the Na/Ti ratio is
0.30, 0.24, 0.12 and 0.06 of T8, T5, T4 and T2, respectively. As
a concentrated HCl solution was used, the sodium titanate is
almost transferred to hydrogen titanate (T2). According to the
literature,24–27 this titanate is a NaxH2−xTi3O7·nH2O structure.
The as-synthesized titanate was rich in sodium as an interlayer
cation, but the sodium content was reduced substantially after
an acidic treatment. In our experiments, some anatase peaks
of T2 also can be discovered in Fig. S5 in the ESI.†

Fig. 3 shows the XRD patterns of TiO2 using T5 as a pre-
cursor in different concentrations of NaF solutions. The peak
intensities of brookite TiO2 increased with the NaF concen-
tration, as was observed using T8 as the precursor. The
Raman spectrum in Fig. S6 in the ESI† also demonstrates
that a high quantity of brookite TiO2 was obtained in a 1 M
NaF solution. On comparison with the sample made using
Fig. 3 Powder XRD patterns of TiO2 obtained in (A) 0 M (B) 0.4 M
(C) 0.6 M (D) 1 M NaF using T5 as a precursor in the hydrothermal
process.

This journal is © The Royal Society of Chemistry 2014
T8, only TiO2 peaks show on the XRD pattern when using T5
as a precursor in a 1 M NaF solution, which implies that T5
was totally consumed in a concentrated NaF solution, as
shown in Fig. S7 in the ESI.†

Fig. 4A–D shows the SEM images of TiO2 obtained using
T5 as a precursor in different concentrations of NaF solu-
tions. Anatase TiO2 nanoparticles, whose sizes are below
100 nm, are present in Fig. 4A. A mixture of submicro-sized
brookite rods and anatase nanoparticles was observed with
the use of NaF as an additive. The content of brookite rods
increased with the NaF concentration. In a 1 M NaF solution,
the urchin-like submicro-sized brookite was constructed with
400–500 nm length nanorods, which grow radially from the
centre of the matrix. Fig. 4E shows low-magnification trans-
mission electron microscopic images of the urchin-like
brookite TiO2, and Fig. 4F presents an HRTEM image of the
top of the brookite nanorod. The fringes from the (120) and
(001) planes reveal d-spacings of 3.51 Å and 5.15 Å, respec-
tively. It shows that the rod axis of brookite is along [001]
and the circumambient surface is the {120} planes.28

The XRD pattern shows mainly brookite phase TiO2

obtained using T4 as a precursor in a 1 M NaF solution, as
shown in Fig. 5A. As shown in Fig. 5B–F, uniform brookite
nanorods with lengths of 200–300 nm and widths of
20–30 nm were obtained. In addition, a small amount of
10–20 nm anatase nanoparticles were also observed. Fig. 5D
presents an HRTEM image of a brookite nanorod with
Fig. 4 FESEM images of TiO2 obtained in (A) 0 M (B) 0.4 M (C) 0.6 M
(D) 1 M NaF using T5 as a precursor in the hydrothermal process; TEM
analyses of submicro-sized urchin-like brookite: (E) TEM image
(F) HRTEM image of the red square in the inset.

CrystEngComm, 2014, 16, 441–447 | 443
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Fig. 5 TiO2 obtained in 1 M NaF using T4 as a precursor in the
hydrothermal process: (A) Powder XRD pattern (B) FESEM image.
(C) and (D) shows TEM and HRTEM images of TiO2. The marked blue
and red regions in (D) are shown in (E) and (F) respectively. The insets
of (E) and (F) present Fourier transformed images.

Fig. 7 The content of brookite TiO2 obtained in different NaF
concentrations using (A) T8, (B) T5, (C) T4 and (D) T2 as precursors in
the hydrothermal process.
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anatase nanoparticles. The spot patterns (inset of Fig. 5E) are
a Fourier transformed image of the nanorod, assigned as
brookite (120), (01̄1) and (111) planes, whereas the spots
(Fig. 5F) of the nanoparticle are indexed as the (200), (105)
and (105̄) planes of anatase TiO2.

Fig. 6A shows mainly anatase phase TiO2 obtained using
T2 as a precursor in a 1 M NaF solution. The size of the
anatase nanoparticles was typically below 50 nm, as observed
in Fig. 6B.

To further estimate the quantity of brookite TiO2 thus
obtained, the intensities of anatase (101) at 2θ = 25.3° and
brookite (121) at 2θ = 30.8° were integrated,21 as shown in
Fig. 7. From Fig. 7, the phase content of TiO2 using T8 and
T5 as precursors shows a similar tendency. The amount of
Fig. 6 TiO2 obtained in 1 M NaF using T2 as a precursor in the
hydrothermal process: (A) Powder XRD pattern (B) FESEM image.

