
1. Introduction

Titanium dioxide (titania, TiO2) with extensive surface area

is an economically available functional material, and,

regarding the environment conservation, it is non-toxic

and safe during the production and use.1 ± 11 Titanium

dioxide has been long and widely used as a solid-state base

for the development of high-performance photocatalytic

cells, solar cells, sunscreening agents, paints, sensing and

photochromic devices and biomedical implant coatings and

for solving many other high-technology problems.12 ± 26

Titanium dioxide possesses a number of specific character-

istics, which make it unique among transition metal oxides,

such as high chemical inertness, corrosion resistance, stabil-

ity to external stimuli, good biocompatibility and controlled

activity in the near-UV and visible spectral regions of

electromagnetic radiation.12 The ability of efficient photo-

generation of electron ± hole pairs under the action of

natural and laboratory optical radiation extends the scope

of applicability of TiO2 to water photolysis, hydrogen

production and other potentially green energy-saving proc-

esses.21 ± 23 In 1972, Fujishima and Honda 21 reported for

the first time the electrochemical photolysis of water under

the action of UV radiation using TiO2-based electrodes.

Currently, titanium dioxide can be regarded as one of the

most well-known, but still being most actively studied

compounds in materials science.

In the last decade, titanium dioxide nanotubes (TiO2

NTs) have attracted increasing attention of researchers due

to the prospects for their use as high-performance photo-

catalysts to synthesize organic compounds according to

green chemistry principles.27 ± 33 It is expected that non-

stoichiometric titanium dioxide will be most useful for

modern photocatalysis, because this material absorbs visi-

ble light. Stoichiometric TiO2 does not absorb visible light;

therefore, exposure to the harmful and expensive UV

radiation is required for its functioning. An efficient way

for increasing the titanium dioxide non-stoichiometry is to

generate structural defects, in particular, oxygen vacancies,

which would change the optical and electronic properties of

the material. The point defects present in the crystal lattice

give rise to additional levels in the energy gap of TiO2 ,

which, in turn, causes a decrease in the efficient band gap

and a shift of the photosensitivity to the visible range.34 ± 39

These changes result in a considerable increase in the

photocatalytic activity towards oxidation of organic mole-

cules, hydrogen evolution from aqueous solutions and syn-

thesis of organic compounds. This is favourable for
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increasing the efficiency of air and water purification from

organic pollutants, production of hydrogen and green drug

production processes.

The pioneering studies on the synthesis of multi-

walled 40 and single-walled 41 carbon nanotubes revolution-

ized the preparation and study of the unique properties of

materials with a nanotubular morphology. Owing to high

expectations from the possible scientific breakthroughs on

the way towards combining the unique shape and function-

ality, where properties directly depend on the geometry

(diameter, wall thickness, aspect ratio, etc.), the efforts of

top-level scientists were focused on nanotechnologies,

including chemical, physical and biomedical areas. In par-

ticular, the intensive search and testing of procedures for

the synthesis of well-known oxides and sulfides in the

nanotubular form were initiated.42 ± 44 It is noteworthy that

the interest in natural and synthetic compounds with the

indicated morphology was also expressed earlier in classical

publications 45, 46 on layered minerals and related structures

(see also a review by Krivovichev 47). Important informa-

tion was gained on the common features of many com-

pounds in the nanotubular form (e.g., formation of

nanotubes via spontaneous rolling-up of crystalline layers

into nanoscrolls was found;48 smooth variation of the

component ratio across the nanotube diameter was demon-

strated),49 and their structures and physicochemical proper-

ties were studied.47

The first attempt to form TiO2 NTs by anodization was

described by Assefpour-Dezfuly et al.,50 who used the

alkaline treatment of titanium metal with hydrogen perox-

ide followed by electrochemical oxidation in a chromic acid-

based electrolyte. In 1999, Zwilling et al.51 reported the

synthesis of self-organized arrays of titanium-supported

nanotubes by anodization in chromic acid electrolytes con-

taining fluoride ions. As a result, the number of publica-

tions addressing the physicochemical properties of titania

nanotubes has sharply increased since the beginning of the

2000s. According to Scopus, an international scientific

citation database, 1000 ± 1250 such publications have

appeared every year since 2011. The number of papers

devoted to TiO2 nanotubes synthesized by anodic oxidation

accounts for *30% of all publications dealing with anodic

TiO2 of any morphology. In recent years, detailed

reviews 1, 12, 52 ± 56 devoted to characteristic features of

growth, modification methods, properties and versatile

applications of TiO2 nanotubes with brief description of

approaches to their synthesis were published in top-ranked

journals. The performed comparison of the known synthetic

approaches demonstrated that the arrays of anodized TiO2

nanotube have a number of undoubted benefits and an

obvious potential for practical application; therefore, they

attract considerable attention of researchers.

In comparison with other synthetic approaches such as

hydro(solvo)thermal synthesis 57 ± 59 and template synthesis

involving the addition of structuring components (tem-

plates),60, 61 the direct electrooxidation proved to be more

facile and high-performance method; using this method, it is

possible both to gain and control the desired geometry at

the nanoscale level by changing the size and shape and to

improve the degree of ordering of nanotubes on the sub-

strate by optimizing anodization conditions such as the

applied voltage, current, time, temperature, pH and com-

position of the electrolyte.52 Therefore, the resulting

TiO2 NT layers have a highly organized structure and an

extensive specific surface area, show good mechanical

strength, ensure unique electronic properties and high con-

centration and mobility of long-lived charge carriers, and

exhibit various quantum confinement effects.52, 62 Further-

more, the electrochemical anodization is a relatively inex-

pensive process, which has prospects of a resource saving

technology and is applicable to a broad range of transition

metals.

2. Methods of synthesis

2.1. Template, sol ± gel and hydro(solvo)thermal methods
There are various methods for the preparation of nano-

structures with different morphology (nanotubes, nanorods,

nanowires, nanoribbons, nanoblocks, etc.): sol ± gel process,

electrodeposition, chemical deposition from colloid solu-

tions, hydrothermal and solvothermal deposition, template

synthesis, chemical vapour deposition, physical vapour

deposition, aerosol pyrolysis, chemical vapour condensa-

tion and freeze drying.63 Particularly TiO2 NTs are often

prepared by anodic oxidation of the titanium substrate with

variable anodization parameters 12, 64 and by tem-

plate,12, 65, 66 chemical (sol ± gel) 67, 68 and hydrother-

mal 69 ± 71 methods. Each method has its own benefits and

drawbacks. In this review, the attention is concentrated on

the preparation of self-organized one-dimensional struc-

tures by simple electrochemical anodic oxidation of tita-

nium metal in an electrolyte solution, which gives an

ensemble of nanotubes with a quasiperiodic hexagonal

ordering on a substrate, which have a high aspect ratio

and a large specific surface area. The method is relatively

simple and economically feasible. In addition, this allows

easy control of the morphology of an ensemble of nano-
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tubes (aspect ratio, length, inner and outer diameters,

distance between nanotubes and the degree of ordering) by

varying the principal parameters of the synthesis (temper-

ature, current and voltage, conditions of electrolysis, con-

centration of ions, pH, time, and titanium foil morphology

and composition).

Hoyer 65 reported one of the first studies of the synthesis

of TiO2 NTs, which describes the electrochemical deposi-

tion on an ordered alumina template. Immediately after the

deposition, the spatial atomic structure of TiO2 NTs was

amorphous. According to transmission electron microscopy

(TEM) data, the inner tube diameter was *100 nm. The

active development of methods for the preparation of

nanotubes started in the mid-1990s. In particular, template

methods were combined with sol ± gel and hydro(solvo)ther-

mal methods and with the atomic layer deposition.12, 72 ± 75

Currently, template method is widely used to prepare

TiO2 nanotubes and nanorods. The template is usually a

nanoporous alumina membrane containing an array of

parallel rows of nanopores with controlled diameter and

length. The structural units of the TiO2 matrix and the

framework are formed around the template. Removal of the

template leaves a nanostructure with the same size and

shape, i.e., a porous material, nanotubes or wires are

formed. Sander et al.74 manufactured dense and ordered

TiO2 nanotubes with a controlled size using the template

method. The authors presented a detailed scheme for the

preparation of TiO2 NTs. According to this scheme, first,

the template is fabricated by anodization of an aluminium

film; then atomic layer deposition of TiO2 on the template

represented by the nanoporous alumina membrane is per-

formed; in the next stage, the upper layer of TiO2 is

removed from the template by mechanical polishing; in the

final stage, the template is removed by chemical etching,

while TiO2 NTs remain on the substrate.

The combination of the sol ± gel and template method

also leads to good results. The sol ± gel process belongs to

wet chemistry methods; the synthesis is carried out at a

slightly elevated temperature, so that the product morphol-

ogy (size) can be controlled. The essence of the method is to

form metal-oxo polymer chains from soluble alkoxides.

Metal alkoxides (tetrabutyl titanate or titanium isoprop-

oxide) are normally used as precursors. The synthesis

includes hydrolysis and polycondensation reactions, which

afford result in the formation of sols. The hydrolysis affords

the TiO2
. nH2O hydroxide gel, which does not contain

anions and contains the highest possible amount of water.

The dehydration is carried out at moderate temperatures; it

is accompanied by the formation of TiO2 powder with a

small particle size (<10 nm), extensive surface area and

fairly high reactivity. The pores of the Al2O3 template are

treated with the resulting TiO2 sol, the product is heat-

treated, and then the template is dissolved.60, 75 In this

method, the size of TiO2 particles can be controlled owing

to the template used.

