
FOCUS REVIEW

Design of crystal structures, morphologies and
functionalities of titanium oxide using water-soluble
complexes and molecular control agents

Makoto Kobayashi1, Minoru Osada2, Hideki Kato1 and Masato Kakihana1

Nature produces materials with excellent physical and chemical properties using water as a medium under ambient temperature

and pressure. The current need for more highly functional and compact materials makes the mimicking of natural processes to

produce these materials a very interesting approach, not only to obtain highly functionalized materials but also to reduce the

environmental impact. Our research group is engaged in the development of new stable water-soluble compounds that follow

natural processes for the synthesis of materials using water as a medium. This paper summarizes a hydrothermal synthesis

of rutile-type titanium oxide using water-soluble titanium complexes, controlling the crystal morphology by utilizing organic

molecules as shape-control agents as well as their speculative formation mechanism and superior dielectric properties of

unusually shaped titanium oxide crystals. By recapitulating our results, we indicate that control of the nano- and macro-

structures and functional improvement are accomplished through the development of new precursor compounds.
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INTRODUCTION

The affluence of modern society is supported by a diverse range of
materials. To satisfy our increasing needs and desires, highly functional
and more compact materials are needed. In general, there are two
approaches to meet these needs: by developing new materials or
improving existing materials. A good example of new material
development is the discovery of iron-based superconductors.1,2

Iron-based materials were not originally thought to possess
superconductivity; however, the discovery of the La[O1− xFx]FeAs
superconductor drastically accelerated research into iron-based
materials. One example of obtaining high functionality through the
improvement of an existing material is the catalytic activity of gold
nanoparticles.3,4 Gold has a high chemical stability and was assumed
to be inactive, but the observation of a high catalytic activity for gold
nanoparticles indicates that the functionality of existing materials can
be improved by controlling their nano-/macro-structures. In addition,
the discovery of high catalytic activity and hydrogen absorption
properties for carbon nanotubes and nano-sheets (graphene)
resulted from the development of a new material group as well as
improvements to existing materials.
A variety of functional materials are present in the natural

environment, many of which achieve amazingly high functionalization
through hybridization of inorganic and organic materials.5–7 For
example, pearl shells attain a high strength and a beautiful gloss from
the combination of calcium carbonate and protein. Similarly, the

crayfish’s strong and soft shell is due to a combination of calcium
carbonate and chitin. These are examples of materials in nature
achieving a high functionality via the combination of simple compo-
nents. By contrast, many organisms acquire excellent physical and
chemical properties by forming peculiar shapes or controlling their
crystal structure, which is difficult to achieve through chemical
synthesis.8–12 As mentioned above, the functionality of materials in
nature is significantly improved by combining different materials,
forming complex shapes or controlling the nanostructure. These
models were considered for the development of highly functionalized
materials. Moreover, because natural processes proceed at ambient
temperature and pressure, the ideal manufacturing techniques (that is,
in environmentally benign processes) can be realized by learning from
nature. Although these complex structures or shapes are formed under
ambient temperature and pressure using water as the medium and
DNA or other organics (mainly polymers) to control the shape,
the details of many of these processes remain unknown. Therefore,
many studies, including ‘embryonic’ studies, are required to establish
processes that can imitate those found in nature.
Many of the chemical elements composing functional materials are

