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Abstract. State-of-the-art studies on the synthesis, properties and
the computer design of nanotube forms of transition metal oxides
are analysed. Main methods for the preparation of oxide nano-
tubes and related quasi-one-dimensional nanostructures (nano-
bundles, nanoribbons, etc.) are discussed. Data on the morpho-
logy and physicochemical properties of these materials and
prospects for their technological applications are summarised.
The results of the computer design of atomic structures and results
of quantum-chemical calculations of electronic structures and
chemical bond parameters of Ti, V and Mo oxide nanotubes and
their fullerene-like molecules are considered. The bibliography
includes 427 references.

1. Introduction

The discovery (in 1991) of quasi-one-dimensional (1D) nano-
structures, viz., carbon nanotubes (NT),! and the design of nano-
materials with unique properties2~2% have stimulated theoretical
and experimental studies aimed at searching for and preparing
analogues of such materials based on other simple substances and
inorganic compounds. The advances made in this field by the early
20th century have been covered in reviews.??~3°

Nanotubes of numerous inorganic compounds were synthes-
ised. Nanotubes of MoS;,* other layered d-metal dichalcoge-
nides MX, (M = Mo, W or Ta; X = S or Se) ! 33 and hexagonal
boron nitride (BN), boron carbide (BC,) and boron carbonitride
(B.C,N.) were among the first to be prepared.’*~¢3 Nanotube
forms of numerous chalcogenides were synthesised: InS,%* ZnS,%>
Bi253 ,66 RCSZ ,67 W,\»MO'VC:SZ ,68 ZI‘SZ N HfSZ ,69’ 70 NbSez ,7l =73
TiS, . TiSe> ,74776 MoTe, ,77 WSe» ,78 MOSz_xly ,79 CdS,
CdSe, 8081 Ag,S 82 and Li.MoS; .83 The synthesis of NiCl, nano-
tubes was also documented.®*~8¢ Tubular forms of semiconduct-
ing materials, such as SiGe, InAs/GaAs, InGaAs/GaAs, SiGe/Si
and InGeAs/GaAs,37 8 are also known.

Cobalt,”® antimony.,®! tellurium®2-°4 and bismuth?5-%7
nanotubes were synthesised. The atomic structures, electronic

G S Zakharova, V L Volkov, V V Ivanovskaya, A L Ivanovskii Institute of
Solid State Chemistry, Urals Branch of the Russian Academy of Sciences,
ul. Pervomaiskaya 91, 620219 Ekaterinburg, Russian Federation.

Fax (7-343) 374 44 95, tel. (7-343) 349 30 09, e-mail: volkov@ihim.uran
(G S Zakharova, V L Volkov), tel. (7-343) 349 33 87,

e-mail: viktoria@ihim.uran.ru (V V Ivanovskaya), tel. (7-343) 374 53 31,
e-mail: ivanovskii@ihim.uran.ru (A L Ivanovskii)

Received 3 February 2004
Uspekhi Khimii 74 (7) 651 —685 (2005); translated by T N Safonova

properties, stability factors and possible procedures for the
preparation of nanotubes of metals (Na, Cu,®® Ni,* Ag,
Au 100,101 and Bil02.103)  boron,'%* silicon,!*5 metal diborides
MB, (M = Mg, Al, Sc, Ti and Zr),'%°-110 CaSi,,""! ternary
silicides with AlBa2: Sr(Ga,Si;—y)> and Ca(Al,Si;_y)2 struc-
tures,!'? layered metal halide nitrides B-MNX (M = Zr or Hf;
X = Clor Br) '3 and high-temperature superconducting complex
ceramics ''* were theoretically predicted.

In recent years, p-, d- and f-metal (Al, Ge, Ti, Nb, Ta, Zr, V,
Mo, Dy, Tb, etc.) oxides, along with the above-mentioned
substances and compounds, have found wide application in the
design of nanostructured functional materials as films, nanorods,
mesoporous systems, nanoclusters and nanocrystallites and their
various associates. Some of these nanosized materials can be
prepared with the use of carbon nanotubes. For example, these
compounds can be prepared as nanofibres and nanotubular
ceramics by filling inner (and intertubular) cavities in carbon
tubes (or their bundles) with oxides V205, MoO3, PbO or Bi»O3
followed by the removal of the carbon shell by chemical methods.
The design of various nanocomposites based on or involving
metal oxides has attracted considerable attention.

One of the main lines of investigation of nanostructured metal
oxides is the preparation of their nanotube forms. Phases, which
have (like graphite) layered (quasi-two-dimensional, 2D) struc-
tures and are characterised by pronounced anisotropy of intera-
tomic interactions, are generally considered as substances or
compounds promising for the preparation of such tubular
forms.6—9-18.29-39 The anisotropy of interatomic interactions is
determined by a combination of strong covalent (or covalent-
ionic) bonds and weak van der Waals interactions between the
layers. These structural features and characteristics of chemical
bonding are less typical of metal oxides than, for example, of
d-element dichalcogenides. Hence, methods for the preparation of
metal oxide nanotubes have essential distinguishing features and
often produce hollow nanotubes along with a broad range of other
quasi-one-dimensional nanostructures (nanorods, nanoribbons,
etc.)

It should be noted that data on the synthesis, structures,
properties and fields of application of carbon NT are summarised
in monographs3-7 and numerous reviews,® 32 whereas publica-
tions, in which the results of studies of non-carbon nanotubes were
generalised, are scarce? 3% and were devoted primarily to the
most well-studied groups of such materials, viz., nanotubes (and
fullerene-like clusters) of graphite-like boron nitrides, carbides
and carbonitrides and d-metal dichalcogenides. Selected results of
the synthesis and investigations of oxide NT were included in the
reviews.37>38 The review 3 dealt with practical procedures for the
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preparation and modelling of titanium and vanadium oxide
nanotubes.

In the present review, we consider the state-of-the art studies
of all known nanotube forms of transition metal oxides. Main
methods for the preparation of oxide nanotubes and related quasi-
one-dimensional nanostructures (nanofibres, nanorods, nanorib-
bons, etc.) are summarised. Data on the morphology and phys-
icochemical properties of such materials are discussed. The
possible fields of technological applications are considered. The
results of computer design of atomic structures and quantum-
chemical calculations of electronic structures and chemical bond
parameters of Ti, V and Mo oxides nanotubes and related
fullerene-like molecular clusters are analysed.

It should be noted that the known nanotube forms of oxides
are not limited to transition metal oxides considered below.
Nanotubes and nanotube composites of p-element (aluminium,
silicon and gallium) oxides have attracted considerable atten-
tion.!3-125 The studies aimed at synthesising nanotubes of
f-element oxides (for example, TbyO3!%¢ and Dy,03!?7) are
presently underway. However, data on the structures and proper-
ties of 1D forms of these oxides are scarce, and analysis of such
materials is beyond the scope of the present review.

I1. Synthesis and properties of nanotubes
and related nanostructures of metal oxides
The classification of nanosized materials used in the literature and

their principal geometric parameters are given in Table 1. Nowa-
days, the main lines of investigation of nanostructured metal

Table 1. Structural types of nanosized materials and their geometric
parameters.

Structural type  Description ®

Nanotubes tubular structures with an outer diameter of up to
100 nm, L < 1 pm

Nanorods quasi-one-dimensional cylindrical structures,
D <100 nm, L <1 pm

Nanowire the same, D < 100 nm, L > 1 pm

Nanofibres threads, D < 50 nm, L > 1 um

Nanoparticles ~ compact particles, D < 10 nm

Nanopowder the same, D < 100 nm

Nanodots crystals with sizes up to 100 nm

Nanowhiskers  needle-like structures with a length of several milli-

Nanoribbons

metres and a base thickness of <100 nm

structures as planar ribbons with a thickness of up to
100 nm and a width larger than the thickness

Nanocolumns nanostructures with D < 100 nm, L > D
Nanocable structures with a morphology of a coaxial cable,
D < 100 nm
Nanobridges structures with a morphology analogous to a bridge
construction with a length of tens of micrometers
containing ‘details’ with a diameter of up to 100 nm
Nanonails nail-like structures, D < 100 nm

4(6)-Fold nano-
rotors

nanostructures as four(six)-blade rotors; the
constituent diameter is up to 100 nm

Tetrapod nanostructures consisting of four nanorods
nanostructure (D < 100 nm) sharing a centre
Nanocomposite material consisting of particles of different compounds

with sizes up to 100 nm

2 D is the diameter, L is the length.

oxides are as follows: the development of methods for their
synthesis and study of the morphology and physicochemical
characteristics of the products. Progress in the synthesis of oxide
nanotube materials with reproducible properties determines to a
large extent the prospects of their practical use.

Modern investigations of nanotubular oxides and related
materials are aimed at developing and improving particular
synthetic schemes and extending the range of oxides, whose
nanotube forms can be prepared. In most original publications,
procedures for the preparation of nanotubes of a particular oxide
and their selected characteristics (generally, the elemental compo-
sition, the morphology and the structural parameters) were
reported. Experimental data accumulated in this new field do
not allow one to reveal general regularities of the formation of
particular nanostructures and decide which methods for their
synthesis are most efficient and universal. Hence, in the present
review, we summarise methods for the preparation of nanotubular
oxides and related quasi-one-dimensional forms. A comparison
and critical analysis of these methods are beyond the scope of this
review.

Modern methods for the preparation of nanosized forms of
simple and complex oxides can be classified into two main groups,
viz., chemical and template methods. The chemical synthesis
involves the spontaneous formation of nanostructures in reactions
of the starting reagents existing in different states (aqueous or
aqueous-organic media, solid or vapour phases, during thermo-
lysis of salts, ezc.). The template method is based on the formation
of nanostructures on the surfaces of solid materials (organic and
inorganic), which dictate the size and morphology of the reaction
products. In particular, organic molecules can serve as templates.
Such molecules are inserted into layered structures of oxides, thus
making it possible to change the form of nanotubes in their
synthesis. Among these methods, vapour condensation of oxides
and their electrochemical deposition also hold promise.

Below we consider methods for the synthesis and properties of
three main groups of 1D nanostructures formed by first-, second-
and third-row transition metal oxides. Main data on their compo-
sitions and morphology are given in Table 2.

1. Nanostructures of 3d4s-metal oxides

a. Titanium oxides

Nanosized forms of titanium dioxide can be prepared by both
chemical and template methods. Well-crystallised nanotube forms
of TiO; can be synthesised by hydrothermal reactions of titanium
dioxide (anatase or rutile) powder with an aqueous NaOH
solution.'28-134 For various tubes, the O : Ti atomic ratio differs
from those observed in crystalline anatase or rutile.'?® Generally,
multilayer tubes with an interlayer distance of ~0.75 nm and an
average diameter (D) of ~9 nm are produced.!?® The mechanism
of their formation involves the rolling-up of the (100) plane of
H,Ti307 about the [001] direction. The ends of the tubes are open
and their walls are corrugated.!?* The morphology of the tubes
depends on the size and structure of the starting TiO» nano-
particles.!30

Ultradispersed rutile with an average particle size of 7.2 nm
gives longer nanotubes compared to those formed by anatase or
large rutile particles. Nanotubes with D ~ 8 — 10 nm and a length
(L) of ~100 nm were synthesised 13! by keeping TiO, with a
specific surface area of 50 m? g—!in a 10 M NaOH solution at
110 °Cfor 20 h. The morphology of the resulting samples depends
on the TiO; structure type, and their properties depend on
subsequent acid and thermal treatment.'3? 133 For example, after
treatment with a H.SOy4 solution followed by annealing at 300 °C,
TiO, nanotubes show high catalytic activity in esterification of
cyclohexanol with acetic acid,'3> whereas the starting anatase is
inactive in this catalytic process.

Hydrothermal treatment of TiO, powders (4.0—-18.5 nm) in a
NaOH solution at 110 °C for 20 h followed by washing with dilute
HNOj affords multilayer anatase nanotubes 500 nm in length.!33
The use of HNOjs instead of HCl results in the formation of more



Nanotubes and related nanostructures of d-metal oxides: synthesis and computer design

589

Table 2. Main methods of synthesis and morphology of nanostructured transition metal oxides.

Oxide Method of Morphology Oxide Method of Morphology
synthesis synthesis
TiO, chemical tubes with D = 9—12 nm Co0304 chemical tubes with D = 200—-400 nm
" rods with D = template fibres
(4-6)—(50—100) nm CoFe,04 " wire with D = 50 nm
" wire with D = 20—-200 nm NiO " ribbon with a width of 4 nm
" ribbon with a width " wire with D = 4 nm
of 20—200 nm CuO chemical rods with D = 8 nm
" needles and whiskers with template tubes with D = 20—90 nm
D =5-8nm electrochemical  fibres and whiskers with
template tubes with D = 2—70 nm D =2-10 nm
" hollow fibres with ZnO chemical rods with D = 5-300 nm
D =20-50 nm " tubes
" rods with D = 20—30 nm " chiral rods with D = 500 nm
electrochemical  tubes with D = 25120 nm vapour phase wire with D = 15-80 nm
wire with D = 40 nm " rods with D = 15-45 nm
H,Ti;07 chemical rods with D = 9 nm " whiskers with D = 50—500 nm
K,TigO17 " ribbons " belts
Na»TisO9 " belts with a width of 100500 nm " bridges
SrTiO3 } " tubes with D = 8— 15 nm " nails
BaTiO3 rods with D = 5—60 nm " tadpoles
Composite " tubes with D = 90—130 nm vapour phase wire with D = 30-200 nm
TiO,/poly- combined with
pyrrole (poly- template synthesis
aniline) electrochemical  wire with D = 50 nm
TiO,/SiO, " tubes with D = 13 nm composite pyrolysis cable with D = 60 nm
Composite template wire with D = 210 nm Zn/ZnO
Au/TiOs composite " cable
VO.(C,H2,+4N), chemical tubes with D = 15—-150 nm Ga/Gay03/ZnO
VO, template tubes with D = 20—55 nm Y,0;3 template tubes
V0.9oM00010249° chemical tubes with D = 30—100 nm ZrO» " tubes with D = 40—50 nm
(Ci6H36N)0.27 " tubes with D = 1.3—5.9 um
v-LiV,0s5 " rods with D = 30—40 nm Nb,Os " tubes with D = 1.3-5.9 pm
NaV-,0s " rods MoOs; chemical fibres with D = 20—280 nm
B-Na,V,0s vapour con- wire with D = 20—-200 nm template tubes with D = 50—-300 nm
densation CdO electrochemical ~ wire with D = 40— 60 nm
Nago6VO, ion exchange tubes with D = 60— 100 nm Ta»Os template tubes
Ko.27VO, " tubes with D = 60— 100 nm Sro.sBiz2Ta09 + . tubes with D < 2 pm
Cu.12VO. " tubes with D = 60— 100 nm WO, vapour phase needles and whiskers with
Fe-VO, " tubes with D = 60— 100 nm D = 50-500 nm
Mny 1 VOs5+5° " tubes with D = 60— 100 nm WO-o " rods with D = 20 nm
-nH,O WO; template fibres with D = 20 nm
CrOs template tubes
o-MnO» " fibres
o-Fe,O3 chemical hollow fibres with D = 4—10 nm

dispersed NT powder. Titanium dioxide nanotubes prepared by
the chemical method consist of 2— 5 monolayers and have an inner
diameter of 4.2—5.9 nm.!3% Such materials with a specific surface
area of 379 m? g~ ! hold promise in photocatalysis.

Films of oriented TiO>, NT were prepared by the hydro-
chemical method (titanium foil, which contained TiO» nano-
particles deposited from an aqueous suspension, was subjected
to hydrothermal treatment in 10 M NaOH at 95160 °C).13¢
Most of these nanotubes are open and consist of several layers.
The outer and inner diameters of NT are 12 and 3.7 nm,
respectively. The distance between the layers is 0.78 nm. The
nanotubes are characterised by the monoclinic unit cell of
H,TizO; with the unit cell parameters a = 16.03, b = 3.75,
¢=9.19 A, B =101.45°. The most probable '37 composition of
these nanotubes is Na,Ti;O7; the Na™ ions are removed by acid
treatment. The distance between the layers in these nanotubes is
independent of the number of layers and the inner and outer
diameters of TiO, NT and is determined by OH ~ groups. Taking
into account the Ti—OH bond lengths and the van der Waals
radius of the O atom, the interlayer distance should be equal to

0.63 nm, but it increases to 0.8 nm due to repulsion between the
OH ~ groups. The sodium cations play a decisive role in structure
stabilisation.!?® Unmodified TiO, nanotubes exist only in an
amorphous state 3% and are destroyed during crystallisation.

Anatase nanotubes prepared under hydrothermal conditions
have a high capacity for lithium cations in electrochemical
intercalation.'#? The insertion of Li* into TiO, NT occurs at a
voltage of lower than 2.2 V. At a voltage of about 1.7V,
voltammetric curves have a plateau, which indicates that the
electrochemical resistance reaches a minimum. These nanostruc-
tures were proposed as light-sensitive materials for solar bat-
teries. !4

Nanosized rods of rutile TiO, (D =4-6nm,
L = 50-150 nm) were prepared 4> in air under atmospheric
pressure by the reaction of 15 M HNOj3 with an aqueous TiCly
solution (3 mol litre —!) with stirring (100—-250 °C, 624 h). The
sizes of nanorods are independent of the temperature and time of
hydrolysis. These nanorods belong to the rutile modification and
are characterised by the [110] growth direction. Mixing of TiCly
and HNOj; solutions leads to oxolation of the [TiO(OHy)s]? "
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complex ion and isolation of rutile as brushes. The anisotropic
growth was accounted for by selective absorption of Cl— and
NOj3 anions and [TiO(OH,)s]>" cations on the (110) and (111)
surfaces, respectively.

Thermolysis of titanium tetraisopropoxide [Ti(OPr)4] vapour
in the presence and in the absence of NHj3 at 500 °C affords TiO»
nanowires (D = 50—100 nm, L = 0.5-2 pm) on the WC sub-
strate.'** Thermolysis at 600 and 400 °C gives nanoparticles and
thin films, respectively, of the anatase modification. In the
presence of NHs, thinner and longer nanorods are produced.
The formation of 1D structures of TiO is catalysed by cobalt
admixtures.