TiO2 nanotubes are also prepared using micellar tem-

plates comprising appropriate surfactants above the critical

micellar concentration. For this purpose, surfactants are

aggregated and dispersed in a liquid to form spherical or

rod-like micelles, which are used as templates to obtain

TiO2 . In this approach, the nanotubes are produced, most

often, using water containing cylindrically shaped reverse

micelles. The reaction of the titanium precursor (e.g., TiCl4)

with the micellar surface and subsequent removal (burning-

out) of the surfactant afford a nanotubular structure.

One more widely used technique for the preparation of

one-dimensional TiO2 nanostructures is the hydro(solvo)-

thermal process, which was first reported by Kasuga et al.67

The solvothermal and hydrothermal methods are virtually

identical; in both methods, TiO2 , TiCl4 or tetrabutyl

titanate is used as the precursor. The difference between

the methods is only in the solvents used. The hydrothermal

synthesis is carried out in aqueous solutions, while the

solvothermal process is conducted in organic solvents

(ethanol, ethylene glycol, hexane, etc.). The temperature of

the solvothermal process can be considerably higher than

the temperature of the hydrothermal process if the organic

solvent boils at a higher temperature than water. Using

solvothermal method, it is most often possible to control the

size, shape and crystal structure of the resulting nanotubes

and nanorods. The solvothermal process is a universal

approach to the synthesis of nanomaterials with a narrow

size distribution and various degrees of dispersion. The

process includes treatment of TiO2 bulk powders with a

NaOH solution in a Teflon-lined autoclave in the temper-

ature range from 100 to 150 8C for several hours with the

subsequent treatment with hydrochloric acid.57

The formation of nanotubes is based on peeling off the

TiO2 crystal layers in an alkaline medium and stabilization

of the TiONa+ complex ion; this gives [Na2TiO3] nano-

sheets, which are rolled into nanotubes during cooling. The

morphology of the obtained nanomaterials depends on the

process parameters (structure of the precursor, nature and

concentration of the alkaline solution, reaction temperature

and time); this means that the synthesis of nanostructures is

controlled. These tubular structures have several shells

(walls), their outer diameter is *10 nm, and their length

varies from several tens to several hundred nanometres.

According to TEM studies, the tubular structures have one

to five walls separated by <1 nm distances. The inner

diameter of the nanotubes ranges from 5 to 6 nm. A draw-

back of the tubes obtained in this way is that the TiO2 NT

layers are non-uniformly distributed on both sides of the

tubes, e.g., there are two layers on one side and three or four

layers on the other side.

Maslennikova et al.76 obtained potassium titanate nano-

tubes by the hydrothermal treatment of two different initial

mixtures of metal oxides to precipitate metal hydroxides.

According to the first procedure, TiO2 and dopants were

treated in an autoclave with aqueous KOH at temperatures

of 170 ± 180 and 220 8C and pressures of 1 ± 10 MPa; in the

second case, hydroxides were precipitated with NH4OH

from mixtures of aqueous solutions of TiCl4 and salts of

doping elements; the hydrothermal treatment was carried

out in an autoclave at 170 ± 180 8C. Under hydrothermal

conditions, nanotubes that were stable up to 500 8C crystal-

lized from the precipitated hydroxides. The resulting nano-

tubes had a high specific surface area (220 ± 301 m2 g71);

their diameter depended on the dopant (Ni, Al, Mg) and

varied in the 5 ± 11 nm range.

2.2. Electrochemical synthesis, anodization
Titania nanotubes are often synthesized merely by electro-

chemical anodization. According to this method, the metal

is anodized in an electrochemical system, and this initiates

the oxidation

M ? Mn++ n e7 (1)

In an early study 77 of the effect of fluorides on the

passivity of the titanium surface carried out in 1979, the
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authors found that porous titania layers are formed on the

titanium surface at low fluorine concentrations. No TEM

examination of the morphology was carried out; therefore,

it cannot be stated with confidence that the authors pre-

pared the self-organized TiO2 NTs. The anodization con-

ditions were gradually altered and optimized as the

mechanism of nanotube growth was being clarified. Despite

the fact that quantitative measurements of the oxidation

and dissolution rates are still impossible, a qualitative

understanding of the mechanism of nanotube self-organiza-

tion has been attained to date.

Anodic oxidation of titanium in an aqueous solution of

hydrofluoric acid in the presence of chromium(VI) ions was

first studied in detail and described back in 1999 by Zwilling

et al.51 The authors proposed the growth mechanism for a

dense TiO2 NT film on the surface of the titanium foil and

TA6V aluminium/titanium/vanadium alloy. The mecha-

nism includes competition between titanium dissolution

and titanium oxide formation, with the chromium(VI) ions

being the poison and fluoride ions being the antidote. The

result of this competition is the growth of the porous film

with a regular tubular structure, which does not stop for a

long period of time. Finally, a steady state with continuous

consumption of the anodic current is established.

Denisenko et al.78 revealed the effect of the water

concentration in the fluoride solution on the geometric

characteristics of the obtained coatings and TiO2 NT mor-

phology. The change in the fluoride ion activity in the

electrolyte caused by the increase in the water concentration

from 2 to 10 mass % leads to a decrease in the nanotube

length from 100 to 4 mm and increase in the nanotube inner

diameter from 114 to 270 nm, i.e., the aspect ratio changes.

Roy et al.12 pointed out that, depending on the type of

electrolyte and anodization parameters, the following cases

are possible:

Ð Mn+ ions are solvated in the electrolyte; the metal is

continuously dissolved (corrosion or electropolishing);

Ð Mn+ ions react with O27 ions (oxygen comes from

water); if the formed oxide is insoluble in the electrolyte,

then a compact oxide layer is formed on the metal surface;

Ð two competing processes Ð solvation and oxide

formation Ð afford highly ordered nanotubes or nano-

pores;

Ð fast growth of nanotubes of various lengths (up to

100 mm) randomly arranged in space takes place; if the

nanotubes grow in bundles, they are poorly attached to the

substrate;

Ð formation of thick self-organized mesoporous layers.

To date, five generations of TiO2 NTs have been

obtained by electrochemical oxidation. The first-generation

nanotubes were synthesized by Zwilling and et al.79 by

anodization. The authors obtained self-organized TiO2 NTs

arranged perpendicular to the titanium substrate. They used

the chromic acid electrolyte without addition of hydro-

fluoric acid and in the presence of hydrofluoric acid

(0.5 mass% HF). The resulting nanotubes had a length of

200 ± 500 nm, a diameter of 10 ± 100 nm and a wall thick-

ness of 13 ± 27 nm; the spatial atomic structure was disor-

dered and the side walls were non-uniform due to

fluctuations of the anode current.

The length of the second-generation TiO2 NTs was

increased to 2.4 mm by varying the pH of the fluoride-

containing buffer electrolyte;80 the nanotube diameter

reached 100 nm and the wall thickness was up to 12 nm.

The hydrofluoric acid was replaced by a fluoride salt

[1M Na2SO4/(NH4)2SO4+0.5 mass% NH4F]; therefore,

the TiO2 dissolution rate decreased, which resulted in

increasing film thickness on the titanium foil surface.

According to Macak et al.,80 lower pH level in the lower

part of nanotubes is a direct consequence of the anodic

oxidation of titanium with water, which consumes oxygen

atoms and leaves a medium with a high H+ concentration.

This accelerates thinning of the barrier layer at the metal/

oxide interface. The reactions in the bottom part of nano-

tubes virtually preclude the quantitative estimation of the

pH change.

The third-generation nanotubes were synthesized

using a fluoride-containing organic electrolyte:

0.5 mass% NH4F+2 vol.% H2O in ethylene gly-

col.26, 81, 82 The use of this electrolyte led to lower rate of

dissolution of the oxide layer; this afforded smooth nano-

tubes with a high aspect ratio; the nanotube length varied

from 5 mm to 1 mm, the diameter was 100 nm and the wall

thickness reached 12 nm. According to Grimes and co-

workers,83 the metal corrosion was enhanced when a polar

organic electrolyte was used, while the presence of large

cations in the fluorides increased the barrier layer at the

metal/oxide interface.

The fourth-generation nanotubes were obtained with

fluorine-free electrolytes. Fast anodization resulted in the

generation of nanotubes with aspect ratios varying over

wide ranges and various morphologies. The synthesis using

electrolytes based on oxalic, hydrochloric and sulfuric acids

yielded disordered bundles of nanotubes. When oxalic acid

was used, the nanotubes were found to contain considerable

amounts of carbon. Hahn et al.84 used a chlorine-containing

electrolyte (0.01 ± 3 M HClO4) to synthesize randomly

arranged 30 mm long nanotubes with diameters ranging

from 20 to 40 nm and wall thickness of 10 nm.

The five-generation nanotubes were prepared by multi-

stage anodization in organic electrolytes containing fluoride

ions (0.5 mass% NH4F+2 vol% H2O in ethylene glycol).

