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The hydrothermal oxidation of Ti metal powder was performed in ca. 0.1–55 mol (kg H2O)21 caesium

hydroxide solutions in the range 150 to 350 uC. Lepidocrocite-type caesium titanate (CsxTi2 2 x/4%x/4O4)

(%~ vacancy) has been successfully obtained as a single phase even at the low temperature of

150 uC. Resultant caesium titanate forms plate-like particles with an average size of ca. 0.59 mm in length. At

higher caesium hydroxide concentrations and reaction temperatures, amorphous products which transform into

CsxTi2 2 x/4%x/4O4 by calcination above 750 uC are obtained. A formation diagram of products in the

Ti–CsOH–H2O system has been constructed for a CsOH concentration range of 0.1–55 mol (kg H2O)21 and for

the temperature range 150–350 uC.

Introduction

It is well known that various alkali titanates represented by the
chemical formula A2O?nTiO2 (A ~ alkali metal ion, n # 2 – 9)
have their own crystal structures of layered- or tunnel-type.
Since those titanates show excellent ion exchange ability,1–5

they have been applied to ion exchange reactions for the fixing
of radioactive metal ions,6–8 as starting materials for the
intercalation of organic compounds,9–13 or for the fabrication
of porous materials.14–18 Another particularly interesting pro-
perty of these compounds is their photocatalytic activities.18–25

As shown in Fig. 1, lepidocrocite-type caesium titanate has a
unique layer structure which is flat along the c-axis.26–28 As a
consequence of this structure, interlayer protons of the
protonated lepidocrocite-type titanate are readily exchanged
by other alkali metal ions.29,30 In recent years, it has been
reported that protonated lepidocrocite-type titanate can be
easily exfoliated into single layers by the intercalation of bulky
organic amines to fabricate plate-like particles of titania and thin
films of protonic titanate.24,31–33 The titania films are also
attractive because of their application to dye-sensitized TiO2

solar cells.34–37

In order to improve functional properties such as photo-
catalytic activity or ion exchange ability, it is highly desirable to
be able to control the particle size and morphology of the
titanates. From this point of view, hydrothermal synthesis is a

suitable method. However, the formation of caesium titanate
under hydrothermal conditions has not yet been reported.
Meanwhile we have reported that various potassium titanates
are produced under hydrothermal conditions using metallic Ti
powder as a raw material within a short reaction time and
without a second phase product.38,39 In this study, therefore,
the hydrothermal reactions of Ti powder in caesium hydroxide
solutions at 150 to 350 uC have been investigated for the first time.

Experimental section

Reagents and materials

All chemicals used were of reagent grade. Ti powder (Wako
Pure Chemical Industries, Ltd.) used as a starting material was
of min. 95% purity with particles of v 45 mm in diameter.

Hydrothermal oxidation of titanium powder

Initially, 1.0 g CsOH?H2O (Nacalai tesque, Inc.), 0.1 g Ti
powder and sufficient deionized water to achieve the desired
CsOH concentration were put into an autoclave of 100 cm3

internal volume, constructed from SUS 316 type stainless steel.
To prevent further corrosion of the steel, a polytetrafluoro-
ethylene (Teflon1) cup and a Ni beaker were placed inside the
autoclave below and above 300 uC, respectively. After sealing,
the autoclave was placed in an electric furnace at the desired
temperature for 2 h. During the reaction period, the autoclave
was kept at an autogeneous saturation vapor pressure of the
solution without stirring. The product was separated from the
solution by centrifuge, then rinsed with methanol and finally
dried in an oven at 105 uC for 12 h.

Characterization

Products were identified by X-ray powder diffraction
(Shimadzu diffract meter XD-D1) using graphite-monochro-
matized Cu Ka radiation. Chemical analysis was carried out by
ICP-AES (Perkin-Elmer Optima 3300) and AAS (Shimadzu
AA-6500S) after dissolving the sample in aqua regia. Thermal
analysis of products was also performed in air with a heating
rate of 10 uC min21 using a Rigaku TAS-200 thermo-
gravimetric analyzer. The morphology of products was
observed by SEM (Hitachi S-430 and S-900). The specific
surface area was determined by nitrogen adsorption using a
Quantachrome NOVA1000-TS.

Fig. 1 Polyhedral representation of the crystal structure for CsxTi2 2 x/

4%x/4O4 (x ~ 0.62; %, vacancy) viewed down the a axis. Broken lines
encircle the body-centered unit cell.