A crystalline TiO, nanowire was prepared 44 by annealing
TiS; in the presence of a flux (NaCl) and in the absence of a flux
under an atmosphere of NHj. In the former case, titanium
disulfide was mixed with NaCl powder in a mass ratio of 1:3.5
and heated at 820 °C for 2.5 h. In the latter case, TiS, was heated
at 820 and 970 °C. The precipitates were washed with an HCI
solution, water and ethanol and dried at 85 °C. Samples prepared
in the presence of the flux crystallised in the anatase modification
with the unit cell parameters a = 3.782, ¢ = 9.502 A, whereas
samples synthesised in the absence of the flux crystallised in the
rutile modification (a = 4.953, ¢ = 2.958 A). Titanium dioxide
nanoparticles are predominantly produced in the absence of
NaCl. Anatase nanowires (smooth and straight) have a diameter
0of 20200 nm and an L/D ratio of = 500. Rutile nanowires with
D = 150 nm and a length of several micrometres were prepared at
970 °C. The formation of TiO, nanostructures also occurs
through the intermediate Na,TiOs phase during its exchange
interaction with HCL.

An amorphous TiO» gel prepared by hydrolysis of Ti(OPri)4 in
an ethanolic solution was used as a precursor for the preparation
of interconnected structured nanosized fibres.'*> The precursor
(0.1-0.3 g) was mixed with a 5—15 M NaOH solution (20 ml)
and subjected to hydrothermal treatment at 100— 180 °C for 48 h.
The powder that precipitated was filtered off, washed with water
and 0.1 M HCl to pH < 7 and dried in vacuo at 100 °C for no less
than 10 h. The resulting twisted fibres with a thickness of
5-30 nm and a length from tens to hundreds of micrometres,
which are wrapped together to form superstructured materials,
have a layered structure with an interlayer distance of 0.7 nm and
contain defects and dislocations. Alkaline treatment of the pre-
cursor (at a temperature higher than 180 °C) afforded thin ribbon
structures 30—200 nm in width and from a few to tens of micro-
metres in length. A change in the NaOH concentration has no
effect on the morphology of the product. The specific surface area
of the nanofibres was 267, 354 and 375 m? g—! at the synthesis
temperatures of 100, 130 and 150 °C, respectively.

In the synthesis by the chemical method, TiO; nanotubes are
formed at the instant crystalline TiO» reacts with a NaOH solution
and transforms to the amorphous state. The reaction of an
amorphous TiO, gel with NaOH produces well-interconnected
fibres, in which the Ti atoms are octahedrally coordinated by two
types of oxygen atoms, viz., the bridging p,-O atoms, through
which the Ti atoms of the adjacent octahedra are linked to each
other, and the OH ~ groups. The presence of hydroxyl groups is a
distinguishing feature of the ‘“TiO,’ gel. The reaction of the latter
with NaOH is accompanied by cleavage of some Ti—OH and
Ti—O—Ti bonds, with the result that the TiOg octahedra are
linked into chains with long-range order, and the latter are
partially transformed into layered structures. After lithium ion
intercalation into nanofibres, the latter can be used as an electrode
material in lithium cells and as atmospheric oxygen and nitrogen
separators.

The template method has gained wide acceptance in the
synthesis of TiO» nanotubes.!'4%-147 Chiral organic compounds
1a—c can be used as templates. 48149

Ox
\lc Nﬁ\
O/NH —
“'NH %
(|: N&
— >
o~ . a
a—c¢

X~ = PFg, (1R.2R) (a); CIO7: (1R,2R) (b), (15.2S) (c).

In alternative methods, a 25% aqueous NH4OH solution or
2 M HCI was added to a solution of Ti(OPr); and compound 1a
in ethanol.'® The resulting mixture was heated at 80 °C, homo-
genised, cooled to 25 °C, dried in air for 10 days and warmed at
50 °C in vacuo for 5 h. The dry sample was kept at 200 °C or
450 °C for 2 h. In the course of the sol — gel synthesis, template 1a
is self-organised to form a three-dimensional network of helical
fibres (D = 50— 300 nm) stabilised by hydrogen bonds involving
NHj groups. The fibre structure was absent after heating of
samples, which were pre-treated with an acid, at 450 °C. However,
hollow fibres with an outer diameter of 150—600 nm and a length
of up to 200 um are retained upon alkaline treatment. The inner
diameter of TiO, fibres (50300 nm) is, apparently, dictated by
the sizes of the template network.

The sol —gel synthesis with the use of chiral molecules 1b and
1c as templates produced chiral helical-like TiO> NT (Fig. 1).14°
Derivatives of trans-(1R,2R)- and trans-(1S,2S)-1,2-diaminocy-
clohexane give left- and right-handed helical fibres stabilised by
intramolecular hydrogen bonds between the amino groups. The
synthesis was carried out by stirring a mixture of solutions of
enantiomers (1 mol litre—1!), Ti(OPr'); (5 mol litre—"), H,O
(2.5 mol litre=") and NH4OH (0.4 mol litre ') in ethanol at
0 °C followed by heating to 80 °C. The resulting transparent
solution was slowly cooled to 25 °C and the resulting gel was dried

Figure 1. The SEM images of TiO; fibres prepared from enantiomers 1b
(a) and 1¢ (b).'#°
Hereinafter, SEM is scanning electron microscopy.
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at 25 °C for 10 days and then kept at 50 °C in vacuo for 5 h. To
remove the templates, the xerogel was washed with acetone and
calcined at 200 °C for 2 h and at 450 °C for 24 h. The resulting
fibres have an outer diameter of 100600 nm, an inner diameter
of 30— 180 nm and a length of up to 30 pm. This method was used
also to synthesise chiral vanadium and tantalum oxide nanotubes.

Well-ordered helical-like ribbons and nanotubes were pre-
pared ' by sol —gel polymerisation of Ti(OPr'), in template gels
of neutral dibenzo-30-crown-10 bound to cholesterol. The syn-
thesis successively produces TiO» ribbons, twisted ribbons and
open nanotubes with helical (right-handed) chirality
(D ~ 500 nm). After removal of the template by annealing under
a nitrogen atmosphere at 500 °C for 4 h, hollow helical ribbons
and hollow nanotubes with a distance of 8—9 nm between the
walls were obtained. Apparently, oligomeric TiO, particles are
adsorbed on both sides of the corresponding structures from the
template gel with a thickness of 8—9 nm and, consequently, the
resulting tubes contain micro- and macropores. The mechanism of
formation of helical ribbons and nanotubes involves adsorption of
‘oligomeric’ titanium dioxide particles on a tubular structure of an
organic gel and their further growth through sol—gel polymer-
isation.

The use of laurylamine hydrochloride as a template and
Ti(OBu")4 as a precursor made it possible to prepare TiO, micro-
tubes with mesoporous walls.!3! The outer diameter of the tubes
was 2—8 um. Their walls (0.2—2 pm in thickness) consist of
cylindrical channels with the same diameter of 3.2 nm. These
microtubes are thermally stable up to 773 K, have a specific
surface area of 390 m? g—! and consist of anatase with a low
degree of crystallinity. The pore volume is 0.586 ml g—!.

Ultrathin nanosized titanium dioxide layers were synthesised
with the use of carboxylate latex and tobacco mosaic virus (TMV)
particles as templates.!>> The latex and TMV particles on a
substrate were coated with ultrathin TiO; layers by the sol— gel
method and subjected to plasma treatment. The resulting hollow
titanium spheres were linked to form nanotubes. After oxidative
removal of the template, a rod-like TiO, structure with
D =20-30 nm was obtained. It is preferable to use oxygen
plasma to retain the tubular structure after removal of the
template.

Anatase nanoparticles prepared by gradual hydrolysis of a
TiF4 solution (0.04 mol litre—!, pH 2) after the addition of
NH4OH (0.1 mol) were deposited on the surface of various
templates,'3- 15% such as organic (cotton, silk or wool) or poly-
meric 1% fibres, aluminium porous membranes, plant fibres, efc.
After immersion of the template into a solution and storage at
60 °C for 1 -48 h, the hydrolysis product undergoes dehydration,
and an anatase layer appears on the surface. Organic compounds
were removed by annealing in air at 500 °C, and aluminium metal
was dissolved in ammonia water (pH 12). Traces of fluorine were
removed by calcination in air at a temperature higher than 300 °C.
The use of cotton threads as a template results in the formation of
hollow TiO, fibres consisting of anatase particles with a diameter
of 20— 50 nm; their inner diameter corresponds to the thread size.
The wall thickness of TiO» depends on the deposition time. The
hollow structure is destroyed at sizes greater than 500 nm. The
specific surface area of these nanotubes is 50—70 m? g—!, and
their walls contain microscopic pores.

Studies of the photocatalytic activity of anatase as films and
nanotubes formed on wool in oxidation reactions of NO demon-
strated that the activity on nanotubes increases by a factor of
almost nine. Anatase nanotubes with an inner diameter of
50—150 nm were prepared on an aluminium membrane with a
channel diameter of ~200 nm. The specific surface area of the
material is 100—140 m? g—!. The use of leaf fibres as a template
gives rise to a honeycomb structure consisting of TiO, nanotubes.

Nanosized crystalline anatase is generally prepared by the
non-hydrolytic sol—gel method.'*® In a conventional method,
TiCly is added with stirring to benzyl alcohol at room temper-
ature, and then the mixture is warmed to 40 °C and subjected to

aging for 7—14 days. The resulting suspension is centrifuged and
the precipitate consisting of TiO» particles with a diameter of
4—5 nm is washed with ethanol and dried.

An anodised porous aluminium plate was used 7 as a
template to prepare compact open anatase nanotubes with an
inner diameter of 50—70 nm and a wall thickness of 3—10 nm.
The pores of the AlOs surface layer (70 nm in diameter and
10—12 pm in depth) were filled with liquid Ti(OPr')4 and heated at
500 °C for 1 h under a stream of O, . Decomposition of Ti(OPr),
on the surface of Al>Oj; afforded a TiO, layer. Then anodised
aluminium was partially and completely dissolved in a mixture of
phosphoric (6 mass%) and chromic (1.5 mass%) acids. Etching
at 80 °C for 15 min, as a rule, completely removed the template
without destruction of TiO» nanotubes.

Hydrolysis of TiF4in an HCI + NH4OH solution with pH 1.6
at 60 °C produced '8 single-crystalline TiO, nanotubes on an
anodised aluminium membrane with a pore diameter of 100 nm
and a length of 60 pm. The product was washed with water and
dried at 60 °C for 24 h. Nonuniformly distributed irregularly
shaped columnar crystals of TiO; containing straight TiO» nano-
tubes with a cavity extended in the axial direction grew on the
upper surface of the membrane. The outer and inner diameters of
the nanotubes were 20—40 and 4—5 nm, respectively. The inter-
layer distances in the walls (3.6 +0.1 A) corresponded to the
interplanar distance djo1 of anatase. Larger isolated tetragonal
crystals of anatase appeared on the lower surface of the mem-
brane.

Titanium dioxide nanotubes of the anatase modification were
also prepared in nanosized channels of a porous aluminium
membrane, which was stored in a TiF4 solution (0.04 mol litre—!,
pH 2) at 60 °C for 24 h.'>® The template was dissolved in an
aqueous ammonia solution (pH 12) at room temperature. The
inner diameter of the nanotubes (Fig. 2) is 50— 150 nm, the walls
consist of TiO, particles with a size of 10—20 nm and the pore
diameter is smaller than 10 nm. The size of the inner channels in
the tubes depends on the time of deposition of TiO,. If the
deposition time is longer than 12 h, compact rods grow. The
morphology of the nanotubes is retained because they are
prepared without calcination. This material is of interest for
photocatalytic gas reactions and liquid filtration. The photo-
electrochemical characteristics of TiO, nanotubes and nanorods
were studied,'®” and the dependence of the photocurrent on the
potential was demonstrated to be analogous to that observed for
nanocrystalline films.

The mechanism of formation and the microstructure of TiO»
nanotubes prepared according to the above-considered proce-
dure '*° were investigated.'! The outer and inner diameters of the

The SEM image of TiO, nanotubes synthesised on anodised
159

Figure 2.
aluminium as a template.
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samples were 9 and 5 nm, respectively. These nanotubes with an
interlayer distance of ~7.1 A, which is twice as large as the
analogous distance along the [101] direction in anatase
(a=b=3.78, ¢c=9.52 A), are structurally similar to carbon
nanotubes and are formed by rolled-up planar TiO; layers. Taking
into account the crystallographic parameters of anatase and rutile
(a=5b=0.459, ¢=0.295 nm), it can be concluded that the
anatase modification is more favourable for the formation of
TiO; nanotubes. This conclusion is supported by the fact that the
surface energy of anatase is lower than that of rutile.!®!

The model of TiO, nanotube formation can be represented by
the 3D - 2D — 1D scheme. A three-dimensional (3D) anatase
crystal reacts with a NaOH solution to form a laminar two-
dimensional (2D) structure, which is bent so as to bind unsatu-
rated bonds of the terminal atoms. Further rolling-up results in
the formation of a tubular structure. There are two possible
2D — 1D transformations giving rise to concentric and non-
concentric structures. Only non-concentric structures were exper-
imentally observed.!¢!

An ethanolic solution of Ti(OPr'),, to which an HCl solution
in ethanol is added at 15 °C, can be used as a precursor in the
synthesis of TiO, nanotubes.!'®2 An aluminium membrane was
placed in the resulting sol for 5—60 s. Then the membrane was
dried and annealed at 400 °C for 6 h. Immersion of the membrane
into the sol for 5 and 60 s affords nanotubes and nanofibres,
respectively. In the case of an intermediate immersion time (25 s),
nanotubes with thick walls grow. The sol temperature and the time
of membrane immersion also influenced the morphology of
nanostructures and the wall thickness of TiO, nanotubes. In
membrane pores with a size of 22 nm, bundles of 2—4, 10 or a
larger number of fibres grow as long prismatic crystals with the
rare and metastable anatase-like orientation of the (001) plane
with the [110] direction. After irradiation with sunlight, fibrillar
TiO; exhibits high catalytic activity in decomposition of salicylic
acid, which is associated with its larger specific surface area. This
method can also be used to prepare photocatalytically active TiO»
nanowires. 63

In the synthesis of TiO> NT by colloidal heterocoagulation,
carbon nanotubes (C-NT) were used as a template. A TiO, gel
with an admixture of NaOH was added dropwise to an aqueous
suspension of carbon nanotubes, which were pre-treated with
ammonia, and polyethyleneamine (CH,CH,NH), at pH 8. The
negatively charged TiO, particles were deposited on the walls of
the carbon nanotubes and cover them uniformly. The resulting
composite contained ~ 1.5 mass% C-NT, had a low specific
gravity, was ecasily separated from the reaction mixture and
possessed photocatalytic properties.!64-166

Nanoparticles of anatase TiO, were prepared on carbon
nanotubes '¢7 in water by hydrolysis of dihydroxy titanium
bis(ammonium lactate) [MeCH(O ~)CO,NH4],Ti(OH), and dis-
persion of C-NT (90-100 °C, 20 h). Carbon nanotubes coated
with titanium dioxide and ultradispersed TiO» were separated by
centrifugation and dried in vacuo; the size of the resulting particles
was in a range of 2—10 nm.

The TiO,—SiO; nanotube composite with a coaxial structure
was synthesised on anodised aluminium.!%® In the first step, SiO»
nanotubes were obtained in pores (with a size of 200250 nm) of
anodised aluminium. Then TiO; nanotubes grew on their inner
shell. The formation of this nanotube composite depends on the
presence of Ti— O —Si bonds and the amorphous character of the
SiO; layer. This method allows one to prepare tubes with the more
complex TiO;, - SiO; —TeO, composition.'?

Silicon-containing titanium dioxide nanotubes can be pre-
pared by the sol —gel method in the absence of a template.!”® For
this purpose, butanediol, Si(OEt); and Ti(OPri); in ratios of
2:(0 at.% —10 at.% Si): 1 were stirred at room temperature and
kept for several days until a dry gel was obtained. The dry gel,
which was pre-heated with a rate of 5 K min—!, was crystallised at
400-600 °C for 1 h to form nanotubes and nanoparticles (for
pure TiO, and TiO; + 10 at.% Si, only nanoparticles were

prepared). The inner and outer diameters of TiO> NT containing
5 at.% Si were 3 and 13 nm, respectively. The amount of silicon
plays an important role in the nanotube formation. The specific
surface area of the samples prepared at 600 °C increases with
increasing amount of silicon from 1.6 (TiO;) to 110.66 m? g—!
(TiOz + 10 at.% Si). In this case, the pore size decreases, which is
associated with suppression of growth of TiO» nanoparticles in the
presence of silicon.

Iron-doped TiO» nanotubes with a diameter of up to 10 nm
and a length of 200 nm were synthesised '”! by the hydrothermal
method in an alkaline medium. Iron-containing anatase and rutile
powders with a particle size of 30 and 42 nm, respectively, were
used as precursors. A procedure was developed !> for the syn-
thesis of a nanocomposite in the form of Au/TiO, nanowires
60 um long. These nanowires contain the smooth surface formed
by anatase and the gold core (D = 210 nm, which corresponds to
the pore diameter of an aluminium membrane). The thickness of
the shell consisting of TiO, particles with sizes 10—15 nm is
40 nm. The ordered structure of the composite was achieved by
layer-by-layer deposition of cationic polyelectrolytes and a tita-
nium-containing precursor on gold nanowires.

A semiconductor/metal nanocomposite was prepared ! 73 from
semiconducting TiO, nanotubes filled with polypyrrole nanowires
(the latter were grown by chemical polymerisation!7#). This
nanocomposite is as an efficient photocatalyst, because it has a
large specific surface area and the conducting core.

A composite consisting of polyaniline (PAni) nanotubes
(D = 90—-130 nm) filled with TiO, nanoparticles (~ 10 nm) was
synthesised in the presence of P-naphthalenesulfonic acid
(B-NSA) as an admixture.!”® Titanium dioxide powder was
added to a B-NSA solution (10~3 mol litre —!), the mixture was
treated ultrasonically until a homogeneous suspension was pre-
pared, an aniline and water mixture (10—3 mol litre—') was
added, and oxidative polymerisation was carried out by adding
(NH4)»S,05 (2 x 1073 mol). The precipitate of the PAni—
B-NSA —TiO; nanotube composite that formed was filtered off,
washed with water and ethanol and dried in vacuo at 20 °C. The
morphology, size, conductivity and hydrophobicity of the com-
posite are determined by the amount of TiO, nanoparticles in the
tubes. At a TiO, concentration lower than 0.08 mol litre —!, the
resulting amorphous composite consisted of hollow fibres. In the
concentration range of 0.04—0.06 mol litre=!, the composite
consisted of nanotubes. At a concentration of 0.12 mol litre !,
the composite contained granules. X-ray powder diffraction study
revealed an impurity of crystalline TiO5.