This gave smooth hexagonal nanotubes with a length from 2

to 10 mm and a diameter of 100 nm; the wall thickness

reached 15 ± 20 nm.85, 86

To date, numerous studies have been carried out to

establish the relationship between the physicochemical

parameters of synthesis and the structure, properties and

geometric characteristics of TiO2 NTs. The results of these

studies are different; the differences were attributed to the

application of various electrolytes and to different morphol-

ogy (composition) of the titanium foil.87 ± 98 When the

anodic oxidation was carried out using a fluorine salt,

impurities appeared on the TiO2 NT surface because of the

hydrolysis of [TiF6]27. The impurity layer plugged the open

part of the nanotubes, which hampered the diffusion of

reactants and changed the physical properties. It was found

that in electrolytes with pH<3, smaller amount of impurity

products was formed on the nanotube surface, but under

these conditions, the nanotube length was restricted due to

the high activity of fluoride ions.88 The increase in the

anodization time resulted in the formation of a clean

surface.89 As the process temperature and the concentration

of water in the organic electrolyte increased, the rate of the

chemical dissolution increased, which gave a clean sur-

face.90, 91 Pridaa et al.92 proposed washing of TiO2 NTs

after anodization with methanol to completely remove

impurities from the surface.

Thus, the anodic oxidation allows one to control the

morphology (nanotube length and inner and outer diame-
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ters) and the structure of the obtained TiO2 NTs by varying

the parameters of synthesis (electrolyte composition, con-

tent of water, pH of the medium, current density and

voltage, anodization time and temperature and multistage

character of the process). Currently, it is possible to fab-

ricate coatings of titanium dioxide nanotubes with different

morphologies, structures and propertie for solving partic-

ular problems.

3. Structure

3.1. Atomic structure
There are various crystalline polymorphs of titanium diox-

ide: anatase, rutile, brookite and so on. The synthesis by

anodic oxidation gives mainly amorphous TiO2 NT struc-

tures. Some publications (e.g., Refs 99 ± 101) indicate the

presence of a crystalline phase in nanotube walls after

anodization at high anode voltages. In addition, anodiza-

tion in acidic medium (H2SO4) can also give a film consist-

ing of anatase crystal phase, an anatase+ rutile mixture or

rutile crystals, depending on the anodization conditions

(spark, potentiostatic or galvanostatic process).

The amorphous nanotube film on the titanium surface

consists of a continuous thin barrier layer adjoining the

metal and a porous outer layer. The TiO2 nanotubes are

formed in several stages (Fig. 1).12, 102 In the first stage, the

titanium oxide film on the foil surface is thickened, which

causes a drop of the anodic current. Under the action of the

applied voltage, water dissociation takes place at the elec-

trolyte/oxide interface

H2O ? 2H++O27 (2)

and the oxygen ions migrate towards the metal/oxide inter-

face where they react to give intermediate oxides

Ti+ xO27 ? TiOx+2x e7 (0.5< x<2) (3)

It is noteworthy that movement of the Ti4+ ions in the

barrier layer towards the oxide/electrolyte interface is slow

and is restricted by excess titanium in the film. Thus, the

kinetics of anodic oxidation is determined by the O27

diffusion in the barrier layer. The concentration gradient

of the oxygen ions results in the formation of various non-

stoichiometric titanium oxides (TiO0.9 ± 1.1 , Ti2O3 , Ti3O5 ,

Ti4O7 , Ti6O11 , Ti7O13 , Ti8O15 , Ti9O17 , Ti10O19 , TiO2). At

the same time, hydrogen is reduced at the cathode

2H++2 e7 ? H2: (4)

In the second stage, pores are formed in the resulting

TiO2 film. This can be attributed to the non-uniform

distribution of the electric field on its surface. The non-

uniformity induces the tendency of the fluoride ions to

migrate from electrolyte towards the TiO2 film, which

brings about local destruction of the oxide and gives rise

to pits, which subsequently act as pore-forming centres. In

addition, as the pores grow (the active surface area

increases), the current increases. The chemical reaction of

titanium oxide dissolution gives a water-soluble hexafluor-

otitanate(IV)

TiO2+4H++6F7 ? [TiF6]27+2H2O (5)

In parallel, continuous oxidation at the titanium/oxide

interface takes place. As a rule, adjacent pores are expanded

simultaneously until the electrically conductive titanium

phase between them is oxidized. In the third stage, the

current decreases and a permanent phase is formed. During

this period, the pores grow in depth via permanent displace-

ment of the barrier layer, which retains its thickness.

It is noteworthy that the key role of fluorides is to

maintain a thinner bottom oxide layer 103 by chemical

etching of the oxide layer and the complex formation of

Ti4+ ions that enter the electrolyte. One more important

factor is that the fluoride ions have a small radius and

compete with O27 for migration across the TiO2 barrier

layer; the migration rate of fluoride ions is *2 times higher

than the migration rate of the oxygen ions. Consequently, a

fluorine-rich layer is formed at the metal/oxide interface

and then at the pore boundaries.100 Fluorine compounds

are water-soluble; therefore, gradual etching out of the pore

boundary takes place, resulting in the formation of tubes.

The growth of nanotubes is terminated when the equili-

brium is attained between the rates of nanotube formation

(downward displacement of the tube bottom) and thinning

of the tube tips.

Thus, the synthesized TiO2 NTs are amorphous; the

morphology of the resulting films depends on the kinetics

and conditions of the electrochemical process; by varying

the parameters of synthesis, it is possible to obtain either

ordered nanotubes and pores or disordered nanotube

bundles.

3.2. Electronic structure, nonstoichiometry
Titanium dioxide is an n-type semiconductor with a wide

band gap (3.0 ± 3.3 eV), the size of which depends on the

particular polymorph. Stoichiometric TiO2 is transparent in

the visible spectral range and absorbs UV radiation. An

a c

b

300 nm 300 nm 300 nm

300 nm

H2O

flux flux

F -layer

Figure 1. Formation of TiO2 NTs from a porous layer.12

(a) Scanning electron microscopy illustration of pore formation;
the image was taken through the bottom of the nanotubular layer
detached from the metal substrate at a small angle; the lower part
of the tubular layer is only a close-packed hexagonal porous layer
gradually transformed into round tubes; (b) transition from a
porous to a tubular structure (from left to right); (c) graphical
presentation of the formation of tubular morphology from the
initially porous morphology via selective dissolution of fluoride-
rich layers and predominant etching of the triple points with
aqueous electrolyte; the red-brown colour marks titanium dioxide,
yellow colour indicates a fluorine-rich titanium dioxide layer and
gray designates metallic titanium. Published with permission from
Wiley and Sons.
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efficient way for variation of the atomic and electronic

structures of TiO2 is to change its stoichiometry by generat-

ing structural vacancies in the oxygen sublattice; this shifts

the spectral response to the visible region of the electro-

magnetic radiation spectrum and decreases the band

gap.34 ± 37

Valeeva et al.34, 35 carried out anodization of a 100 mm-

thick titanium foil in an electrochemical cell maintained in a

thermostat at 20 8C on a Digma setup. TiO2 NTs were

formed in a fluorine-containing solution of ethylene glycol

(1 mass% NH4F) in the potentiostatic mode (U=20 V),

with anodization time (ta) ranging from 15 to 360 min. It

was established that the anodization time and parameters

(voltage, current), properties of electrolyte (concentration,

temperature) and the foil surface affect the morphology and

properties of the resulting nanotubes. The process gave

TiO2 nanotubes with a length (L) from 550 nm to 1.5 mm,

inner diameter ranging from 27 to 39 nm and outer diam-

eter of 42 to 53 nm. It was shown that with increasing

anodization time, the solid fraction (A) decreased from 0.39

to 0.25. The greatest L=1.5 mm and effective surface area

Seff= 415 cm2 for the nanotubes were attained at

ta= 120 min. At a certain time point during anodization,

a decrease in the current density was noted, resulting in

decreasing growth rate of the oxide layer and, consequently,

in acceleration of its dissolution. The X-ray diffraction

pattern of TiO2 NTs showed an intense diffuse halo at

small angles (18 to 388) and no diffraction peaks, which

confirmed that the obtained titanium dioxide was amor-

phous. A dip was found in visible range of the experimental

diffuse reflectance spectra of TiO2 NTs, caused by atomic

defects in the amorphous network. The presence of struc-

tural vacancies brings about visible absorption due to the

formation of allowed states in the TiO2 band gap. In

addition, the X-ray photoelectron spectrum of the amor-

phous NT film showed an additional doublet corresponding

to the Ti3+ ion.

The energy band diagram of TiO2 NTs is presented in

Fig. 2. The impurity levels are electron acceptors, the band

gap of stoichiometric TiO2 is *3.3 eV, while that of non-

stoichiometric titanium oxide (TiO27x) is *2.8 eV. Thus,

the presence of atomic defects, particularly, oxygen vacan-

cies, in the crystal lattice leads to more efficient absorption

of visible light (owing to a decrease in the effective band

gap) and, hence, to an increase in the catalytic activity of the

film.

3.3. Modification of structure and phase composition
Materials with specific electrical, optical or chemical prop-

erties required for some applications are created by mod-

ification of nanotubes. Currently, the following methods are

mainly used to modify TiO2 NTs:

Ð heat treatment, which changes the type and ratio of

crystal phases, the conductivity and the charge carrier

lifetime;

Ð doping with cations and anions to enhance the light

absorption and prevent electron (hole) recombination;

Ð decoration and fabrication of semiconductor hetero-

structures, which ensure optimal energy levels for charge

absorption and separation.

