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Recent advances in the synthesis, characterisation and appli-
cations of elongated titanate and TiO2 nanostructures (in-
cluding nanotubes, nanofibres and nanorods) are reviewed.
The physicochemical properties of nanostructures, such as
high surface area, efficient ion-exchange properties, electron
and proton conductivity and high aspect ratio, are described
in connection with a particular application. Practical aspects
of the preparation, stability and transformation of elongated
titanates are considered. A critical survey of the literature is
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provided together with the development of prospective
energy applications of elongated titanates in catalysis, photo-
catalysis, electrocatalysis, solar cells, fuel cells, lithium bat-
teries and hydrogen storage. Other applications utilising the
high aspect ratio of elongated nanostructures include bio-
medical implants, sensors, drug delivery systems and smart,
tribological composite coatings.
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1. Introduction

Despite the relatively high abundance of titanium in na-
ture and the low toxicity of most of its inorganic com-
pounds, the metallurgical cost of extracting titanium metal
is high because of the complexity of the traditional Kroll
molten salt extraction process. The original demand from
the aerospace and rocket jet industries for the light and
high-melting-temperature metal in the late 1940s stimulated
improvements in the Kroll extraction process and initiated
large-scale titanium production. In the late 1960s, approxi-
mately 80% of the titanium produced was used by the aero-
space industry and 20% by other industries.[1] Further re-
ductions in the manufacturing cost of titanium have also
stimulated the use of titanium compounds. Titanium diox-
ide has long been used as a white pigment in paints and
polymers. Following the discovery of photocatalytic water
splitting with TiO2 under UV light[2] in the late 1970s, a
new era of TiO2-based materials has emerged.[3]

Over the last two decades, improvements in technology
have allowed synthesis and manipulation of materials of the
nanometre scale, resulting in an exponential growth of re-
search activities devoted to nanoscience and nanotechnol-
ogy. It is now appreciated that the physicochemical proper-
ties of nanomaterials can be significantly different from
those of bulk materials, which opens up opportunities for
the development of materials with unusual or tailored prop-
erties. This has stimulated the search for methods of con-
trolling the size, shape, crystal structure and surface proper-
ties of nanomaterials in order to tailor them for a particular
application.

Similar trends have been observed during the synthesis
of nanostructured titanium dioxide and titanate materials.
Initially, many of the nanostructured TiO2 materials, nor-
mally produced by a variety of sol–gel techniques, consisted
of spheroidal particles whose size varied over a wide range
down to a few nanometres. The most promising applica-
tions of such TiO2 nanomaterials were photocatalysis, dye-
sensitised photovoltaic cells and sensors.[3]

In 1998, Kasuga et al.[4] discovered the alkaline hydro-
thermal route for the synthesis of titanium oxide nanostruc-
tures having a tubular shape. The search for nanotubular
materials was inspired by the discovery of carbon nano-
tubes in 1991.[5] Studies of their elegant structure and un-
usual physicochemical behaviour have significantly im-
proved our fundamental understanding of nanosized struc-
tures. In contrast to carbon nanostructures, titanate and
titanium dioxide nanotubes are readily synthesised by using
simple chemical (e.g. hydrothermal) methods as low-cost
materials.

Following the discovery of titanate nanotubes, many ef-
forts have been made to (a) understand the mechanism of
nanotube formation, (b) improve the method of synthesis
and (c) thoroughly study the properties of nanotubes. Other
elongated morphologies of nanostructured titanates, includ-
ing nanorods, nanofibres and nanosheets, have also been
found. Many data have been collected in recent, critical re-
views.[6–9]
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Under alkaline hydrothermal conditions, the formation
of titanate nanotubes occurs spontaneously and is charac-
terised by a wide distribution of morphological parameters
together with a random orientation of nanotubes. An alter-
native method, which facilitates the production of struc-
tured arrays of nanotubes with a narrower distribution of
morphological parameters, is anodising. Anodic synthesis
was initially developed for the preparation of aluminium
oxide nanotubes and later adapted for TiO2 nanotubular
arrays. The method includes anodic oxidation of titanium
metal in an electrolyte usually containing fluoride ions.
Control of the fabrication conditions enables variation of
the internal diameter of such nanotubes from 20 to 250 nm,
their wall thickness from 5 to 35 nm and their length up to
hundreds of microns.[10] Several major reviews, which con-
sider the fabrication, properties and various applications of
these ordered TiO2 nanotubular coatings, have recently
been published.[10–12]

The third general method for the preparation of elon-
gated TiO2 nanostructures is template-assisted sol–gel syn-
thesis. This technique is versatile (but can be expensive) and
is reviewed elsewhere.[13]

The pool of published work in the area of elongated
titanates and TiO2 can be classified according to several
themes: (a) improvements in the method of nanostructure
preparation towards a better control of morphology and
a lowered cost of manufacture, which includes studies of
mechanisms of their formation, (b) exploration of the
physicochemical properties of novel nanostructures with a
focus on potential applications and (c) attempts to use elon-
gated titanates in a wide range of applications. Since the
discovery of titanate nanotubes, the amount of published
work related to the first two themes has rapidly grown (and
may be approaching a steady state), whereas the third
theme has appeared only recently and is experiencing rapid
growth.

This review is, therefore, focused on the critical evalu-
ation and comparison of recently emerged applications of
titanate and titanium dioxide elongated nanostructures.
The most probable applications are highlighted and gaps in
our knowledge are recognised, identifying the directions for
further key studies. Future advances in the field of elon-
gated titanate nanostructures are critically considered.

2. Advances in the Synthesis of Elongated
Titanates

The literature contains many nonsystematic references to
different morphological forms of elongated titanate nano-
structures, which can result in confusion. Figure 1 defines
the typical morphological forms that will be referred to in
this review, namely the nanosheet (NS), nanotube (NT),
nanorod (NR), nanofibre (NF) and nanoparticle (NP).
Nanosheets are planar, two-dimensional structures; nano-
tubes are cylindrical structures with a characteristic hollow
cavity through the centre along their length; nanorods are
solid cylindrical structures with a circular base; nanofibres
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are long parallelepiped-shaped structures and nanoparticles
are spheroidal in shape. Frequently used terms such as
nanowires, nanobelts and nanoribbons can be generally
classified as nanofibres. The abbreviations “TiNT” and
“TiNF” are used in this paper to refer to titanate nanotubes
and titanate nanofibres, respectively.

Figure 1. Typical morphologies of elongated titanate nanostruc-
tures: (a) sheets, (b) spheroids, (c) rectangular-section fibres, (d)
multiple-wall nanotubes and (e) circular-section rods.

2.1. Synthesis

Since its introduction,[4] many efforts have been made to
develop the alkaline hydrothermal synthesis of titanate
nanotubes towards a more suitable technological process
allowing a facile and low-cost scale-up of the production.
Potential routes for the preparation of titanate nanotubes
are shown in Figure 2. The original method (route 1 in Fig-
ure 2) includes the use of TiO2 raw material in aqueous 10 

NaOH at temperatures in the range 110–150 °C for
24 hours. The form of the TiO2 reactant can include ana-
tase, rutile, amorphous TiO2, or even Ti metal. The choice
of initial raw material may affect the morphology of the
resultant nanotubes, but no systematic data is available. The
hydrothermal method traditionally requires the use of an
autoclave with chemically resistant vessels [usually lined
with poly(tetrafluoroethylene) (PTFE)], which can with-

Figure 2. Prospective routes to the manufacture of titanate nanotubes and nanofibres.
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stand such a concentrated and hot alkaline environment.
On the other hand, the benefits of the method are a single
process stage and relatively low hydrothermal temperatures
to achieve an essentially complete conversion of initial raw
materials to titanate nanotubes. Most of the recent modifi-
cations of the process have been targeted towards better
control of the morphology (including the length, diameter
and size of agglomerates) of nanotubes, reduction in the
synthesis temperature and process intensification.

Effective ways to adjust the average length of the nano-
tubes include ultrasonic treatment of initial raw TiO2

[14] or
the improvement of mass transport conditions during alka-
line hydrothermal treatment,[15] which probably improves
the dynamics of nanotube growth in the axial direction by
making available dissolved titanium(IV) species. The
average diameter of nanotubes can be controlled, to some
extent, by the synthesis temperature.[16] A degree of control
over the shape of the nanotubular agglomerates can be
achieved by using either hydrogen peroxide[17] or a con-
trolled initial particle size distribution for the raw TiO2.[14]

There are several approaches to the intensification of the
process of nanotubular titanate growth, including micro-
wave heating[18–21] or ultrasonication[22] of the reaction mix-
ture during synthesis, improvement of mixing by using a
revolving autoclave[23] or a hot press fabrication method.[24]

All of these approaches allow the synthesis time to be re-
duced from 24 h down to a few hours.

The need to use pressurised reactors for preparation of
the nanotubes greatly increases the manufacturing cost and
complicates health and safety requirements. Attempts to
avoid autoclave operations by reduction of the synthesis
temperature below the boiling temperature of the alkaline
solution (ca. 106 °C) usually result in the formation of mul-
tilayered, lepidocrocite-type nanostructures (nanosheets) in-
stead of nanotubes.[25] There are several reports, however,
of titanate nanotubes obtained under reflux conditions.[26]
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In such cases, local overheating of the reaction mixture is
possible or a particular form of raw TiO2 (characterised by
a higher rate of dissolution in alkaline solvents) is used.