The conductivity of the composite depends on its morphology
and the percentage of TiO;. The conductivity is 4.4 x 103 and
1.2x10~!' S cm~! for granules and nanotubulenes, respectively.
The conductivity decreases with increasing TiO» concentration.
The temperature dependence of the conductivity of the composite
in the range of 300—77 K is typical of semiconductors with the
hopping charge-transfer mechanism. The hydrophilicity of the
composite can be varied by varying the TiO, content in the
composite.

Nanowires of the anatase/poly(vinylpyrrolidine) (PVP) com-
posite with a porous structure were prepared !7¢ by electrocentri-
fugation.!”” Titanium tetraisopropoxide was mixed with acetic
acid and ethanol, PVP was added, and the mixture was homoge-
nised for 1 h. Then the mixture was placed in a centrifuge and
nanofibres were collected on an aluminium foil at 30 kV. Traces of
PVP were removed from the nanofibres by heating them in air at
500 °C for 3 h, which led to a decrease in the diameter of nano-
fibres from 78 9 to 53 £ 8 nm.

The fibre thickness of the TiO»/PVP composite and anatase
nanofibres can be varied in the ranges of (52 + 11)— (374 £+ 66) and
(334+6)— (192 +69) nm, respectively. Their sizes depend on the
parameters of electrocentrifugation, the Ti(OPr')4 concentration
and the rate at which PVP is added in the course of preparation of
the precursor. Titanium dioxide nanoparticles are involved in the
formation of composite fibres with a size of ~ 10 nm. The surface
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porosity of TiO, nanofibres can be varied as desired by changing
the rate of hydrolysis of Ti(OPri)4 in fibres through changes in
atmospheric humidity. Composite fibres up to several centimetres
in length are prone to form a nonwoven structure, which can be
used as a sensor after deposition on a substrate. When annealed,
this structure is transformed into a ceramic membrane without
deterioration of porosity. In this case, fibres can partially melt,
which enhances the mechanical strength of the membrane.

Noteworthy is the electrochemical method for the preparation
of TiOz nanotubes by anodic oxidation of titanium metal strips in
an aqueous electrolyte containing 0.5 mass % —3.5 mass %
HF.!'78 A porous TiO, layer that appeared on the metal surface
represents a high-density homogeneous lattice consisting of par-
allel tubes. The upper ends of the tubes are open, whereas the
lower ends are closed. The average diameter of the tubes
(25—65 nm) increases with increasing voltage of anodic oxida-
tion, but the length of the tubes is determined by the thickness of
the oxide layer and is independent of the electrolysis time.

Amorphous TiO, nanotubes can be prepared by anodic
oxidation of a titanium foil in 0.5% HF at a potential of
12-20 V using a platinum cathode.!” The length of nanotubes
is ~400 nm, D = 46—76 nm, and the wall thickness is 17—27 nm.
Annelation of these nanotubes at 500 °C under an oxygen stream
affords the anatase and rutile modifications. The former modifi-
cation is concentrated on the walls of nanotubes, whereas the
second modification is concentrated on the barrier layer. The
nanotubes are stable up to 600 °C and are of interest as materials
for resistive hydrogen sensors. 80 181 A TiO,-NT-based sensor has
the highest sensitivity for hydrogen at 375 °C, which increases
with decreasing diameter of the tubes. The hydrogen sensor is
completely reversible, its response time is 150 s, the hysteresis is
absent, and the sensitivity threshold is 10—#. The sensor is highly
selective for hydrogen compared to CO, CO; and NHs, but is
responsive also to O at the high concentration of the latter.

Electrochemical oxidation of a TiN layer on a silicon substrate
with the use of a nanoporous anodised Al,Os3 film as a template
afforded nanosized TiO, crystallites '82 with D ~ 60 nm belong-
ing to the hexagonal system. This method is suitable also for the
preparation of nanocrystallites of other semiconducting oxides.

Titanium dioxide nanoparticles were synthesised in meso-
pores of Al,O3 with the use of a new precursor, viz., bis(toluene)-
titanium, which served as a molecular source of Ti%.183 Insertion of
the precursor into mesopores of an aluminium template leads to
elimination of titanium metal, which is oxidised to TiO, (anatase)
with a particle size of ~2 nm. This material readily adsorbs UV
radiation.

Various geometric structures can be prepared from TiO»
nanoparticles.'$418% A simple chemical method for the synthesis
of needle-like samples!®* consists in mixing Ti(OPr); and
Si(OEt)4 solutions in ethanol with admixtures of HCI and H,O
to prepare a composite with the molar ratio TiO,:SiO, = 4:1.
Hydrolysis and gel formation in moist (70%) air at 40°C for
5 days followed by annealing at 600 °C (2 h) and storage of
anatase that formed in an autoclave in an aqueous NaOH solution
(a Teflon vessel) at 20, 60 or 110 °C for 20 h afforded well-
crystallised TiO» with a specific surface area of 400 m? g—!. After
washing with 0.1 M HCI and water, the product exhibited high
photocatalytic activity. The synthesis with the use of 10 M NaOH
at 60— 110 °C for 20 h produced ‘needles’ with a tubular structure
(D ~ 8 nm, L ~ 100 nm). Analogous anatase samples were also
prepared without the addition of SiO; to the starting reaction
mixture.

Ultrasonic treatment allows one to prepare nanotube forms of
TiO, not only as nanotubes but also as whiskers.'8> Particles
(D =~ 20 nm) prepared by thermal treatment of titanium hydrox-
ide at 650 °Cfor 1 h (17% of anatase and 83% of rutile) serve as a
precursor. To produce whiskers, a sample was placed in a 10 M
NaOH solution, heated to 80 °C and subjected to ultrasonic
treatment at an output power of 560 W for 80 min (treatment at
an output power of 280 W for 60 min gave nanotubes). The

precipitate that formed was washed with 0.1 M HNO3 and
water, kept at 110 °C for 4 h on an oil bath, washed once again
and dried in vacuo (12 h). The sizes and composition of the
whiskers depend on the time of washing with water in the first
step. After 6 h, L ~ 1 um, D ~ 60 nm, and the composition is
H>Ti307-0.5 H>O. An increase in the washing time to 8 h leads to
a decrease in the diameter of whiskers to 5 nm and the TiO,
composition (the so-called B modification).!8¢ Storage of a sample
at 110 °C for 4 h followed by washing with 0.1 M HNO; for 2 h
and with water for 14 h results in the formation of open sodium-
free nanotubes with D ~ 5 nm, L ~ 200—300 nm and the ratio
Ti:O=1:2.

Titanium dioxide whiskers cannot be prepared without ultra-
sonic treatment. Treatment of a TiO,-containing NaOH solution
affords sodium titanate consisting of layers of TiOgs octahedra,
between which alkali metal cations are located. In an HNO3
solution, ion exchange occurs to give H,TizO7-0.5 H,O. Ultra-
sonic treatment not only accelerates the reaction between the
starting components but also facilitates a particular orientational
growth of titanate layers. After washing of the sample with water,
the resulting TiO; layers increase in size and roll up into nano-
tubes.

Titanium dioxide whiskers can also be prepared by treating a
TiOCl, precipitate, which is prepared by the reaction of TiCls with
a 5 M aqueous ammonia solution, in an autoclave.'8” To prepare
anatase and rutile whiskers, titanium oxochloride is pre-calci-
nated at 450 and 800 °C, respectively. Whiskers (D < 20 nm) as
bundles are produced under hydrothermal conditions at 100 °C
for 12 h along with TiO, nanotubes 60—100 nm in length and
10—-30 nm in diameter. An increase in the temperature leads to an
increase in the amount of nanotubes in the samples, their length
becomes as large as 150 nm, and the diameter is 15—20 nm. At
200 °C, the amount of tubes is larger than the amount of spherical
particles (which are always present in samples), their length
increases to 200 — 500 nm, and the inner diameter is 7—8 nm. An
increase in the temperature leads to an increase in the size of the
tubes, but the rate of their formation decreases. This is associated
with the predominant formation of less soluble spherical particles
(TiO; crystal nuclei). Since the lattice parameter of anatase ¢ > a,
its powder more easily forms nanotubes, which is attributed to the
anisotropy of growth of TiO, particles during the autoclave
treatment.

Nanosized TiO; ribbons with a length from a few to tens of
micrometres, a thickness of several nanometres and a width of
30-200 nm were prepared by the hydrothermal method from
titanium dioxide powder in a NaOH solution.'® A TiO, gel,
crystalline anatase or an anatase and rutile mixture were used as
the starting titanium compound. The precursor (0.3 g) was mixed
with a NaOH (5—-15 M) solution (20 ml) and subjected to hydro-
thermal treatment at 180—240 °C for 1 -2 days, and the products
were washed with water and 0.1 M HCI. It was found that the
temperature and the alkali concentration have no effect on the
morphology of ribbons, which can roll up about the [00]]
direction. The corrugated surface of such ribbons results from
cluster condensation. These thin (<5 nm) ribbons can be doped
with various elements, which is of considerable importance in the
synthesis of functional materials.

The sol—gel method is most widely used in the synthesis of
nanotube forms of TiO; with different geometry. The drawbacks
of this method as applied to the preparation of nanorods are that
the template pores are difficult to fill with a high-concentration gel
and that the use of dilute gels leads to the formation of cracks and
defects. The template pores can be filled using electrophoresis of
sol — gel nanocomposites. However, this procedure is unsuitable
for the preparation of nanorods with D < 20—-50 nm.

The synthesis of single-crystalline TiO, nanorods by the
sol—gel method was performed under cathodically induced con-
ditions.'8 The electrolyte was prepared by dissolving titanium
metal powder in H,O, and ammonia, the resulting yellow gel was
dissolved in 4 M H>SO4, and then KNO3 was added to the
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solution to pH 2—-3. The pores (12—50 nm) of an anodised
aluminium membrane were filled using the electrochemical
method at room temperature at potentials (V) from —0.9 to
—1.2V. At V< —-09YV, electroreduction of nitrate ions
occurred at the cathode

NOj + 6H,0 + 8¢~ —» NH; + 9OH~

which was accompanied by the formation of titanium hydroxide
sol and gel

TiO?* + 20H~ —» TiO(OH),,
TiO(OH); ———— TiO;+(OH)>_2«.
—X HzO

Annelation of a sample (450 °C, 24 h) gave TiO, nanowires of the
anatase modification with D &~ 40 nm and a length of 2—10 pm
depending on the electrolysis time (0.5—3 h). A high gel density in
template pores prevents the formation of defects and cracks
during heating.

Electrochemical deposition of a titanium hydroxide gel in
pores of poly(methyl methacrylate) using gold electrodes afforded
TiO, nanotubes.!®® An electrolyte with pH 2.5 was prepared
under nitrogen from NaHCO3; and a TiCls solution in hydro-
chloric acid. The electrochemical reaction

nTiIOH2" + mH,O0 — [Ti*TO(OH)s_2,], + 3nH™ + ne—

was carried out at an anode potential of +0.5 V. Amorphous
TiO> nanotubes were prepared by removing the polymer using
dissolution in acetone at 40 °C. Heating of these nanotubes at
450 °C for 1 h afforded intergrown anatase nanotubes with an
outer diameter of 120 nm and a wall thickness of 25 nm. At short
distances between the pores of the polymer, a compact porous
TiO» film was obtained.!0

The influence of the molar ratio of the starting components on
the morphology of TiO, nanorods and nanotubes, which were
synthesised from a sol by the template method on anodised
aluminium, was studied.'®! The sol was prepared by adding a
Ti(OPr')4 solution in ethanol to an ethanol, water and acetylace-
tone  mixture. The amount of perfect nanorods
(D = 200-250 nm) formed by particles with a size of ~20 nm
can be increased by increasing the percentage of ethanol in the sol.
This can be achieved with the use of the starting molar ratio
Ti(OPri)4: acetylacetone : HoO: EtOH = 1:1:3:(20-40). An
increase in the percentage of acetylacetone in the TiO; sol
(1:2:3:20) results in the formation of TiO, nanotubes with thin
walls (15—20 nm), which are easily broken and cracked.

Titanium dioxide nanowires were synthesised by deposition of
a precursor on the corrugated surface of a polymeric template
(based on azobenzene-functionalised epoxide resin) or silicon
dioxide followed by calcination at 500 °C in air for 3 h.!°> The
precursor was prepared as a sol by hydrolysis of a Ti(OPri),
solution in isopropanol in a moist air atmosphere. Nanowires
grow on a polymer template but do not grow on SiO, . An increase
in the isopropanol concentration in the sol results in the formation
of cracks parallel to grooves in the template.

Considerable progress was made in the synthesis of nano-
structures of complex titanium oxides.!*3~ 198 For example, nano-
rods of titanic acid H>Ti3O7 were synthesised by the hydrothermal
method '3 involving mixing of anatase with 10 M NaOH and
heating at 130 °C for 72 h. The precipitate that formed was
washed with water to prepare tubular particles 9 nm in diameter
and hundreds of nanometres in length. Alkaline treatment of TiO»
gives rise to Ti—O — Na bonds, which are cleaved in water due to
the replacement of Na™ ions with H* ions. This results in the
formation and subsequent rolling-up of laminar particles. In an
acidic medium, the formation of nanotubes is not accelerated, but
the resulting nanotubes contain numerous defects.

The formation of a disordered intermediate phase containing
sodium ions is an important step in the formation of these
nanotubes. The synthesis with the use of amorphous TiO; as a
precursor does not afford nanotubes, because TiO; is recrystal-

lised into needle-like brookite. The use of KOH or LiOH instead
of NaOH leads to the formation of nanorods and platelets or
nanoparticles, respectively. Therefore, a high concentration of
Na™ cations and a strongly alkaline medium are essential con-
ditions for the nanotube formation. All H>Ti;O7 nanotubes are
open and are formed by rolling up TiO, layers with an interlayer
distance of ~7.8 A.

The H,Tiz07 phase belongs to the monoclinic system with the
unit cell parameters a = 16.03, »=3.75, ¢=9.19 A and
p =101.45°. The formula of this weak acid is generally repre-
sented as hydroxide Tiz(OH),Os stable in an alkaline medium. Its
monolayer is formed by corrugated ribbons consisting of TiOg
octahedra sharing edges (three octahedra in width), which form
stepwise planes separated by H" ions. In the polymeric titanate
ion (Ti3027),, the atomic layers roll up about the [001] direction of
the crystal structure of H,Ti307. An interesting feature of these
nanotubes is the simultaneous presence of an interlayer space and
a quasi-one-dimensional inner channel. Titanate H,Ti3O7 is a
potential protonic electrolyte for fuel cells. In a concentrated
NaOH solution, the nanotube material Na,Ti,O4(OH), was
produced from polycrystalline TiO» at 110 °C for 20 h.!%4 Treat-
ment of this material with an HCl solution at pH 1 gives rise to the
orthorhombic tubular structure of HaTi2O4(OH), .

The reaction of nanodispersed TiO» (4 nm) with a 4—10 M
KOH solution in an autoclave at 160— 180 °C for 48 h affords the
monoclinic K,TigO;7 phase.!®> This phase consists of nanostruc-
tures analogous to twisted and bent ribbons (a few micrometres in
length and tens of nanometres in width and thickness) extended
along the [010] direction. The synthesis by this method in a NaOH
solution produced nanosized belts of titanate Na,TisO9 with a
width of 100—500 nm and a thickness of 30 nm. In these struc-
tures, the Na™ ions can be replaced by most cations. Potassium
titanate shows chemoluminescence at 270 °C, which is 140 °C
lower compared to that observed for TiO, nanopowders. For this
phase, photoluminescence at an excitation wavelength of 401 nm
and an emission wavelength of 612 nm was observed for the first
time.

The low-temperature hydrochemical method afforded SrTiO3
and BaTiO3; nanotubes with an outer diameter of 8—15 nm, an
inner diameter of 4—7 nm and a length of 50— 500 nm.!%® They
have a cubic perovskite structure with the unit cell parameter a of
3.889 and 3.975 A for SrTiOs; and BaTiOs, respectively. The
samples contain impurities of an amorphous product, the starting
reagents and carbonates. The synthesis was carried out by stirring
SrCl, or Ba(OH); and TiO, NT solutions under argon or nitrogen
for 6—20 h. Then pH of the suspension was brought to 12 and 10
by the addition of NaOH or HCI, respectively, and the precipitate
was separated by decantation, washed with water and dried.
Crystalline SrTiO3; and BaTiO3; nanorods (the unit cell parameter
a is 3.90 and 4.03 A, respectively) can also be prepared by
thermolysis of Sr(OPri), and Ba(OPr), in the presence of oleic
acid at 280 °C for 6 h.!7 Isolated nanorods have a diameter of
5—60 nm and a length of 10 um. These materials can be used as
nanosized ferroelectrics and memory elements.!8

b. Vanadium oxides
The first vanadium(V) oxide nanotubes have been synthesised
only recently.!®® The sol — gel method giving rise to xerogels with a
pronounced quasi-one-dimensional structure proved to be effi-
cient in the synthesis of such nanotubes.?’° A combination of the
sol—gel process with hydrothermal treatment at 180 °C for 5 h
produced nanowires of composition V,0s-nH>O (0.3 <n < 1.7)
with the [010] growth axis.?01-202

Extensive experimental data 23 on the chemistry of interca-
lates based on the V>0s-nH>O xerogel provided the basis for
developing new procedures for the synthesis of nanotube forms of
vanadium oxide.?** Evidently, the layered structure of a xerogel,
in which the distances between the V— O layers are controlled by
organic molecules, plays the key role in the design of vanadium
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oxide nanotubes. Organic guest molecules serve as templates, thus
determining the structure of a multilayer nanotube composite.