The heat treatment of amorphous nanotubes synthe-

sized by anodization is usually carried out in air or in a gas

medium (N2 , O2 or N2+H2 mixture). This is accompanied

by a change in the shape, non-stoichiometry, phase compo-

sition and properties of nanotubular materials.34, 35, 104, 105

The point defects in the crystal lattice lead to a change in the

optical and photocatalytic properties of the materials.

According to Chen and co-workers,106, 107 titanium oxides

with different valence are formed in the oxide layer after

high-temperature treatment. The authors proved for the

first time the presence of oxygen vacancies in the anodized

nanotubular TiO2 structures (Fig. 3). Later, a noticeable

concentration of Ti3+ and a lower concentration of Ti2+,

were detected by X-ray photoelectron spectroscopy

(XPS),108 apart from Ti4+ ions, in the samples obtained by

anodization in a solution containing 0.3 ± 2.4 M H2O and

0.015 ± 0.17 M NH4F. A study dealing with the effect of

H2O and NH4F contents in the electrolyte on the morphol-

ogy and properties of the TiO2 barrier layer 109 demon-

strated that an increase in the concentration of NH4F from

0.05 to 0.2 M results in higher contents of Ti3+ and Ti2+

ions in the layer of TiO2 nanotubes synthesized in the

potentiostatic mode. The Ti3+ and Ti2+ concentrations in

the film decreased when the water content in the electrolyte

during the nanotube synthesis was 1 to 50%. The morphol-

ogy of the synthesized nanotubes also influenced the struc-

ture and phase composition of TiO2 NTs.

It was shown 110 that the surface area to volume ratio of

TiO2 NTs increased with decreasing diameter of the nano-

tubes, which resulted in the formation of a larger amount of

Ti3+ ions and oxygen vacancies during the high-temper-

ature annealing.

H+/H2

E

e7

3.3 eV 2.8 eV

TiO27x

absorbs solar light

TiO2
Oxygen vacancy level

h+ h++7OH?
.
OH

.
OH+C3H6O? oxidation products

Figure 2. Diagram of the electronic band structure of TiO2 NTs
with oxygen vacancies. The energy values in electronvolts (eV) are
referred to the standard hydrogen electrode potential. The figure
was compiled by the authors on the basis of published data.34

TiO27d (d=0.02)

Ti4O7� d (d=0.01)

Ti3O5� d (d=0.01)

Ti2O3� d (d=0.01)

TiOy (0.7< y<1.2)

Ti foil

Figure 3. Schematic view of TiO2 layers of various stoichiometry
formed in titanium foil. The figure was created by the authors using
published data.106
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According to the results of Valeeva et al.,35 annealing of

NT films in air in the temperature range of 200 ± 600 8C for

1 h is accompanied by phase transitions: the initial amor-

phous phase is transformed into anatase at 300 8C, while
the annealing at temperatures above 500 8C gives rise to

rutile (Fig. 4). At temperatures 5500 8C, the surface mor-

phology of nanotubes changes: tubes are broken and a part

of the surface is sintered to give the compact oxide, which

reduces the effective surface area. Analysis of the XPS

spectra of the TiO2 nanotubes annealed at 600 8C revealed

an additional Ti2p3/27Ti2p1/2 doublet with the Ti2p3/2
binding energy of 457.5 eV (the binding energy values

correspond to the Ti3+ ion) and impurity peaks at 532.2

and 533.6 eV, which refer to the carbon- and nitrogen-

containing surface impurities and OH groups.

The atomic ratios of elements in the near-surface layer

of the photocatalysts depend on the heat treatment con-

ditions. The heat treatment at 300 ± 500 8C leads to increas-

ing [OTi] : [Ti] ratio, and only Ti4+ ions are present in the

films.

According to Ghicov et al.,111 a pronounced conversion

of nanotube layers to anatase starts at *280 8C, while the

formation of the rutile phase starts above 500 8C. Further
increase in the annealing temperature leads to a change in

the ratio of the anatase and rutile phases: 12-hour annealing

in air gives 4% rutile at 500 8C, 17% at 600 8C, 30% at

700 8C and 46% at 800 8C; the annealing at 900 8C for two

hours with temperature rise at a rate of 1 8C s71 gives the

rutile phase alone. In addition, nanotubes contain a consid-

erable amount of fluoride ions, carbon and surface hydroxyl

groups. It was shown that after usual heat treatment, the

fraction of titanium in the Ti3+ state is 1%. The annealing

in different gas media (such as air, N2 , O2 or a N2+H2

mixture) leads to different ratios of the anatase and rutile

phases.12 Thus, the duration and the medium of annealing

and the rate of temperature rise considerably affect the

TiO2 crystal structure, the ratio of phases and the morphol-

ogy and composition of the nanotubes.

Currently, doping is the most promising method for

modification of TiO2 NTs. Doping is carried out by sub-

stituting Ti4+ ion sites with rare earth, noble or transition

metal cations and substituting oxygen sites with carbon,

sulfur, fluorine, nitrogen and other anions. Doping with

cations narrows down the band gap of TiO2 via the

formation of additional levels, which change the quantum

efficiency of titanium dioxide, the recombination rate of

photogenerated charge carriers and the photocatalytic

activity.112 ± 119 It was shown 120 that the photocatalytic

activity of TiO2 depends on the concentration and sort of

the cation (In3+, Zn2+, W6+, Nb5+, Li+, etc.); doping

induces a red shift of the absorption spectrum, which does

not always indicate an increase in the photocatalytic activ-

ity. In addition, modification of nanotubes results in

increase in the electrical conductivity; the type of conduc-

tion depends on the oxidation state of the doping metal.

When TiO2 NTs are doped with cations in a high oxidation

state, e.g., Nb5+, the conductivity increases due to the

transfer of electrons to the conduction band; in this case,

n-type conduction is observed.121 When doping cations

occur in a lower oxidation state, e.g., Fe3+, the conductivity

increases via the transfer of electrons from the conduction

band to generate holes; in this case, conduction is of the p-

type.122 The cation doping of TiO2 NTs gives rise to defects,

which can serve as charge recombination centres; when

recombination predominates, the photocatalytic activity of

TiO2 NTs decreases.

According to several studies,123 ± 127 anion doping brings

about better results than the use of cations. Doping with

anions (nitrogen-, sulfur-, carbon-, phosphorus- and boron-

containing ones) generates less recombination centres and

gives rise to absorption bands adjoining the visible range,

which increases the photocatalytic activity, especially in the

case of carbon and nitrogen doping.128, 129 When TiO2 NTs

are doped with carbon, the band gap decreases and the

absorption spectrum shifts due to the formation of stable

impurity levels above the energy levels of the TiO2 valence

band;130 in addition, the surface carbon compounds act as

centres of absorption of visible radiation. The most popular

method for the shift of the absorption spectrum to the

visible range is to insert nitrogen into oxygen sites or into

the lattice interstices.131 In the former case, a new level

appears above the ceiling of the TiO2 valence band, while in

the latter case, a new level 0.76 eV higher than the valence

band is formed. Nitrogen doping of TiO2 NTs extends the

absorption range towards the visible region, increases the

photocatalytic activity and changes the optical, mechanical

and electrical properties. It was shown 132 that the intro-

duction of fluoride ions into TiO2 promotes conversion of

Ti4+ to Ti3+ and generation of oxygen vacancies. A

moderate shift of absorption to longer wavelengths takes

place and the photocatalytic activity increases via decrease

in the electron and hole recombination at a certain concen-

tration of Ti3+ ions.

3.4. Modification of functional properties
As noted above, TiO2 NTs obtained by anodic oxidation

are either amorphous or partly contain crystal phases of

anatase, anatase+rutile mixture or rutile, depending on the

conditions of anodization. Modification of the amorphous

structure induces changes in the properties; modification

methods are considered above (see Section 3.3). The proper-

ties of TiO2 NTs depend mainly on the bulk and surface

structural defects, in particular, on the formation of tita-

nium in low oxidation states (Ti3+, Ti2+ and Ti+) and

oxygen vacancies. Structural defects appear upon annealing

in vacuum or in inert atmosphere. Annealing in air induces

transition of TiO2 from the amorphous to crystalline state,

namely, to anatase when annealing is conducted in the

temperature range of *280 ± 500 8C and to rutile in the
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Figure 4. X-ray diffraction patterns of the TiO2 nanotubular films
annealed in air at different temperatures.35 Published with permis-
sion from Elsevier.
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case of annealing above 500 8C. It should be noted that the

temperature of each transition depends on the geometric

parameters, the nature of the dopants and the impurities

that may be present in TiO2 NTs.133 ± 135 Long-term anneal-

ing at 500 8C does not change the TiO2 NT morphology,

but at higher temperatures, degradation of nanotubes takes

place.

The formation of Ti3+ in the near-surface layer of

TiO2 NTs accounts for the enhanced conductivity and

visible absorption. This is due to the formation of addi-

tional energy levels or a high density of localized donor

states (Ti3+, which is an electron donor, is located near the

conduction band of TiO2). The change in the electronic

structure brings about a decrease in the effective band gap

and a shift of the absorption spectrum to the visible region,

which, in turn, leads to a considerable increase in the

photocatalytic activity of titanium dioxide in the oxidation

of organic molecules and hydrogen evolution from aqueous

solutions.