water-insoluble, and even if an aqueous solution is obtained, it is
stable only under a restricted circumstance (for example, pH, atmo-
sphere, temperature). Therefore, it is extremely difficult to achieve a
new synthesis that mimics nature, with water as the medium and
various organic molecules as shape-control agents, using existing raw
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materials. Titanium is a key element in material societies, and titanium
salts, including titanium trichloride (TiCl3), titanium tetrachloride
(TiCl4), titanium sulfate (Ti(SO4)2) and titanium oxychloride
(TiOCl2), prepared from titanium chloride can be used as raw
materials for aqueous solutions. These solutions are strongly acidic,
and hydrous precipitates are formed through hydrolysis at a neutral
pH. Ammonium titanium oxalate ((NH4)2TiO(C2O4)2, abbreviated as
TiO(ox)2) and ammonium hexafluorotitanate ((NH4)2TiF6, abbre-
viated as TiF6), among others, are commercially available and water-
soluble compounds at a neutral pH; however, they are highly toxic.
In addition, solutions of TiO(ox)2 and TiF6 are not suitable for the
synthesis of materials using various shape-control agents because they
undergo hydrolysis under basic conditions. Titanium(IV) bis(ammo-
nium lactato)dihydroxide is another option as a water-soluble
titanium source. In fact, some research groups reported the synthesis
of titanium compounds by a bio-inspired process employing titanium
(IV) bis(ammonium lactato)dihydroxide and enzymes.13,14 However,
there are problems regarding safety and handling because titanium(IV)
bis(ammonium lactato)dihydroxide is composed of a flammable
liquid and vapor. For these reasons, our first challenge was to develop
a stable titanium solution to imitate the processes found in nature.
Our group has successfully developed many stable water-soluble

compounds of water-insoluble elements, including titanium,15–22

tantalum23 and niobium,24 which are key elements for functional
materials. Recently, we focused on the development of water-soluble
titanium complexes and discovered a series of new precursors that are
safe25 and stable at a wide range of pH values and do not precipitate
even when mixed with various organic compounds. In addition, the
high chemical stability and peculiar molecule structures of these
titanium complexes resulted in the selective synthesis of titanium
oxide polymorphs with a controlled shape by utilizing various
additives such as carboxylic acids and amines.17,20,26–29 In this paper,
we summarize our past studies on the synthesis and shape control of
rutile-type titanium oxide using water-soluble titanium complexes
with improved dielectric properties.

GENERAL PROCEDURE FOR THE PREPARATION OF

WATER-SOLUBLE TITANIUM COMPLEXES AND TITANIA

The synthesis of water-soluble titanium complexes is described below.
Titanium powder (5mmol) was dissolved in a solution of hydrogen
peroxide (30%, 20ml) and ammonium hydroxide (28%, 5ml). The
titanium powder dissolved immediately, and then a yellow peroxo
titanium complex formed. After 2 h, when the titanium metal had
completely dissolved, a complexing agent was added. The amount of
complexing agent depended on the compound used; that is, 1.5 equiv.
of glycolic acids (7.5mmol) and 1.0 equiv. of citric acid (5mmol) was
added per mole of titanium.22 Excess hydrogen peroxide and
ammonia were removed by heating at 353 K until the volume of the
solution reduced by approximately half after the addition of the
complexing agent to obtain an aqueous solution of the desired
titanium complex as its ammonium salt. Aqueous solutions of
complexes other than ammonium salts can also be produced by
employing ion exchange resins or salts, such as sodium citrate rather
than citric acid, as the complexing agent.30 The titanium complexes
are stable under a broad range of solution pH levels and can be
handled without hydrolysis in the presence of various additives.
Titanium oxide particles were produced through hydrothermal treat-
ment of a certain concentration of solutions of titanium complexes.

SYNTHESIS AND MORPHOLOGY CONTROL OF RUTILE-TYPE

TITANIUM OXIDE

Among the titanium oxide polymorphs, rutile is the most stable phase
thermodynamically, and anatase is easy to obtain from chemical
synthesis. To obtain the desired crystalline phases of titanium oxide,
control of the nucleation and phase transitions is vital.31–33

Polymorphic differences of titanium oxide can be explained by the
differences in the packing of the TiO6 octahedra. Therefore, selective
synthesis of single polymorphs of titanium dioxide can be accom-
plished by controlling the number of shared edges and vertexes, using
octahedral TiO6 as the structure unit. However, packing the structural
units as desired is extremely difficult. Nevertheless, many successful
examples of the selective synthesis of both anatase and rutile