Primary amines C,H», + iINH> (4 < n < 22) and o,0-diamines
H>N(CH»),NH> (14 < n < 20) were proposed as templates for
these syntheses.294-208 An ethanolic solution of vanadium(V)
triisopropoxide VO(OPri); and amine in a molar ratio of 2:1
was stirred for 1 h under an inert atmosphere and then subjected
to hydrolysis. After 12—96-h aging of the system, an orange
composite was obtained, which was subjected to hydrothermal
treatment in an autoclave at 180 °C for 2—7 days to prepare a
black product, viz., single-phase nanotubes with a length of up to
15 pm, an outer diameter of 15— 150 nm and an inner diameter of
5-50 nm. The walls of these tubes consisted of 2—30 layers of
crystalline vanadium oxide, between which intercalated amine
and diamine molecules are located. The distance between the
layers (1.7—3.8 nm) is proportional to the length of the guest
molecule. The general formula of such nanotubes can be repre-
sented as VO.0,2(C,Hz,+4N), or VO(C,Hz,+4N),, where
2.30 < x <247 and 0.25 < y < 0.30, respectively. In the case of
diamines, the tubes have thicker walls and a smaller inner
diameter.

Vanadium — oxygen layers of the nanotubes under considera-
tion consist of VO, tetrahedra and VOs tetragonal pyramids. The
vanadium oxide tubes are stable after removal of amines but
decompose at a temperature above 250 °C. Unlike mesoporous
metal oxides with a laminar structure, these composites are
characterised by a tubular morphology and well-structured
walls. It is believed 2°! that twisted layers of vanadium oxides are
very flexible, and they can be stretched and involved in numerous
exchange reactions.

In the above-described procedure for the synthesis of nano-
tubes, vanadium(V) oxochloride and oxide are also used as
precursors.?%’ In the first step, VOCI3 or V,Os is mixed with
primary amine C,H», + {\NH> under an inert atmosphere, and the
mixture is hydrolysed with an acetate buffer (pH 7) or water. The
next step involves hydrothermal treatment at 180 °C for 7 days.
Elemental analysis demonstrated that the composition of the
nanotubes synthesised from VOCI; corresponded to the formula
VO2.45+005(CiH20+4N)o 272001 (11 <n<16). The tubes
prepared from V,0s had the composition VO3.4310.03.
(C,H2,+4N)o27+0.01 (11 < 1 < 20).

The morphological characteristics of vanadium oxide nano-
tubulenes depending on the type of the precursor and the nature of
the template are given in Table 3. The multilayer walls of these
well-crystallised open tubes consist of rolled-up vanadium — oxy-
gen layers built from VOy4 squares with the unit cell parameter
a = 6.1 A21° The tubes composed of ideal cylindrical layers are
rarely produced ( < 1%), and these tubes contain no more than six
layers. Nanotubes of VO, are more often composed of rolled-up
layers and are characterised by the roll morphology.

The majority of vanadium oxide tubes contain various defects.
An isolated layer forms an inner part of the tube, whereas its outer
surface is generally transformed into a roll of two layers between
which amine molecules are located. These tubes are characterised

Table 3. Morphological characteristics of V—O nanotubulenes

(C,Ha2, + 1NH, template).2%°

Precursor n Outer dia- Inner dia- Number Length
meter of  meter of of layers of NT
NT /nm NT /nm /pm
VO(OPri); 4<n<22 15-150 5-50 2-30 1-15
VOCl; 11 50—-100 15-35 10-20 1.5-5
16 80100 20-35 11-14 0.8-1.5
V105 11 70—140 20-35 9-13  2-12
12 50-90 15-35 7-13 1-3
16 70—100 20-45 6—-13 1-2
20 60-90 20-45 6-10 1-3

by the formation of bundles and intergrowths. A roll of one VO,
layer can go to the adjacent tube with a change in the direction of
rolling. This pair of tubes sharing layers is often observed in VO,
nanotubes with intercalated diamines after ion exchange. Aro-
matic amines can also be used as templates in the synthesis of VO,
nanotubes.?!! For example, the reaction of VO(OPr)); with
3-phenylpropylamine followed by hydrolysis and hydrothermal
treatment of the product affords nanotubes containing defects in
the structure of the walls.

The structural characteristics of nanotubes can be varied as
desired by changing the pH of the V,0s gel through the addition
of ammonia.?!? In a neutral or weakly acidic medium, nanotubes
with an interlayer distance proportional to the length of the
(CH3), chain are produced. The nanotubes synthesised at
pH 9-10 have a unique structure of the walls, which consist of
VO, layers regularly alternating with intercalated amine and
ammonia molecules (interlayer distances are 20 and 9 A, respec-
tively). The tubes formed in the presence of ammonia have a much
larger outer diameter (larger than 250 nm) and smaller length
(2—5 pm) compared to the nanotubes prepared at pH 4-8
(Fig. 3). The general formula of these nanotubes can be repre-
sented as [(NH4), VO,][(RNH3),VO,] (R is a hydrocarbon frag-
ment).

Derivatives of trans-(1R,2R)- and trans-(1S,2S)-1,2-diamino-
cyclohexane were proposed 4° as templates for the synthesis of the
helical chiral structure of VO, NT. The R,R- and S,S-enantiomers
always give the left- and right-handed helices, respectively.

The synthesis of VO, nanotubes from a V,Os-nH>O gel
(n ~ 300), which was prepared by dissolution of vanadium(V)
oxide in hydrogen peroxide, was documented.?!3-214 A solution of
hexadecylamine (0.45 gml—!) in acetone (the molar ratio
V:amine = 2: 1) was added to this gel, the mixture was stirred at
room temperature for 16 h, and the composite was subjected to
hydrothermal treatment at 150 or 180 °C for 2—10 days. The
resulting black powder was washed with ethanol and cyclohexane
and dried in vacuo at 80 °C for 5 h. The interlayer distance in VO,
NT decreases from 37 to 32 A with increasing temperature and
time of the hydrothermal process.

The X-ray powder diffraction patterns of the resulting nano-
tubes are typical of layered compounds. They contain intense 00/
reflections (reflections from atomic planes) and weak /k0 reflec-
tions determined by a two-dimensional structure of the layer. The
alkylamine molecule is perpendicular to the planes of VO,,
because the interlayer distance is close to the chain length of the
amine (33 A). Water molecules located between the layers along

Figure 3. The TEM image of cross-sections of VO, NT.2!2
Hereinafter, TEM is transmission electron microscopy.
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with protonated amines increase this distance to 37 A. The inner
and outer diameters of the nanotubes are 30 —40 and 50— 130 nm,
respectively, the length is 1 — 10 pm, and the number of the layers
varies from 5 to 25.

Vanadium(V) oxide powder can be used as a precursor in the
synthesis of VO, nanotubes.?’>~217 In this case, V,Os and
hexadecylamine are mixed in water, the mixture is heated in an
autoclave at 140 or 180 °C for 24 h or 3 days, respectively, and the
resulting black product is washed with water and dried at 70 °C.
The product consists of nanotubes with a length of 1 — 10 um and a
diameter of 30-100 nm depending on the conditions of the
synthesis, the template type, the precursor concentration and the
reaction time. The walls of these nanotubes are formed by 3—10
VO, layers with interlayer distances of 35.3 A.The ESR spectra of
these samples contain a single line without hyperfine structure,
which is typical of interacting V4" ions. This is indicative of the
close arrangement of paramagnetic centres (4 < 0.7 nm) and the
occurrence of spin —spin coupling interaction. The g factor (1.961)
is equal to that of the VO(H,0)2" ion (1.962).

Hydrothermal treatment of a V,0s, MoOs and hexadecyl-
amine  mixture (180 °C) for one week afforded
V0'99M0040102.45(C16H3()N)0,27 nanotubes with a diameter
30— 10 nm and a length of 2—8 um.?!7 The interlayer distance in
these nanotubes determined by X-ray and electron diffraction is
34 and 29.3 A, respectively. The unit cell parameter @ of the two-
dimensional tetragonal unit cell in the layer is 6.23 A.

Manganese-containing VO, nanotubes of composition
Mn 1VO25+5-nH2O were synthesised by the ion exchange
method from the layered V2Os.s5(C12HasNHY) precursor.?!8
Their largest diameter is 100 nm and the length is 1.3 pm. The
nanotubes contain defects as partially broken zigzag layers with a
tetragonal structure (¢ = 6.157(3) and ¢ = 10.52(3) A). This com-
pound with a tubular morphology was tested as a cathode
material for electrochemical lithium intercalation. At a potential
of ~2V, 0.5 mol of Li per mole of V,Os are reversibly inserted
into VO, nanotubes. The cell capacity is 140 A h kg~

Reaction products of multilayer VO, nanotubes, which con-
tain a-monoamines with a chain length of 4—22 carbon atoms
between the layers (for example, Ci2-VO, contains alkylamine
with 12 carbon atoms), with salt solutions were studied.?!® This
process was demonstrated to be accompanied by intercalation of
alkali (Na*, K%), alkaline earth (Mg?*, Ca?*, Sr?*) and
transition metal (Fe?™, Co?™, Ni2*, Cu?*, Sm?*, Tb3*) cations
with a decrease in the interlayer distance in the tubes to
0.9—1.2 nm. The intercalated K* cations bound to crown ether
can be partially replaced with dodecylamine with the result that
the initial interlayer distance is restored. The reactions with RbCl,
CsCl, AgNOs, SrCl, and BaCl, solutions lead to destruction of
nanotubes, whereas ZnCl, and Pb2* salts are not intercalated.
The largest atomic cation : V ratio in the insertion compounds is as
high as 0.27.

Nanotubes intercalated with Na®, K+ and Cu?™ ions were
prepared by the ion exchange method at the molar ratio
VO.:MCl, = 1:4.22 These cations in the samples account for
0.26, 0.27 and 0.12, respectively. The unit cell parameters for the
intercalated tubes are as follows (the parameters of the starting
nanotubes are given for comparison):

alA c/A
C12-VO, 6.12(1) 27.12)
Na0_26VOX 605(1) 92(1)
Ko27VOx 6.11(1) 9.6(1)
Cup2VOy  6.08(2) 10.6(2)

The Raman spectra of VO, nanotubes show a broad low-
intensity band at 995 cm—! (V=0) and two broad bands at
800—600 and 500-200 cm~—! (V—O—V). These broad bands
are associated with high disorder of the atomic structure of the
tubes.??% Galvanostatic studies of these materials provided evi-
dence that the redox process is reversible (more then 100 cycles) in

current sources with a lithium anode. The discharge capacity is
120—150 A h g—! and the maximum lithium content is 0.5 Li™
per vanadium atom.

Multilayer Cu—VO, and Fe— VO, nanotubes were pre-
pared 22! by stirring (20 h) a dodecylamine— VO, NT suspension
in aqueous-alcoholic CuCl, and FeCl; solutions followed by
filtration, washing and drying in air at 60 °C. The starting nano-
tubes (primarily, open) have an outer diameter of 60— 100 nm, an
inner diameter of 15—40 nm and a length of 1 —3 pum. Their walls
consisted of 6— 12 rolled-up layers of vanadium oxides with cracks
and dislocations; the average interlayer distance ( ~30.2 A) is
indicative of the perpendicular arrangement of the dodecylamine
molecules. The starting dodecylamine — VO, nanotubes are char-
acterised by the tetragonal unit cell (a = 6.12, ¢ = 33.71 A). The
Cu- and Fe-containing nanotubes have the same structure, the
interlayer distances are 10.9 and 10.5 A, respectively, the inner
diameter varies in the range of 40— 65 nm and the outer diameter
varies in the range of 60— 80 nm.

The structural changes resulting from the transformation of a
dodecylamine— VO, xerogel into nanotubes followed by interca-
lation with Cu”* and Fe”™ cations were studied by IR spectro-
scopy. The main absorption bands for the dodecylamine— VO,
composite are observed at 998, 957, 733, 531 and 838, 809,
635 cm~!, and the main absorption bands for the dodecylami-
ne— VO, nanotubes are observed at 1001, 792, 721, 573 and
487 cm~!. The spectra of the nanotubes also show the shift of
the N — H stretching band from 3049 to 3127 cm — ! and changes in
the 1600—1500 cm~! region of bending vibrations associated
with the difference in the environment about the NH7 groups.
After ion exchange (Cu— VO, NT), new bands appear at 3571,
3440 and 1615 cm—!, which correspond to O—H stretching
vibrations and H—O—H bending vibrations. In the region of
V —O bonds, two new bands at 755 and 526 cm—! (a shoulder at
590 cm— ') correspond to V—0O—V and V—O—Cu bending
vibrations, and the V=0 band is shifted from 1001 to
1007 cm—!. For the Fe — VO, nanotubes, the shifts of the bands
are insignificant (997, 576, 495 cm—! and 3384, 3203 and
1614 cm~1). This indicates that the Fe”* cations are bound to
the VO, layers.

X-ray photoelectron spectroscopy demonstrated 2! that
intercalated nanotubes contain a large amount of tetravalent
vanadium. Copper atoms exist primarily in the monovalent
state, and Cu?" cations and copper clusters are also present in
small amounts. In Fe— VO, nanotubes, iron atoms exist in the
Fe, Fe2* and Fe?* states. Analysis of the N1s band shows that
trace amounts of amines are present in the samples. The compo-
sitions of NT were represented as VO 3(Ci2H25sNH3)o 3s,
VO1.53 < x < 21(C12H25NH3)0.21Cu.0s(H20) <0.56 and
VO2.08 < x < 2.68(C12H25sNH3)0.13F€0.19(H20) <0.33. The chlorine
content in the intercalates was lower than 0.01 mol.

Upon heating in air to 180 °C, Cu—VO, NT remain
unchanged. The weight loss (~9%) occurs due to elimination of
water coordinated to copper cations. At about 350 °C, the weight
loss is 17%, residual water and organic molecules are eliminated,
and the tubular structure is destroyed to form the unstructured
V,05_,/CuO composite. Under nitrogen, the weight loss in
Cu—VO, NT occurs in the temperature range of 180—650 °C,
and thermolysis affords Cu and V,0O3. The process gives rise to
V,0; nanotubes consisting of V,Os crystallites with a size of
3—5 nm. These nanotubes are thermally stable under nitrogen up
to 650 °C, and copper metal nanoparticles are present inside the
nanotubes. The Cu— VO, nanotubes are catalytically active in
decomposition of HCN giving rise to Cu(CN),. Additional data
on copper-containing VO, nanotubes were reported in the
study.???

The VO, nanotubes are structurally related to
BaV;016-n H20 2?3 and (en)V;016.72* The (V7016), layers form
a framework of the tube, whereas the amine molecules are inserted
between the layers. These isotropic layers formed by the equi-
valent planes, which are composed of VOs square pyramids on
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both sides of the layer, roll up to compensate free bonds of the
terminal atoms giving rise to a tubular morphology.

The (en)V7;0;6 compound is an example of structures charac-
terised by strong electrostatic interactions between the negatively
charged VO, layers and the ethylenediamine cations. This com-
pound crystallises in the triclinic system with the unit cell
parameters a = 6.161(2), b =6.170Q2), ¢=19.111(7) A,
o =96.138(9), f = 92.819(9), y = 90.067(9)°. (In an independent
electron diffraction study, the following unit cell parameters were
determined: a ~ b ~ 6.15, ¢ ~ 18.5 10\, ar 98, f~93, 9v~x90°)
Each V;0,¢ layer consists of two planar sheets, which, in turn, are
composed of VOs square pyramids linked via VO, tetrahedra.
However, (en)V;0,6 was not prepared in pure form, and the NH»
groups in this compound are protonated. The model of interca-
lated vanadium oxide nanotubes can be derived from the
(en)V5Oj¢ structure. The unit cell parameters for C;2-VO, nano-
tubes are @ = 6.152, ¢ = 54.80 A, the space group is P4./m. The
nanotube formation is favoured by a large interlayer distance
(larger than 1.6 nm), as well as by the presence of amines and
diamines containing long alkyl chains, which are inserted in the
nanotubes.

Nanostructured vanadium oxide was synthesised using car-
bon nanotubes as a template.?>>-22% The procedure involves coat-
ing of carbon NT with a V,Os5 gel followed by removal of carbon
by calcination in air at 700 °C. To create acid centres on the
surface of C-NT, the pre-treatment with boiling HNO3; was
carried out for 24 h. The diameter of the nanotubes thus prepared
was 20— 55 nm and the length was 2—3 pm. The orthorhombic
system and the unit cell parameters a = 11.44, b = 3.54,
¢ = 4.35 A were determined by electron diffraction.

Oxide y-V20s forms a layered orthorhombic structure with
the unit cell parameters a = 9.946, b = 3.585, ¢ = 10.042 A. The
shortest interatomic distances (in 10\) in the VOs pyramids of
vanadium oxides are as follows:

Oxide V=0 V-0O(-V) 00

¥-V,05 (V) 1.547 1.726 1.891, 1.986
¥-V,05 (V)  1.581 1.848 1.898, 1.967
V205 1.576 1.778 1.878,2.018

Nanorods and nanowires of y-V,Os were synthesised 227
under mild conditions using the micelle method. The average
lengths of the nanorods and nanowires were 90 nm and 1 pum,
respectively. The sizes of these nanostructures depend on the time
during which particles are kept in a micellar solution. The
syntheses were carried out in a colloidal sodium bis(ethyl-2-
hexyl)sulfosuccinate —isooctane —H,O solution, where the first
component served as a stabilising surfactant, to which a solution
of VO(OPr'); in isooctane (5x 10~3 mol litre—!) was added at
20 °C for 24 h and 100 days, respectively. Well-crystallised nano-
rods, whose axes are parallel to the [101] direction, and nanowires
extended along the [100] direction were synthesised.

The IR spectra of the nanorods are similar to those of the
nanowires. The 17501000 cm ! region shows bands assigned to
surfactants and bending vibrations of water molecules
(1630 cm—!). The V—O stretching vibrations are observed at
1022, 1000, 963, 745 and 537 cm—!. X-ray photoelectron spectro-
scopy demonstrated that vanadium in these nanostructures exists
in the pentavalent state; the bond energies of the 2p doublet are
518.8 and 525 eV.

Nanorods of y-LiV20s, which crystallise in the orthorhombic
system and have a diameter of 30—40 nm and a length of
0.4-2 um, were synthesised by the solvatothermal method >*®
with the use of ethanol as the solvent, which served simultaneously
as a reducing agent:

2LiOH + 2V,0s5 + EtOH — 2y-LiV,05 + MeCHO + 2 H>O.

