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Abstract The hydrothermal reactions of fibrous

H2Ti4O9 particles with Ba(OH)2 solution in the pres-

ence of cationic surfactants of n-hexadecyltrimethy-

lammonium hydroxide (HTMA-OH) and n-hexadecyl

trimethylammonium bromide (HTMA-Br) were inves-

tigated in a temperature range of 150–250 �C. H2Ti4O9

phase with layered structure was transformed to

BaTiO3 phase in the Ba(OH)2–(HTMA-OH) and the

Ba(OH)2–(HTMA-Br) solutions, and partially trans-

formed to anatase phase in the Ba2+-free HTMA-OH

and HTMA-Br solutions by topotactic structural

transformation reactions under the hydrothermal con-

ditions. The cocoon-like BaTiO3 and titanium oxide

particles were obtained after the hydrothermal reac-

tions in the Ba(OH)2–(HTMA-OH) and HTMA-OH

solution, respectively. These cocoon-like particles were

formed by assembling the fibrous particles in the

surfactant solutions.

Introduction

Barium titanate (BaTiO3) is a well known electroce-

ramic material widely utilized in the manufacture of

multilayer capacitors, thermistors, and electro-optic

devices due to its high dielectric permittivity and

ferroelectric properties [1, 2]. BaTiO3 particles have

been prepared by using various methods. High purity

BaTiO3 with controlled particle size can be prepared

by using the hydrothermal [3–5] and sol–gel methods

[6–8]. However, these methods usually give the parti-

cles with a spherical or cubic shape, meaning it is

difficult to prepare BaTiO3 particles with special shape,

such as fibrous and plate-like particles which have

potential application in the preparation oriented

dielectric ceramics.

Soft chemical synthesis using host-guest reactions is

a unique and useful method for inorganic material

synthesis. In the soft chemical synthesis, a compound

with layered structure or open structure can be used

as the precursor. The layered structure of the precur-

sor can be transformed to a desired structure by an in

situ topotactic structural transformation reaction, and

the morphology of the precursor can be retained after

the reaction [9–12]. This means that the morphology

of the product is dependent on that of the precursor,

which is different from normal methods, e.g. sol–gel

method and hydrothermal method, where the crystal

particle morphology is almost independent of the

morphology of the precursor. Hydrothermal reaction

is useful for the structural transformation in the soft

chemical synthesis. Fibrous BaTiO3 and PbTiO3

particles have been prepared by hydrothermally

reacting a fibrous layered hydrous potassium titanate

(2K2O�11TiO2�3H2O) in Ba(OH)2 and Pb2O(OH)2

solutions, respectively [13–15]. These fibrous BaTiO3

and PbTiO3 particles show high degree crystal-axis

orientation and anisotropic dielectric properties. Our

previous study has indicated that plate-like and fibrous
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anatase and BaTiO3 particles can be prepared by

hydrothermally reacting H+-form layered titanates of

H1.07Ti1.73O4 and H2Ti4O9 with plate-like and fibrous

particle morphologys in distilled water and Ba(OH)2

solution, respectively [16, 17]. The transformation

reactions from the layered phase to the anatase and

BaTiO3 phases are in situ topotactic reactions. The

anatase and BaTiO3 particles prepared by this

method also show high degree crystal-axis orientation

properties.

In the present paper, we describe preparation of

BaTiO3 and titanium oxide from fibrous H2Ti4O9

precursor with a layered structure by hydrothermal

reaction in the presence of a cationic surfactant. In this

reaction system, the fibrous product particles can be

assembled, and shaped into cocoon-like particles,

which provides a new process for modification of

particle morphology in the soft chemical synthesis.

Experiment

Fibrous layered K2Ti4O9 (Otsuka Chemical Co., Ltd)

with dimensions of 0.3–0.6 lm in diameter and 10–

20 lm in length was used as the precursor. The fibrous

K2Ti4O9 particles (10 g) were treated in a 1 M HNO3

solution (1 L) for 1 day at room temperature to

exchange K+ in the layered structure with H+. The

acid-treatment was repeated for twice to complete the

ion-exchange reaction, and fibrous H2Ti4O9 particles

were obtained after the ion-exchange reaction. The

ion-exchanged sample was washed with distilled water

and dried at room temperature.

The fibrous H2Ti4O9 (0.147 g) was added into a 0.1 M

cationic surfactant solution (15 mL) of n-hexadecylt-

rimethylammonium hydroxide (HTMA-OH) or n-hex-

adecyltrimethylammonium bromide (HTMA-Br), and

stirred at room temperature for 2 h, and then a desired

amount of Ba(OH)2�8H2O solid was added into the

solution to adjust the concentration of Ba(OH)2 to 0,

0.1, 0.2, and 0.3 M, respectively. Thus, the Ba/Ti molar

ratios in the reaction system are controlled to be 0, 1, 2,

and 3, respectively. The mixture (15 mL) was placed in a

Teflon-lined, sealed stainless steel vessel (30 mL of

inner volume), and then hydrothermally treated in a

temperature range of 150–250 �C for 24 h under autog-

enously pressure and stirring conditions. The product

was filtered, washed with hot distilled water, and then

dried at 80 �C for 24 h.