444 | CrystEngComm, 2014, 16, 441–447
brookite increases dramatically as the concentration of the
NaF solution increases from 0.2 M to 0.6 M and reaches over
95% in a 1 M NaF solution. When using T4 as a precursor,
although the content of brookite increases as the concentra-
tion of the NaF solution increases from 0.2 M to 0.6 M, only
81% brookite was observed in 1 M NaF. However, the use
of T2 as a precursor yields only 7% brookite TiO2 in a 1 M
NaF solution.

In addition to the use of different precursors, the reaction
environment was also adjusted by different pH values. As T8
was suspended in a 1 M NaF acidic solution (pH 5), the
product without unreacted titanate containing 68.4% brookite
and 31.6% anatase was obtained, as shown in Fig. 8A.
Reducing the pH value of the reaction solution accelerates
the transformation of titanate to TiO2, which diminishes the
formation of brookite TiO2 from 98% to 68.4%, and the size of
the flower-like brookite also decreases to 2–3 μm.

Based on the above observations, micro-sized flower-like
brookite with some unreacted titanate, submicro-sized
urchin-like brookite, brookite nanorods with anatase
nanoparticles and anatase nanoparticles were obtained using
T8, T5, T4 and T2 as precursors, respectively, in a 1 M NaF
solution. The results show that the size of the brookite
lessened and the content of anatase increased as the sodium
content in the titanate precursor decreased from T8 to T2.
Fig. 8 (A) Powder XRD patterns of TiO2 obtained (a) without HCl
(b) with the addition of HCl and using T8 as a precursor in 1 M NaF
(B) FESEM image of (b).

This journal is © The Royal Society of Chemistry 2014
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The size variation of brookite can be attributed to the dissolv-
ing rate of titanate. The weak acid treated T8, with a large
amount of sodium ions, stabilizes the layered structure of
titanate.26 A low dissolving rate leads to the formation of large
TiO2 particles and retains some unreacted titanate.29 However,
on using a strong acid treated titanate, T2, or adding extra
hydrochloric acid to the reaction solution, accelerates the tita-
nate dissolution, which increases the nucleation sites, resulting
in the formation of small sized TiO2.

30,31 These observations
also imply that when using a titanate with a high dissolution
rate, anatase TiO2 was the major product, whereas, brookite
was obtained when the titanate dissolving rate is slow.

Moreover, various alkali metal halides were used to study
the influence of salts on the TiO2 growth. Sodium halides,
NaCl and NaBr, which provide the sodium ion, and the alkali
metal fluorides, LiF or KF, which provide the fluoride ion in
the reaction, were used as additives. It was discovered that
anatase TiO2 powder without any other TiO2 phase was
obtained, as shown in Fig. S8 in the ESI.† These results
suggest that both the sodium and fluoride ions are essential
species for the formation of brookite TiO2. When a mixture
of equal molar KF and NaCl was used, 27% brookite TiO2

was observed. However, when a mixture of LiF and NaCl was
added in the reaction, only 5% brookite TiO2 was obtained,
as shown in Fig. 9.

Depending on the above observations, brookite TiO2 was
synthesized using a weak acid treated titanate as the pre-
cursor in NaF solutions. The brookite building block formed
in a medium basic solution can be stabilized by coexisting
ions of sodium and fluoride in the reaction,32 which is unsta-
ble in the presence of other ions. The different contents of
brookite TiO2 in the mixed salt reactions may be attributed
to the competition between various charge densities of the
alkali metal ions.14,33 As low charge density potassium ions
were introduced, a portion of the brookite building blocks
were still stabilized by the sodium ions, resulting in partial
brookite TiO2 formation. However, when the mixture of
LiF and NaCl was added, high charge density lithium ions
were introduced to replace most of the sodium ions, which
Fig. 9 Powder XRD patterns of TiO2 obtained in the presence of a
mixture of (A) LiF and NaCl, and (B) KF and NaCl solutions using T5 as
a precursor in the hydrothermal process.

This journal is © The Royal Society of Chemistry 2014
can stabilize the brookite building block and lessen the
formation of brookite TiO2.