Figure 1 Schematic illustration of the formation mechanism of rutile (top) and anatase (bottom).
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polymorphs of titanium oxide have been reported. These materials
were produced by accumulating titanium species (TiX6: X= ligand) in
solution while controlling the pH and choosing appropriate additives
or ligands to form the titanium species.34–45 Figure 1 summarizes this
approach, which assumes that the OH and OH2 groups are the only
ligands of the titanium species in solution. In this mechanism, the
formed polymorph is dependent on the number of shared edges and
vertexes of TiO6 that are present, which determines the titanium oxide
nuclei formed by condensation of the octahedral space group of
[Ti(OH)n(H2O)6− n]

(4− n)+ in solution through hydrolysis (hydrolysis,
oxolation and olation). For example, if the number of OH groups is
large (n is a large value), then the opportunity to form shared edges
increases because formation of Ti-O-Ti bonds by OH group
condensation occurs more often. As a result, anatase nuclei having a
four-shared-edge structure are formed and anatase powders are easily
obtained. By contrast, when the value of n is small, the opportunity to
form Ti-O-Ti bonds through octahedral titanium condensation
decreases and the formation of shared vertexes predominantly
produces rutile nuclei with a two-shared-edge and two-shared-vertex
structure. When titanium chloride, titanium sulfate or titanium
alkoxide is used, the chloride (Cl−), sulfate (SO4

2− ) or methoxy groups
(CH3O

−) bound to titanium in solution lead to the formation of a
titanium species different from the formula [Ti(OH)n(H2O)6−n]

(4−n)+.
Therefore, some research groups thought that it was possible to
control the ‘dimer’ or ‘oligomer’ (shared edge, shared vertex) binding
formats of titanium octahedra by controlling their binding and
hydrolysis in solution, allowing selective synthesis of titanium oxide
polymorphs.35,38–40,42,44,45 However, because control of the chemical
species in the solutions prepared using those titanium sources is not
easy, precise control of the formation of the polymorphs has not been
achieved. When stable water-soluble titanium complexes are used, the
structure of the complex and its reactivity control the rates of
hydrolysis and bonding. In other words, the development of the
complexes themselves controls the formation of the TiX6 unit that
allows the crystal structure to be controlled. Structures of the titanium
glycolic acid complex and the titanium citric acid complex are shown
in Figure 2.15,16 The structures of the two water-soluble titanium
complexes are significantly different, and, based on our theory, it can
be rationalized that the final polymorph produced can be predicted
and varied depending on the complex used.
Figure 3 shows transmission electron microscopy images and

electron diffraction patterns of particles obtained after hydrothermal
treatment of 20ml of 0.25 M titanium glycolic acid and citric acid

solutions at 473 K for 24 h. Based on these images, powder X-ray
diffraction data and Raman spectroscopic measurements, we con-
cluded that the titanium glycolic acid complex produced rod-like
rutile particles with dimensions of approximately 50× 150 nm and the
titanium citric acid complex produced anatase crystals approximately
10 nm in size.17,27,46,47 Hydrothermal treatment of titanium glycolic
acid solutions produced by-products of anatase nano-particles in the
early stage of the reaction. These anatase particles disappeared as the
hydrothermal treatment was prolonged, producing rutile as a single
phase.46 In contrast, after hydrothermal treatment of titanium citric
acid solutions, the rutile phase was not formed even when the reaction
time was prolonged.27 By addition, rutile is not produced through the
hydrothermal treatment of commercially available anatase-type tita-
nium oxide particles in the presence of glycolic acid.46 Therefore, in
the hydrothermal-assisted hydrolysis reaction of the titanium glycolic
acid complex, rutile crystal can be obtained from rutile nuclei
produced by the decomposition of the complex. By contrast, the
titanium citric acid complex produces only anatase nuclei through a
similar treatment. The difference in the polymorph produced is a
result of the structural difference between the complexes because the
structures of the titanium oxide nuclei composed of TiO6 are
controlled by X in the complexes. Additional systematic experiments
are needed to clarify the relationship between the complex structures
and the crystal forms (polymorphs) of titanium oxide produced;
however, it is possible to control the crystal structure at a nano-
molecular level by developing a diverse range of precursor
compounds.22