One of the prospective low-temperature routes to titanate
nanotubes is via titanate nanosheets, which can be pro-
duced by exfoliation of lepidocrocite-type caesium titanate
(see route 2 in Figure 2). The method is based on the phe-
nomenon of spontaneous formation of titanate nanotubes,
at room temperature, during the addition of NaOH to a
colloidal solution of titanate nanosheets.[27] The method in-
cludes the calcination of TiO2 with Cs2CO3 followed by ion
exchange of Cs+ with H+ and then exfoliation of titanate
nanosheets in the presence of tetrabutylammonium hydrox-
ide (TBAOH) at room temperature.[28] This route does not
require the use of autoclaves, and most of the stages can be
readily undertaken under ambient conditions. However, the
overall process time and the multistage nature of the pro-
cess are limitations.

A recently reported approach to reduce the temperature
during the synthesis of titanate nanotubes involves the
search for a solvent or mixture of solvents, in which, at low
temperatures, the concentration of dissolved TiIV is similar
to that in pure NaOH in the temperature range 110–150 °C.
This has resulted in a lower-temperature route to the syn-
thesis of nanotubes in a mixture of NaOH and KOH[29]

(route 3 in Figure 2), allowing substantial conversion to be
achieved at approximately 100 °C under reflux conditions
and at atmospheric pressure. Further improvements to this
route would include optimisation of the ratio between
NaOH and KOH, lowering the temperature and the use of
additives to achieve a high conversion of TiO2 to titanate
nanotubes within several hours under simple reflux condi-
tions.

The formation of titanate nanofibres usually occurs dur-
ing hydrothermal treatment of TiO2 raw materials with 10 

NaOH solution at temperatures higher than 170 °C[16,30]

(route 4 in Figure 2). The use of 10  KOH solution as
solvent also results in the formation of nanofibres (route 5
in Figure 2),[31–33] while a mixture of nanotubes and nanof-
ibres tend to be formed at lower temperatures[34,35].

2.2. Structure

Identification of the crystal structure of titanate nano-
tubes has given rise to much debate in the recent litera-
ture.[8,9] In their original work, Kasuga et al. wrongly char-
acterised their product as anatase.[4] Since then, several pos-
sible crystal structures of nanotubular products from the
alkaline hydrothermal treatment of TiO2 have been
proposed, including monoclinic trititanates, H2Ti3O7,[36,37]

or tetratitanates, H2Ti4O9,[38] orthorhombic titanates,
H2Ti2O4(OH)2,[26] or (H4xTi2–x�xO4·H2O),[39,40] mono-
clinic TiO2-(B),[41] as well as a tetragonal anatase.[42] The
exact determination of crystal structures of nanotubes is
still incomplete because of several intrinsic difficulties posed
by the nanostructures, including their small crystallite size
and the wrapping of the structures along a certain crystallo-
graphic axis, both resulting in broadening of the diffraction
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signals. The low weight of hydrogen atoms also results in
difficulties in locating their precise positions and population
inside the crystals.

Recently, more sophisticated crystallographic measure-
ments using total X-ray diffraction and the atomic pair dis-
tribution function obtained from synchrotron radiation[43]

have demonstrated that the three-dimensional structure of
“TiO2-type” nanotubular materials produced by the alka-
line hydrothermal method can be interpreted as an arrange-
ment of TiO6 octahedrons in corrugated layers. The par-
ticular arrangement of octahedrons may depend on the
morphology of nanostructures and encapsulation of water
or sodium ions. This is also in agreement with the local
structure of nanotubes obtained by using extended X-ray
absorption fine structure (EXAFS) analysis.[44] X-ray ab-
sorption near-edge spectroscopy (XANES) studies have re-
vealed that the assembly of TiO6 octahedrons is different
from that in anatase, but some anatase-like structures may
be present in the nanotubes.[45]

It is likely that as-synthesised nanotubular materials
correspond more closely to sodium titanates rather than an-
atase or TiO2-(B). This is also supported by (1) the frequent
observation of a characteristic reflection at small angles in
the XRD pattern,[8] (2) the low isoelectric point (ca. 3) and
the negative value of the zeta potential in aqueous solutions
due to the acid–base dissociation of titanates,[46] (3) the
preferable adsorption of positively charged ions from aque-
ous solutions on the surface of nanotubes,[47] (4) very pro-
nounced ion-exchange properties of nanotubes, allowing al-
most stoichiometric amounts of alkaline ions to be ex-
changed[48] and (5) a dependence of the interlayer distance
in the nanotube wall on the amount of alkaline ions inside
the nanotube.[49,50]

The precise crystal structure of titanate nanotubes is still
the subject of systematic investigations, including by neu-
tron diffraction studies. It is possible, however, to conclude
that the structures have several common features, including
a well-defined, layered structure of the wall with a relatively
large interlayer distance of approximately 0.7–0.8 nm. An
atom of hydrogen situated in these interlayer cavities could
be exchanged with alkali metal ions. The layers in the nano-
tube wall consist of edge- and corner-sharing TiO6 octahe-
drons building up to zigzag, corrugated structures.

2.3. Mechanism of Titanate Nanotube Formation

A knowledge of the mechanism of titanate nanotube for-
mation is important, since (1) it allows an improved under-
standing of how synthesis conditions can affect the mor-
phology of the nanotubes, (2) more convenient conditions
can be found for industrial synthesis and (3) it may lead to
predictions on the possibility of general mechanistic routes
that might be applied to the synthesis of other nanomateri-
als. Several research groups have studied the mechanism of
titanate nanotube formation by using both theoretical (in-
cluding ab initio calculations) and experimental (e.g. micro-
scopic analysis of the intermediate product) methods; these
aspects have been reviewed elsewhere.[7]
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There is a general agreement that the reaction proceeds
through several stages: (1) slow dissolution of raw TiO2 ac-
companied by epitaxial growth of layered nanosheets of so-
dium titanates, (2) exfoliation of the nanosheets, (3) folding
of the nanosheets into tubular structures (seeds), (4) growth
of the nanotubes along the axis, (5) exchange of sodium
ions by protons during washing and separation of nano-
tubes.

The appearance of isolated nanosheets during such
transformations is crucial to the formation of nanotubes.
For example, alkaline hydrothermal treatment of bulk crys-
tals of sodium trititanate Na2Ti3O7 at 130 °C did not result
in release of nanosheets, and, as a result, no nanotubes were
found after 72 h.[15] In contrast, several days of hydrother-
mal treatment of sodium titanate in water (without addition
of NaOH) at temperatures in the range 140–170 °C resulted
in partial H+ to Na+ ion-exchange and exfoliation of the
isolated nanosheets, which slowly folded into nanotubes of
several tens of nanometres in diameter.[51]A similar process
of exfoliation of nanosheets, followed by scrolling into
nanotubes, can occur even under slow acidification of
nanostructured sodium titanates at 25 °C,[52] which is also
consistent with a room-temperature route for the synthesis
of nanotubes (see Figure 2, route 2).[27] In order to obtain
titanate nanotubes, the synthesis conditions should favour
the formation of isolated titanate nanosheets.

Computational chemistry calculations suggest that the
structure of nanosheets can correspond to anatase[53–55] or
sodium titanate.[56] The latter is likely to be more stable in
an alkaline environment.

The driving force for the curving (scrolling) of nano-
sheets into nanotubes is suggested to be either the asym-
metrical chemical environment on two sides on nano-
sheet[57,58] or internal stress arising in multilayered nano-
sheets from an imbalance in width[16] occurring during
crystallisation. The periodic potential of the crystalline
nanosheets can also stabilise the partially curved struc-
tures.[7] The rate of nanosheet curving probably affects the
diameter of the nanotubes, but previous studies have not
clearly provided (thermodynamic or kinetic) evidence for
this.

Under alkaline hydrothermal conditions, nanosheets can
also be converted to nanofibres instead of rolling into nano-
tubes. This usually occurs at temperatures above 170 °C or
when KOH is used in place of NaOH. In both cases, the
concentration of dissolved TiIV was found to be similar to,
but higher than, that in nanotube synthesis.[29,34] An in-
crease in the local concentration of TiIV may result in a
faster rate of nanosheet growth with less effect on the rate
of nanosheet scrolling. In this case, if the rate of crystallisa-
tion is high enough, the thickness of nanosheets can exceed
a particular value, when they become too rigid to bend,
before curving occurs. This will result in the formation of
nanofibres rather than nanotubes.

Energetically, nanofibres are thermodynamically more
stable than nanotubes, since the latter have an increased
surface area and higher stress within the crystal lattice. It
has been reported that long-term alkaline hydrothermal
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treatment of TiO2
[59] or overintensification of the synthesis

conditions by the use of a revolving autoclave[23] or micro-
wave radiation[60] may result in favourable conditions for
the formation of nanotubes, but nanofibres can also be
formed instead. This suggests that kinetic factors can
exert strong control over the route of nanosheet transfor-
mation.

2.3.1. Stability and Transformations of Elongated Titanates

In many applications, titanate nanostructures are ex-
posed to chemically aggressive media, which can affect their
stability. Therefore, it is important to know the range of
operational conditions under which nanotubes are stable or
the transformations of nanotubes outside these operational
conditions. In Figure 3, transformations resulting in a
change of morphology or crystal structures of titanate
nanotubes occurring under the influence of various condi-
tions are shown. All transformations can be grouped into
three divisions according to the type of treatment, which
may be thermal, chemical or mechanical.

Thermal Stability

A knowledge of the thermal stability of titanate nanotu-
bes is important, since some applications or manipulations,
including catalyst supports or curing of composite films,
require increased-temperature operations. Recent system-
atic thermal transformation studies of protonated titanate
nanotubes[61] have revealed that annealing of nanotubes in
the temperature range 120 °C–400 °C results in slow dehy-
dration of the initial nanotubular H2Ti3O7 to nanotubular
TiO2-(B) accompanied by a decrease in interlayer spacing
in the walls of the nanotubes. This monoclinic TiO2-(B)
phase can be detected by using the characteristic reflection
in the XRD pattern at ca. 15°.[7,41] During this topotactic
reaction, intermediate phases of H2Ti6O13 and H2Ti12O25

may be formed. A further increase in the temperature re-
sults in the transformation of nanotubular TiO2-(B) to ana-
tase nanorods, which is accompanied by a loss of tubular
morphology.