DOI: 10.1039/b106577g J. Mater. Chem., 2002, 12, 305–308 305

This journal is # The Royal Society of Chemistry 2002



Results and discussion

Formation diagram of the Ti–CsOH–H2O system

A series of experiments on the Ti–CsOH–H2O system
was carried out for the CsOH concentration range 0.1–
55 mol (kg H2O)21 and at temperatures from 150 to 350 uC.
Typical XRD patterns of products at 250 uC together with a
formation diagram of the Ti–CsOH–H2O system are shown
in Figs. 2 and 3, respectively.

In Fig. 2 formation of lepidocrocite-type caesium titanate
(CsxTi2 2 x/4%x/4O4) was observed for a CsOH solution of
1 mol (kg H2O)21; however, the sample mainly consisted of
unreacted titanium powder. Single phase CsxTi2 2 x/4-
%x/4O4 was successfully obtained for CsOH solutions of
5 to 10 mol (kg H2O)21. At CsOH concentrations above
20 mol (kg H2O)21, the amorphous phase was formed. From
the formation diagram, Fig. 3, there is a tendency to form the

amorphous compound at lower CsOH concentrations such as
10 mol (kg H2O)21 above 300 uC. This means that the region of
CsOH concentration where CsxTi2 2 x/4%x/4O4 is stable
narrows with increasing reaction temperature.

In this series of experiments, only CsxTi2 2 x/4%x/4O4 was
found as a crystallized phase. It can be considered that this
result is affected by the Cs : Ti molar ratio fixed at 2.9. In view
of this, therefore, the effect of the Cs : Ti molar ratio at
5 mol (kg H2O)21 CsOH was examined at 250 uC.

The results are shown in Fig. 4. All products were identified
by XRD as CsxTi2 2 x/4%x/4O4 and no effect of varying the
Cs : Ti molar ratio on the resultant compound could be
observed.

Chemical composition and morphology of products

Table 1 shows the results of chemical analysis of the products.
The caesium molar content, x, of CsxTi2 2 x/4%x/4O4 obtained
at 5 mol (kg H2O)21 for CsOH and 250 uC was 0.68. It is certain
that the lepidocrocite-type structure of CsxTi2 2 x/4%x/4O4

sample was maintained until x could vary from 0.58 to 0.90.28

From this result, it can be considered that the amorphous
phase tends to form at relatively higher CsOH concentration
or higher reaction temperature because such a condition
exceeds the stability region of the lepidocrocite phase.

The morphology of the product was observed by SEM.
Scanning electron micrographs of typical products are shown
in Fig. 5. The CsxTi2 2 x/4%x/4O4 sample formed at 250 uC
for the 10 mol (kg H2O)21 CsOH solution consisted of an
aggregate of fine particles of average size 0.59 mm [Fig. 5(a)].
Therefore, high resolution SEM observation was also per-
formed for this sample [Fig. 5(b)]. This micrograph reveals that
the initially formed small plate particles aggregate with size
about 0.2 mm, and that the particles seen in Fig. 5(a), with an
average size of about 0.59 mm, are aggregates of these second-
ary particles. The specific surface area (SSA) of this sample
determined by three points of the B.E.T. method is 77.9 m2 g21.
The SSA is larger than that of the titanate synthesized by
the conventional solid state reaction (ca. 1–3 m2 g21) and this
suggests a unique character of this synthesis method. The
amorphous sample formed at 55 mol (kg H2O)21 CsOH and

Fig. 2 XRD patterns of products after hydrothermal treatment in
CsOH solution for 2 h at 250 uC. ,, Ti; I, CsxTi2 2 x/4%x/4O4. (Set up
condition: Cs : Ti ~ 2.9.)

Fig. 3 Formation diagram of products in the Ti–CsOH–H2O system at
various temperatures for 2 h. ,, Ti; I, CsxTi2 2 x/4%x/4O4; ',
amorphous.

Fig. 4 XRD patterns of products after hydrothermal treatment for 2 h
at 250 uC. I, CsxTi2 2 x/4%x/4O4. (Set up condition: 5 mol (kg H2O)21

CsOH solution.)