A 1:1 LiIOH and V,0s mixture in ethanol was kept in an
autoclave at 160 °C for 24 h, and the precipitate was filtered off,

washed with ethanol and dried at 100 °C. The nanorods thus
prepared were tested as a cathode material in a cell with a lithium
anode. In the potential range of 1.5—-4.2 V, the discharge capacity
of the cell was 259 mA h g—!. In the first five charge —discharge
cycles, the discharge capacity rapidly decreased and then
remained constant (199 mA h g—! after 20 cycles).

Nanosized crystalline mixed-oxidation-state vanadium oxide
was prepared by the addition of VOCI; to benzyl alcohol at room
temperature and heating of a solution to 120 °C.13¢ After aging,
the precipitate was separated by centrifugation, washed with
ethanol and dried.

Nanorods of NaV,0s (the orthorhombic system, the unit cell
parametersa = 11.293,b = 3.606, ¢ = 4.798 A) were produced by
the hydrothermal method.??® Their geometric parameters are
determined primarily by pH and the concentration of the reducing
agent (NH,OH). The magnetic properties of the samples were
determined in the temperature range from 2 K to room temper-
ature.

Single-crystalline samples of tubes with composition Na, V307
were grown in vacuo from a Na; V205 melt as black fibres several
millimetres in length.230-231 Fibre bundles can be easily separated
into individual crystalline fibres with D < 100 pm. The crystals
belong to the trigonal system, a = 10.886, ¢ = 9.538 A, Z=6,
and consist of VOs square pyramids sharing edges and vertices to
form parallel tubes with an inner diameter of ~0.5 nm. The Na
ions are located along the axis of the tube and between the tubes.
This material should have an unusual ionic conductivity and
properties of a low-dimensional quantum magnet and can be
involved in ion-exchange reactions. The electronic and vibrational
characteristics of Na,V307 NT were studied.??! The electronic
structure of Na,V307 is similar to that of nanotubular vanadates.
The optical absorption spectrum shows a band at ~ 1.2 eV, which
was assigned to V(d — d) transitions, and bands at 3.3 and 3.9 eV
assigned to O2p — V3d transitions.

Chemical vapour deposition from a B-diketonate complex and
vanadyl acetylacetonate mixture on a glass substrate afforded
nanowires of the B phase of Na,V,Os with D = 20—200 nm and
L = 10-30 nm.?3? A single-phase sample of B-Na,V-Os, in which
the growth orientation along the [k0/] direction prevails, was
prepared only at 550 °C. A decrease in the temperature to 540 °C
results in the appearance of an impurity as V,Os platelets.

Complex manganese vanadium oxide Mny_»3(OH)s.
.(VO4)4-2x(V207)yx, where x = 0.2, with a hexagonal structure
also exhibits a tubular morphology (Fig. 4).233 This oxide was
synthesised by hydrothermal treatment of an alkaline solution
(pH 10.2) containing V,0s, MnSO4 and tetrabutylammonium
cations (the template) in a molarratioof 1: 1:4at 165 °Cfor 72 h.

Figure 4. The SEM image of (Mn,V)O, NT.232
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Nowadays, most studies of VO, nanotubes are aimed at
developing procedures for the synthesis and investigating the
morphology of samples. Data on their physicochemical properties
are scarce.”* The prospects of the use of vanadium oxide
tubulenes as cathode materials for lithium cells,235~238% semicon-
ductors for the production of FET transistors >3° and catalysts for
oxidation 227 were estimated. Studies of the cathode properties of
VO, nanotubes in chemical current sources with a lithium anode
demonstrated that vanadium (which initially consisted of 60% of
V3+* and 40% of V4*) is reduced to the tetra- and trivalent
states.?¥ The theoretical cathode capacitance is 240 mA h g—!
and the experimental capacitance is 210 mA h g—!. During the
first twenty discharge cycles (5h), the discharge capacity
increased.

At a potential below 2 V, the cathode material contains V3,
V4T and V3" derivatives. Consequently, vanadium can be
reduced further, which accounts for the observed increase in the
discharge capacity. When charging the current source, the charge
is localised in the V(3d) band.>*! The C-NT/aerogel/V,0s nano-
composite exhibits good cathode properties at a high discharge
rate.?*> At a current density of 112 mA g—!, the discharge
capacity of this cathode is higher than 560 mA h g—!. For the
graphite/aerogel/V.Os composite, the discharge capacity is
450 mA h g—!. The resistance of electrodes composed of the
C-NT/aerogel/V20s composite is four times lower, which is
primarily responsible for the improvement of their characteristics.

Nanosized oxide tubes and rods are promising modules for
nanotechnologies.?*3 Nanowires prepared on a Si/SiO, substrate
have a symmetric nonlinear voltammetric parameter and high
resistance.>** Measurements performed in the temperature range
of 100-300 K provided evidence for the hopping mechanism of
conductivity. Small-radius polarons migrate between V4* and
V3 with an activation energy of 0.11 eV. The electrical character-
istics of V>Os nanowires with a ribbon structure formed on a
Si/Si0; substrate were studied 240-244.245 (the length of the ribbons
is a few micrometres, the width is 10 nm and the thickness is
1.5 nm). The conductivity of the fibres from such ribbons is
20.5 S cm~! and the contact resistance between the fibres is
62 MQ. In strong electric fields (£ > 10° V cm 1), the conductiv-
ity depends nonlinearly on the length of nanofibres. An analogous
dependence has been observed earlier for V,Os films. In the region
adjacent to the electrodes (L < 300 nm), non-Ohmic transport
can occur.

¢. Chromium oxides

A composite consisting of carbon nanotubes filled with chromium
oxide CrO; was synthesised in air at room temperature.>*¢ For this
purpose, C-NT were treated with a paste consisting of CrO3; and
HCI (12 M) in a molar ratio of 2: 1. The tubes were filled over a
period of time from 3 h to 2 days. The material is formed by the
following reaction of CrO3; with HCI:

CrO; + 2HCl — CrO,Cl, + H,0.

Initially, chromium oxochloride and unconsumed CrO; are
inserted between bundles of carbon nanotubes to form intercala-
tion compounds. The CrO,Cl, compound is sensitive to light,
gradually decomposes, releases chlorine and oxidises carbon:

2CrOxClL + Cl, + 2C —» 2CrCl3 + 2CO;.

Oxidation of carbon atoms is induced by defects and impurities on
the surface of C-NT, due to which the tubes contain pores. As a
result, concentrated CrOj3 solutions can penetrate into their inner
cavity. The latter reaction competes with filling of the tubes. The
structure of C-NT remains intact upon mild oxidation of carbon.
Chromium trichloride was washed with water. The resulting
composite is stable in vacuo under ion bombardment, as well as
in air and in polar solvents, such as water, ethanol and acetone.

d. Manganese oxides
Nanoribbons of complex manganese magnesium oxide of compo-
sition Mgz 11Mns 46012 - x H2O, with a length varying from a few
to tens of micrometres, a width of 20—100 nm and a specific
surface area of 81 m? g—! were synthesised.?*’” The compound
crystallises in the pseudoorthorhombic (monoclinic) system with
the unit cell parameters a = 9.7, 5 = 2.9 A, p = 90°; the parame-
ter ¢ was not determined. The average oxidation state of Mn is
+3.62. The nanosized crystalline ribbons contain tunnels with
equal diameter extended along the @ axis, which are arranged in an
ordered fashion about the b axis. The size of the framework of the
tunnel structure is 6.9 x 6.9 A. The synthesis was carried out in an
autoclave at 120, 150 and 200 °C using layered microporous MgO
and a (Et4N),MnO,, gel as precursors. Heating of the nanoribbons
at 40—130 °C was accompanied by elimination of physically
adsorbed water (5%). Water located in the tunnels was removed
(~11%) in the temperature range of 130—420°C, and destruction
accompanied by elimination of coordinated water and oxygen
occurred at 420560 °C. Relatively active oxygen chemosorbed
in tunnels was eliminated at 480 °C, and oxygen involved in the
crystal structure was eliminated at 550 °C. The catalytic activity of
the nanoribbons in oxidation of benzyl alcohol to benzaldehyde
was studied; the degree of conversion was as high as 45%.
Nanofibres of nanostructured a-MnO; were synthesised 248 by
the template method. An aluminium membrane was placed in a
sol (which was prepared by stirring fumaric acid, KMnOj4 and a
H>SOy4 solution for 10 min) for 10 s. Then the membrane was
dried and heated in air at 500 °C for 24 h. The resulting man-
ganese dioxide layers were separated and treated with a 6 M
NaOH solution to remove the residual aluminium template.

e. Iron oxides
Macroscopic hollow fibres of hematite (a-Fe,O3) with a diameter
of 4—10 pm, a wall thickness of 1-2 um and a length of up to
20 cm were synthesised.?*® Reduction of hematite with hydrogen
affords hollow fibres of a-Fe. Iron alkoxide Fe(OEt);, which was
dissolved in ethanol and mixed with 2-methoxyethanol (MOE) in
the molar ratio Fe3* : MOE = 1:3, was used as a precursor in the
synthesis. Within 2 h after dissolution of the red precipitate in
acetic acid (Fe'"': AcOH = 1:10), a sol appeared. The sol was
transformed into green fibres of the gel at 40 °C during several
days. After removal of organic components at 200 °C, amorphous
fibres were obtained. At 300 and 400 °C, the fibres were trans-
formed into B-Fe,Os; and a-Fe,Os, respectively. Final thermal
treatment of the fibres was carried out at 500—700 °C.

The mechanism of formation of hollow fibres can be repre-
sented by the following sequence of transformations:

Fe(OEt); + x ROH === Fe(OEt);_(OR), + x EtOH,
Fe(OEt):—«(OR), + 3AcOH —
— > Fe(OAc); + x ROH + (3—x) EtOH.

The ROH (MOE) molecules form hydrogen bonds with the
polymeric Fe(OAc); units, resulting in the formation of an ethanol
sol. Further polymerisation affords fibres containing large
amounts of ethanol and acetate anions. Heating of the composite
leads to diffusion of sol particles, evaporation of organic com-
pounds and formation of tubes, which are transformed into
hollow polycrystalline fibres by thermal decomposition of acetate
with elimination of CO;, and H»O. Hollow fibres were observed
also after storage of gels in air for one month.

Nanoparticles of a-Fe,O3 with a size of smaller than 100 nm
were deposited 20 as round-shaped particles with a size of ~1 pm
on the (001) crystallographic face of silicon from a ferrocene,
xylene and water vapour mixture at 1000 °C. In the absence of
water vapour, carbon nanotubes are produced. Water vapour
reacts with silicon of the substrate giving rise to round-shaped
templates to which Fe,O3; nanoparticles are bound as a result of
selective etching and oxidation of Fe® with H,O vapour. It was
also found ?°! that y-Fe;O3 nanoparticles (~5 nm) prepared by



Nanotubes and related nanostructures of d-metal oxides: synthesis and computer design 599

hydrolysis of FeCls in the presence of n-octylamine undergo
aggregation. Highly crystalline a-Fe,O3; nanotubes were pre-
pared 252 by hydrothermal treatment of Fe(NOs); in cavities of
C-NT and in a NaOH solution.

Nanowires of cobalt ferrite CoFe>O4 with an average diameter
of 50 nm and a length of up to a few micrometres were synthesised
under mild conditions inside C-NT.?>3 Carbon nanotubes with an
outer diameter of 120 nm and an inner diameter of 60 nm were
filled with aqueous Co(NOs3), and Fe(NOs); solutions in a molar
ratio of 1: 2 and heated in air at 100 °C. The amount of cobalt and
iron salts recalculated for the metals accounts for 30% of the mass
of C-NT. Thermal treatment of long-fibre CoFe>O4 nanowires
(with a diameter of ~60 nm, which is equal to the inner diameter
of the template tube) at 450 °C afforded cobalt ferrite nano-
particles as capsules 10 nm in size. Biological macromolecules, for
example, hollow protein tubes of tobacco mosaic virus, can also be
used as a template for the preparation of iron oxide nanotubes.>>*

f. Cobalt oxides
It was found 2°3 that the trivalent cobalt complex CoL(en)2(BF4)2

2+
. _comn
\f
H:N—Co(II)—NH, 2BF;

Hzll\l\Slz

[where L = NH>CH(CO,H)CH,S] can be readily inserted into
polyelectrolyte (PE) layers of colloidal particles, is deposited on
these particles and serves as a precursor of CoO NT. The starting
composite was prepared by the addition of poly(diallyldimethyl-
ammonium chloride) (PDADMAC) to an aqueous suspension of
polystyrene particles (PS) with stirring followed by centrifugation
to remove an excess of PDADMAC and layer-by-layer deposition
of poly(sodium 4-styrenesulfonate) (PSS) and CoL(en)2(BF4)2
onto PS particles. After drying at room temperature in air,
spherical particles of modified PS form a necklace-like structure
(Fig. 5). [In the absence of the cobalt(111) complex, this structure is
not formed, because hydrogen bonds of the cobalt-containing
precursor in the composite play the key role.] The use of Co
complexes, which are not involved in hydrogen bonding, led to the
formation of hollow spheres. Calcination of modified PS particles
at 385 °C under nitrogen and oxygen for 2 and 6 h, respectively,
afforded Co304 tubulenes with D =200-400 nm and
L=3-4pum.

The necessary condition for the nanotube formation is the
presence of ten alternating PDADMAC and PSS layers on PS
particles. If the number of layers is smaller than six, nanotubes are
not produced. The amount of the precursor in multilayer poly-
electrolyte particles and the time of their heating under a stream of
nitrogen and oxygen play an important role in the synthesis of
Co0304 nanotubes. The morphology of nanostructures also
depends substantially on the type of hydrogen-containing Co3*
complexes inserted into a multilayer polyelectrolyte on the surface
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Figure 5. The TEM image of CoO, NT.?%

of colloidal particles.>>® Cobalt complexes with strong intermo-
lecular hydrogen bonds form one-dimensional Co3;0O4 nanotube
structures. Complexes, in which hydrogen bonds are weak, if at all
present, give rise to short defect-containing nanotubes and
destroyed balls.

Nanostructures of CozO4 with a large specific surface area are
of practical interest, because this Co?*- and Co’"-containing
oxide with the spinel structure serves as a good catalyst for
oxidation of CO. Nanosized Co3Oy4 fibres can be prepared by the
template sol—gel method.?*® An aqueous solution of Co(NO3),
(0.3 mmol litre—!') and citric acid (0.05 mmol litre—') was sub-
jected to hydrolysis for 1 h, the resulting sol was incorporated into
an aluminium template membrane for 10 s, and the membrane
was dried in air and annealed at 500 °C for 24 h. Then the
membrane was dissolved in alkali to prepare individual Co304
fibres.

g. Nickel oxides

Nickel-containing tubulenes can be synthesised by the template
method.?>” For example, nickel nanowires were grown starting
from C-NT, which were prepared by decomposition of propene on
an anodised aluminium membrane.>>” The tubes were filled with
nickel metal by decomposition of nickelocene under a stream of
hydrogen at 105 °C. Then the aluminium membrane was removed
by dissolution in 10 M NaOH at 150 °C in an autoclave. The
length of the nickel nanowires thus prepared varies from tens to
hundreds of nanometres, the diameter is 4 nm, and the inner size
of C-NT is 20 nm, which is uncharacteristic of the template
method. The latter usually gives nanowires with a length that
coincides with the inner diameter of the channels in the template.
The growth of nanowires occurs predominantly along the (111)
plane of the crystal structure of nickel metal. The formation of the
latter in the vicinity of the open ends of C-NT was not observed.
Nickel nanowires are produced inside C-NT by vacuum evapo-
ration of nickelocene.?*8

Decomposition of nickelocene at 275 °C under a water vapour
atmosphere followed by deposition of nickel on a carbon film
afforded a Ni—C composite.?>” Treatment of the latter with
10 M NaOH at 150 °C in an autoclave produced C-NT with
inclusions, which are analogous to nanosized NiO ribbons 4 nm
in width and 10—800 nm in length, and nickel metal particles
(larger than 10 nm, Fig. 6). The upper and lateral surfaces of the
nanoribbons are parallel to the (111) and (202) crystallographic
planes, respectively, of NiQ, if its axis is oriented along the [211]
direction.

The formation of NiO results from oxidation of nickel with
atmospheric oxygen, which occur during alkaline treatment of the
composite in an autoclave. In the cavity of C-NT with an inner
diameter of 20 nm, NiO crystals grow along the tube axis. In

Figure 6. The TEM image of a NiO nanoribbon intercalated into a
carbon nanotube.??
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C-NT with D > 20 nm, platelets with sizes (in the plane) of
hundreds of nanometres can be produced. The complete filling
of the cavities in C-NT with NiO crystals is needed for the
synthesis of nanowires or nanorods. However, this does not
occur due to the growth of a thin crystalline NiO plate along the
tube axis. The NiO —C-NT nanocomposite can also be prepared
by filling carbon nanotubes, which are pre-treated with nitric acid
followed by annealation under a stream of argon at 450 °Cfor 5 h,
with nickel nitrate.?% In this case, nickel oxide completely fills the
inner cavity of the tube (~ 3 —6 nm in diameter) to form elongated
nanoparticles (10—40 nm in length). This composite can be used
as a catalyst in organic synthesis.

h. Copper oxides

Nanosized CuO rods were synthesised 20 according to a rather
simple procedure by stirring CuCl,-2H>0 and NaOH in the
presence of polyethylene glycol (PEG). Then the composite was
washed with water and EtOH and dried in air at 60 °C for 3 h. The
final product consisted of identical CuO nanorods 8 nm in
diameter and 40 nm in length. The type of the nanostructures is
determined by PEG, which forms chain aggregates in water. The
synthesis of bamboo-like CuO nanoparticles (D = 20—90 nm,
L = 250-700 nm) was documented.?®! Templates of multilayer
C-NT were treated with boiling HNO3 (68%) for 24 h, stirred
with a Cu(NO3)z solution for 48 h, filtered, washed with water and
dried at 60 °C for 12 h. Heating under a stream of argon at 450 °C
(5 h) followed by burning up of C-NT in air (750 °C, 1 h) afforded
copper oxide with the parameters of the monoclinic unit cell
a=4.697,b=3.425,¢c=5.130 A, B = 99.67°. The average size of
the crystallites was 37 nm (calculated from the width of the (110)
reflection), and the crystallites are oriented predominantly along
the [101] direction. It should be noted that the sizes of the CuO
nanoparticles are much larger than those of the template, which is
attributable to the tendency of the system to decrease the surface
energy and to the intergrowth of the adjacent CuO nanostructures
upon burning up of carbon tubes.