The level of ion-exchanged sodium in nanotubular tita-
nates can determine the thermal stability and the nature of
thermal transformations during annealing.[62–65] When fully
saturated with sodium ions, titanate nanotubes can lose
their nanotubular morphology and convert to Na2Ti6O13

nanorods at 600 °C.[48,66]

Similar thermal transformations can occur in nano-
fibrous titanates (see Figure 3). Protonated nanofibres can,
under calcination, undergo the sequence of transformations
to nanofibrous TiO2-(B) at 400 °C, followed by transforma-
tion to nanofibrous anatase at 700 °C and then formation
of microfibrous rutile at 1000 °C.[67,68] The formation of
anatase nanofibres is also possible by hydrothermal treat-
ment of titanate nanofibres in water at 150 °C.[69] The so-
dium-substituted nanofibres can be converted to Na2Ti6O13

nanofibres at 500 °C in the presence of hydrogen.[70]
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Figure 3. Chemical and structural transformations of titanate nanotubes and nanofibres. The images are taken from refs.[61,62,67,70,71,73,74]

with permission.

Acidic Environments

The phase transformation of titanate nanotubes at ele-
vated temperatures during acid hydrothermal treatment has
shown that both the anatase and rutile polymorphs can be
formed in the presence of 1  nitric acid at temperatures
higher than 80 °C after 48 h of treatment.[71] The resulting
anatase and rutile polymorphs have nanowire or nano-
crystalline morphology. Acidic hydrothermal treatment of
titanate nanotubes at 175 °C results in the formation of
polycrystalline anatase nanorods.[72] Titanate nanotubes
have poor stability in dilute inorganic acids even at room
temperature and slowly transform to rutile nanoparticles
over several months. The rate of this transformation de-
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pends on the nature of the inorganic acid and is correlated
to the solubility of titanates in the acid.[73]

Titanate nanotubes in their protonated form can be
transformed to nanostructured anatase under hydrothermal
conditions even in the absence of acid addition.[74,75] This
can be attributed to either a release of acid impurities left
after the previous protonation of nanotubes or the lower
stability of protonated nanotubes.

It is possible that acid-induced transformation of nano-
tubes to TiO2 nanostructures occurs by the dissolution of
the initial nanotubes accompanied by the simultaneous
crystallisation of TiO2 nanostructures, since the rate of the
transformation is proportional to the steady-state concen-
tration of dissolved TiIV.[73]
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Mechanical Treatment

Titanate nanotubes and nanofibres are fragile structures
that can be readily fragmented by ultrasonic treatment of
an aqueous suspension, resulting in a decrease in the
average length of the nanotubes or in the splitting and
shortening of the nanofibres.[50] This can provide a conve-
nient tool for controlling the aspect ratio of the nanotubes,
allowing, e.g. a reduction in the average length of the nano-
tubes of up to 50 nm after a 3-h treatment in a conventional
ultrasonic bath.

It has recently been shown that the process of nanosheet
scrolling into nanotubes can be reversed by mechanical
treatment at elevated temperatures. For example, grinding
of protonated nanotubes at 100 °C for 45 min resulted in
the disappearance of nanotubes and formation of small
multilayered nanosheets.[53] Short-term ultrasonic treatment
of titanate nanotubes in the presence of tetrabutylammo-
nium hydroxide (TBAOH) followed by soaking for 3–7 d
at 50 °C also results in unwrapping of nanotubes to form
nanosheets.[76]

3. Applications

The properties of elongated morphology, high specific
surface area and semiconducting render nanostructured ti-
tanates and TiO2 promising for many applications. The
most prominent applications, which include chemical,
physical, engineering, mechanical and biomedical ones, are
critically reviewed, and gaps in our current knowledge are
indentified below.

3.1. Reaction Catalysis

Elongated nanostructured titanates are characterised by
a relatively high specific surface area measured by nitrogen
adsorption, which is typically in the range 200–300 m2 g–1

for nanotubes and 20–50 m2 g–1 for nanofibres or nanorods.
These values may be contrasted with estimated values,
�20 m2 g–1 for TiO2 nanotubular arrays produced by an-
odising, which can be calculated as the geometrical surface
area of nanotubes having a characteristic wall thickness
(20 nm). The range of pore sizes from 2 to 10 nm ranks
titanate nanotubes as mesoporous materials; such struc-
tures are widely used in heterogeneous catalytic processes
as supports. The high surface area of the support facilitates
a high dispersity of the catalyst, while an open mesoporous
structure provides an efficient transport of reagents and
products.

Protonated titanate nanotubes can provide a moderate
acid–base catalyst for esterification[77] and hydrolysis of
2-chlorethyl ethylsulfide.[78] The Brønsted acidity of the
nanotubular surface can also be increased by treatment
with sulfuric acid, to an approximate value of –12.7 on the
Hammett scale.[77] Most of the catalytic studies of titanate
nanotubes are, however, focused on the utilisation of its sur-
face as a support for highly dispersed catalysts.
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Several methods are used to deposit active catalysts into
the pores of titanate nanotubes and nanofibres (see
Tables 1, 2, 3 and 4). Incipient wetness impregnation of the
catalyst precursor followed by thermal or chemical treat-
ment is a common approach. This method allows the depo-
sition of relatively large quantities of the catalyst; however,
the dispersion and the distribution of catalyst is usually in-
ferior to that obtained by using other methods of deposi-
tion. A second method is precipitation of the active materi-
als on the surface of the nanotubes, which can be initiated
by chemical, photo- or electrochemical treatments. Such
methods enable a better distribution of catalyst, but the
loading of metal is limited by the amount of precursor ad-
sorbed on the surface of the nanotubes. In addition, there
is also the possibility of precursor precipitation in the bulk
solution, as a side reaction.

Another in situ method for doping titanate nanotubes
with catalysts is the addition of a catalyst precursor to the
mixture of TiO2 and aqueous NaOH prior to hydrothermal
synthesis. The method allows catalyst atoms to be embed-
ded into the crystal structure of titanate nanotubes. A
limitation is that the catalyst loading and dispersion are not
easily controlled.

Since titanate nanotubes have good ion-exchange proper-
ties,[48] one method of catalyst deposition involves prelimi-
nary ion-exchange of catalyst precursor in the cationic form
with protons within nanotubular titanates (see Figure 4).
This allows atomic-scale distribution of metal cations in the
titanate lattice, achieving higher metal loading relative to
adsorption of the precursor on the surface. Washing the
sample with clean solvent followed by reduction or chemi-
cal treatment avoids precipitation of catalyst in the bulk and
results in the formation of clusters or nanoparticles of cata-
lysts evenly distributed only on the surface of the nano-
tubes. A suitable choice of ionic form for the metal precur-
sor can significantly increase the catalyst loading and main-
tain a high catalyst dispersity. For example, the use of a
diethylenediamine complex of gold {[Au(en)2]3+} instead of
the tetrachloroaurate ion ([AuCl4]–) results in an increase of
more than ten times in the sorption of the gold precursor
into the titanate nanotubes.[79,80]

Examples of various metal catalysts deposited on the sur-
face of titanate nanotubes are shown in Figure 5. The depo-
sition method was ion-exchange followed by chemical treat-
ment. Such an approach can achieve a relatively high cata-
lyst loading while maintaining a relatively small average
particle size (see Tables 1, 2, 3 and 4). The metal nanopar-
ticles are deposited on both internal and external surfaces
of the nanotubes in the Pd/TiNT, RuOOH/TiNT, Pt/TiNN
and Ni/TiNT composites. However, in Au/TiNT and CdS/
TiNT composites, the nanoparticles are deposited prefera-
bly on the external surface of the nanotubes. Not all cata-
lysts can be deposited by ion-exchange; for example, a suit-
able cationic form of the precursor may not be available in
aqueous solution.

The most widely studied nanotubular supported catalyst
is gold (Au/TiNT), resulting from work on Au/TiO2 cata-
lysts, which are promising for low-temperature CO oxi-
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Table 1. Reported catalytic processes with nanostructured titanates.[a]

[a] TiNT: titanate nanotubes, TiNF: titanate nanofibres, NR: nanorods, NP: nanoparticles, n/a: not available.

dation.[81,82] The early Au/TiNT catalysts have demon-
strated an activity comparable to standard Au/TiO2 materi-
als. Recent improvements in performance have been at-
tempted by acid-assisted transformation of nanotubes (with
deposited gold) to TiO2 nanoparticles[83] or by high-tem-
perature transformation of gold particles on nanotubes to
those on nanorods.[84] Some successful attempts to reduce
the use of precious metals such as gold have also been made
by using CuO[85] or Cu-Au[81] composites deposited on the
surface of titanate nanotubes.

Catalysts made from gold deposited on titanate nano-
tubes have also demonstrated high activity for CO2 re-
duction by hydrogen[86] and water shift reactions.[87] Most
of these catalysts were prepared by precipitation from
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HAuCl4 solution when dispersity and the loading of gold
nanoparticles is difficult to control. Further improvements
in catalyst preparation by utilising the ion-exchange method
could possibly improve the activity of catalysts.