Figure 4 shows transmission electron microscopy images of particles
obtained by hydrothermal treatment at 473 K for 3, 6, 24 and 100 h of
titanium glycolic acid complex solutions ([Ti] = 0.25M, 20ml) with
an excess of glycolic acid (15mmol, 3 times to Ti) as an additive. The
X-ray diffraction measurement confirmed that hydrothermal treat-
ment for 24 h or less provided a multi-phase of anatase and rutile,
whereas treatment for 100 h provided a single-phase of rutile.46,48

Comparison of the rutile particles obtained with no additive
(Figure 3a) to those with additive indicated that the additional glycolic
acid promoted growth along the c-axis of the rod-like rutile crystals,
thereby increasing the aspect ratio. As the reaction time increased, a
decrease in the ratio of fine particles was accompanied by the
significant growth of rod-like rutile particles. This observation
indicates that Ostwald ripening49 of the rod-like rutile particles occurs
by dissolving anatase nano-particles and rutile particles. The yield of
each reaction increased for longer reaction times: less than 1% for 3 h,
1.0% for 6 h, 2.8% for 24 h and 40.5% for 100 h. Accordingly, nuclei
formation and crystal growth are thought to occur simultaneously in
this reaction system.
Anisotropic growth in the direction of the c-axis, mentioned

previously, is a result of crystal growth control by unique absorption
of glycolic acids to {110}.46,48 Similar anisotropic growth along the
c-axis was observed when titanium chloride was used instead of
titanium complexes, indicating that the anisotropic growth is not
dependent on the titanium source used. When lactic acid or
hydroxybutyric acid was used, the particles produced had similar
anisotropic growth along the c-axis. By contrast, when oxalic acid was
the additive and the pH was adjusted to approximately 3, the same pH
value as in the glycolic acid conditions, rod-like rutile particles were
formed with an aspect ratio of only 1.5.46 The reason for the low
aspect ratio is the fact that oxalic acid has two carboxyl groups that can
strongly bind to all of the exposed faces of rutile crystals, thus not
stabilizing a specific crystal face.50 By contrast, glycolic acid, lactic
acid and hydroxybutyric acid are monocarboxylic acids, and their

Figure 2 Structures of (a) an oxo-peroxo-glycolato titanium complex
(titanium glycolic acid complex, [Ti4(ga)4(Hga)2(μ-O)2(O2)4]6− )15 and
(b) a peroxo-citrato titanium complex (titanium citric acid complex,
[Ti4(cit*)4(O2)4]8− ).13
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adsorption on a specific crystal face results in the promotion of
anisotropic growth. A similar hydrothermal treatment after adding
glycolic acids and adjusting the pH to 8, which exceeds the isoelectric
point of titanium oxide (4.7− 6.7), provides rutile particles similar to
the rod-like particles obtained in the absence of glycolic acid.46

Glycolic acid dissociates in solution to carboxylate anions, which
enable unique absorption to complementary titanium dangling bonds
on {110}. We estimated that the crystals formed were negatively
charged in the regions and the adsorption of glycolic acids on a

specific crystal face was inefficient. Therefore, no change in surface
energy occurred, resulting in the failure to control the crystal growth.
There is a tendency to produce particles with high anisotropy when
hydroxybutyric acid is used in place of glycolic acid as an additive,
which indicates that rutile crystals with higher anisotropy might be
synthesized using hydroxy-carboxylic acids with larger alkyl groups as
control agents. To design such anisotropic growth more precisely, the
combination of calculation and simulation with experimental results is
a powerful approach.51

Figure 3 Transmission electron microscopy images of powders synthesized by hydrothermal treatment of aqueous solutions containing (a) a titanium glycolic
acid complex and (b) a titanium citric acid complex at 473K for 24 h ([Ti] =0.25 M).