One-dimensional well-ordered CuO nanofibres are produced
during autocatalytic growth.?°> Copper nuclei with sizes equal to
the pore diameter of the membrane (50—60 and 100—150 nm)
were deposited on a copper plate having a polycarbonate (PC)
membrane as a template from a CuSOy4 solution in the electric field
of 15V cem~!. Heating of Cu crystallites under an oxygen
atmosphere results in their transformation into nanocrystalline
CuO fibres with an average length of 2 um and a packing density
of 107-10% cm~2. The diameter of nanofibres corresponds to the
average size of copper particles. The solid-phase synthesis of
nanosized whiskers (D = 2—10 nm, L > 100 nm) in the presence
of the non-ionic surfactant polyethylene glycol (PEG-400) was
also documented.?¢?

The CuO/C-NT composite with the mass ratio
CuO:C = 3:2, which was prepared by oxidation of Cu/C-NT
by heating to 160 °C in air for 12 h, was studied as a cathode
material in current sources with a lithium anode.?** Lithium
(1.88 g-at of Li per 6 g-at of C) was inserted into C-NT by the
electrochemical method. This amount of lithium corresponds to
the capacity of 700 mA h g=!. For CuO/C-NT layers, the
capacity is 268 mA h g—!. Lithium is inserted into the CuO
structure at a potential of 1.7-1.0 V and is eliminated at
2.3—2.5 V. The stable operating time of the CuO/C-NT cathode
material during cycling is determined by stability of the intercala-
tion compound Li,CuO, which decomposes into Cu, Cu,O and
Li,0. In this case, the microstructure of C-NT is of considerable
importance. Intercalation and deintercalation of lithium causes
destruction of C-NT.

k. Zinc oxides

Nanostructured ZnO has attracted considerable attention,?%3
because materials based on this compound are widely used in
electronics, optoelectronics, optics, solar batteries and sensors and
also serve as photocatalysts. Zinc oxide nanorods and nanofibres

were prepared by the hydrothermal method.?%°~—2%° The simplest
microemulsion method is the reverse of the micelle formation.2¢¢
Cetyltrimethylammonium bromide (CTAB) was used as a micro-
emulsifying agent. Sodium hydroxide was added to a solution of
zinc acetate in n-hexanol and n-heptane to pH 14. The mixture
was stirred until a Zn(OH)3~ emulsion was formed and then
heated in an autoclave at 140 °C for 13 h. The white precipitate
that formed was washed and dried in vacuo at 60—70 °C. The
product consisted of nanowires of hexagonal ZnO
(D =30-150 nm, L to 3 pm) with the growth direction along
the ZnO (110) crystallographic plane. Single-crystalline ZnO
nanowires (D = 80— 100 nm, L ~ 10 pm, the [0110] growth direc-
tion) were also synthesised by hydrothermal treatment of
Zn4CO3(OH)6 : H20.269

Hydrothermal oxidation of zinc metal in the presence of
CTAB (180 °C, 20 h) affords ZnO nanorods.?®® Surfactants,
such as CTAB and n-hexanol, play an important role in the
formation of ZnO nanowires. These surfactants facilitate the
orientational growth of ZnO. In the synthesis with the use of
zinc metal as a precursor, the surfactants promote erosion of ZnO.
Ultrasonic pre-treatment of the reaction mixture before hydro-
thermal treatment facilitates nucleation and gives rise to a unified
morphology of ZnO nanorods in an alkaline solution in the ratio
Zn?* :OH~ = 1:20 in the presence of ethanol and ethylenedi-
amine.?%” Intergrowths of ZnO rods with a diameter 3040 nm, a
length of 1.5 pm were prepared (the unit cell parameters a = 3.25,
¢ =521 A). These rods exhibit photoluminescence at 385 and
485 nm under excitation with a He — Cd laser at a wavelength of
325 nm.266

A zinc oxide tubular material with an outer diameter 450 nm,
an inner diameter of 250 nm and an average length of 4 pm was
synthesised 7% under hydrothermal conditions (180 °C, 13 h)
from an ethanolic solution containing Zn(NH3);" cations by the
reaction

Zn(NH3);" + 20H- —» ZnO + 4NH; + HyO.

Ammonia that is eliminated plays an important role in the
formation of the tubular morphology of ZnO. The reaction
performed at a temperature below 180 °C with the use of
methanol or propanol instead of ethanol produces the final
product consisting only of ZnO nanoparticles.

Zinc oxide nanorods can be prepared by simple thermal
decomposition of hydrated zinc acetylacetonate Zn(acac), - n H,O
in an atmosphere of a N, and O, mixture at a pressure of
5% 10~ mm Hg and at 130140 °C on silicon [(100) plane] and
sapphire  substrates.?’”! = The ordered ZnO  structure
(D = 60—-80 nm, L =450—-500 nm) is prepared on the silicon
(100) plane, whereas ZnO nanorods, which are oriented along the
¢ axis and arranged in an ordered fashion along the a axis, were
grown only on the sapphire (110) plane. Zinc oxide nanorods were
grown also on an amorphous SiO, layer of a Si(100) plate heated
to 500 °C. These rods show emission and absorption in the UV
region at 386 nm and are characterised by a low concentration of
oxygen vacancies. The synthesis of high-quality well-oriented
nanorods with a controlled diameter (45, 60 or 90 nm) was carried
out by varying the vapour temperature (135—138 °C), the flow
rate of a N»/O, mixture and the substrate temperature. The
synthesis at 130—200 °C from Zn(acac), vapour and products of
its partial decomposition [for example, Zn(acac)] affords zinc
metal, which is oxidised on the substrate surface followed by the
growth of nanostructured ZnO.

Zinc oxide nanowires and nanorods can also be prepared in
aqueous solutions of zinc salts.?’>273 The oppositely charged
Zn(NHs)zz;+ and Zn(OH)3~ micelles act as microreactors, resulting
in the anisotropic growth of ZnO during a simple solvatothermal
process.

Nanostructured ZnO was synthesised 274 at room temperature
by adding 0.02 M NaOH to a mixture of solutions of
Zn(OAc)2°2 H,0 (0.01 mol litre—!) and triethanolamine (TEA)
(0.07 mol litre —1!), which was used as a surfactant, and stirring for
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30 min. The composite was washed with water and ethanol using
ultrasonic treatment and dried at 80 °C. The final product
consisted of hexagonal nanorods (the hexagonal system,
a=3.249, ¢ = 5.209 A) with a diameter of 20 nm and a length
of up to 200 nm. In the absence of TEA, ZnO nanoparticles were
prepared. The optimum TEA:Zn?" ratio is smaller than
0.1-1):1.

The solid-phase synthesis of hexagonal ZnO nanorods
(a =3.250, ¢ =5.207 A; D=40-120 nm, L is up to several
micrometres) %75 was carried out with the use of a ZnCly,
Na,CO; and KCI mixture, which was prepared with poly(oxy-
ethylene)-5-nonylphenol or poly(oxyethylene)-9-nonylphenol
ether in cyclohexane, as a precursor. The latter gave a precipitate,
which was washed with acetone, separated by centrifugation,
dried, annealed in air (770 °C, 3 h) and washed with water. The
use of NaCl instead of KClI (as a flux), an increase in the temper-
ature to 820 °C or an increase in the annealing time led to the
formation of larger nanorods.

The growth of perfect individual ZnO nanorods with
D =150£10 nm and L =2.174+0.13 um was observed upon
decomposition of amorphous tubular Zn(OH); as a precursor.?7¢
Good reproducibility of the sizes was achieved with the use of
sodium dodecylbenzenesulfonate (DBS) as a modifying and
protecting agent.

Zinc oxide nanorods with a diameter of 5-300 nm and a
length of up to several hundreds of micrometres can be synthesised
by the reaction

Zn + H,O —> ZnO + H,

in the gas phase at 730—1000 °C.277-280 The growth of ZnO
occurs along the ¢ axis (the [001] direction). For nanostructures
synthesised at 1000 °C under argon for 30 min, the following
three luminescence bands are observed:?®0 a strong band in the
UV region (379 nm), a blue band (466 nm with a shoulder at
~452 nm) and a weak yellow band (612 nm). The UV emission is
induced by direct exciton recombination, and the blue band
appears due to the imperfect ZnO structure. After annealing
under oxygen at 500 °C, the blue and yellow luminescence bands
are substantially weakened due to a decrease in the concentration
of O and Zn defects.

A modification of the chemical vapour-phase synthesis of
ZnO nanowires is based on the reaction

Zn(g) + SiO(g) —> ZnO(sol) + Si(sol)

at 900 °C under a stream of argon.?8! Oxidation of zinc vapour in
the temperature range of 850—925 °C affords high-quality ZnO
nanostructures as intergrowths of four nanorods (Fig. 7).282 The
morphology of the particles depends on the conditions of the
process.?83 Tetrahedral intergrown T-ZnO nanorods are pro-
duced in air (see Table 1), whereas individual nanorods are
formed under wet argon and nitrogen. The T-ZnO structure
consists of tetrahedrally shaped intergrowths with four ‘legs’

282

Figure 7. The SEM image of an intergrowth of T-ZnO nanorods.

2-3 um in length and the central core with a size of
70—200 nm.284

Oxidation of an aluminium-based melt containing 6% Si,
2% Zn and 0.8% Fe (mass %) produced relatively linear ZnO
whiskers 50— 500 nm in diameter.?8 The process was carried out
at 1100 °C for 1 h under oxygen. The melt was oxidised to form
Al,O3 microchannels on the surface. These channels were filled
with a liquid alloy, and zinc metal was oxidised to ZnO on the
surface of the alloy, resulting in the growth of nanowhiskers tens
of micrometres in length. In this example, iron serves as a catalyst,
and silicon acts as a promoter of growth of ZnO nanowhiskers.

Zinc oxalate, which was prepared in cyclohexane in the
presence of a surfactant, was used as a precursor to prepare ZnO
nanowires.?8¢ Zinc oxalate with an admixture of a flux (NaCl) was
heated at 920 °C under a stream of argon. Thermolysis of ZnC>O4
afforded ZnO, which was reduced with carbon of the surfactant to
Zn, and the latter went to the gas phase. Zinc and zinc oxide
vapours were deposited on the walls of the reactor to form zinc
oxide nuclei containing defects in the oxygen sites. Zinc oxide
nanowires (a = 3.249, ¢ = 5.206 A, D=15-80 nm) were grown
when air was passed through the mixture. Depending on the flow
rate of argon, either nanowires or nanowhiskers grow on the (101)
surface. The addition of a NaCl flux facilitates the formation and
nucleation of nanostructured ZnO, hinders particle agglomera-
tion and promotes evaporation of Zn and ZnO.

Crystalline nanowhiskers of hexagonal ZnO were prepared by
reduction of ZnS with hydrogen (5% H, under argon) at 1300 °C
to give Zn followed by oxidation to ZnO in an Ar + 5% O, gas
mixture.?87-288 The process is autocatalytic and occurs by the
vapour —liquid —solid mechanism. The growth of ZnO occurs
along the [0001] direction. The outer diameter, the length and
the wall thickness of the whiskers range up to 400 nm, 15 pm and
100—150 nm, respectively.?®® The photoluminescence spectrum
of the whiskers shows a strong emission band in the UV region
(381 nm) and a broad band at 583 nm (green luminescence).

Zinc oxide forms unusually extended and oriented chiral
nanostructures.?®® Such nanorods and nanocolumns grow in the
presence of citrate ions that control the crystal growth due to
adsorption on the (002) surface. The synthesis was carried out
with the use of oriented ZnO nanorods, which were grown on a
glass substrate in a solution of Zn(NO3), (0.03 mol litre ') and
hexamethylenetetramine (HMT) (0.03 mol litre =!) at 60 °C for 3
days. To grow helical ZnO nanostructures, the substrate was
placed in a solution containing Zn(NOs3), (0.03 mol litre 1),
HMT (0.01 mol litre—!) and sodium citrate (0.001 mol litre 1)
and the mixture was kept at 95 °C for 1 day. The process was
repeated by adding small amounts of sodium citrate. Chiral
nanorods 1 um in length were prepared. The base and top
diameters were 500 and 30 nm, respectively. The nanorods were
composed of helically arranged platelets with a step height of
~15 nm.

The microwave-induced plasma method was used 2°%-2°! to
synthesise ZnO structures with different morphologies (nano-
wires, nanocables, nanotubes) and specified sizes. Zinc or zinc
oxide powder was placed in a quartz tube furnace, through which
hydrogen was passed. Microwave heating of the precursor
(400 W, 2.45 MHz) up to the plasma formation (1000 °C) led to
condensation of Zn vapour in the furnace region with a temper-
ature 500 °C. After evaporation for 30 min, hydrogen flow was
terminated, and zinc was oxidised by passing a 1: 50 oxygen and
argon mixture for 15-30 min. Zinc nanowires formed under
hydrogen served as a template in the synthesis of nanosized Zn/
ZnO cables involving partial oxidation of zinc with oxygen
followed by the formation of ZnO NT. The wall thickness of the
tubes depends on the time of oxidation occurring along the [001]
direction. The average outer and inner diameters of nanotubes
were 40 and 10 nm, respectively, and the length was 1 pm. The
sizes of the tubes can be varied depending on the conditions of the
microwave-induced plasma process, the flow rate of hydrogen and
the oxidation time. The microwave-induced plasma method



602

G S Zakharova, V L Volkov, V V Ivanovskaya, A L Ivanovskii

combined with heating in a furnace allows one to prepare also
nanostructured ZnO as aggregates consisting of four nanorods
with a diameter of 10—25 nm and a length of up to 160 nm.>*!
Cathode luminescence of such structures is characterised by
strong UV radiation at 385 nm.

Nanosized whiskers of oxalate ZnC,O4-2 H>O can be pre-
pared by a chemical method.?®> For this purpose, the
Zn(OAc),-2H,O precursor was dispersed in xylene with an
admixture of sodium DBS as a template. An ethanolic solution
of HyC>04-2 H,O was added to the resulting suspension, and the
white  precipitate  consisting of nanosized  whiskers
(D =200—-300 nm, L up to 20 pm) was separated by centrifuga-
tion, washed and dried in vacuo at 60 °C. Some whiskers were
obtained as tubes with a wall thickness of ~30 nm. Heating of
these nanostructures at 180 and 427 °C was accompanied by
elimination of H,O and CO,, respectively. The resulting nano-
sized ZnO powder (50—60 nm) was stable up to 1280 °C. At a
temperature below 280 °C, ZnC>04 -2 H>O was transformed into
B-ZnC,04 nanowhiskers. The ZnC,04-2 H>O nanoparticles pre-
pared from an aqueous solution had a size and shape, which were
determined by a microreactor composed of the surfactant (DBS).

Considerable progress was made in the synthesis of nano-
structured ZnO by evaporation of zinc metal and its compounds.
Zinc oxide nanowires (D < 50 nm and up to tens of micrometres
in length) were prepared by heating Zn under a stream of nitrogen
or argon in the absence of a catalyst (zinc metal serves as the
catalyst, which is then oxidised to Zn0O).?3 Heating of a zinc plate
at 900 °C affords ZnO nanostructures exhibiting a tetrahedral
morphology (see Fig. 7).2°4 Evaporation of Zn powder at 800 °C
under argon gives rise to the hexagonal phase of ZnO as wires with
a diameter of 0.2—0.4 um and a length of several tens of micro-
metres.?>> This material exhibits strong green luminescence at
520 nm and relatively weak UV luminescence near 370 nm. The
former appears due to electron—hole recombination with the
involvement of electrons of the charged oxygen vacancies in the
ZnO structure. Zinc oxide nanowires (30— 60 nm in diameter and
tens of micrometres in length), which were prepared by heating Zn
powder in the presence of Au nanoparticles as the catalyst at
900 °C, also show a strong green emission.?%°

Evaporation of zinc oxide at 1380 °C under a stream of argon
or in vacuo?’-2 affords single-crystalline ZnO nanowires
(D =15-60 nm, L = 10-70 pm) with the [110] growth direc-
tion.?*8 Samples synthesised in vacuo hold promise as materials for
short-wavelength nanolasers.?*® Condensation of ZnO vapour in
the temperature range of 900—1030 °C gave a mixture of nano-
sized rods and belts of nanometre to micrometre diameter
(width).3% In the temperature range of 650—700 °C, rods and
belts with D = 70—300 nm were grown. More homogeneous
materials were produced at 350—450 °C as wires 15—-40 nm in
diameter and 10— 70 pum in length. The growth direction of ZnO
crystals is perpendicular to the (0110), (0001) and (1120) planes for
the belts, rods and wires, respectively. Crystalline ZnO nanobelts,
which were prepared 3! by thermal evaporation of ZnO in pores
of an aluminium membrane, had a length of 10—100 pum, a width
of 30—300 nm and a thickness of 6—30 nm and contained a
smaller number of oxygen defects than powders synthesised
under analogous conditions.

Additives of oxides 392 or low-melting point metals 393 in the
synthesis of nanostructures from ZnO vapour increase the evap-
oration rate of the latter and influence the morphology of the final
product. Nanosized bridges and nails can be prepared from ZnO
on a graphite, silicon or SrTiOs substrate by varying the con-
ditions of the synthesis. Nanobridges are produced by the addition
of In>Os3 to zinc oxide at 1000 °C and an air pressure of 2 Torr,
and nanonails grow at 950-970°C and 0.5-1.0 Torr. A typical
bridge (Fig. 8) is tens of micrometres in length and up to several
micrometres in height and width;392 it consists of a ZnO belt and
nanorods (50—200 nm in diameter and up to 2 um in length)
located at the edges of the belt. Each nanorod belonging to the
hexagonal system grows epitaxially along the [0001] or [0001]

Figure 8. The SEM images of different types of ZnO bridges;
(a) coiled; (b) doubled.

direction. The rows of nanorods are parallel to the [0110] direction
of the belt, which forms a ring in the centre of the bridge (Fig. 8 a).
Two belts can be linked together perpendicular to each other
(Fig. 8 b). The epitaxial growth of ZnO nails along the ¢ axis
occurs on a graphite substrate (Fig. 9). These structures are

302

Figure 9. The SEM images of ZnO nanonails.