The catalytic activity of palladium nanoparticles (in
metal or metal hydroxide form) deposited on the surface of
titanate nanotubes or nanofibres has been studied for the
hydrogenation of phenol to cyclohexanone,[88] hydrogena-
tion of ortho-chloronitrobenzene to ortho-chloroaniline[89]

and isomerisation of allylbenzene (double bond migration)
[90] (see Table 1). Copper(II) catalysts embedded into tita-
nate nanotubes in situ followed by conversion to TiO2

nanotubes by calcination showed good activity and selectiv-
ity for the catalytic reduction of NO.[91] Catalytic studies of
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Table 2. Reported electrocatalytic processes with nanostructured titanates.[a]

Catalyst Method of Particle Loading Process Activity or Benefits Ref.
formula preparation size / nm reaction performance

Electrocatalysis

Au/TiNT Ion-exchange– 4 0.1 mgcm–2 BH4
– + 8 OH– – 8e– � BO2

– + 6 H2O 8320 mCmg–1cm–2 Borohydride fuel cell [100]

reduction
Pd/TiNT Ion-exchange– n/a 3 wt.-% CH3OH – 6e– + H2O � CO2 + 6H+ n/a Methanol fuel cell [97]

reduction catalysts
Pd/TiNT Ion-exchange– 6–13 0.5 mgcm–2 N2H4 – 4e– � N2 + 4H+ n/a More active than [123]

reduction Pd/TiO2 NP
Pd/TiO2 NR + C Coprecipitation– 30 0.3 mgcm–2 C2H5OH – 12e– + 3H2O � 2CO2 + 12H+ n/a TiO2 + carbon [98]

reduction composite improves
conductivity

RuO2/TiNT Impregnation n/a n/a CO2 + 5H2O + 6e– � CH3OH + 6OH– Current yield = Better performance [122]

60% relative to RuO2/TiO2

TiNT + Pt/C Mixing in 2 1 mgcm–2 C2H5OH – 12e– + 3H2O � 2CO2 + 12H+ 120 mAmg–1 (Pt) TiNT promotes Pt/C [99]

slurry activity, tolerance
to CO

[a] TiNT: titanate nanotubes, TiNF: titanate nanofibres, NR: nanorods, NP: nanoparticles, n/a: not available.

Table 3. Reported supercapacitor processes with nanostructured titanates.[a]

Catalyst Method of Particle Loading Process reaction Activity or Benefits Ref.
formula preparation size / nm performance

Supercapacitor

RuO2/TiNT Precipitation n/a 4–21 wt.-% RuO2 + H2O + e– � 230 Fg–1 Early reports [125,126]

RuOOH + OH–

VOx/TiNF Adsorption n/a n/a VO2
+ + 2H+ + e– � n/a Capacitance is higher than [124]

VO2+ + H2O that for bulk V2O5

Co(OH)2/TiNT Precipitation n/a 25–75 wt.-% Co(OH)2 + OH– � 229 Fg–1 Capacitance is higher than [128]

CoOOH + H2O + e– that for bulk Co(OH)2
Ru1–yCryO2/TiNT Coprecipitation n/a 4–23 wt.-% Ru1–yCryO2 + H2O + e– � 250 Fg–1 Lower cost than that for [127]

Ru1–yCryOOH + OH– pure RuO2

Co(OH)2 + Ni(OH)2/TiNT Coprecipitation n/a 60 wt.-% (CoNi)(OH)2 + OH– � 631 Fg–1 High capacitance [129]

(CoNi)OOH + H2O + e–

[a] TiNT: titanate nanotubes, TiNF: titanate nanofibres, NR: nanorods, NP: nanoparticles, n/a: not available.

hydrated forms of ruthenium(III) deposited by ion ex-
change on the surface of titanate nanotubes in the selective
oxidation of alcohols have revealed the independence of
specific catalytic activity on catalyst loading.[92] This is con-
sistent with electron microscope observations showing that
an increase in catalyst loading results in an increase in the
density of catalyst particles on the surface rather than an
increase in the size of the particles.

Potential catalysts of selective oxidation of dibenzothio-
phene with hydrogen peroxide at 60 °C are WOx/TiO2

nanostructures obtained by calcination of titanate nano-
tubes impregnated with (NH4)2WO4.[93] This reaction mod-
els the process of desulfurisation of oils, and the catalyst
demonstrates a high activity. During the preparation of the
catalyst, an interesting transformation in morphology has
been reported.[94] The calcination of titanate nanotubes
impregnated with (NH4)2WO4 at 500 °C results in the col-
lapse of the tubular structure accompanied by the release
of residual Na+ ions onto the surface of fibrous anatase,
leading to the formation of highly dispersed Nax(WO4)
nanoparticles in which tungsten is in tetrahedral co-
ordination, which provides a high activity for selective oxi-
dation.
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Platinum deposited on the surface of wide-pore nanotub-
ular catalyst supports can be synthesised by using the
[Pt(NH3)4](HCO3)2 complex as a template.[95] In this
method, the template is also a catalyst precursor. Such Pt/
TiO2 nanotubular catalysts can be characterised by their
wide diameter (100–200 nm) and the well-dispersed Pt
nanoparticles on the nanotubular surfaces with a high load-
ing. These catalysts show a good performance both in the
selective reduction of CO with H2 to form CH4 and in the
water shift reaction.[96]

All reported applications of titanate nanotubes in catal-
ysis emphasise the benefits of a high surface area together
with the versatility of the surface chemistry and electronic
interactions between catalyst and support, which improve
catalytic activity. The low cost of titanate nanotubes opens
a novel route for nanostructured TiO2-supported catalysts
by using either acid or thermal transformations. The con-
trol of localisation of the catalyst (either inside or outside
the hollow tube) is still challenging.[79] This is an impor-
tant topic for further studies on size-selective catalysts,
which can utilise the geometry of cylindrical pores of 3–
8 nm in diameter and avoid the formation of bulky side
products.
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Table 4. Reported photocatalytic processes with nanostructured titanates.[a]

Catalyst Method of Particle size / nm Loading Process reaction Activity or Benefits Ref.
formula preparation performance

Photocatalysis

Pt/[TiO2-(B) NT-anatase Calcination at 10 nm (anatase) 1 wt.-% Pt, CH3CH2OH + hν 20% higher than Facile method to [146]

NP] 400 °C 33% TiO2(B) � CH3CHO + H2 that of Pt/P25 bicrystalline catalyst
CrIII/TiO2 NP Hydrothermal acid 5 nm 3 wt.-% H2O + hν � n/a Novel route for ion [155]

of Cr-TiNT H2 + O2 implantation
TiO2 NP (anatase) Calcination H-TiNT n/a n/a Photocatalytic oxi- Higher than that Novel route for anatase [140]

dation of organics of P25 nanoparticles
TiO2 NR (anatase) Calcination H-TiNT 10�100 nm n/a Photocatalytic oxi- Higher than that Novel route for anatase [46,141]

dation of organics of P25 nanorods
Pt/TiNT Photodeposition n/a 1 wt.-% CH3CH2OH + hν n/a Early data on photodehy- [165]

� CH3CHO + H2 drogenation
CdS/TiNT Ion-exchange sur- 6 nm n/a Dye oxidation n/a Photosensitisation of [156,157]

face reaction TiNT
N-doped TiO2 NP Calcination with 10 nm 1% (N) 2C3H6 + 9O2 � Three times higher Photosensitisation to [152]

NH3 (gas) 6CO2 + 6H2O than that of N- visible light
P25

TiNT Microwave n/a n/a NH4
+ + O2 � Less than that of Good adsorption of NH3

[138]

NO2
– + NO3

– P25
NiO/TiNF; TiNF Impregnation n/a 0.2 wt.-% CHCl3 oxidation Higher than that Accommodation of Ni in [160]

of P25 tunnel structure
TiO2/TiNF Epitaxial growth by 10–50 nm n/a Dye oxidation Higher than that Support for photocatalyst [147]

precipitation of TiNF
TiO2 NF, TiO2 NP Acid treatment of n/a n/a Dye oxidation Comparable with Novel route for [144]

TiNF at 180 °C that of P25 nanostrucuted anatase
Pt/TiNT Sputtering n/a n/a H2O + hν � Higher than that Early data showing water [163]

H2 + O2 of TiO2 splitting
SnTTP/TiNF In situ intercalation n/a n/a Dye oxidation n/a Synergy in using UV + [161]

visible light
TiNF, TiO2-(B) NF, ana- Calcination n/a n/a CH3OH + hν � Higher than that Systematic comparison of [164]

tase NF HCHO + H2 of P25 elongated structures
Bi2Ti2O7 NT AAO template 0.2 µm�7 µm n/a Dye oxidation Higher than that Effect of dimension on [162]

of bulk Bi2Ti2O7 the activity of catalyst

[a] TiNT: titanate nanotubes, TiNF: titanate nanofibres, NR: nanorods, NP: nanoparticles, n/a: not available, P25: spheroidal TiO2

nanoparticles (Degussa).

Figure 4. Ion-exchange-assisted deposition of Pd nanoparticles on
the surface of titanate nanotubes.

3.2. Electrocatalytic Storage or Generation of Electricity

Titanate nanotubes have relatively good proton[59] and
moderate electron conductivities; the latter is higher than
that for anatase,[7] making titanate nanotubes a possible
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candidate for the realisation of composite nanostructured
electrodes. All reported applications of nanostructured
elongated titanates in electrochemical processes can be di-
vided into areas such as fuel cell technology, lithium
batteries, supercapacitors and general electrocatalysis.