Table 1 Chemical analyses of the products by ICP-AES and AAS

Sample

Content/wt%

Calc. x for
CsxTi2 2 x/4%x/4O4Cs Ti

CsxTi2 2 x/4%x/4O4

(calc.)a
33.5 y 44.5 31.6 y 38.6 ca. 0.58–0.90

CsxTi2 2 x/4%x/4O4
b 38.7 37.4 0.68

CsxTi2 2 x/4%x/4O4
c 51.7 29.3 1.09

aCalculated from ref. 28. bObtained at 5 mol (kg H2O)21 CsOH and
250 uC. cObtained at 55 mol (kg H2O)21 CsOH and 350 uC.
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350 uC consists of plate-like particles with average size of
0.93 mm [Fig. 5(c)]. It can be seen that the amorphous sample is
larger than CsxTi2 2 x/4%x/4O4 in particle size and is more
uniform. It is supposed that these differences are due to the
severe synthetic conditions of the amorphous sample where the
growth of particles by a dissolution–reprecipitation mechanism
may be relatively accelerated.

Thermal properties of products

The results of TG–DTA analysis of typical products are shown
in Fig. 6. The CsxTi2 2 x/4%x/4O4 sample obtained for the
10 mol (kg H2O)21 CsOH solution at 250 uC shows weight
losses up to 200 uC and above 1000 uC. The former is due to the
desorption of remaining water and this was confirmed by IR
spectroscopy. The latter is possibly caused by the vaporization
of Cs2O. The endothermic peak corresponding to the melting
of CsxTi2 2 x/4%x/4O4 was also observed at around 1100 uC
which agrees with the literature.26 The results of amorphous
sample obtained at 20 mol (kg H2O)21 CsOH and 250 uC also
show two stage weight losses and the endothermic peak.
Additionally, two exothermic peaks at 405 and 563 uC, which
are due to rearrangement resulting from crystallization, are
observed. This is the most distinct difference between the
amorphous and crystalline samples.

To understand thermal stability, the samples were heated in
air using an electric furnace at various temperatures for 1 h.

Fig. 7 shows the XRD patterns of the samples after heat
treatment. By heat treatment at 750 uC, the crystallinity of
CsxTi2 2 x/4%x/4O4 is improved. Since the final product is
rutile, it is supposed that the weight loss above 1000 uC is due to
the decomposition of CsxTi2 2 x/4%x/4O4 to form TiO2. The
XRD patterns of samples after heat treatment of the
amorphous sample formed at 10 mol (kg H2O)21 CsOH and
350 uC are also shown in Fig. 7(b). Crystallization of the

Fig. 5 SEM photographs of products: (a) CsxTi2 2 x/4%x/4O4 formed at
10 mol (kg H2O)21 CsOH and 250 uC; (b) high resolution image of (a);
(c) amorphous compound formed at 55 mol (kg H2O)21 CsOH and
350 uC.

Fig. 6 TG–DTA curves of products: (a) CsxTi2 2 x/4%x/4O4 formed at
10 mol (kg H2O)21 CsOH and 250 uC; (b) amorphous compound
formed at 55 mol (kg H2O)21 CsOH and 350 uC.

Fig. 7 XRD patterns of products after heat treatment at various tem-
perature for 1 h: (a) CsxTi2 2 x/4%x/4O4 formed at 10 mol (kg H2O)21

CsOH and 250 uC; (b) amorphous compound formed at 10 mol
(kg H2O)21 CsOH and 350 uC. I, CsxTi2 2 x/4%x/4O4; +, TiO2 (rutile);
*, Cs2CO3.
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amorphous phase into CsxTi2 2 x/4%x/4O4 was observed above
750 uC and the decomposition of resultant CsxTi2 2 x/4%x/4O4

to TiO2 could be also identified at 1150 uC.

Conclusion

From the results of tests described above, the following
conclusions may be drawn:

1. A formation diagram of products in the Ti–CsOH–H2O
system has been constructed at the region of CsOH
concentration from 0.1 to 55 mol (kg H2O)21 and at tempera-
tures in the range 150–350 uC.

2. A single phase of CsxTi2 2 x/4%x/4O4 is formed at CsOH
concentration in the range 1–25 mol (kg H2O)21 and at
temperatures from 150 to 350 uC.

3. CsxTi2 2 x/4%x/4O4 formed at 10 mol (kg H2O)21 CsOH
and 250 uC consists of an aggregate of particles of size ca.
0.2 mm.

4. CsxTi2 2 x/4%x/4O4 is expected to exhibit an improved
ability as an ion exchanger since this product shows a large SSA
of 77.9 m2 g21.
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