Nanotubes and related nanostructures of d-metal oxides: synthesis and computer design 603

several micrometres in length, the diameters of the rods are in a
range of 150—200 nm, and the diameter and thickness of the
hexagonal nail-heads are ~1 pm and 50—100 nm, respectively.

The characteristic feature of ZnO nanostructures formed in
the presence of low-melting point elements is the growth of
attached branches of various shapes. In this case, the surface
segregation of low-melting point elements plays an important role
due to enrichment of the tops of nanostructures in these elements.
A three-dimensional self-organised nanosized ZnO-based hetero-
structure doped with In or Sn was synthesised by condensation
from a vapour phase on a graphite substrate.3%3 A ZnO, In,O3 (or
SnO,) and graphite mixture was heated at 1000 °C and condensed
at 850 °C by oxidation with atmospheric oxygen to form nano-
sized In- or Sn-doped ZnO ribbons. Indium-containing comb-
shaped heterostructures have a core composed of nanowires
(D = 10—15 nm) grown along the [0110] direction. The £(2110)
faces of the core are covered with nanoribbons located perpendic-
ular to this face. The chemical composition of the core is described
by the formula (ZnO);;In,O3 . At a higher percentage of indium in
the starting mixture, an additional growth of ZnO nanorods with
a length of 100—3000 nm on both sides of the nanowires (perpen-
dicular to the ribbon plane) is observed. These nanorods form a
straight row. Therefore, the nanorods and nanoribbons grow
epitaxially on the core formed by nanowires.

A further increase in the percentage of indium in the starting
mixture leads to the formation of nanostructures as four- or six-
blade rotors (Fig. 10). The length of such rotors along the central
axis is equal to tens of micrometres, and the length of the nanorods
forming the blades varies from 200 nm to several micrometres.
The terminal blades of the nanorods are ordered in a line and are
hexagonal in shape. The core of the rotors consists of In,Os
belonging to the cubic system with the unit cell parameters
a=10.118 A. If the growth of the core occurs along the [001]
direction, there are four equivalent (100) planes, on which ZnO
nanorods grow to form a four-blade rotor. If the In,O3 core grows
along the [111] direction, the resulting nanorotor has six sym-
metrical blades corresponding to six equivalent (110) planes.

The growth of nanoribbons with a length of 1-20 pm and a
width of ~1 um, which cover the core of the nanostructure,
occurs also in the presence of tin. The core of the structure consists
primarily of ZnO and grows in the [0110] direction, while the

Figure 10. The SEM (a and ¢) and TEM images (b and d) of ZnO
nanorotors with six (¢ and b) and four (¢ and d ) blades.?%3

ribbons grow in the [2110] direction. The Sn:Zn ratio increases
from the centre to the ends of the structure, where it is ~8%.

The self-organised type of the structural configuration of ZnO
nanowires and nanoribbons butt-joined together was obtained 304
by thermal evaporation of a ZnO and SnO, mixture in a mass ratio
of 1:1 at 1300 °C under a stream of argon (300—400 Torr).
Nanostructured oxide ZnO is produced in a furnace in the upper
part of the alundum tube at 700—800 °C. Tin particles reduced
from SnO; serve as the catalyst for this process. The morphology
of the resulting structures appears like a liana: Sn balls are
attached to the axial ZnO nanowire (D &~ 30 nm) by nanoribbons
(Fig. 11). The junctions of the ribbons with the axial nanowire are
tens of nanometres at size, the width of the ribbons varies from 100
to 200 nm, and the ribbons are arranged about the axial nanowire
at approximately 60 degree intervals. In the first step of formation
of this configuration, the axial ZnO nanowire rapidly grows along
the [0001] direction under the catalytic action of tin. Then particles
of tin melt on the surface of the nanowire and initiate nucleation
and epitaxial growth of nanoribbons. In this slower step, tin
particles at the ends of the nanoribbons grow in size to form a
tadpole-shaped structure (Fig. 11 5). The growth of ZnO nano-
ribbons along six directions, £[1010], £[0110] and £[1100], give
rise to six symmetrically arranged tadpoles with an angle between
the adjacent tadpoles of ~60°.

Semiconducting single-crystalline ZnO wires were synthesised
by thermal evaporation of ZnS on a Si(100) substrate in the
presence of Au as the catalyst3%> at 1223 K under argon (150
Torr) according to the reactions

ZnS(sol) — ZnS(g),
ZnS(g) + Ox(g) —> ZnO(sol) + SOx(g).
The nanowires 20— 60 nm in diameter and tens of micrometres in

length grow along the [001] direction and contain a high density of
structural defects. Evaporation of a ZnS and Fe(NO3); mixture in

Figure 11. The SEM images of nanosized liana-shaped (a) and tadpole-
shaped (b) ZnO heterostructures.
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a molar ratio of 1:2 (1300 °C, 12 h) under argon containing 5%
H» (350 Torr) affords whiskers with a diameter of 200—500 nm
and tens of micrometres in length.3%¢ Zinc oxide whiskers do not
grow under pure argon or nitrogen. In oxygen, micronic-size ZnO
particles are produced by the reactions

4Fe(NO3); —» 2Fe;03 + 12NO, + 305,
ZnS + Hy —> Zn + H,S,

6 Fe,O3 —> 4Fe;04 + 05,

2Zn + O — 2Zn0.

Thermolysis of FexOs occurs very slowly, due to which a low
O, concentration in the gas phase leads to the formation of
nanosized ZnO nuclei and growth of oxygen-defect whiskers.
Zinc oxide nanobelts, which grew along the [0110] direction and
were bounded by the 4(0002) and +(0110) planes, were synthes-
ised by evaporation of ZnCl, in an Ar and O, gas mixture in a ratio
of 10: 1 at 700 °C.397 The resulting material is intended for use in
light-emitting and laser diodes.

In the Et,Zn and N>O vapour phase (1:3 ratio, 200 Torr),
high-quality ZnO nanorods and layered structures were grown
epitaxially.?®® Nanorods with a diameter of 10—50 nm and a
height of 0.5—1 um grow on a sapphire substrate at 500 °C,
whereas ZnO layers of identical shape grow at 800 °C. Three-
dimensional structures are generally synthesised when the temper-
ature of a sapphire3%® or silicon 309319 gubstrate is lower than
700 °C, whereas two-dimensional layered structures grow at
higher temperatures.

Evaporation of Zn(acac), nH>O at 130—140 °C under an
atmosphere of an N, and O, mixture (in a ratio of 1:1,
200 Torr)3!'! and with the use of a Si(001) substrate heated to
450 °C produced nanorods with D =45 nm and L = 200 nm.
The diameter of the nanorods increased with increasing temper-
ature. The epitaxial growth of ZnO nanorods from an organo-
metallic phase occurs also on an Al,O3(001) substrate at
400 °C.3'2 Nanorods of equal length and density and with
D ~ 25 nm grow perpendicular to the substrate along the ¢ axis
of the ZnO lattice.

The growth of nanosized ZnO wires, rods and whiskers on a
sapphire substrate by evaporation of zinc oxide was docu-
mented.313-316 Analogous structures were also grown on a silicon
substrate.?!7 322 A substrate imperfection influences the selectiv-
ity of the initial growth of nanowires.?!® On an imperfect Si(100)
face consisting of terraces separated by steps, nuclei of ZnO
nanowires appear at the edges of the steps along the [011] direction
and grow perpendicular to the support. Zinc oxide nanowires
virtually do not grow on a defect-free Si(100) substrate. Twinned
ZnO nanowires, in which the boundary between single-crystalline
domains is parallel to the growth axis, grow on a Si substrate
during evaporation of Zn under an atmosphere with a low oxygen
content.?!” The components of the twin, which have no disloca-
tions and amorphous regions, are parallel to the (0114) plane and
grow along the [0111] direction and the (2110) plane. The distance
between the adjacent planes of the crystal lattice (2.60 +0.05 A)
corresponds to the distance between the (0002) planes. This
unusual structure serves as a model for studying the electrical
charge transport and mass transfer along a single planar defect.

Single-crystalline ZnO nanobelts were prepared 3>° on a Si
substrate by infrared heating of a Cu—Zn melt under moderate
vacuum. Nanostructures grow along the [0001] direction, and
their length is twice as large as their width. Long ZnO nanowires
can be prepared catalytically on a Si substrate partially covered
with gold under an atmosphere of an Ar and H,S mixture at a low
partial pressure of hydrogen sulfide.’?! A vapour phase was
prepared by carbon thermal reduction of ZnO. Nanowires
grown under these conditions show blue-green luminescence,
whose intensity increases with increasing H,S partial pressure in
the synthesis of this material.

A substrate and a template composed of anodised aluminium
are widely used to grow ZnO nanostructures with different
morphologies.3?2-325 Polycrystalline ZnO nanowires were pre-
pared on anodised aluminium by vacuum evaporation of ZnQ.32?
Nanosized tower-shaped ZnO columns were produced by pyrol-
ysis and oxidation of ZnS.323 Apparently, these columns grow by
layering nanocrystalline zinc oxide. Zinc oxide nanowires
(D =40-200 nm) containing a low concentration of oxygen
vacancies were also grown on an aluminium substrate by heating
a 1: 1 mixture of ZnO and Zn powders to 500 °C in the presence of
water vapour as an oxidiser.3%4

The synthesis of ZnO nanowires with a high degree of
crystallinity was carried out on an aluminium substrate in the
presence of the NiO catalyst.??® Zinc metal was evaporated at
450-950 °C under argon. The samples thus prepared have a
hexagonal structure, a diameter of 55 nm and a length of 2.6 pum
(Fig. 12). At a growth temperature of 500 °C, the nanowires are
characterised by the perfect hexagonal morphology. All ends of
nanowires are well-formed and can serve as mirror planes for a
laser matrix.

Figure 12. The SEM image of ZnO nanowires prepared on an aluminium
membrane.3?

Electrochemical deposition using an anodised aluminium
template membrane also allows one to prepare ZnO nanomate-
rials with different morphologies.3?¢~328 Zinc oxide nanowires
consisting of individual crystalline particles were prepared in
hexagonal channels of the membrane by electrochemical deposi-
tionina 0.1 M Zn(NO3); solution at a voltage of 1 V using a zinc
electrode.??” The composite can be used in optical, electrical and
sensor nanodevices. Well-ordered high-density ZnO nanowires
with constant dimensions were prepared by electrochemical
deposition on a Si substrate using a template composed of
anodised aluminium.3? Electrolysis was carried out in an aqueous
Zn(NOs); solution, and the membrane pores were filled with the
sol that formed upon its hydrolysis.>3® Then the template was
successively annealed at 200 °C (1 h) and 400 °C (2 h) and
dissolved in 1 M NaOH at 60 °C using ultrasonic stirring to
prepare well-crystallised nanowires. The X-ray diffraction pattern
of the latter has the (100), (002) and (101) reflections correspond-
ing to the interplanar distances of 2.8, 2.6 and 2.5 A, respectively.

Treatment of multilayer C-NT with zinc vapour on outer
graphite layers afforded ZnO ultrathin films, nanocrystallites
(quantum dots), nanowires and nanorods.?3! Nanowires with an
average diameter of 30 nm and a length of up to 1.5 um were
grown at 600 °C on the surface of a carbon tube in the absence of a
catalyst. Zinc oxide nanorods with a diameter of 80— 150 nm and
alength of 0.5—1 pm were produced at 800 °C.

Considerable progress was made in the synthesis of composite
heterostructured nanomaterials of applied importance. The syn-
thesis of metal —semiconductor heterostructures as nanorods and



Nanotubes and related nanostructures of d-metal oxides: synthesis and computer design 605

nanocables was documented.?32-335 Evaporation followed by
condensation of zinc metal vapour on vertically arranged ZnO
nanorods afforded a Zn/ZnO composite.’3? In this case, Zn is
localised primarily at the tips of nanorods. Gold-coated hetero-
structured ZnO nanorods had the pronounced Au/ZnO interface.

Pyrolysis of zinc acetylacetonate produced a Zn/ZnO coaxial
cable (D ~ 30 nm) with a zinc core and a ZnO shell.?33 The latter
has a crystal structure and is transformed into ZnO nanotubes
with a wall thickness of 4 nm, which appear due to evaporation of
Zn from the cable core. Zinc oxide nanotubes and Zn/ZnO coaxial
nanocables were also prepared by thermal reduction of ZnS
(1300 °C) under a stream of an Ar + H, gas mixture at
300 Torr.33* The nanocables are several micrometres in length,
the core diameter is ~ 50 nm, and the thickness of the outer shell is
5 nm. Hollow ZnO samples with an outer diameter ~ 60 nm and
a wall thickness of ~ 10 nm were also synthesised. There is a good
epitaxial relationship between the zinc core and the ZnO shell.
However, dislocations occur at the Zn/ZnO interface due to
incommensurability in the crystal structures of the components.
The use of ZnO nanobelts as templates made it possible to
synthesise ZnO/ZnS nanocables by a chemical method.333

Coaxial structures of more complex composition were pre-
pared 33¢ by the thermal reaction combined with physical evapo-
ration. A three-layer coaxial nanocable had a gallium core, a
Ga0; inner layer and an outer shell composed of ZnO. The
mechanism of formation and the luminescent properties of this
composite were studied. It was suggested that an Al,O3 coating be
used to protect ZnO nanorods against contamination and corro-
sion.?3” The coating was prepared with the use of water vapour
and AlMej as a precursor. The reagents were fed into a furnace
containing ZnO nanotubes grown on silicon (300 °C,
250—-280 Torr) under a stream of argon. The resulting nanotubes
have a shell composed of amorphous oxide Al,Os 46 nm in
thickness.

Doping of Zn/ZnO nanocables with copper 3*® using CuSOy4
(0.01-0.5 mol litre=!) and Cu(NH3)3* (0.1 mol litre=!) solu-
tions occurs according to the reaction

Cu?* +Zn —s Zn?* + Cu.

Depending on the concentration of the solution, copper-contain-
ing clusters are produced, which can form larger structural
networks. In the presence of the complex cations Cu(NH3)§+,
copper nanorods grow on the surface of cables. This redox
reaction occurs both on the damaged surface of Zn/ZnO nano-
cables and on its ZnO shell.

Considerable progress was made in the practical application
of zinc-containing nanostructures.33-3%* It was suggested that
well-crystallised ZnO nanowires be used in planar displays.33° The
emission current density of the material is as high as 1 mA cm~—2
at an electric field strength of 11 V pum~—!, which provides suffi-
cient brightness of FET emitters based on this material. The turn-
on voltage of glow of these wiresis 6 V um—! at a current density
of 0.1 pA cm—2. For nanosized ZnO needles with tips several
nanometres in diameter, the emission current density is as high as
2.4 A cm—?2 at an electric field strength of 7 V um =134 Due to a
very stable emission current density and a low turn-on field
(2.4 V um—1), this nanomaterial holds considerable promise for
the construction of field emission displays.

Zinc oxide nanowires with a diameter of 60 nm are highly
sensitive to UV radiation, due to which they can be used in optical
switching devices.3*! Samples of ZnO nanorods synthesised from
an organozinc vapour phase in the absence of a catalyst are
characterised by high optical quality.34* Poly(vinylpyrrolidone)-
capped ZnO nanorods are of interest as an optical material.?*3
Luminescence of this nanocomposite is observed at a temperature
below 50 K.

A nanosized field-effect transistor (FET) was constructed
based on ZnO nanobelts 10— 30 nm in thickness with gold electro-
des.3** At a threshold input voltage of 15 V, the ratio of the turn-
on current to the turn-off current is ~100, and the maximum

conductivity is 1.25x 10=3 S em—!. Comparative characteristics
of diodes composed of ZnO nanorods and Au/ZnO heterostruc-
tures were given in the study.?**> Both diodes have nonlinear and
asymmetric voltammetric characteristics. However, the Au/ZnO
heterostructure is characterised by a higher puncture potential
(8 V) compared to that of ZnO nanorods (3 V). Zinc oxide
nanowires are of interest as a material for frequency converters
in optical chains and logical components in nanosized optoelec-
tronic devices.346

A procedure for the design of the nanosized Au(MEA)/(ZnO/
PSS)19ZnO/Ag device [MEA is mercaptoethylamine and PSS is
poly(sodium 4-styrenesulfonate)], which can rectify the current,
and its electronic properties were described, and the mechanism of
current rectification was proposed.**7 Single ZnO nanobelts can
be used as resonators, whose mechanical resonance is induced by
an alternating electric field.?*® It was suggested 3*° that the
Rh—ZnO/C-NT nanocomposite be used as a highly active cata-
lyst for the methanol synthesis (the yield of MeOH with respect to
the catalyst is 411.4 mg g—' h—!, the selectivity is 96.7% at
250 °C). The activity of this material is higher than that of the
known Cu—Zn0O/Al,Oj3 catalyst (for the latter, the yield of MeOH
is 213.6 mg g~ ! h—!). The multilayer structure of a C-NT sub-
strate facilitates rapid transport and proton and electron binding.
Zinc oxide nanowires with a large specific surface area is of
importance for photocatalysis.?>° The ZnO nanoparticles —acrylic
resin composite prepared by ultrasonic stirring of tetrahedral and
usual ZnO nanoparticles in a surfactant-containing solution
possesses antistatic and antibacterial properties.>!

2. Nanostructures of 4d-metal oxides

a. Yttrium oxides

Yttrium oxide was prepared 28 as the Y>O3/C-NT nanocompo-
site. Carbon nanotubes, which were pre-treated with nitric acid,
were filled with yttrium nitrate and heated at 450 °C for 5 h under
a stream of argon. X-ray diffraction study of bulky samples
determined d = 2.65 A for the Y205 (400) planes.

b. Zirconium oxides

Hollow zirconium dioxide nanotubes were synthesised 33 using
C-NT as a template. Carbon tubes were treated with a 16 M
HNO3 solution, mixed with Zr(OPr')4 under argon, subjected to
ultrasonic treatment for 2 min, washed and dried. Annealing at
450 °C in air afforded the ZrO,/C-NT composite. Carbon was
removed by heating the product at 700 °C. Zirconium dioxide
nanotubes thus prepared had a diameter of 40 nm and a wall
thickness of 6 nm (Fig. 13). Electron diffraction study demon-
strated that these nanotubes consisted of a 1:1 mixture of the
monoclinic and tetragonal phases. Heating of the samples led to
their destruction. The problem of the preparation of single-phase
nanotubes was resolved by preparing yttrium-stabilised ZrO;
nanotubes (0.92 ZrO, - 0.08 Y20s3). The latter were synthesised as
follows: NH4OH was added to a mixed ZrOCl, and Y(NO3)s3
solution to pH 9, and the resulting gel was mixed with C-NT,
dried in air and annealed successively at 450 °C (12 h) and 700 °C
(48 h). This method was used to synthesise hollow nanotubes
belonging to the cubic system (¢ = 5.116 A) with an outer diam-
eter of 40— 50 nm and a wall thickness of 6 nm.