Apart from defects, the photocatalytic and sorption

properties of TiO2 are considerably affected by its surface

and structure. It was ascertained that the specific surface

area is important for heterogeneous catalysis: the larger the

specific surface area, the higher the yield of the reaction

product.136 The efficiency of photocatalysis is also influ-

enced by the TiO2 structure (anatase or rutile). It was

noted 137, 138 that rutile with less extensive surface area is

more efficient than anatase with a larger specific surface

area.

It was shown 34 that the element atomic ratios in the

near-surface layer of the photocatalysts depend on the

annealing temperature. According to XPS data, the synthe-

sized amorphous film and the films annealed at 600 8C
contain Ti3+ ions. The annealing at temperatures of 300 ±

500 8C leads to increasing [OTi] : [Ti] ratio, and the films

contain only Ti4+ ions. Changes in the structure, non-

stoichiometry and phase ratio lead to modification of the

TiO2NT properties. The film annealing in the temperature

range of 200 ± 600 8C decreases the band gap from 3.3 to

3.0 eV. In addition, the photocatalytic activity of TiO2 NTs

increases at 500 8C owing to the formation of the anatase

phase, high defectiveness of the structures and extensive

surface area. It was found experimentally that the photo-

catalytic activity of TiO2 NTs in the photo-oxidation of

acetone under visible light irradiation is 3 ± 4 times higher

than that of the commercial catalyst Degussa P25. Earlier,

similar results were observed by Macak et al.139 in the

photocatalytic oxidation of the AO7 dye in an aqueous

solution under UV irradiation at 325 nm. The highest

activity was found for the nanotubes annealed at 450 8C
and containing only the anatase TiO2 phase. It was noted

that in the presence of even a minor quantity of rutile

(annealing temperature of 550 8C), the decomposition rate

of AO7 considerably decreased. Liang and Li 140 reported

that the sample representing an anatase and rutile mixture,

conversely, showed high photocatalytic performance

towards degradation of 2,3-dichlorophenol in an aqueous

solution under UV irradiation. It is known that anatase has

a higher photocatalytic activity than rutile, although rutile

has a smaller band gap (3.2 eV for anatase and 3.0 eV for

rutile) and, hence, a better response in the visible region

should be expected. However, the e7/h+ pair recombina-

tion is faster in rutile;141 this decreases the photocatalytic

activity.

Thus, a change in the crystal structure and formation of

the defective structure of TiO2 NTs are efficient methods

for increasing the photocatalyst activity in the visible

region.

4. Applications

4.1. Heterogeneous photocatalysis
Heterogeneous photocatalysis is an available and reliable

technology. It is a cheap and robust method for water and

air purification from organic and inorganic compounds

(including heavy metals) and for CO2 and steam conversion

to hydrocarbon fuel. In recent years, considerable attention

has been paid to green chemistry, in particular, to the use of

photocatalysis for the oxidation of toxic organic pollutants

in waste water to harmless carbon dioxide and pure water.

The essence of the photocatalytic oxidation of organic

compounds is as follows: on exposure to light, excitons are

formed in titanium dioxide nanoparticles; over a short

period of time, excitons decay into holes and excited

electrons. Holes diffuse to the particle surface and then

interact with an electron donor in the solution or with

hydroxide ions to give strong oxidants, e.g., hydroxyl or

superoxide radicals. The conduction electrons, after diffu-

sion to the TiO2 surface, interact with oxygen molecules;

this gives superoxide radical anions Oÿ2
.
. The electrons can

also interact with organic solvents (electron acceptors). The

formation of electrons and holes makes the TiO2 surface a

highly potent oxidant; therefore, pollutants can be mineral-

ized via photocatalytic destruction to H2O and CO2 .

The completion of reactions and high quantum activity

of the photocatalyst are affected by catalyst characteristics

such as porous morphology and defective crystal structure,

specific surface area, the size of band gap, the number of

active sites and excited state lifetimes for electrons and

holes. A high-performance photocatalyst may have a band

gap not exceeding 3 eV. In this case, the energy of visible-

light photons is sufficient for absorption and photoactiva-

tion of the photocatalyst. Quenching of the radiative

recombination in the electron ± hole subsystem of the

photocatalyst additionally increases the catalytic activity

and the yield of the useful reaction products. Thus, high-

performance semiconductor nano-photocatalysts should

meet the following requirements: they should be nanostruc-

tured (and have a high specific surface area), absorb visible

light and have a specified size of the band gap, high

concentration of active sites, long lifetime of the electron

excited state, and also have homo- or heterojunctions for

efficient separation of photon-excited electrons and holes

and their delivery to the surface. Furthermore, conditions

for the formation of free radicals should exist on the

catalyst surface.

Titania-based photocatalysts are usually obtained as

powders, which complicates their practical application. It

is most appropriate to form membranes and coatings, since

in this case, there are no problems associated with isolation

of the powder from the suspension (if the catalysis is

conducted in the liquid medium) or illumination of the

catalyst (in the case of gas-phase catalysis). In addition,

nanotubular films with cylindrical pores of a specified

diameter, which are strictly perpendicular to the surface,

are compact and can be used in places inaccessible for solar

light when combined with light-emitting diodes. This mark-

edly increases the potential of TiO2 nanotubes in catalysis.
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The fabrication of semiconductor heterostructures is a

new approach used to increase the catalytic activity of

TiO2 NT-based catalysts. The nanotubes are decorated

with semiconductors such as CdS, CdTe, PbS or

Cu2O.142 ± 144 The heterostructures consisting of several

semiconductor particles are active under visible light;

owing to a high degree of charge separation, they have a

pronounced photocatalytic activity.145 ± 149 A narrow band

gap semiconductor with a more negative conductivity level

compared to TiO2 acts as a visible-light sensitizer for TiO2 .

The effective electron transfer between TiO2 and the sensi-

tizer takes place when the titania conduction band has a

more positive potential than this band of the sensitizing

semiconductor. Visible light irradiation of the heterostruc-

ture leads to generation of charge carriers only in the

sensitizer; as this takes place, excited electrons migrate to

the TiO2 conduction band. If the valence band of the

sensitizer is located above the ceiling of the TiO2 valence

band, the holes generated in the sensitizer valence band

remain there.

A recent practical study dealt with increasing the

TiO2 NT activity by using cadmium sulfide, a known semi-

conductor with an energy gap of *2.4 eV.39 In this study,

TiO2 nanotubes were decorated with CdS nanoparticles

synthesized by chemical condensation in an aqueous sol-

ution and wiyj TiO2 nanoparticles synthesized by sol ± gel

process. Higher photocatalytic activity (in comparison with

commercial photocatalysts) was found for the hybrid mate-

rials based on TiO2 NTs decorated with CdS nanoparticles

in the oxidation of organic molecules on visible light

irradiation: depending on the decoration method, hybrid

materials showed a photocatalytic activity of

7 ± 20 mmolmin71 g71, whereas the activities of the

Hombifine and Degussa P25 catalysts were 1 and

3 mmolmin71 g71, respectively. Optical and XPS studies

and quantum chemical analysis of homo- and heterojunc-

tions made it possible to substantiate the mechanism of

activity of the developed hybrid material. This mechanism

includes visible light absorption by CdS nanoparticles,

excited electron transfer from the CdS conduction band to

the TiO2 conduction band, charge separation (owing to the

presence of the heterojunction) and suppression of the

band-to-band recombination of the excited electrons and

holes. Measurement of the kinetic curves of the catalytic

activity showed high temporal stability of the developed

hybrid photocatalyst. High stability of the photocatalyst is

attributable to successful encapsulation of cadmium sulfide

nanoparticles in the TiO2 NTs protected from the sur-

roundings.

4.2. Nanoelectronics, memristors
Currently, resistive switching processes in anodized TiO2

layers 150 ± 152 and in TiO2 NTs 153 ± 160 are being actively

studied in order to design new non-volatile memory cells, or

memristors, and logical units and artificial neural networks

based on them. It is known that the resistive switching in an

TiO2 layer, which underlies the operation of memory

storage devices, occurs via conductive channels (filaments)

composed of oxygen vacancies (VO) (Refs 150, 151,

153 ± 158, 160) or metal ions 152, 159 that are formed in the

memristor active layer as a control voltage of appropriate

polarity is applied to its electrodes. The primary electro-

forming of conductive channels is, most often, a necessary

stage; this results in transition of the memristor cell from

the high-resistance (HRS) to low-resistance (LRS) state, or

from the switched off to the switched on state. Then, upon

the application of control voltage, the conductive channels

are partially destroyed or restored. The reversible

LRS>HRS switching of TiO2 NT-based memristors

occurs exactly in this way, usually in the bipolar

mode.150 ± 160 Meanwhile, Hazra et al.160 demonstrated the

possibility of reversible resistive switching without the

primary electroforming of conductive channels. The calci-

nation of TiO2 NTs in air results in a decrease in the

concentration of oxygen vacancies in the active layer and

degradation of resistive switching parameters,150, 154, 157 and

in some cases, in full loss of memristive properties.150

Yoo et al.154 reported a study of the resistive switching

effect in the Ti/NT TiO2/Pt sandwich structure. The

TiO2 NT array was obtained by anodization of a titanium

foil in 3 M HF+H3PO4 electrolyte for 2 h and consisted of

200 nm-long nanotubes of 80 nm diameter. The authors

indicated that the V-shape of the obtained nanotubes was

perfect for plasma-assisted deposition of a Pt electrode in

their cavity. The primary electroforming of conductive

channels from VO was effected by applying a negative

voltage on the Pt electrode relative to the grounded Ti

electrode. For these memristors, the resistance ratios

RHRS/RLRS>14 and the number of complete cycles of

resistive switching N>20 were found.