3.2.1. Fuel Cells and Batteries

During the last two decades, enormous developments in
fuel cell technologies have taken place as a result of con-
cerns over the insufficient efficiency of and environmental
problems related to existing energy converters. The nano-
structured titanates and TiO2 have been considered as sup-
ports for electrocatalysts of fuel oxidation (see Figure 6a).
Early studies of palladium nanoparticles deposited on the
surface of titanate nanotubes demonstrated the feasibility
of nanostructured titanates for oxidation of methanol in li-
quid fuel cells.[97] Further improvements in catalyst per-
formance have been achieved by increasing the electrocond-
uctivity of the elongated Pd/TiO2 nanorods coated with car-
bon by calcination of nanotubes coated with poly(ethylene
glycol) at 600 °C.[98]

Recent studies also showed that simple addition of titan-
ate nanotubes to the standard Pt/C catalyst by mixing in
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Figure 5. Examples of titanate nanotubes decorated with metal
nanoparticles, which are used in catalysis: (a) Au/TiNT, (b) Pd/
TiNT, (c) Pt/TiNT, (d) RuOOH/TiNT, (e) Ni/TiNT and (f) CdS/
TiNT. Images (a), (c) and (d) are taken from ref.,[80] while image
(f) is taken from ref.[159] with permission.

slurry followed by drying on the surface of the electrode
results in the enhancement of catalyst performance due to
the structural water in the nanotubes and the increase in
the resistance to CO poisoning by stimulation of its desorp-
tion from the catalyst surface.[99] Gold deposited onto titan-
ate nanotubes has also demonstrated a better performance
than commercial Au/C catalysts for the anodic oxidation of
NaBH4 in the direct borohydride fuel cell[100] (see Fig-
ure 6b). The electrical charge during oxidation of the
borohydride ion per unit mass of gold was approximately
8300 mCcm2 mg–1 (see Table 2) and 3900 mCcm2 mg–1 for
Au/TiNT and Au/C electrocatalysts, respectively.

Titanate nanotubes have been used not only for the en-
hancement of fuel cell catalyst efficiency but also for im-
proved proton conductive membrane performance. Ad-
dition of titanate nanotubes up to 15 wt.-% to the Nafion
membrane was shown to enhance proton exchange conduc-
tivity at elevated temperatures (130 °C) as a result of water
retention in the nanotubular titanates.[101] Such a composite
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Figure 6. Applications of titanate nanotubes in fuel cell electrodes:
(a) schematics of the electron transport process in the direct
borohydride fuel cell, (b) a cyclic voltammogram for the oxidation
of the borohydride ion at an Au/TiNT electrode.[100]

membrane can be cast from a mixed slurry of nanotubes
with 5% Nafion solution (DuPont) redissolved in dimethyl
sulfoxide.[101]

3.2.2. Lithium Batteries

Nanostructured materials are widely used as electrodes
in rechargeable lithium batteries.[102] Elongated titanates
also attract attention as possible negative electrode materi-
als for lithium cells bacause of their open, mesoporous
structure, efficient transport of lithium ions and effective
ion-exchange properties, which result in a high value of
charge/discharge capacity (�300 mAhg–1) and fast kinetics
together with high robustness and good safety characteris-
tics.[7,103] These new electrodes can replace commercial car-
bon negative electrodes, which suffer from safety concerns
(electroplating of lithium) and the formation of a solid–elec-
trolyte interface (SEI) layer that leads to charge loss.

Figure 7a shows the principle of lithium storage in nano-
tubular titanates. During charging, lithium ions from the
electrolyte solution intercalate between layers of the wall
along the axis of the nanotubes.[50] They then form the
LixTiO2 phase after cathodic reduction. The charge ca-
pacity of lithium batteries depends on the availability of the
lithium reduction sites, and the power characteristics of the
batteries are often governed by the kinetics of lithium inter-
calation.

There are three consecutive steps in the process of charg-
ing/discharging the electrode, namely: (1) diffusion of lith-
ium ions in the electrolyte, (2) diffusion of intercalated ions/
atoms and (3) electrochemical reaction. Each of these
stages, as well as electron transport, can be limiting in the



D. V. Bavykin, F. C. WalshMICROREVIEW

Figure 7. Applications of titanate nanotubes involving lithium stor-
age: (a) the principle of electrochemical lithium storage in a battery;
(b) the first discharge curve of (1) TiNT, (2) TiO2(B) NT and (3)
TiO2 NR. (Adapted from ref.[111]).

overall process. The use of nanostructured titanates and
TiO2 significantly improves the rate of the diffusion of in-
tercalated lithium ions because of their small size and the
featured crystal structure of the material, which provides
sufficient space (interlayer spacing in the wall) for ionic
transport.

Table 5. Summary of electrodes containing elongated titanate or TiO2 nanoparticles used for lithium storage.

Electrode Discharge capacity / Specific current density/ Merits for lithium storage Ref.
mAhg–1[a] mAg–1

TiNT 220–250 110, 200 Higher capacity than that of P25[b] [104]

170 2000
TiNF 220 110 Higher capacity than that of P25 [107]

190 300 [108]

130 2500 [109]

TiO2-(B) NT 240 50 Higher capacity than that of P25 [111]

TiO2-(B) NF 200 200 Higher capacity than that of P25 [112,113]

100 2000
TiO2 (anatase) NR 190 50 Plateau in current vs. potential curve [111,115]

240 36
NiO/TiO2-(B) NT 240 100 Durability, lower electrical resistance [118]

170 2000
C-TiO2 (anatase) NR 204 70 Lower resistance, plateau in current vs. potential curve [116]

Co-TiNF 350 50 Intercalated Li affects magnetic properties [117]

Co-TiO2 (anatase) NF 140 50
Ag/TiNT 190 50 Higher cycling stability at higher discharge rate [119]

160 600
Sn/TiNT 312 30 SnLi alloying in pores of TiNT [120]

TiO2-(B) NT 296 25 Effect of electrode thickness on the discharge kinetics [121]

TiO2 (anatase) NR 215 25

[a] After ten cycles. [b] P25: spheroidal TiO2 nanoparticles (Degussa).
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At the present time, the following elongated nanostruc-
tures have been studied for lithium storage: titanate nano-
tubes[104–106] (TiNT), titanate nanofibres[107–110] (TiNF),
TiO2-(B) nanotubes[41,111] nanofibres[112–114] and TiO2 (ana-
tase) nanorods.[111,115] The last three nanostructures were
obtained by calcination of the protonated forms of the cor-
responding titanates (see Figure 3). All of these structures
demonstrate an impressive ability to store lithium ions (see
Table 5).

Titanate nanotubes are characterised by a high initial
discharge capacity, which quickly decreases from ca. 300 to
ca. 180 mAhg–1 within several cycles. The charge/discharge
curves are characterised by the absence of a constant cell
voltage plateau. Slightly better cycling stability was ob-
served when using titanate nanofibres, which showed sim-
ilar values of lithium storage capacity. Although these
nanostructures have different morphologies and typical
sizes, the rate of lithium ion intercalation is relatively fast
in both nanostructures, as seen in the pseudocapacitive, far-
adaic behaviour.[105,109] This apparent inconsistency can be
explained by taking into account the direction of alkaline
ion flow in nanotubes and nanofibres. It was suggested that
alkaline ions diffuse along the length of titanate nanotubes,
whereas they can diffuse in a direction perpendicular to the
length of nanofibres.[50] The characteristic length of nano-
tubes and width of nanofibres are several hundreds of
nanometres, resulting in a characteristic diffusion time of
the intercalated lithium ions in both of these nanostruc-
tures: ca. 30 min.

The mechanism of lithium diffusion in TiO2-(B) nano-
tubes and nanofibres is probably different from that in
titanates, since, instead of diffusing between the layers of
titanates, the lithium ions diffuse inside the smaller-size tun-
nels in the TiO2-(B) crystals.[113] Besides, because of the ab-
sence of ion-exchanged protons, the side reaction, that is,
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the hydrolysis of the electrolyte, is suppressed. As a result,
the initial discharge capacity does not deteriorate quickly,
and the cycling stability is slightly better than that in nano-
structured titanates. After a few cycles, the lithium storage
capacity is similar to that in nanostructured titanates, and
the pseudocapacitive current behaviour also suggests that
diffusion of lithium (external in the electrolyte and internal
in the intercalated state) is not the limiting stage.

The anatase nanorods produced by calcination of TiNT
are characterised by a lower discharge capacity (see
Table 5), a characteristic plateau in the charge/discharge
curve (see Figure 7b) and good reversibility. For all elon-
gated nanostructures, the coulombic efficiency was close to
100%.

The power output demand for new-generation lithium
batteries is stimulating their use at higher current densities,
which places additional requirements on the electroconduc-
tivity of the nanostructured titanates and TiO2 electrodes.
Recent approaches to improve the conductivity of elon-
gated structures include doping of TiO2 nanorods with car-
bon,[116] doping of TiNF and TiO2 NF with cobalt,[117] de-
position of NiO particles on the surface of TiO2-(B) nano-
tubes,[118] coating the surface of TiNT with silver nanopar-
ticles[119] and coprecipitation of a tin phase in the pores of
TiNT.[120] All of these methods reduce the electrical resis-
tance of the electrode, improve durability and decrease
charge capacity degradation during high charge/discharge
rate trials.

Another important issue for high-current lithium batter-
ies is the resistance due to the limited mass transport of
lithium in the electrolyte resulting in reduced voltage of the
cell at high current densities for thick electrodes.[121]

Further improvements in the performance of the lithium
cell will probably focus on improvements of (1) the electro-
conductivity of the elongated nanostructures, (2) mass
transport of lithium ions in the electrolyte by optimal de-
sign of electrode porosity, (3) charge capacity of the elec-
trode and (4) cycling stability of the electrode.

3.2.3. Supercapacitors and General Electrochemistry

Composite electrodes consisting of titanate nanotubes
supporting nanoparticles of precious metals have also been
studied for electrocatalytic processes including the electro-
chemical reduction of CO2 to methanol with a RuO2/TiNT
composite electrode[122] and oxidation of hydrazine (N2H4)
by using palladium-decorated titanate nanotubes.[123] In
both cases, the composite electrodes demonstrated a better
performance than TiO2-based ones.

