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Abstract It was demonstrated that brookite-type titanium

oxide can be directly synthesized by the hydrothermal

treatment of novel water-soluble titanium complexes under

basic conditions in the presence of an additive. In partic-

ular, single-phase brookite was synthesized from the

titanium–glycolate complex at a pH of about 10 in the

presence of excess NH3 aqueous solution or ethylenedia-

mine, and powder thus obtained consisted of rod-like

nanosized particles. It was suggested that the structures of

titanium complexes are important for the formation of

brookite.

Introduction

Titanium dioxide (TiO2), which is chemically stable and

non-toxic, has been used in a wide variety of applications

such as in white pigments, cosmetics, and protective

coatings, because of its high photo-refractive index.

Recently, TiO2 has become attractive as a photocatalyst

since harmful organic compounds and NO can be

decomposed by titania under ultraviolet radiation [1–4]. It

is known that three polymorphs of titania exist: anatase,

rutile, and brookite. Among the three, anatase and rutile

can be easily synthesized using various methods [4–7]. On

the other hand, only a few research groups have reported

the preparation of brookite, but even the best samples

usually contained other TiO2 phases as well [8–11].

It is believed that brookite can be directly obtained from

the precursor solution under the special solvothermal

conditions of high pressure and high temperature but not by

conventional calcination under ambient atmosphere. In

fact, brookite has been obtained using the solvothermal

method in several studies [1, 12–16]. It is typically pre-

pared by the solvothermal method utilizing toxic organic

solvents. In principle, other polymorphs of titania can be

obtained by the hydrothermal treatment of strongly acidic

solutions, containing titanium. In this case, however, the

range of pH is rather restricted for the synthesis, and

handling of the solution itself is quite inconvenient due to

equipment corrosion. Therefore, novel water-soluble tita-

nium complexes, stable over a wide pH range and envi-

ronmentally benign, are very attractive precursors for the

synthesis of titania by the hydrothermal method [17–19].

In the present study, we have examined the synthesis

conditions of brookite-type titanium oxide using hydro-

thermal treatment of novel water-soluble titanium

complexes, and we discuss the brookite formation.

Experimental

Titanium metal powder (5 mmol) was dissolved in a cold

aqueous solution consisting of 30% H2O2 (20 mL) and

30% NH3 aqueous solution (5 mL). Citric acid (5 mmol),

malic acid (5 mmol), tartaric acid (5 mmol), lactic acid
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(15 mmol), or glycolic acid (7.5 mmol) was added to the

solution as a complexant [17–19]. The solution was heated

to 80 �C to remove excess H2O2 and NH3, and it subse-

quently turned into a dry gel-like substance. This gel was

dissolved in water yielding a transparent aqueous solution.

The pH of the as-prepared titanium aqueous solution was

about six. The total volume of this solution was adjusted to

20 mL by adding distilled water, and then it was sealed in a

Teflon-lined stainless steel autoclave. The autoclave was

maintained at 200 �C for 24 h and then cooled down to

room temperature. The same procedure was applied for the

solution with excess amount of complexant (pH 3) or NH3

aqueous solution (pH 10). After the vessel had been cooled,

the resulting precipitate was separated by filtration and/or

centrifuging and washed with distilled water until the pH of

the filtrate became seven. The precipitate thus obtained was

dried at room temperature. These samples were examined

using powder X-ray diffraction (XRD, CuKa: wavelength

k = 1.5406 Å, scanning speed 4� min�1, scanning step

0.02�), Micro-Raman spectroscopy (green laser:

k = 532.2 nm, laser power 0.1 W, resolution 1 cm�1,

exposure time 5.0 s) and transmission electron microscopy

(TEM, Cu microgrid coated with holey carbon film,

accelerating voltage 200 kV).

Results and discussions

Synthesis of single-phase brookite-type TiO2

The XRD and Raman spectroscopy measurements indi-

cated that the obtained samples were either anatase, rutile,

or brookite-type TiO2. The results of identification of

titania polymorphs are summarized in Table 1. Under all

conditions used, single-phase anatase was obtained from

the titanium complex solutions with citric acid, tartaric

acid, or malic acid as a ligand. On the other hand, various

titania polymorphs formed from the titanium–lactate

complex or the titanium–glycolate complex solutions at

different values of pH. From these two complexes, rutile

was obtained at pH 6 without additives. At pH 3, in the

presence of excess amount of a complexant, anatase par-

ticles tended to form. Brookite-type TiO2, which is

extremely difficult to obtain from conventional Ti com-

pounds, was obtained at pH 10 using excess amount of

NH3(aq). In general, it is difficult to confirm whether the

powders contain single-phase brookite or a mixture of

brookite and anatase from only XRD data, since most

of the diffraction peaks of brookite overlap with those of

anatase. Therefore we used Raman spectroscopy as an

additional characterization method. Figure 1 shows the

Raman spectra for the samples synthesized by hydrother-

mal treatment of titanium–lactate complex or titanium–

glycolate complex aqueous solution at pH 10 adjusted

by excess amount of NH3(aq). It is known that single-

phase anatase has characteristic bands at 144 cm�1 and

516 cm�1, which are absent for brookite [20]. These peaks

were observed for the sample obtained from the titanium–

lactate complex, but there were no such peaks in the

spectrum of TiO2 synthesized from the titanium–glycolate

complex. This result indicates that single-phase brookite

can be synthesized by hydrothermal treatment of titanium–

glycolate complex at pH 10 in the presence of excess

amount of NH3 aqueous solution.
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Fig. 1 Raman spectra of the powders synthesized by the hydrother-

mal method at 200 �C for 24 h from titanium–lactate complex (a),

titanium–glycolate complex (b) in the presence of excess amount of

NH3 aqueous solution

Table 1 Phase compositions of powders synthesized by the hydrothermal method at 200 �C for 24 h using water-soluble titanium complex

aqueous solutions (Identification by XRD measurement and Raman spectroscopy measurement.)