Liu et al.155 showed the possibility of pulsed cathodic

electrodeposition of Ag, Cu, Au and Pt into TiO2 nano-

tubes, which were completely filled with the metal (M) and

fabrication of bulk interdigitated electrodes, specifically for

the formation of diverse memristive devices with the

Ti/NT TiO2/M structure. The initial arrays of TiO2 nano-

tubes were synthesized by anodization of titanium foil in

ethylene glycol with addition of NH4F and deionized water

and consisted of nanotubes with a length of 3 mm and a

diameter of 80 nm. The authors of that study additionally

annealed the ready Ti/NT TiO2/M memristor structures in

a reductive atmosphere (10% H2 in argon) at 400 8C for

>12 h. As stated by the authors, this heat treatment

resulted in generation of additional oxygen vacancies and

improved the resistive switching parameters.

A variety of methods are known for improving the

characteristics of memristors based on TiO2NT arrays.

First, conditions for the electrochemical oxidation are

selected to obtain an anodized TiO2 layer with the optimal

thickness and oxygen nonstoichiomety.150 ± 152, 156, 158 In this

case, the electrolyte composition is changed, particularly,

glycerol,150 ethylene glycol,152, 156 ± 158, 160 orthophosphoric

acid 151, 154 or their mixtures 155, 159 are used as the base, and

fluoride ions and water are added. The anodization time is

varied from several seconds to tens of

minutes 150 ± 152, 155, 157, 158 or even to several

hours.154, 156, 159, 160 The anodization voltage is increased

from 5 V to several tens of volts,150 ± 152, 155 and anodization

is also carried out at 50,160 60,152, 157 80 (Ref. 159) and

120 V.156 For example, Vokhmintsev 156 studied memristors

with the Ti/NT TiO2/Au structure. The initial TiO2 NTs

were synthesized by anodization of titanium foil in ethylene

glycol with the addition of 0.05 M NH4F and had a length

of 500 nm and a diameter of 60 nm. The memristors were

shown to operate for 15 ± 20 complete switching cycles with

the resistance ratio RHRS/RLRS>50.

Second, in order to improve characteristics of memris-

tors based on TiO2 NTs, deposition of metals [e.g., Ag

(Ref. 152) and Cu (Ref. 159)] into TiO2 nanotubes for

electroforming of conductive metal channels is carried out.
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By anodization of titanium foil in an electrolyte based on

ethylene glycol containing 3 vol.% H3PO4 , 3 vol.% H2O

and 0.5 mass% NH4F at a constant voltage of 80 V for two

hours at room temperature, Chen et al.159 prepared

TiO2 NTs, which were additionally annealed at 500 8C for

1 h to obtain the anatase phase. Copper was electrodepos-

ited into the cavities of these nanotubes. This resulted in

copper nanowires (Cu-nw) with a length of 5 mm and a

diameter of 100 nm formed inside the TiO2 nanotubes. The

primary electroforming of the conductive Cu channels in an

TiO2 layer was implemented by applying a positive control

voltage on the Cu-nw electrodes relative to the grounded Ti

electrode. Measurement of the current±voltage character-

istics of the Ti/NT TiO2/Cu-nw/Au memristors showed that

the resistance ratio RHRS/RLRS>40 was retained over 103

complete cycles of resistive switching. The authors noted

that the memristors were operable even after 104 switching

cycles in the pulsed mode and remained in the correspond-

ing resistive state for >104 s.

Third, to improve the memristor characteristics, con-

ductive polymer coatings are formed on the surface and

inside of the TiO2 NTs; this improved the transport of

electrons, enhances the stability and increases the service

life of the memristor structures. For example, Conti et al.157

investigated the effect of the 40 nm-thick polyacrylic acid

(PAA) coating formed by chemical vapour deposition on a

layer of amorphous TiO2NTs annealed in air at 450 8C for

an hour. A 250 nm-thick memristor active layer was

synthesized in an electrolyte based on ethylene glycol con-

taining 2.5 vol.% H2O and 0.5 mass% NH4F at a constant

voltage of 60 V for 30 s and consisted of nanotubes with the

outer and inner diameters of 120 and 50 nm, respectively.

An increase in the RHRS/RLRS ratio from 2 to 5 and an

increase in the number of complete cycles of resistive

switching of memristors from 10 to 20 was detected for the

Ti/NT TiO2/Pt and Ti/NT TiO2/PAA/Pt sandwich struc-

tures.

The conductivity mechanisms of the memristor struc-

tures were considered.154, 157 It was found that before

electroforming, the Schottky emission predominates both

for positive and negative polarity of the control voltage.157

After the electroforming in the LRS state, the memristor

conductivity obeys the Ohm's law, while in the HRS state,

Schottky emission 154 or conductivity limited by the spatial

charge 157 predominates. Thus, the formation of conductive

channels in the active layer of TiO2 NTs leads to shunting

of the Schottky barrier at the M/TiO2 NT interface. The

characteristics of memristor structures based on titanium

dioxide films and TiO2 NT functional layers according to

the results of independent studies 150 ± 164 are summarized in

Table 1 in the chronological order. It can be seen that,

according to most of reported data, the memristive behav-

iour of the prepared layered structures is provided by

oxygen vacancies, which form the conducting filaments via

switching between low- and high-resistance states.

4.3. Power engineering, betavoltaics
Nanostructured TiO2 is used in the production of photo-

voltaic cells as photoanode materials.56, 165 ± 168 Quite a few

studies in the field of renewable power engineering are

devoted to light-sensitized solar batteries based on

TiO2 NTs with energy conversion efficiency of up to

10%.169 ± 176 Hwang et al.177 considered the use of b-radia-
tion of the radioactive carbon isotope for improving the

performance of these batteries. In recent years, scientists

have also paid attention to the solid-state perovskite solar

cells with energy conversion efficiency exceeding 10%, in

which mesoporous TiO2 functions as an electron transport

layer.178, 179 The appearing prospects of TiO2 NT applica-

tion in betavoltaics are discussed below.

The TiO2 NT-based structures are used to produce

betavoltaic batteries with a long service life, which effi-

ciently convert the energy of b-radiation to electric-

ity.180 ± 184 High energy conversion characteristics of these

devices are provided by several factors. The first one is

selection of electrode materials for the generation of an

internal field between the metal electrodes and Schottky

barriers at the metal/semiconductor interfaces. The second

factor is that an array of TiO2 NTs has a larger specific

surface area, enhanced characteristics of the electron trans-

Table 1. Parameters of memristor structures based on TiO2 active layer.

Memristor Thickness of the Method of synthesis Morphology Type of structure Type of RHRS/RLRS Ref.
active layer, nm filaments

Pt/TiO2/Pt 60 Atomic-layer deposition Film Anatase, brookite VO 4 ± 20 161, 162

Pt/TiO2/Ti <100 Anodization Film 7 VO 7 150

Au/TiO2/FTO a 7 Electrochemical Nanotubes Anatase VO *10 153

deposition

Pt/TiO2/Ti *200 Anodization Nanotubes Amorphous VO 14 154

Cu/TiO2/Ti 3000 Anodization Nanotubes Anatase VO 7 155

Ti/TiO2/Au 500 Anodization Nanotubes 7 VO 60 156

Pt/TiO2/Ti *100 Anodization Film Amorphous VO *12 163

Ti/TiO2/Pt 250 Anodization Nanotubes Amorphous (initial), VO 1 ± 5 157

anatase (after annealing)

Cu/TiO2/Ti 8 ± 29 Anodization Film 7 7 <80 151

Au/TiO2/Pt *100 Atomic-layer deposition Film Amorphous VO *100 164

Ti/TiO2/Au 120 ± 200 Anodization Nanotubes Amorphous VO 130 ± 440 158

Ag/TiO2/Ti 750 ± 2300 Anodization Film Amorphous Ag *27 152

Au/Cu/TiO2/Ti *5000 Anodization Nanotubes Amorphous (initial), Cu >20 159

anatase (after annealing)

Au/TiO2/Ti 1800 ± 2100 Anodization Nanotubes Anatase (after annealing) VO 19 160

a FTO is fluorine-doped tin oxide (fluorine-doped SnO2 film).
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fer along the nanotubes, more efficient absorption of

b-particles and a higher radiation stability than planar

structures.

The determination procedures and calculation equations

for the key characteristics of betavoltaic cells, i.e., open-

circuit voltage (Uoc), short-circuit current (Isc), the max-

imum specific power output (Pmax), the fill factor (FF ) and

the energy conversion efficiency (Z), are comprehensively

described in the literature.180 ± 189 By analogy with planar

structures, the parameters of betavoltaic cells were normal-

ized to the geometric area of the active layer with TiO2

nanotubes.185 ± 189

Zhang et al.180 studied the betavoltaic effect in the

Ni/63Ni/NT TiO2/Ti sandwich structure. The TiO2 NT

layer was synthesized in an ethylene glycol-based electrolyte

containing 3.0 vol.% H2O and 0.5 mass% NH4F at a

constant voltage of 60 V for 2 ± 8 h followed by annealing

under nitrogen at 450 ± 500 8C for 4 h. When the activity of

the 63Ni source was 10 mCi, the following characteristics

were obtained for a cell with a geometric area of 2.4 cm2

fabricated from 11 mm-long tubes of 130 nm diameter:

Uoc= 1.54 V, Isc= 12.43 nA, Pmax=2.98 nW cm72,

FF=0.47 and Z=1.11%. In the general case, the diameter

and length of TiO2 NTs affect the conversion efficiency.