The oxides of transition metals, which can have several
valence states, are prospective materials for the storage of
electrical energy in electrochemical capacitors. Effective dis-
persion of these oxides on the electrode surface is critical
to achieve a high capacitance, which can be accomplished
by using titanate nanotubes as a support for the metal ox-
ide. Early reports of vanadium(V) oxide deposited on the
surface of titanate nanotubes showed the feasibility of such
composites as capacitors.[124] Further improvements of the
capacitance stimulated the use of ruthenium (RuO2)[125,126]
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or mixed ruthenium/chromium oxides (Ru1–yCryO2)[127] de-
posited on the surface of titanate nanotube composites, fa-
cilitating a high specific (per mass of Ru/Cr oxide) capaci-
tance of ca. 1272 Fg–1 for 4 wt.-% of Ru1–yCryO2 loading
(see Table 3). This value is almost two times higher than
the electrochemical capacitance of bulk Ru1–yCryO2 positive
electrode. The high cost of ruthenium has encouraged the
search for lower-cost substitute elements, resulting in the
synthesis of cobalt hydroxide[128] and cobalt nickel double
hydroxide deposited on TiNT, having a specific (per mass
of metal oxide) capacitance of approximately 1000 Fg–1.[129]

3.3. Photocatalysis in Elongated Titanates

During the last three decades, titanium dioxide has been
comprehensively studied as a wide-band-gap photocatalyst
for the oxidation of organic compounds.[3] The best TiO2-
based catalysts are usually characterised by a highly crystal-
line structure, which can reduce recombination of photo-
generated carriers, a high specific surface area, for accelera-
tion of the interfacial reaction rate, and abundance of sur-
face OH groups, required for the generation of OH radicals
during photocatalytic reactions. All of these features are in-
trinsic to elongated titanates.

The optical properties of titanate nanotubes have been
recently studied by various methods. The absorption thresh-
old determined from diffuse reflectance spectra is usually
very close to the band gap of titanium dioxide,[130] which is
ca. 3.2 eV. However, more accurate studies of diluted colloi-
dal solutions of TiNT, which avoid the errors caused by
elastic light scattering, estimated the band gap of the nano-
tubes as ca. 3.87 eV,[131] which is wider than that of TiO2

and closer to that of titanate nanosheets (3.84 eV[132]). Pho-
toluminescence measured at –196 °C from the powder state
samples usually shows a band at 2.4 eV,[133] whereas the
spectrum of nanotubes dispersed in water[131] shows a mul-
tiple-line spectrum with several characteristic bands at 3.99,
3.77, 3.54, 3.09, 2.94, 2.51, 2.38, 2.16, 2.08 and 1.99 eV. Dis-
crepancies between these two methods are probably due to
the strong scattering of light from solid powder samples,
which can mask the photoluminescence signals.

Absorption of light by titanate nanotubes results in the
generation of charge carriers, which can eventually relax
into a single electron trapped oxygen vacancy (SETOV)[134]

or be trapped by Ti4+ ions to form Ti3+ centres, which can
cause visible light absorption. Transient studies of photo-
generated charged carriers in titanate and TiO2-(B) nano-
tubes have revealed that the lifetime of trapped electrons is
extended, relative to that of TiO2 nanoparticles, suggesting
an improved charge separation due to the elongated mor-
phology.[135]

It is well known that Na+ impurities can significantly
decrease the photocatalytic activity of TiO2 by acting as
recombination centres.[3] The high amount of sodium ions
retained in titanate nanostructures after alkaline hydrother-
mal synthesis can also significantly reduce the photocata-
lytic activity of titanates. This was recently confirmed by
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the observation of the negative effect of sodium content on
the photocatalytic activity of titanate nanotubes during the
oxidation of dyes.[136,137] In contrast, the removal of sodium
ions by protonation of titanate nanotubes results in lumi-
nescence quenching,[130] meaning that centres of radiative
recombination are associated with sodium sites, which is
consistent with the observation of the negative effect of so-
dium ions on the photocatalytic activity of TiNT.

The photocatalytic activity of as-prepared titanate nano-
tubes was found to be smaller (but not zero) than the ac-
tivity of the standard P25 catalyst in the oxidation of
NH3

[138] as well as in the oxidation of dyes in aqueous sus-
pensions.[139] This can be attributed to either impurities of
sodium or moderate crystallinity of as-prepared titanate
nanotubes. Further improvements of activity were directed
to the transformation of the initial nanotubes to the more
photocatalytically active forms of TiO2.

Two methods for H-TiNT transformation have been re-
ported, namely heat and combined heat/acid treatments.
The anatase nanoparticles[140] or nanorods[46,136,141,142] pro-
duced by calcination of H-TiNT at 400 °C were character-
ised by better photocatalytic activity in the oxidation of
various organic molecules or dyes than that of initial H-
TiNT. The increase in photocatalytic activity was ac-
companied by improvement of nanostructure crystallinity.
A further increase in calcination temperature resulted in a
lower photocatalytic activity due to stripping of the surface
OH groups and reduction in the surface area of nanostruc-
tures. In contrast, the acid hydrothermal treatment of H-
TiNT with residues of HCl at 200 °C[143] or H-TiNF with
0.1  HNO3 (pH 0–7) at 180 °C[144] results in the formation
of nanostructured anatase with a fibrous or particulate
morphology, which showed good photocatalytic activity for
the oxidation of model organic dyes. The method of acid
hydrothermal transformation promises a reduction in syn-
thesis temperatures and helps retain the surface OH groups
intact.

Additional improvement of charge separation in elon-
gated titanates can be achieved by using the recently discov-
ered synergetic effect in mixed-phase nanocomposites oc-
curring between two crystal forms of TiO2 (anatase and ru-
tile) due to the small difference in flat band potentials,
which stimulates spatial separation of carriers, reducing
their recombination.[145] The bicrystalline mixture of 33%
TiO2-(B) nanotubes and 67% anatase nanoparticles pre-
pared by calcination of H-TiNT is characterised by an im-
proved photocatalytic activity relative to P25 TiO2 for hy-
drogen evolution from ethanol.[146] This approach has also
demonstrated the versatility of this method, which enables
the easy preparation of mixed-phase nanocomposites. Tita-
nate nanofibres[147] and nanotubes[148] decorated with TiO2

(anatase) nanoparticles deposited by hydrolysis of TiF4 in
the presence of H3BO3 are also characterised by good sur-
face adhesion, an increased surface area and improved pho-
tocatalytic activity.

Although TiO2-based photocatalysts are very active in
photocatalytic reactions, the major drawback delaying their
wide industrial use is the relatively short wavelength of the
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light necessary for the photocatalytic reaction. The sensitis-
ation of the photocatalyst to visible light is a “holy grail”.
Several approaches to sensitisation of elongated titanate
and TiO2 nanostructures have been recently explored.

One of the successful ways to sensitise TiO2 to visible
light is to dope it with nitrogen, forming additional levels
in the forbidden zone of the wide-band-gap TiO2. Several
methods of doping titanate nanotubes with nitrogen were
reported. The first is the ion exchange of ammonium
(NH4

+) ions with protons in H-TiNT followed by the calci-
nation of the sample in air at 400 °C, resulting in the forma-
tion of N-doped TiO2-(B) nanotubes.[149,150] The alkaline
hydrothermal treatment of preliminary doped TiO2 with ni-
trogen also results in the formation of N-doped titanate
nanotubes.[151] The third method is nitration of TiNT with
gaseous NH3 at temperatures in the range 400–700 °C[152]

at atmospheric pressure. The last method allows control
over the level of N-doping at a nitrogen surface concentra-
tion of up to 12%. All N-doped elongated nanostructures
show good photocatalytic activity in the visible range of
incident light. The nature of photoactive centres in N-
doped elongated titanates and TiO2 is being actively
studied. The recent X-ray photoelectron spectroscopy
(XPS) and ESR data shows that nitrogen in the form of
NO probably occupies the interstitial positions between the
oxygen vacancy and Ti4+, forming a visible light absorption
centre, which is energetically positioned within the band
gap of TiO2. The photocatalytic activity in the visible range
correlates with the concentration of these centres and is
higher for N-doped anatase nanorods obtained by nitration
of H-TiNT than N-doped P25 prepared at 600 °C.[152]

Another method to sensitise TiO2 to visible light is im-
plantation with CrIII ions,[153] where Cr3+ ions occupy the
positions of Ti4+ in the lattice and form electron levels in
the forbidden zone. Photocatalytic activity under visible
light is observed for catalysts with isolated Cr3+ ions inside
the TiO2 lattice. The agglomeration of chromium ions at
higher chromium loading results in the appearance of re-
combination centres and a decrease in activity. There are
several reports on the doping of titanate nanotube photo-
catalysts with chromium. Low levels of chromium doping
(0.5 wt.-%) in titanate nanotubes can be achieved by alka-
line hydrothermal treatment of preliminarily Cr-doped ana-
tase.[154] Such a photocatalyst showed some activity under
visible light during dye oxidation. The acid-assisted hydro-
thermal transformation of H-TiNT to anatase at 240 °C
over 24 h in the presence of 0.1  HNO3 and chromium(III)
results in the formation of Cr-doped anatase nano-
particles,[155] in which the level of chromium can be varied
up to 10 wt.-%. However, the most active catalyst for pho-
toelectrochemical water splitting was found to be a catalyst
having 3 wt.-% loading, in which no formation of the Cr2O3

phase is observed.
Several attempts to decorate titanate nanotubes with the

narrow-band-gap semiconductor nanoparticles CdS[156–158]

and ZnS[159] by ion-exchange, followed by sulfidation with
H2S, have been reported. Such heterojunction photocata-
lysts show a moderate activity for dye oxidation, but the
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photocorrosion of sulfides is a major problem in such sys-
tems. Sensitisation of titanate nanofibres with NiO nano-
particles[160] or tin porphyrin (Sn–TTP) complexes interca-
lated between layers of titanates[161] also resulted in photo-
catalytic activity of the composite material in the visible
range of wavelengths. For the last case, femtosecond studies
showed effective charge separation of visible light photoin-
duced carriers. The photocatalytic oxidation of methyl
orange showed a synergistic enhancement of activity under
both UV and visible illumination.[161]

In conclusion, elongated titanate and TiO2 nano-
structures have been considered for photocatalytic processes
including oxidation of organic waste in air and
water,[140,141,162] splitting of water[155,163] and generation of
hydrogen by using sacrificial hole scavengers[146,164,165] (see
Table 4). A comparison of elongated morphologies[164] for
hydrogen evolution from methanol indicated that the pho-
tocatalytic activity followed the trend: anatase NF � TiO2-
(B) NF �� H-TiNF. Systematic studies of all elongated
morphologies including nanotubes, nanosheets and nano-
fibres transformed from each other by calcination or hydro-
thermal treatment are needed.