pHa Citric acid Tartaric acid Malic acid Lactic acid Glycolic acid

3 A A A A A + R

6 A A A A + R R

10 A A A B + A B

a pH 3: added complexant, pH 6: original solution, pH 10: added excess amount of 30% NH3 aqueous solution

A: anatase, R: rutile, B: brookite
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Among the five water-soluble titanium complexes, the

structures of the titanium–citrate complex, the titanium–

lactate complex, and the titanium–glycolate complex have

been determined [17–19]. Among these complexes, only the

architecture of Ti–O–Ti bonds in the titanium–glycolate

complex resembles the atomic arrangement in brookite and

this is the reason why single-phase brookite can be selec-

tively synthesized from the titanium–glycolate complex

[19]. The titanium–lactate complex contains only one Ti

atom in the molecule [18] and it does not provide any

‘‘built-in’’ structure of titanium polymorphs. Therefore

lactate complex acts most likely only as a source of tita-

nium ions and formation of anatase, rutile, and anatase–

brookite mixture follows well-known pH dependence. The

reasons for the exclusive anatase formation from the

citrate, tartrate, and malate complexes are not clear yet.

Effects of amount of NH4
+, pH and reaction time

Figure 2 shows the XRD patterns for the particles

synthesized by the hydrothermal treatment of the titanium

glycolic acid complex by adding various amounts of 30%

NH3 aqueous solution. This original solution of the com-

plex had a pH 6; pH values of 9.1 and 9.3 were obtained by

adding 0.2 mL and 0.5 mL of the ammonium solution,

respectively (total volume was 20 mL). Adding more than

1.0 mL NH3(aq) yielded a pH 10. The formation of the

brookite phase can be confirmed by the characteristic

diffraction peak at 2h & 30.8� in the XRD patterns.

According to the XRD patterns (Fig. 2), brookite phase

was obtained under basic conditions, even if the excess

amount of NH3 aqueous solution was very small. The more

NH3(aq) was added, the weaker was the characteristic

rutile peak at around 2h = 27.4� and the sharper was the

characteristic peak of brookite observed at around

2h = 30.8�. The Raman spectra show that single-phase

brookite was obtained in the presence of over 0.5 mL

ammonium solution. Figure 3 shows TEM images of

brookite particles obtained by the hydrothermal treatment

of the titanium–glycolate complex with various amounts of

NH3(aq). All the samples were composed of rod-like

nanosized particles. For larger amounts of aqueous NH3,

larger particles of TiO2 were obtained. These results are

consistent with the XRD patterns.

To check the effect of NH4
+ ions on the formation of

brookite, the concentration of NH4
+ equal to that after addi-

tion of 1.0 mL of 30% NH3 aqueous solution was adjusted by

adding ammonium sulfate (NH4)2SO4. The pH of this solu-

tion was 5.1. After hydrothermal treatment of the prepared

solution at 200 �C for 24 h, rutile was obtained as the only

phase. This result demonstrated that a basic solution (pH

about 10) is important to obtain single-phase brookite, while

ammonium ions do not seem to play an important role.

The hydrothermal reaction time was also varied between

1 and 100 h when 1.0 mL NH3 (aq) was added to the tita-

nium–glycolate complex solution. An amorphous phase was

obtained after 1 h treatment. However, after 2 h brookite

started to form as the single phase. This observation indi-

cates that brookite does not form through intermediate

phases, rather the brookite nuclei are directly formed from

the complex and continue to grow in the solution.

Effects of a different of additives

Figure 4 shows XRD patterns of the particles obtained

from the titanium–glycolate complex in the presence of

various compounds. Single-phase brookite was obtained

from the complex solution at a pH of about 10 after the

addition of 99.0% ethylenediamine, whereas a mixture of

brookite and rutile was obtained from solutions containing

NaOH or KOH. We believe that the complexes in the

presence of a strong base such as NaOH or KOH were

substantially hydrolyzed and the original structure was

destroyed or at least altered. The resulting structures of the

complexes were not favorable for building the brookite

nuclei. It had been reported that the presence of alkaline or

alkaline earth metals is important for the formation of

brookite [16], however we demonstrated that in the pres-

ence of sodium chloride at neutral pH rutile formed as the

only phase (see Fig. 4f). Our experience indicates that it is

the weakly basic environment that is important for the

formation of brookite.
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Fig. 2 XRD patterns of the powders obtained by the hydrothermal

treatment of titanium–glycolate complex solution (a) and in the

presence of excess amount of NH3(aq) 0.2 mL (b), 0.5 mL (c),

1.0 mL (d), 2.0 mL (e), 5.0 mL (f). R: rutile, B: brookite
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Conclusions

Brookite was obtained by the hydrothermal treatment of the

titanium–glycolate or the titanium–lactate complex

solutions under basic conditions. In particular, single-phase

brookite was prepared from the titanium–glycolate complex

solution in the presence of excess amount of NH3 aqueous

solution or ethylenediamine. When the solution was almost

neutral or acidic, brookite was not obtained even in the

presence of excess amount of ammonium ions. Also brookite

could not be obtained from the solutions with citric acid,

malic acid, or tartaric acid as ligands under any conditions.

These results indicated that the structure of the titanium

complexes is important to build up brookite. In addition, we

revealed that brookite is formed directly from solution rather

than through the intermediate titania polymorphs.
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