According to the titanate structure, NaxH2−xTi3O7·nH2O,
34

the basic building blocks of TiO2 could be examined. As
titanates slowly dissolve in a concentrated NaF solution, the
large building blocks of brookite TiO2 can be stabilized in
the process, resulting in brookite TiO2 formation. On the
other hand, titanates which dissolve very fast form small
building units of TiO2 in acidic solutions, resulting in the
formation of anatase TiO2, as shown in Scheme 1. Owing to
the slow dissolution of titanate, some unreacted titanate still
remained and a small amount of nucleation points of TiO2

were generated in the beginning, leading to the formation of
large sizes of brookite. However, when the titanates rapidly
dissolved, the structure was decomposed immediately and
generated small building units of TiO2. The building blocks
of brookite are damaged, causing the low content of brookite
TiO2. Because of the fast dissolution of titanate, a large
amount of nucleation points of TiO2 were generated in the
beginning, leading to the formation of small sized TiO2.
Moreover, the NaF solution plays a key factor in stabilizing
the building blocks of brookite. When the concentration of
the NaF solution increased, a higher content of brookite
was obtained by the stabilized building block of brookite.
However, the other salts substitute for the NaF and the
building blocks of brookite are unstable, leading to anatase,
another phase of TiO2, formation.

To study the phase transformation, micro-sized flower-like
brookite and submicro-sized urchin-like brookite were
annealed at various temperatures for 1 h, as shown in Fig. 10
and Fig. S9 in the ESI.† The micro-sized flower-like brookite
retains its shape and phase even at 800 °C, whereas obvious
grains were formed on the matrix with the brookite (12%),
rutile (26%) and anatase (62%) phase mixtures at 900 °C
(Fig. S10A–C, ESI†). On the other hand, as the submicro-sized
urchin-like brookite was heated, a rutile phase appeared at
Scheme 1 The schematic representation of the TiO2 crystal growth
pathway.

CrystEngComm, 2014, 16, 441–447 | 445
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Fig. 10 Powder XRD patterns of (A) micro-sized flower-like brookite
and (B) submicro-sized urchin-like brookite annealed at various
temperatures for 1 h.
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750 °C, about 40% rutile was obtained at 800 °C, and 100%
grain rutile was obtained at 900 °C (Fig. S10D–F, ESI†). The
Raman spectra also present a similar tendency for TiO2 phase
transformation at different temperatures in Fig. S11.†22,23

The high thermal stability of micro-sized flower-like brookite
may involve two aspects: the crystalline size of brookite TiO2

and the Na content in brookite TiO2. According to the litera-
ture,21,35 brookite nanoparticles with diameters below 10 nm
can undergo phase transformation above 500 °C, whereas
40 nm brookite nanoparticles are thermally stable up to
700 °C and transform to a rutile phase at 800 °C. The high
thermal stability of micro-sized flower-like brookite may be
attributed to the large crystalline size which stabilizes the
brookite structure and avoids phase transformation.

On the other hand, it was reported that the impurities in
the TiO2 structure can affect the phase transformation
temperature.36 From the ICP analyses, there are trace Na ions
remaining in the brookite TiO2. The Na content or Na/Ti ratio
in micro-sized flower-like brookite TiO2 is slightly higher
than that of submicro-sized urchin-like brookite. (Micro-sized
446 | CrystEngComm, 2014, 16, 441–447
flower-like brookite: 56.02% for Ti and 0.311% for Na;
submicro-sized urchin-like brookite: 57.05% for Ti and
0.255% for Na). The Na ions in the micro-sized flower-like
brookite may act as a stabilizer to retain its structure and
raise the phase transformation temperature.

Conclusions

In summary, brookite TiO2 was synthesized by a hydro-
thermal process using titanate as the precursor in the
presence of NaF solutions. The content of brookite increased
dramatically from 0.2 M to 0.6 M NaF solutions and to over
95% in a 1 M NaF solution. The morphology and size of
brookite TiO2 can be further tuned by using different acid
treated titanates as the precursors. Micro-sized flower-like
brookite with some unreacted titanate was obtained by using
a weak acid treated titanate (T8). By using a middle acid
treated titanate (T5), submicro-sized urchin-like brookite was
acquired. Brookite nanorods with some anatase nanoparticles
were achieved by using a strong acid treated titanate (T4).
The titanate dissolving rate and brookite TiO2 formation were
further examined by adding an HCl solution to accelerate the
T8 dissolving rate, which demonstrated that more anatase
nanoparticles were obtained in the more acidic solution.
Moreover, the high quality brookite TiO2 can only be
obtained in the presence of both sodium and fluoride ions.
These observations reveal that the building blocks of brookite
were generated by the slow dissolving titanate and stabilized
in a NaF solution. The study of the phase transformation at
various temperatures showed that the micro-sized flower-like
brookite retains its shape and phase even at 800 °C, whereas
obvious grains were formed on the matrix with the brookite,
rutile and anatase mixture phases at 900 °C. On the other
hand, as the submicro-sized urchin-like brookite was heated,
a rutile phase appeared at 750 °C and 100% grain-like rutile
was obtained at 900 °C. This research provides a systematic,
low cost and green strategy for synthesizing size- and
morphology-tailored brookite TiO2. The method has a high
potential for providing brookite TiO2 in order to study its
physical and chemical behaviours.
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