An important role of the VO and Ti3+ centres in the

improvement of characteristics of betavoltaic cells based on

modified layers of TiO2 nanotubes was noted.181, 182 For

example, cells based on an TiO2 NT layer annealed in an

argon atmosphere at 650 8C showed the following

characteristics:182 Z=3.65% for Uoc= 1.13 V,

Isc= 103.3 nA cm72 and FF=0.32. The maximum power

output for these cells was 37 nW cm72, which is twice as

high as that for the cells based on TiO2 NT layers annealed

in air. In addition, Pmax increased by 30% as the annealing

temperature was raised from 450 to 650 8C, which was

attributed to the formation of a rutile phase.

Ma et al.181 reported betavoltaic cells based on TiO2 NT

layers that were annealed at 450 8C and electrochemically

reduced via cathodic treatment at 50 V voltage in ethylene

glycol for 35 s. The cells had the following characteristics:

Z=3.79% for Uoc= 1.04 V, Isc= 117.5 nA cm72,

FF=0.32 and Pmax=39.2 nW cm72.

Considerable attention is also devoted to improving the

electrical contact between the Ni electrode and the array of

nanotubes. For example, the electrodeposition of graphene

oxide (GO) on TiO2 NTs markedly increases the energy

conversion efficiency. The following characteristics were

found 183 for the Ni/63Ni/GO/NT TiO2/Ti betavoltaic cell

with an area of 2 cm2 and a 63Ni source activity of 10 mCi:

Z=3.93% for Uoc= 2.38 V, Isc= 27.2 nA and FF=0.58.

The maximum specific power output of this cell was

37.4 nW cm72, which is commensurable with this value for

betavoltaic cells based on modified TiO2 NT layers.181, 182

Using the data presented in Table 2, it is possible to

compare the active layer morphology and the key parame-

ters of betavoltaic cells based on functional layers of

TiO2 NTs with analogous characteristics of betavoltaic

cells with planar diode structures made of different materi-

als [Si,185 4H-SiC,186 GaN (Ref. 187) and C (diamond) 188].

It can be seen that the outer diameter and wall thickness of

nanotubes in the active layer are virtually equal, amounting

to 100 ± 130 and 10 ± 20 nm, respectively. The active layer

thickness optimal for a betavoltaic cell is *10 mm. It is

noteworthy that cell characteristics are also affected by

modification of the initial TiO2 NT layers, which brings

about an increase in Z from 1.11 to 3.65 ± 3.93% and an

increase in Pmax by an order of magnitude, from *3

to>30 nW cm72. The latter value is several times higher

than Pmax for the betavoltaic cell with a planar diode

structure.189 In addition, when self-absorption of b-radia-
tion, resulting in decreasing effective activity of the source is

taken into account, the estimated Z increases to 7.3

(Ref. 180) and 26.55%.183, 184 This indicates good prospects

for the design of high-performance betavoltaic cells based

on functional layers of TiO2 NTs.

4.4. Supercapacitors
Owing to the high specific surface area and chemical

stability, TiO2 NTs are promising as a material for the

fabrication of supercapacitors with an electrical double

layer.190 ± 192 The vertically arranged and spatially ordered

nanotubes on a titanium substrate provide better character-

istics of the electron transport along the nanotubes than

chaotically arranged nanostructures; furthermore, the sub-

strate can be directly used as a supercapacitor electrode.

The nanotubes open on one end are also suitable for the

fabrication of composite nanomaterials without the use of

binding agents. Nevertheless, owing to low electrical con-

Table 2. Structures and characteristics of known betavoltaic cells.

Structure Thickness of Outer Wall Method of synthesis Modification Pmax , Z (%) Ref.
the active diameter, thickness, nWcm72

layer, mm nm nm

Ni/63Ni/TiO2/Ti 11 130 20 Anodization Annealing in N2 2.98 1.11 180

10 100 10 Anodization Cathodic treatment 39.2 3.79 181

Ni/63Ni/GO/TiO2/Ti 8 100 10 Anodization Annealing in Ar 37 3.65 182

4 130 10 Anodization Annealing in N2, 37.4 3.93 183,

electrodeposition 184

4H-SiC (p7n-diode) 4 (p-layer), 7 7 Chemical vapour 7 6.16 6 186

0.25 (n-layer) deposition

GaN (p ± i ± n-diode) 1.0 (n-layer), 7 7 Chemical vapour 7 12.25 0.98 187

0.9 (i-layer), deposition

0.05 (p-layer)

C(diamond)/Pt 50 (p-layer), 7 7 Chemical vapour Magnetron 3 0.6 188

(Schottky diode) 0.025 (Pt-layer) deposition sputtering

Si (p ± i ± n-diode) 470 (all layers) 7 7 Ion implantation 7 6.14 0.6 185

Annealing in N2 3.53 0.35 185
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ductivity, electrodes based on the initial amorphous

TiO2 NTs have a relatively low specific surface capacitance

Cs= 10 ± 40 mF cm72 in non-faradaic charge ± discharge

processes.193, 194 In order to increase the specific surface

capacitance, TiO2 nanotubes with variable geometry are

synthesized and are modified in different ways.

The anodization conditions are often varied and the heat

treatment is carried out in air.192, 193, 195 For example, it was

shown 195 that TiO2 NTs synthesized in electrolytes based

on glycerol, ethylene glycol and deionized water in 70 : 30 : 2

and 50 : 50 : 2 volume ratios containing 0.3 M ammonium

fluoride at a constant voltage of 50 V for four hours and

subsequently annealed at 450 8C for three hours had a

maximum specific capacitance of 1300 mF cm72 at a rate

of voltage change DU=20 mV s71.

The authors of many studies modified TiO2 NTs by heat

treatment under argon,192, 196 argon and air mixture,192

hydrogen 194, 197, 198 and ammonia.199 ± 202 Zhou and

Zhang 192 obtained Cs= 911 mF cm72 at DU=1 mV s71

for TiO2 NTs synthesized in an electrolyte based on glycerol

and deionized water in 9 : 1 volume ratio containing

0.3 mass% NH4F at a constant voltage of 15 V for 17 h

followed by annealing in an argon atmosphere at 630 8C for

an hour.

Salari et al.193 found the values Cs= 3240 mF cm72 at

DU=100 mV s71 for TiO2 NTs synthesized in an electro-

lyte based on glycerol and deionized water in 9 : 1 molar

ratio containing 0.75% NH4F at a constant voltage of 30 V

for three hours and subsequently annealed under argon for

an hour at 400 8C. It was noted 192, 193 that the heat treat-

ment of TiO2 NTs in air causes an insignificant improve-

ment of the capacitance characteristics.

Xie et al.201 showed that the heat treatment of TiO2 NTs

in an atmosphere of ammonia (nitriding) at 800 8C for three

hours gives rise to a nanotubular TiN structure and

markedly increases the specific conductivity up to

Table 3. Characteristics of supercapacitor electrodes based on an TiO2 NT layer.

Electrode Thickness Outer NT wall Modification Structure Cs , Ref.
of the active diameter, nm thickness, nm mF cm72

layer, mm

TiO2 0.9 ± 1.0 30 ± 60 10 ± 20 None Amorphous 0.01 ± 0.04 193

1.2 100 20 None Amorphous 0.01 ± 0.04 194

1.2 100 20 Annealing in air Anatase 0.08 194

0.80 ± 0.95 130 ± 160 10 ± 20 Annealing in air Anatase 0.45 219

0.9 ± 1.0 130 ± 165 10 ± 15 Annealing in air Anatase 0.26 201

10.5 ± 10.7 90 ± 110 10 Annealing in air Anatase 7.8 201

2.8 100 7 Annealing in air Anatase 1.12 203

0.9 ± 1.0 30 ± 60 10 ± 20 Annealing in air Anatase, rutile 0.03 193

Annealing in air with Ar Anatase, rutile 0.294 193

Annealing in Ar Anatase, rutile 0.911 193

1.2 100 20 Annealing in H2 Anatase 3.24 194

0.9 ± 1.0 130 ± 165 10 ± 15 Annealing in NH3 Cubic TiN 3.14 201

10.5 ± 10.7 90 ± 110 10 Annealing in NH3 Cubic TiN 83.6 201

0.9 ± 1.0 130 ± 165 10 ± 15 Annealing in air, Anatase 3.14 201

cathodic treatment

14.5 115 ± 140 7 Annealing in air, Anatase 7.22 208

hydrogen plasma treatment

TiO2 : Fe 0.176 30 7 Anodization with the addition Anatase 1.11 205

of Fe(NO3)3 , annealing in air

TiO2 :Mn 3.5 110 10 Anodization of the Ti7Mn Anatase 1.6 204

alloy, annealing in air

TiO2 :Al 2.8 85 7 Annealing in air, Anatase 1.8 ± 3.5 203

cathodic treatment

TiO2 (see a) 7 100 7 Deposition 7 4.4 215

TiO2 :Al7 3.1 ± 6.4 150 ± 200 7 Annealing in air, cathodic Anatase 17 203

MnO2 treatment, electrodeposition

TiO27PPy b 0.80 ± 0.95 130 ± 160 10 ± 20 Annealing in air, pulsed Anatase 33.1 219

electrodeposition

TiO27C 2 ± 4 90 7 Vacuum infiltration, Amorphous 40.75 216

annealing in air

TiO27MnO2 5.4 150 ± 200 10 ± 20 Annealing in air, cathodic Anatase 150.9 203

treatment, electrodeposition

TiO27C7 *1 c 115 ± 125 15 ± 25 Gas thermal adsorption, Anatase, rutile 492 214

MnO2 electrodeposition

aMulti-walled carbon nanotubes; b PPy is polypyrrole (conducting polymer); c estimated by the authors of this review using data of Ref. 214.
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4.56106 Sm71. This fact is responsible for increasing

specific capacitance of the electrode from 260 to

3140 mF cm72 for DU=20 mV s71 (according to cyclic

voltammetry data).