The crystal structures of samples were investigated

by using a powder X-ray diffractometer (Rigaku

Rotaflex RAD-RC). The particle size and morphology

were characterized by scanning electron microscopy

(SEM, Hitachi S-530).

Results and discussion

K2Ti4O9 has a layered structure with K+ and water

molecules in the interlayer space, and the K+ are ion-

exchangeable [9]. After the acid-treatment, K+ were

exchanged with H+, but retained the layered structure

(Fig. 1a) with a basal spacing of 0.791 nm, and retained

its fibrous particle morphology (Fig. 2a). When

H2Ti4O9 was treated in a 0.1 M Ba(OH)2 solution at

room temperature, the basal spacing of the layered

(a)

(b)

(c)

(d)

Fig. 1 X-Ray diffraction
patterns of (a) H2Ti4O9 used
as the precursor, samples
obtained by reacting H2Ti4O9

in (b) 0.3 M Ba(OH)2

solution and (c) 0.1 M
HTMA-OH solution,
respectively, and (d) sample
after reacting sample (c) in
0.3 M Ba(OH)2 solution, for
1 day at room temperature. n:
H2Ti4O9 phase; m: Ba2+-
exchanged layered phase; •:
HTMA+-exchanged layered
phase; O: BaCO3 phase
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titanate increased from 0.791 to about 1.1 nm (Fig. 1b),

indicating that Ba2+ can be intercalated into the

interlayer space by a Ba2+/H+ ion-exchange reaction.

An impurity phase of BaCO3 was also observed in the

sample, due to the reaction of Ba(OH)2 solution and

CO2 gas in air. When H2Ti4O9 was treated in HTMA-

OH solution at room temperature, the basal spacing of

the layered titanate increased from 0.791 to 1.13 nm

(Fig. 1c), indicating that HTMA+ can be intercalated

into the interlayer space by a HTMA+/H+ ion-

exchange reaction. The HTMA+ in the interlayer

space can be exchanged with Ba2+. After treatment

of the HTMA+-exchanged layered titanate in Ba(OH)2

solution, product shows a same XRD pattern as that of

Ba2+-exchanged titanate (Fig. 1d). The above results

reveal that Ba2+ can be intercalated easily into the

interlayer space of the layered titanate by the ion-

exchange reaction, which is important for the soft

chemical synthesis of BaTiO3.

Figure 3 shows XRD patterns of samples obtained

by hydrothermally reacting H2Ti4O9 in Ba(OH)2–

(HTMA-OH) solutions at 150 �C under stirring con-

ditions. Most of the layered titanate phase was trans-

formed to a BaTiO3 phase, and only very small amount

of unreacted layered titanate phase remained after the

reaction in the Ba(OH)2–(HTMA-OH) solution. The

amount of unreacted layered titanate phase decreased

with increasing the concentration of Ba(OH)2. The

layered titanate phase partially transformed to anatase

phase in Ba2+-free HTMA-OH solution (Fig. 3a).

The formation of BaTiO3 phase increased with

increasing the reaction temperature in the Ba(OH)2–
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(d)

(f)
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100

(e)
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50

(g) (h)

10
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Fig. 2 SEM photographs of
(a) H2Ti4O9 used as the
precursor and (b)–(h)
products obtained by
hydrothermally reacting
H2Ti4O9 under stirring
conditions for 1 day. (b), (c)
and (d) in 0.1 M HTMA-OH
solution at 150, 200 and
250 �C, respectively; (e) and
(f) in 0.3 M Ba(OH)2–
(HTMA-OH) solution at 150
and 250 �C, respectively; (g)
and (h) in 0.1 M HTMA-Br
solution and 0.3 M Ba(OH)2–
(HTMA-Br) solution,
respectively, at 150 �C
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(HTMA-OH) solution. The single BaTiO3 phase was

obtained in 0.2 and 0.3 M Ba(OH)2–(HTMA-OH)

solutions at 200 �C. At 250 �C the single BaTiO3 phase

was obtained in 0.1, 0.2, 0.3 M Ba(OH)2–(HTMA-OH)

solutions, but most of the layered titanate phase

remained even after reaction at 250 �C in the Ba2+-

free HTMA-OH solution (Fig. 4).

The above results indicate that Ba(OH)2–(HTMA-

OH) solution shows an almost same reactivity for the

formation of BaTiO3 phase as that of Ba(OH)2

solution, while HTMA-OH solution shows a lower

reactivity for the formation of the anatase phase than

that of distilled water under the hydrothermal condi-

tions [17]. The BaTiO3 phase is formed mainly by an in

situ topotactic transformation reaction similar to the

case in the H2Ti4O9–Ba(OH)2 reaction system, in

which Ba2+ migrate into the crystal bulk of layered

titanate through the interlayer space, and then react

with titanate layers to form BaTiO3 in the crystal bulk.