Figure 4 Transmission electron microscopy images of powders synthesized by hydrothermal treatment of titanium glycolic acid complex aqueous solutions in
the presence of glycolic acid as an additive at 473K for (a) 3, (b) 6, (c) 24 and (d) 100 h ([Ti] =0.25 M, [additive]/[Ti] =3).
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DESIGN OF HIGH-K TITANIUM OXIDE

The performance of titanium oxide is strongly influenced by its crystal
structure and is therefore dependent on the polymorph chosen. The
dielectric properties of the different polymorphs of titanium oxide
vary considerably. Anatase has a dielectric constant (εr) of approxi-
mately 30, whereas rutile has a εr of 120; the highest value among
mono metal oxide-based systems.52–54 Dielectric properties are
strongly dependent on crystal polarization and thus influenced by
particle size, microstructure and grain boundary.55 The dielectric
constant of rutile-type titanium oxide, which also depends on crystal
orientation, is 180 in the direction of the c-axis and 90 in the direction
of the a-axis.54,56 Therefore, synthesizing titanium oxide crystals with a
high degree of anisotropy achieves a high functionality for this
material as a dielectric compound. In addition, a broader under-
standing of highly functional materials can be achieved through the
synthesis of these materials and the study of their properties.
Figure 5 shows the dielectric properties of rod-like rutile-type

titanium oxide with an average dimension of 49× 136 nm, whisker-
like rutile-type titanium oxide with an average dimension of
49× 1186 nm, and a commercially available bulk rutile-type titanium
oxide with a particle size larger than 1 μm.57 The dielectric properties
were evaluated after kneading the titanium oxide powders with poly
(vinyl butyral) and sintering the produced pellets at 723 K. The
dielectric property of commercial rutile particles was almost constant
at 120, regardless of the frequency used. By contrast, the dielectric
constant of the rod-like rutile nanoparticles was approximately 170 at
100 Hz, which was higher than the commercial product despite the
nano-size of the particles. However, the dielectric constant decreased
with increasing frequency. As a result, at 1 kHz, the constant was
approximately 110, lower than the commercial sample.58 By contrast,
particles with larger aspect ratios showed a dielectric constant of
approximately 300 at 100 Hz, and the constant remained higher than
that of the commercial product as the frequency increased to 100 kHz.
The high crystallinity of the titanium oxides obtained through this
approach is one of the reasons for their good dielectric properties. In
addition, changes in the local structure produced by anisotropic
growth is another major factor. The Raman spectra of the two
synthesized samples (rod-like rutile and anisotropically grown rutile)

showed a red shift in the Eg and A1g modes compared with the
commercial rutile particles. This shift is caused by softening of the
in-plane Ti-O bond in titanium oxide crystals.57 Further support from
computational modeling and various other fields, such as physics, is
required to determine the exact cause of the large dielectric constant.
We propose that the increase in polarization of [001], due to a
softening of the in-plane Ti-O bond, results in the very large dielectric
constants for rutile particles with larger aspect ratios and the
equivalent constants for rod-like particles (nano-size) compared with
commercial products (micron size).59

SUMMARY

In this paper, we describe a method to achieve concurrent control of
both the nano-space of the crystal structure and the macro-space of
the crystal shape for titanium oxide, a representative inorganic
material. Development of precursors with unprecedented stability
enabled the synthesis under a wide range of reaction conditions and
the utilization of various shape-controlling agents. As a result, we
could obtain anisotropically grown crystals with the use of simple
compounds as shape-controlling agents. Moreover, by developing
various precursors, we successfully demonstrated that the crystal
structure of TiO2 and the three-dimensional arrangement of Ti and
O on the atomic level were controllable. Conventionally, highly
functional inorganic materials were obtained through post-treatments,
such as a second heat treatment. By contrast, we believe that our
suggestion that the microstructure can be controlled by the choice of
precursors, which leads to a great improvement in the functionalities
of inorganic materials, will have a significant impact on the material
chemistry field. Synthesis of natural materials uses polymers instead of
small molecules, such as those used in this study, and is achieved
under milder conditions. We will continue our research into imitating
nature to achieve ‘fusion materials’ with properties that surpass those
found in natural materials.
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