Glass surfaces coated with photocatalytically active TiO2

are already commercially used as self-cleaning surfaces,
which, under UV light, gain antifogging and super hydro-
philic properties.[3] Elongated H-TiNT and TiO2 anatase
nanorods[166,167] demonstrate even better surface wett-
ability, as the tubular morphology results in an increased
surface roughness, which can be beneficial for achieving a
smaller contact angle between the surface coating and the
water droplet.

3.4. Solar Cells

Elongated titanates and TiO2 nanostructures have also
been examined as electrodes for dye-sensitised solar cells
(DSSCs). Figure 8 a shows the principle of a DSSC op-
erating with nanotubular titanates. The photoexcited mole-
cule of dye adsorbed on the surface of nanotubes injects an
electron to the semiconductor, which diffuses towards the
electron sink. The oxidised form of the dye is reduced by
iodide ions in the electrolyte solution, and the released io-
dine is further reduced on the platinum counter electrode.

The potential advantage of titanate nanotubes as elec-
trodes for DSSCs can be realised by utilising the phenome-
non of better (relative to TiO2 NP) adsorption of the posi-
tively charged dyes from aqueous solution on the surface of
negatively charged titanate nanotubes,[168] allowing a com-
pact monolayer of dye to be deposited with a capacity of
over 1000 molecules per nanotube. Such a dense loading of
dye would allow the thickness of the light-absorbing layer
of the electrode to be reduced from typical values of several
microns to much lower values and decrease the electron dif-
fusion distance, which would potentially improve the charge
collection. The second advantage of nanotubes is their elon-
gated morphology, which can provide a direct pathway for
electron transfer from the point of injection to the electron

Eur. J. Inorg. Chem. 2009, 977–997 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 991

Figure 8. Applications of titanate nanotubes for a dye-sensitised
solar cell: (a) the sketch of the processes in a DSSC, (b) photo-
current–voltage curve for a DSSC with a TiO2 NR electrode
(Adapted from ref.[173]).

sink with an improved electron transport and a higher
charge collection efficiency.

The design and manufacture of conventional DSSCs was
optimised for a nanoparticulate TiO2 electrode, which can
withstand high-temperature calcination and is a more suit-
able adsorbent for negatively charged dye molecules [cis-
bis(thiocyanato)bis(2,2-bipyridyl-4,4-di-carboxylato)ruthe-
nium(II) complex]. In contrast, titanate nanotubes are more
suitable for the adsorption of positively charged dyes and
less stable during calcination at 450 °C,[61–65] which is re-
quired for the conventional doctor blade method of elec-
trode manufacture. For these reasons, early data showed
that titanate nanotubes can be applied as electrodes in
DSSCs; however, no significant benefit was observed rela-
tive to electrodes based on TiO2 nanoparticles.[169] In fact,
in most of the studies, calcination of the electrode at 450 °C
was used in order to remove the polyethylene glycol binder,
meaning that TiO2 anatase nanorods instead of H-TiNT
were used in the DSSCs.

An alternative way to achieve immobilisation of elon-
gated titanates is a direct alkaline hydrothermal synthesis
of nanotubes on the surface of titanium metal.[170,171] In
this process, the sample was calcinated at 500 °C before dye
incorporation, resulting in the conversion of H-TiNT to
TiO2 anatase NR.[61–65] Thus, the advantage of increased
dye adsorption on the surface of titanate nanotubes still has
not been fully realised.

In order to benefit from the improvement of electron
transport in elongated nanostructures, it is necessary to as-
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semble nanostructures on the surface of the electrode. In
most of the reports, elongated titanates are randomly ori-
ented, diminishing the advantage of direct transport; how-
ever, a recent successful alignment of titanate nanofibres on
the surface of titanium under alkaline hydrothermal synthe-
sis at 180 °C resulted in an improved efficiency of the DSSC
relative to that with P25 TiO2.[172]

Detailed studies of the electron relaxation kinetics in
elongated TiO2 anatase nanorods showed that the electron
diffusion coefficient in nanorods is similar to that in P25;
however, the electron lifetime is three times higher than that
in P25, because of possible suppression of recombination
between electrons and I– ions on the surface of the nano-
rods,[173] resulting in a higher value of the open circuit po-
tential. Transient studies using intensity-modulated photo-
current spectroscopy showed the improvement of charge
collection to be in the following order: P25, titanate nano-
tubes and anatase nanorods.[174] The charge collection ratio,
defined as a ratio of the recombination time constant to the
electron collection time (τr/τc), was found to be ca. 150, 50
and 10 for TiO2 NR, H-TiNT and P25, respectively. These
results were obtained for randomly oriented nanotubes and
nanorods. The improvement of the alignments of the nano-
tubes on the electrode would potentially further improve
the electron collection efficiency.

Polycrystalline nanoparticles of anatase obtained from ti-
tanate nanotubes by hydrothermal treatment at 240 °C in
the presence of dilute HNO3 showed a slightly higher Isc

but a lower Voc relative to P25 in the DSSC, which was
probably due to the higher recombination rate of charge
carriers in these nanoparticles.[175]

The typical efficiency of a DSSC with elongated TiO2

NR operating with a standard dye and electrolyte ap-
proaches 7.1%,[173] and the voltammetric curve has the
shape shown in Figure 8b. Another type of TiO2 nanotube
array, produced by anodising a Ti surface having a smaller
specific surface area, also attracts attention as a prospective
material for DSSC electrodes,[176] since the ordered struc-
tures on the electrode allow an improved electron transfer,
resulting in an efficiency of ca. 4.1%. The TiO2 nanotubes
obtained by template hydrolysis have also been studied in a
DSSC, with a reported efficiency of ca. 8.4%.[177]

Due to leakage problems associated with a liquid-electro-
lyte DSSC, attention has been paid recently to solid- or gel-
electrolyte DSSCs. The addition of H-TiNT filler to a poly-
ethylene glycol gel electrolyte up to a 10% content of nano-
tubes has facilitated improved ionic conductivity in the
gel.[178]

3.5. New Materials

3.5.1. Magnetic Materials

Recent interest in room-temperature ferromagnetic semi-
conductors and magnetic nanosized materials having a high
aspect ratio (motivated by possible application in spin-base
semiconductor devices) has stimulated research into the
synthesis and characterisation of elongated titanates and
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TiO2 magnetic materials. Pure titanate nanotubes have
paramagnetic properties;[179] doping nanotubes with Co2+

results in ferromagnetic properties with a coercivity of
ca. 40 Oe.[180]

Several methods have been reported for doping titanate
nanotubes with cobalt. The first is in situ doping, where
addition of a cobalt(II) salt into a TiO2/NaOH mixture,
followed by alkaline hydrothermal treatment, results in the
formation of titanate nanotubes.[181] A similar method is
the use of Co-doped TiO2 as a feedstock for the preparation
of nanotubes by an alkaline hydrothermal route.[180] In both
processes, crystallisation of titanate nanotubes results in the
arrangement of CoII ions at octahedral positions of Ti4+ in
the titanate lattice.[179] In this case, the room-temperature
ferromagnetism is probably associated with oxygen vacan-
cies resulting from such a substitution.[182]

In contrast, according to ref.[48] and our unpublished re-
sults, titanate nanotubes ion-exchanged with Co2+ having a
Co/Ti ratio of 1:3.5 possess antiferromagnetic properties at
room temperature, probably as a result of Co–Co interac-
tions. It was shown, however, that, in case of titanate nano-
fibres ion-exchanged with Co2+, hydrothermal treatment of
the sample at 160 °C in water results in substitution of tita-
nium by cobalt and the appearance of ferromagnetic prop-
erties.[183] The ferromagnetism decreased at higher CoII

levels, however, due to the superexchange coupling between
cobalt ions in the lattice.

Calcination of Co-doped TiNT at 400 °C and 500 °C re-
sults in formation of Co-doped TiO2-(B) NT and anatase
NR, respectively. Both nanostructures are characterised by
ferromagnetic properties, and the highest saturation mag-
netisation is observed in Co-TiO2-(B) NT.[181] Cobalt-doped
TiNF can also be produced in situ by addition of CoII to
a TiO2/NaOH mixture followed by alkaline hydrothermal
treatment at temperatures higher than 170 °C. Calcination
of such Co-TiNF structures at 700 °C results in their trans-
formation to anatase nanofibres. Both nanofibre materials
have ferromagnetic properties.[117] Quantum calculations
suggest that FeIII-doped titanate nanotubes could possess
magnetic insulator properties.[184] Nickel nanoparticles de-
posited on the surface of TiNTs also show ferromagnetic
properties.[185]

3.5.2. Hydrogen Storage and Sensing

Hydrogen storage has become a hot topic in recent years
because of the possibility of the broad implementation of
hydrogen as a major energy carrier in the hydrogen econ-
omy. Currently, there are several commercially available
technologies to store hydrogen, including physisorption of
hydrogen on high-specific-surface-area materials at cryo-
genic temperatures or chemisorption of hydrogen onto
nanoparticles of metal alloys by forming hydrides.[186] In
the first case, the interaction between hydrogen and adsorb-
ent materials is relatively weak (ca. 10 kJmol–1).[187] This
necessitates the use of low temperatures or a high pressure
of hydrogen to achieve high values of hydrogen uptake. In
the case of chemisorption, the interaction between hydro-
gen and adsorbent materials is too strong (in the order of
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magnitude of 100 kJmol–1),[187] resulting in the need for
high temperatures to release gaseous hydrogen.