The transformation from H2Ti4O9 phase to anatase

phase is a dehydration reaction. The H2Ti4O9 phase

can be transformed completely to anatase phase after

reaction in distilled water at 200 �C. The XRD

results suggest that the H2Ti4O9 phase is easier to be

(a)

(b)

(c)

(d)

(a)

(b)

(c)

(d)

Fig. 3 X-ray diffraction
patterns of products obtained
by hydrothermally reacting
H2Ti4O9 in (a) 0, (b) 0.1, (c)
0.2, and (d) 0.3 M Ba(OH)2–
(HTMA-OH) solutions,
respectively, at 150 �C for
1 day under stirring
conditions. h: unreacted
layered titanate phase; M:
anatase phase; s: BaTiO3

phase

(a)

(b)

(c)

(d)

Fig. 4 X-ray diffraction
patterns of products obtained
by hydrothermally reacting
H2Ti4O9 in (a) 0, (b) 0.1, (c)
0.2, and (d) 0.3 M Ba(OH)2–
(HTMA-OH) solutions,
respectively, at 250 �C for
1 day under stirring
conditions. h: unreacted
layered titanate phase;M:
anatase phase; s: BaTiO3

phase
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dehydrated into anatase phase in the neutral solution

than that in the alkaline solution under the hydro-

thermal conditions. The HTMA+ in the interlayer

space can stabilize also the layered structure.

The hydrothermally reacted products show an

interesting morphology. The fibrous particles aggre-

gated together to form cocoon-like particles with

smooth surface after the hydrothermal reaction in

the Ba2+-free HTMA-OH solution at 150 and 200 �C

(Fig. 2b and c). Cocoon-like BaTiO3 particles can be

obtained by the hydrothermal reaction in the

Ba(OH)2–(HTMA-OH) solutions at 150 and 200 �C

(Fig. 2e). At 250 �C, however, no cocoon-like parti-

cle was observed in Ba2+-free HTMA-OH or

Ba(OH)2–(HTMA-OH) solutions. At 250 �C when

H2Ti4O9 was hydrothermally reacted in Ba2+-free

HTMA-OH solution, the particles with similar mor-

phology to the precursor were obtained, where

without aggregation occurred (Fig. 2d). In the

Ba(OH)2–(HTMA-OH) solutions, the fibrous mor-

phology of the precursor was broken down to smaller

particles (Fig. 2f), due to a dissolution-deposition

reaction on the surface of the particles, similar to the

normal hydrothermal reaction [16]. The dissolution-

deposition reaction changes the fibrous morphology

of the precursor.

When H2Ti4O9 was hydrothermally reacted in

Ba(OH)2–(HTMA-Br) solutions, BaTiO3 phase was

formed also, similar to the case of that in Ba(OH)2–

(HTMA-OH) solutions (Fig. 5). In the Ba2+-free

HTMA-Br solution, the anatase phase is formed more

easily than that in the Ba2+-free HTMA-OH solution.

A layered titanate phase with a large basal spacing of

2.57 nm was observed (Fig. 5a), suggesting more

HTMA+ were intercalated into the layered titanate

under the hydrothermal conditions than that at room

temperature, which caused the increase of the basal

spacing of the layered phase. The fibrous particles

assembled together also in the Ba(OH)2–(HTMA-Br)

solutions, but the cocoon-like particle was not

observed (Fig. 2g and h).

The above results indicate that HTMA-OH and

stirring are necessary to form the cocoon-like particles.

In the particle assembling process, HTMA+ plays an

important role in the formation of the cocoon-like

particles. The surfactant ions can be adsorbed on the

surface of the H2Ti4O9 fibers, and the interaction of

the hydrophobic group promotes the assembling of the

fibrous particles. Under the stirring conditions, the

assembled fibrous particles are shaped into the cocoon-

like particles. In the Ba(OH)2 solution, the layered

phase of the cocoon-like particles is transformed to

BaTiO3 phase by the in situ topotactic reaction, but the

cocoon-like particle morphology is retained after the

reaction.

Conclusions

The results of this study indicate that the hydrothermal

soft chemical process is useful for the preparation of

BaTiO3 and titanium oxide with special morphology.

The cocoon-like BaTiO3 and titanium oxide particles

can be prepared by hydrothermally reacting fibrous

H2Ti4O9 particles in Ba(OH)2–(HTMA-OH) and

HTMA-OH solutions, respectively, in the temperature

(a)

(b)

(c)

(d)

Fig. 5 X-ray diffraction
patterns of products obtained
by hydrothermally reacting
H2Ti4O9 in (a) 0, (b) 0.1, (c)
0.2, and (d) 0.3 M Ba(OH)2–
(HTMA-Br) solutions,
respectively, at 150 �C for
1 day under stirring
conditions. h: layered
titanate phase with a basal
spacing of 2.57 nm; M: anatase
phase; s: BaTiO3 phase
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of 150–200 �C. The cocoon-like BaTiO3 and titanium

oxide particles are formed by assembling fibrous

BaTiO3 particles and fibrous titanium oxide particles,

respectively. The HTMA+ in the reaction system plays

an important role in the particle assembling process.

The transformation reaction from the H2Ti4O9 phase

to the BaTiO3 phase is topotactic structural transfor-

mation reaction.
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