In some studies, TiO2 NTs were modified by electro-

chemical method, particularly, they were doped with metals

such as aluminium,203 manganese 204 and iron,205 and also

using self-doping during cathodic treatment (hydrogena-

tion).191, 206, 207 For example, Zhong et al.203 described the

following procedure of doping of the initial TiO2 NTs with

aluminium ions. First, TiO2 NT samples were synthesized in

an electrolyte based on ethylene glycol and deionized water

taken in 24 : 1 volume ratio containing 0.3 mass% NH4F at

a constant voltage of 60 V, with the secondary anodization

time being 20 min. The samples thus formed were annealed

in air at 450 8C for two hours. Then cathodic treatment of

TiO2 NTs was carried out in a 1 M AlCl3 solution in the

galvanostatic mode at a current of 0.2 mA cm72 for 25 ±

250 s. This modification was accompanied by insertion of

not only Al3+ ions, but also H+ ions into TiO2 NTs.

During this process, Ti4+ was reduced to Ti3+, which gave

rise to additional oxygen vacancies and thus improved the

conductivity. This, in turn, resulted in an increase in Cs to

3510 and 2740 mF cm72 at DU=10 and 100 mV s71,

respectively.

In the case of hydrogenated (self-doped) TiO2 NT sam-

ples, Cs= 1840 mF cm72 at DU=5 mV s71 (Ref. 191).

Zhang et al.205 carried out the cathodic treatment in an

aqueous solution of Na2SO4 at a 71.5 V voltage of

TiO2 NT electrodes synthesized in an ethylene glycol-

based electrolyte containing 2 mass% H2O and

0.3 mass% NH4F at a constant voltage of 50 V for four

hours followed by annealing in air at 450 8C for two hours.

These electrodes showed high stability in >26103 cycles at

DU=100 mV s71 and record-high values

Cs= 11.37 mF cm72 for DU=100 mV s71 and

Cs= 12.0 mF cm72 for a current density of 1 mA cm72.

Hydrogen plasma treatment of the initial TiO2 NT

samples also enhances the capacitance characteristics of

electrodes due to the formation of Ti3+ centres and inser-

tion of OH groups.208, 209 In particular, Wu et al.208 synthe-

sized TiO2 NTs in an ethylene glycol-based electrolyte

containing 2 vol.% H2O and 0.5 mass% NH4F at a

constant voltage of 60 V for two hours followed by anneal-

ing in air at 450 8C for three hours; the nanoparticles were

modified in a hydrogen plasma. These electrodes showed

the following maximum values: Cs= 7.22 and

6.37 mF cm72 for the current density of 0.5 and

2.0 mA cm72, respectively, in charge ± discharge processes

and also demonstrated high stability over >104 cycles at a

current density of 0.1 mA cm72.

Efficient composite electrodes are also fabricated by

modification of TiO2 NTs with metal oxide nanopar-

ticles,199, 210 ± 214 carbon nanomaterials 212, 214 ± 218 and con-

ducting polymers,219 ± 223 which substantially improves their

capacitance characteristics. For example, TiO2 NT samples

subjected to cathodic treatment in a 0.5 M aqueous solution

of Na2SO4 at 71.4 V (self-doping) for 10 min at 25 8C and

then decorated with MnO2 particles along the whole nano-

tube length showed Cs of 150.9 mF cm72, which is the

highest value among the MnO27TiO2 composites.210

The geometric parameters and specific surface capaci-

tances for the initial, modified and composite electrodes

based on TiO2 NT layers are summarized in Table 3. It can

be seen that TiO2 electrodes are 0.2 to 10 mm thick and

consist of nanotubes with an outer diameter ranging from

30 to 200 nm and wall thickness ranging from 10 to 25 nm.

The Cs values increase with increasing thickness of the

active layer and with decreasing diameter of nanotubes.

Analysis of the data of Table 3 indicates that for attaining

the highest Cs values, it is preferable to use simultaneously

several methods for modification of the initial TiO2 NT

arrays. In the first stage, one of the following procedures is

employed: annealing in air or in an inert atmosphere

followed by hydrogen plasma treatment or cathodic treat-

ment, annealing under H2 or NH3 . In the second stage, the

resulting samples are modified by conducting polymers,

carbon nanomaterials and/or oxide nanoparticles. The

highest value Cs= 492 mF cm72 for a specific surface

energy of 465 mW h m72 was obtained for the

TiO27C7MnO2 composite electrodes.214

5. Note added in proof

When the review was being prepared for publication, the

papers that appeared in scientific journals of various dis-

ciplines were mainly devoted to the application of materials

based on nanotubular titanium dioxide (see Section 4 of this

review). In particular, mention should be made of publica-

tions summarizing the use of 1D anodized titanium struc-

tures for the manufacture of biocompatible implants 224 ± 226

and for other medical applications,227 as high-performance

gas sensors,228 and for solving applied problems of green

chemistry.229 ± 231 Several new reviews address the prospects

of using TiO2 nanotubes in modern alternative energy

devices 232 ± 234 and new designed high-performance solar

batteries.235 ± 237 Section 4.2 `Nanoelectronics, memristors'

of this review considering devices for the next-generation

resistive memory can be supplemented by the study 238

addressing the memristive properties of hybrid nanostruc-

tures based on a nanotubular anatase layer and rutile

nanorods with inclusions of Pt and/or Pd7Pt nanopar-

ticles. The authors observed stable reproducible bipolar

switching for >100 cycles, enhanced stability of the resis-

tive states and slightly increased on to off current ratio of

the designed memristor.

6. Conclusion

Nanotubular titanium dioxide is an environmentally safe

(non-toxic), economically available and efficient functional

material, which is extensively used. Stoichiometric and non-

stoichiometric TiO2 nanotubes are attracting ever increas-

ing attention of researchers all over the world, since they

can be applied as photocatalysts for the synthesis of organic

molecules in high yields in conformity with the green

chemistry principles. It is expected that the non-stoichio-

metric modified titanium dioxide, which, unlike stoichio-

metric TiO2, absorbs visible light will be mainly used as a

photocatalyst, with photocatalytic activity being attained

without illumination with a harmful and expensive UV

light.

An efficient approach for conversion of stoichiometric

TiO2 to the nonstoichiometric form is to generate point

defects, particularly, oxygen vacancies, which results in a

change in the atomic structure and optical and electronic

properties of the material. The change in the electronic

structure under the action of visible light leads to

enhanced photocatalytic activity in the synthesis of

organic compounds, which are in-demand in medicinal

A.A.Rempel, A.A.Valeeva, A.S.Vokhmintsev, I.A.Weinstein

Russ. Chem. Rev., 2021, 90 (11) 1397 ± 1414 1409



chemistry for the green synthesis of pharmaceutical

agents.

Memristor structures are usually fabricated using high-

tech and expensive molecular beam epitaxy and chemical

vapour deposition methods. In this connection, it appears

promising to develop a nanotechnology for combining, at

the atomic level, ideal and oxygen nonstoichiometric layers

of a semiconductor or dielectric between metal electrodes. It

is demonstrated in the review that memristive behaviour in

nanostructures of nonstoichiometric titanium dioxide is

provided, as a rule, by the mobility of cationic and anionic

vacancies in the dielectric layer, while its thickness and

defectiveness determine the electrical resistance of the

structure in the low- and high-resistance and intermediate

states. The possibility of formation and control of conduc-

tive states over a wide range of charge carrier mobility for

memristor structures based on nanotubular TiO2 arrays

allows the use of these structures as solid-state physical

models of synapses with high plasticity. This, in turn, opens

up new prospects for the fabrication of efficient functional

media for solid-state implementation of neural computing

systems and artificial neural networks.
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Russian Foundation for Basic Research (Projects No. 19-

13-50254-ekspansiya and No. 20-03-00299) and the Minis-
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ation (Project FEUZ-2020-0059).

7. List of acronyms and designations

TEM Ð transmission electron microscopy,

XPS Ð X-ray photoelectron spectroscopy,

HRS Ð high resistance state,

LRS Ð low resistance state,

GO Ð graphene oxide,

NT Ð nanotube,

PAA Ð polyacrylic acid,

Cs Ð specific surface capacitance,

FF Ð fill factor,

Isc Ð short-circuit current,

N Ð number of full cycles of resistive switching of the

memristor,

Pmax Ð maximum specific power output,

RHRS Ð electrical resistance of the memristor in the

high-resistance state,

RLRS Ð electrical resistance of the memristor in the low-

resistance state,

Uoc Ð open-circuit voltage,

DU Ð rate of voltage change,

Z Ð energy conversion efficiency.
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