As a result of these limitations in known hydrogen ad-
sorption technologies, there is a current search for systems
with a new type of interaction between the gas and the cap-
turing material, which are characterised by intermediate
values of interaction energy in the range 30–60 kJmol–1.
Such an intermediate bond strength might facilitate a re-
versible sorption system, which can operate under near am-
bient conditions and provide a high degree of hydrogen up-
take.

The ability of titanate nanotubes to reversibly accumu-
late molecular hydrogen with a relatively high uptake over
a wide range of temperature from –196 °C to 125 °C[188,189]

opens up the possibility of hydrogen storage and related
applications. Early data showed that values of the enthalpy
and the activation energy of hydrogen sorption into titanate
nanotubes could be estimated as ca. –30 kJmol–1 and
44 kJmol–1, respectively.[188] The exact mechanism and the
nature of bonded hydrogen are still under investigation. It
has been suggested that hydrogen can occupy interstitial
cavities between layers in the walls of the nanotubes with-
out chemical bond formation. The OH groups in the nano-
tube lattice could stabilise the hydrogen molecules by weak
van der Waals interactions, resulting in the formation of H-
TiNT·xH2 clathrates, which might show similarities to the
recently reported hydrogen clathrate hydrate (32+x)H2·
136H2O.[190]

An interesting property of TiO2 nanotubes produced by
anodising is that their electrical resistance decreases by sev-
eral orders of magnitude in the presence of sufficient hydro-
gen.[191] The titanate nanotubes[192] and Pt- or Pd-decorated
titanate nanotubes[193] also possess a similar hydrogen sens-
ing behaviour, allowing the manufacture of integrated sys-
tems, which can self-control the amount of intercalated hy-
drogen. Nanofibrous TiO2-(B) can also be used as a humid-
ity sensor.[194]

3.5.3. Composites, Surface Coatings and Tribology

Composite materials based on elongated nanostructures
can bring additional functionality, structural reinforcement
and potentially extend the number of applications of such
materials. A few approaches to the manufacture of titanate
nanotube polymer composites have been reported recently
with use of polystyrene[195] or polyurethane[196] matrices. In
both cases, the effective dispersion of TiNT has been
achieved by hydrophobisation of the surface by using silox-
anes or surface adsorption of hexamethylene diisocyanate
prior to mixing with polystyrene and polyurethane, respec-
tively. The films of TiNT/polystyrene composites were char-
acterised by an increase in the Young modulus and tensile
strength at even low loading levels of nanotubes.[195] The
comprehensive tribological studies of TiNT/polyurethane
composites have revealed the significant improvement of
the wear resistance and the decrease in the friction coeffi-
cient of composites relative to the pure polymer.[196]

The prospective TiNT/polyaniline composites obtained
by oxidation of aniline adsorbed on the surface of nanotu-
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bes in the presence of triblock copolymers[197] are interest-
ing, because of the unusual combination of electroconduc-
tive and proton-conductive properties of the polymer and
the nanotubes, respectively. Similar composites of TiNT
with proton-conductive Nafion have also demonstrated ad-
vantages relative to the pure polymer.[101] The long titanate
nanofibres in aqueous suspensions with[198] or without[199]

the addition of Pluronic (F127) surfactant may form a pulp,
which can be cast into a free-standing (paper like) mem-
brane. These membranes have an open pore structure with
a pore size of ca. 0.05 µm and can be used as a filter or
catalyst during the oxidation of organic wastes.

One of the practical questions is how to immobilise tita-
nate nanotubes on the surface of the substrate for engineer-
ing applications. Many approaches to the manufacture of
TiNT films have been used, including the doctor blade tech-
nique from the slurry mixture,[104,169] electrophoretic depo-
sition on the anode from aqueous electrolyte with addition
of polycations as counterions,[46,166] anodising of titanium
in the presence of fluoride ions,[11,10] in situ growth on the
surface of titanium under alkaline hydrothermal synthe-
sis[170,171] spin coating,[200] hot pressing of the TiNT pow-
der,[24] Langmuir-Blodgett deposition[201] and layer-by-layer
assembly.[166,167] All of these methods can produce film
composites, which are characterised by various thicknesses,
densities, compositions of titanates and degrees of self-as-
sembly.

Further developments in the synthesis and characterisa-
tion of novel composite films are likely to be an active area
of future research. In particular, problems related to the
self-assembly of elongated nanostructures are most chal-
lenging, since positive outcomes would allow significant im-
provements in the performance of existing and near-term
devices such as dye-sensitised solar cells.

3.6. Biomedical Applications

Recently, the use of nanostructured inorganic materials
in various biological applications, including controlled drug
delivery, labelling of biological objects and building of arti-
ficial tissues from nanostructured composite materials has
become an active area of research.[202,203]

Because of their moderate electroconductivity, high sur-
face area and affinity towards positively charged ions in
aqueous solution, elongated nanostructured titanates have
recently been studied as possible elements of amperometric
biosensors. It has been shown that the redox mediator Mel-
dola blue[204] and such oxygen transport metaloproteins as
haemoglobin[205] or myoglobin[206] can easily be immobi-
lised on the surface of TiNT, providing an efficient electron
transfer facility between biological molecules and an artifi-
cial electrode, which is usually a challenging task because
of the poor compatibility between inorganic materials and
biomolecules. Improved charge transfer in such systems can
be utilised in biosensors, e.g. for glucose and NADH.

The studies of ibuprofen adsorption in the pores of TiNT
have revealed that the melting temperature of ibuprofen is
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decreased from 78 °C in the bulk to 66 °C, which is closer
to physiological temperatures and might be utilised for con-
trolled drug delivery following improvements in the tech-
nology.[207]

Titanium surfaces coated with titanate nanofibres pro-
duced by the alkaline hydrothermal method can be used as
bioscaffolds for cell cultures, providing enough rigidity and
large macroporous structure suitable for cell growth and nu-
trition.[208] The biocompatibility of fibrous sodium titanate
deposited inside the pores of anodised TiO2 nanotube ar-
rays has been recently demonstrated by observation of the
increased growth of hydroxyapatite (HAp) from a simulated
body fluid.[209] The ability to stimulate crystallisation of
HAp on the surface of titanates can be related to their good
ion-exchange properties.[50] Therefore, surfaces coated with
elongated titanates are potentially useful to enable well-ad-
hering bioactive surface layers on Ti substrates for ortho-
paedic and dental implants.

Further developments of elongated titanates as materials
for biotechnology would require comprehensive studies of
their cytotoxicity. Improvement in the methods of filling
nanotube pores with bioactive drug molecules would pro-
vide a significant step towards the development of con-
trolled drug delivery systems.

3.7. Other Applications

There is a range of recently emerged studies suggesting
possible applications of elongated titanates and TiO2 in
areas that are not intrinsic to TiO2 materials. Examples in-
clude the use of high-surface-area elongated titanates as
low-cost adsorbents for chromatography[47,210] and for dye
removal from wastes of stained fabrics in the textile indus-
try.[168]

The high surface area and the acidic nature of nanotubu-
lar titanate surfaces also render these materials useful as a
coating for quartz crystal microbalance devices. For exam-
ple, various amines have been detected in the gas phase,
which is relevant to the monitoring of chemical warfare
agents.[211]

The high aspect ratio of elongated titanates can also be
utilised in liquid suspensions, namely nanofluids, which are
characterised by unusual electrorheological[212] and thermo-
conductive[213] properties. Such fluids can be used in the
active control of conventional and intelligent devices in
which viscosity or thermoconductivity is modulated by an
applied electric field.

4. Conclusions

Recently, nanostructured materials of elongated titanates
and TiO2 produced by the alkaline hydrothermal method
have been shown to possess unique combinations of mor-
phological and physicochemical properties leading to a
variety of possible applications. Among the useful physico-
chemical properties of titanate nanotubes and nanofibres
are a high specific surface area, a mesoporous range of pore
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sizes, efficient ion-exchange, electroconductivity and ionic
conductivity. The low cost and simplicity of manufacture
and facile control of the morphology of elongated titanates
could stimulate their mass production, provided that there
is sufficient demand. The demand for such materials could
be driven by the future growth of renewable energy technol-
ogies, including solar and fuel cells, lithium batteries and
hydrogen storage devices in which elongated titanates and
TiO2 have already demonstrated significant promise.

Future growth of research interest in elongated titanates
is also anticipated in the areas of (1) preparation and tribo-
logical characterisation of composite multifunction smart
coating, (2) biomedical applications including biosensors,
biocompatible coatings and nanotubular drug delivery sys-
tems and (3) environmental applications including
wastewater treatment and heavy metal recovery. The versa-
tile chemistry of nanotubular titanates, together with the
recent discovery of mutual transformations between elon-
gated titanates and TiO2, open a new low-cost route for the
synthesis of novel materials.

Important challenges for the further development of
elongated titanate nanostructures include: (1) improved
knowledge of the relationship between synthesis conditions
and the morphology of nanostructures, (2) compilation of
a database describing structure–property relationships in ti-
tanate nanostructures and (3) improved knowledge of the
mechanism of formation of elongated nanostructures,
which will allow tailored nanostructures to be realised by
adequate control of the synthesis route and process condi-
tions. Both experimental design and mathematical modeling
approaches will need to be used in an integrated fashion.
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