Hollow tubes of amorphous ZrO, with a length of
40—-200 pum, a wall thickness of 0.2—0.7 pm and an outer diam-
eter of 1.3—5.9 um were prepared with the use of needle-like
crystals of ammonium tartrate as a template.’*® Zirconium
dioxide was deposited on the surface of these crystals from an
ethanolic solution upon the addition of zirconium alkoxide. The
template was removed by dissolving in water. The specific surface
areas and the pore size of these tubes depend on the alkoxide used,
the conditions of deposition of ZrO, and the amount of water.
Both open and closed composite BN nanotubes, which were filled
with nanorods composed of monoclinic ZrO,, were synthes-
ised.’>” The diameter of the latter (20—40 nm) corresponds to
the inner diameter of BN nanotubes.
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Figure 13. Images of a hollow ZrO» nanotube;3%>
(a) SEM, (b) TEM. The electron diffraction pattern of the sample is shown
in the inset.

c. Niobium oxides

Hollow amorphous rectangular-shaped Nb,Os tubes were pre-
pared analogously to ZrO, tubes using ammonium tartrate as a
template.35¢ The length and width of the tubes varied in ranges of
40-200 and 1.3-5.9 pm, respectively, the channel size was
1.0-4.9 um, and the wall thickness was 0.2—0.7 um. The specific
surface area and the pore size of the tubes depend on the
composition of niobium alkoxide, and the microporous structure
depends on the conditions of its hydrolytic polycondensation.

d. Molybdenum oxides

Molybdenum trioxide has attracted interest because of its cata-
lytic, photochromic and electrochromic properties. The compo-
site consisting of carbon nanotubes filled with MoOs single
crystals was prepared 338 by heating the corresponding mixture
in a quartz tube at 800 °C (3 h). The yield of the target product
was ~50%. Infrared heating of a molybdenum foil under
moderate vacuum (950—1000 °C, 5 Torr, 1 h) on a tantalum
substrate afforded a pale-blue film consisting of quasi-linear
MoOs tubes (the orthorhombic system, a = 3.95, b= 13.88,
c=3.70 A) with a length of 5—-8 um, an outer diameter of
50—-300 nm and an inner diameter of 20— 150 nm. Compared to
crystalline MoOQs3, the unit cell parameter a is smaller by 0.3%,
whereas the unit cell parameters b and ¢ are larger by 0.16 and
0.1%, respectively, due to the influence of a tubular structure. The
nanotubes grow predominantly along the [100] direction. Dis-
turbance of the ordered arrangement of the tubes along the [010]
direction due to weak interactions between the oxide (020) planes
gives rise to a three-dimensional structure. Nucleation and growth
of MoOs nanotubes rather than nanorods or nanobelts was
associated with a layered structure and a low concentration of
molybdenum trioxide vapour.

Nanosized MoQj fibres were synthesised 358-3%9 by the sol — gel
method in three steps. The reaction of molybdic acid
H>MoO4-H>O with amine C,H»,+NH; (in a molar ratio of
2:1) in ethanol followed by the addition of water produced the
MoOs/amine composite, which was subjected to hydrothermal

treatment in an autoclave at 120 °C for 3—5 days. The product
was filtered off, washed with ethanol and diethyl ether and stirred
in 33% HNOs3 at 20 °C for 48 h to prepare fibrous molybdenum
trioxide. The MoQO3s/amine composite (Ci12H2sN)o sMo0Os3 25 was
prepared using components in a ratio of 3 : 1. This composite has a
laminar structure and contains template molecules between the
layers. The morphology of the product is independent of the
reaction time (1 — 14 days) at 100—120 °C, but it strongly depends
on the reaction time at 150 °C. Hydrothermal treatment at 180 °C
for 7 days led to destruction of the laminar structure and the
formation of a black crystalline powder. The template was
removed by treatment of the composite with HNOs3, which was
accompanied by the transformation of the laminar structure into
quasi-one-dimensional MoOs, viz., planar-needle- or cylinder-
shaped fibres (with a diameter 20—-280 nm and a length varying
from 350 nm to 15 pm) formed by threads with D = 20—50 nm.
The morphology of the MoOs fibres remained unchanged upon
annealing at 400 °C in air for several hours, and these fibres are of
interest as catalysts for oxidation of ethanol and methane.

Calcination of M003(4,n4'-bipy)0,5 single crystals with a lay-
ered structure (d=11.2 A) in the temperature range of
300—-450 °C afforded  molybdenum  trioxide  plates
(60—100 nm).3%° In the temperature range of 320-350 °C, the
metastable f-MoO3 phase was prepared. At 380 °C, the latter was
transformed into the orthorhombic a-MoO3 phase. Nanoplates of
these oxides were packed in stacks 50—250 pm in height.

e. Cadmium oxides

Cadmium oxide is an n-type semiconductor, which is of interest in
the fabrication of light-emitting diodes, diode lasers and field
emission displays. Cadmium oxide nanowires were prepared by
electrochemical deposition of cadmium metal from the aqueous
electrolyte CdCl, (40 g litre—!) and H3BOj3 (30 g litre~!) on an
anodised aluminium membrane at a current density of
1 mA cm 2 followed by oxidation of Cd in air at 400 °C and
dissolution of the membrane in a NaOH solution.3¢! Cadmium
oxide nanowires had an ordered structure. The diameter of the
nanowires was equal to the channel size of the membrane
(~60 nm).

Single-crystalline CdO nanowires several micrometres in
length (the cubic system, a = 4.569 A, D=40-60 nm) were
prepared by oxidation of a mixed Cd (70%) and Te (30%) film
electrochemically deposited on an aluminium substrate from a
CdCl; and TeOs> solution (0.1 and 0.2 mol litre ™!, respectively,
pH 10, 0.2 mA), at 450 °C under an atmosphere of O, and Ar
(1:9).362 Tellurium served as a flux, which facilitates growth of
CdO nanowires. Nanostructured oxide CdO was grown as needles
by vapour deposition.?¢3 Single needles with high conductivity
were proposed as a material for highly sensitive IR photoprotec-
tors and NO; gas sensors. Semiconducting CdO nanowires hold
promise for electronics, optics, sensors and optoelectronic nano-
devices. 364

3. Nanostructures of 5d-metal oxides

a. Tantalum oxides

Tubulenes of Ta>Os were synthesised analogously to NbyOs
nanotubes.’>® Nanotubes of complex oxide of composition
Srg sBi> 2 Ta,0g 1 ,, were also prepared by the template method.3¢3
A protonated silicon membrane with hexagonal pores having
diameters of 2 um and 800 nm and a depth of 100 um was used as
a template. The precursor was deposited on the template from a
solution of Sr, Bi or Ta ethylhexanoate (0.1 mol litre—') in
toluene. After two-step pyrolysis of the composite at 100 and
300 °C, the membrane was subjected to thermal treatment in air at
850 °C for 30 min and then the template was removed by
dissolving in a HF and HNO;3; mixture (15 mol.% and
50 mol.%, respectively). Nanotubes of identical shape with a
wall thickness smaller than 100 nm, a diameter of up to 2 um
and a length of 100 um were prepared. Partial removal of the
template gives rise to a periodic structure consisting of isolated
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nanotubes. Such nanotubes exhibiting both ferroelectric and
piezoelectric properties can be used in memory elements.

b. Tungsten oxides

Heating of a tungsten foil, which contained a SiO, plate on its
surface, at 1600 °C under argon (par = 100 Torr) afforded a
nanostructured WO, material (x = 0—3).36 Ultrasonic treatment
of the latter led to its decomposition to give needles (5—50 nm in
thickness and 20—200 nm in length) and planar polyhedral nano-
particles (10— 50 nm in cross-section). The nanoneedles consisted
primarily of oxide W3O49, and nanoparticles contained primarily
WOs3. The process of their formation can be described by the
reactions

W + xSi0O; —» WO, + xSiO,
(4+x)W + 2xSiOy —> 4 WO, + xWSi,.

The epitaxial growth of monoclinic oxides WO, (WO3, W;3O49
and W30) occurs from the gas phase at the W (foil)—SiO; plate
interface along the [010] crystallographic axis.

Hollow fibres of crystalline oxide W13049 forming a pine-
needle-shaped structure were synthesised 3®’ by heating WS,
powder on a tungsten foil at 1300— 1400 °C under an atmosphere
of argon and oxygen (par = 490+ 90, po, = 10 Torr). The outer
diameter of the fibresis 3—10 pm and the length is 0.1 —2 mm. The
fibres consist of thin whiskers 50— 500 nm in diameter (Fig. 14).
The formation of hollow W;sO49 fibres is attributed to their
single-crystalline axial growth, which provides efficient scattering
of released heat.

The synthesis of W ;3049 nanorods and their optical properties
were documented.’®® The starting compounds [W(CO)s,
Me3;NO-2H,0 and oleylamine] were stirred and heated to
270 °C for 2 h. After aging for 24 h, the mixture became viscous
and turned bright-blue. This composite was dissolved in toluene,
ethanol was added, and a blue precipitate was separated by

Figure 14. The SEM images of crystalline (¢) and hollow () W3O4g fibres
with a pine texture.367

centrifugation and purified by reprecipitation with ethanol from
toluene. The final powder consisted of nanorods 4+ 1 nm in
diameter and 75420 nm in length. The electron diffraction
pattern of the sample has two intense rings corresponding to
d=13.78 and 1.89 A, which is indicative of the predominant
growth of nanorods in one direction. X-ray diffraction study
demonstrated that these nanorods have a structure of WigOu9
with the [010] growth direction. The length of the nanorods
depends on the temperature of the synthesis (25+6 nm at
250 °C and 130430 nm at 270 °C). At temperatures below
250 °C, nanorods do not grow.

Thermal oxidation of tungsten 3% produced WO, ¢ nanorods
on Si(001), Si(111) and SiO,/Si plates and silver-coated glasses. A
tungsten coil was heated to 600—2000 °C by passing current in
vacuo (3 x 102 Torr). Tungsten oxide vapour was condensed on
plates, whose temperature was lower than 200 °C. Single-crystal-
line WO» 9 nanorods with a diameter of 20 nm and a length of
400 nm were arranged in an ordered fashion on substrates. For
the majority of nanorods, the WO29 [010] crystallographic axes
are almost parallel and coincide with their growth direction. There
are orientational relationships not only between the nanorods but
also between the nanorods and the substrate. Thus, the WO,
[010] axis is parallel to the Si (001) plane. At the tungsten coil
temperature of 850 °C, WO,9 nanorods were deposited. At a
temperature above 1100 °C, WO; nanorods began to grow, and
these nanorods prevailed at 1450 °C. These results are attributed
to the difference in the degree of oxidation of the coil under an
atmosphere with a constant concentration of oxygen.

The template method was used to grow WOs fibres with a
diameter of 20 nm and a length of 50 pm inside the pores of an
anodised aluminium membrane.'®> Tungsten hexachloride was
dissolved in ethanol and an aqueous pentane-2,4-dione solution
was added. Then the membrane was immersed in this mixture for
1 min, dried in air and annealed at 550 °C for 6 h. Hydrated oxide
WO3-H,O was prepared as two-dimensional plates with an
average size of 30— 100 nm using benzyl alcohol as a template.!>°
A WClg and C¢HsCH,OH mixture was heated at 100 °C for 48 h,
and the precipitate of WO3-H»O nanoplates that formed was
separated by centrifugation, washed with ethanol and dried.

II1. Computer design of structures and electronic
properties of oxide nanotubes

1. Structural models of inorganic nanotubes

Most of the known inorganic nanotubes were prepared (or
predicted) for layered substances and compounds with layered
(graphite-like) structures,'~3® due to which the models of their
atomic structures can be constructed and their geometry can be
described using approaches and the classification developed for
carbon tubes.?~7

Models of ideal carbon nanotubes can be built by wrapping
atomic ribbons, which are cut out from a hexagonal graphite sheet
(the so-called graphene sheet), and cross-linking the broken bonds
of the terminal atoms in such a way as to form a cylinder.
Depending on the mode of wrapping (the type of graphene-like
ribbons), two main types of tubes (chiral and achiral) are
constructed. In turn, the latter are divided into the so-called zigzag
and armchair NT.

The modes of construction of NT are illustrated in Fig. 15.
The a; and a» basis vectors of the hexagonal graphene network
specify the chiral vector C, = na;, + mas, which lies in the plane of
the network and links two crystallographically equivalent posi-
tions. The scalar of vector Cy, is equal to the cylinder perimeter (the
tube cross-section). The diameter (D) and the chiral angle (o)
between the Cp, and a; vectors, which is uniquely related to the a;
and a» vectors by the n and m indices, respectively, are the main
geometric characteristics of the tubes. The notations (n,/m)-NT are
used in the classification of nanotubes. According to this classi-
fication, all (n,m)-NT with n # m # 0 belong to chiral (helical)
nanotubes with 0 < o < 30°. Achiral (n,0)-NT (zigzag) and (1,1 )-
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Figure 15. Models of the construction (a) and types of carbon nanotubes
(b) formed by wrapping a graphene sheet into a cylinder.

Terminal structures of achiral armchair, achiral zigzag and chiral nano-
tubes.

NT (armchair) have o = 30 or o = 0°, respectively. These tubes
are called in accordance with the structure of their cross-sections
(zigzag or armchair; see Fig. 15).

This approach can be applied to the construction of atomic
structures of nanotubes for typical representatives of layered
inorganic compounds. Both homo- and heteroatomic networks
(for example, Si or BN) and molecular layers consisting of two
(metal diborides), three (d-element dichalcogenides, NiCl,) or
more (Bi>S3) atomic networks can serve as monolayers of the
starting crystalline phases, which form NT. A network or a
molecular layer can be either planar (BC,, CN,, B.C,N:, etc.)
or corrugated (for example, a network of black phosphorus).3¢-38

Tubes of the layered modifications of carbon nitride (CN,),
boron nitride (BN) or boron carbonitrides (B.C,N:) isostructural
with graphite are the simplest analogues of carbon NT.3!,369-375
Their atomic structures (taking into account the differences in the
interatomic distances in graphite and the above-mentioned
B—C—N phases) are analogous to those of C-NT, and the
distinguishing features depend on the structural type, the ratio of
the elements and the mutual arrangement of their atoms in the cell,
i.e., the atomic ordering in the walls of the tubes.

Tubes of hexagonal metal diborides MB, are structurally
more complex. Their structures (AlB,, space group P6/mmm)
consist of the alternating hexagonal networks of metal M and
graphite-like boron networks.!06-110.376 The atomic models of
single-layer tubes with formal stoichiometry MB, are derived by
wrapping the atomic bilayer (MB»)., of the crystal. These models
consist of two coaxial cylinders formed by a planar hexagonal
metal network and a planar graphite-like boron network linked to
each other. Chiral and achiral MB> NT can be constructed
analogously to carbon tubes. In addition, two other configuration
types of such tubes can in principle, exist. In these tubes, a
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Figure 16. Fragments of a crystal (a), a bilayer (b) and atomic models of
single-layer tubes (c) and fullerene-like molecules () based on metal
diborides AIB,.107

Two types are shown: a cylinder consisting of metal atoms (a polyhedral
shell of the molecule) outside (I) or inside (IT) the tube (shell) formed by
boron atoms.

‘metallic’ cylinder is located outside (I) or inside (II) the cylinder
composed of boron atoms (Fig. 16). This figure also shows models
of polyhedral (fullerene-like) (MB,), molecules.!” The hemi-
spheres of these molecules can serve as caps of closed diboride
tubes. Like tubes, the (MB,),, molecules consisting of the concen-
tric spherical M,, and B,, shells can have two configurations with
an M,, shell outside (I) or inside (II) the polyhedron composed of
boron atoms.

Layered metal dichalcogenides MX, (X = S, Se or Te) contain
the three-atom (X—M —X),, layers. These ‘molecular mono-
layers’ were wrapped to construct377-3%2 models of MX, NT
consisting of three coaxial cylinders. The outer and inner cylinders
are formed by chalcogen atoms and the central cylinder consists of
the metal atoms. Theoretical electron diffraction patterns calcu-
lated from these structural models 377 agree well with the exper-
imental patterns. Recently, models for more complex nanotubes
of layered metal halide nitrides B-MNX (M = Zr or Hf; X = Clor
Br) have been proposed.!'® These hypothetical nanostructures
(for examples, based on B-ZrNCl, in which the
[C1-{ZrN} - {ZrN} - CI] ‘molecular layers’ include six atomic
networks) consist of six concentric atomic cylinders
(Cl-Zr—-N-Zr-N-Cl, Fig. 17).

Models of single-layer nanotubes as ideal infinite cylinders,
which are wrapped up from mono- or polyatomic basis molecular
layers, are widely used to describe their electronic properties in
terms of the band theory.%28,31,33-38

It is known that the ends of nanotubes can be open or closed.
Various terminal structures can have hemispherical, conical or
more complex structures. Multilayer nanotubes can consist of a
set (up to several tens) of concentric cylinders or exhibit a roll-like,
papier-mache or more complex (combined) morphology.?—3%
Nanotubes can be prepared in the isolated form or give various
aggregates (bundles, intergrowths, ezc.). Unique symbiosis nano-
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Figure 17. Structures of zigzag (12,0) (a) and armchair (12,12) (b) ZrNCl
nanotubes.!'!3

The positions of the chlorine atoms in the inner and outer cylinders are
labelled by Cli» and CI°Ut, respectively.

structures, viz., regular chains of fullerenes (including endohedral
fullerenes) encapsulated into nanotubes, have been synthesised
and extensively studied.?83-40! These nanostructures are called
peapods.

Nowadays, studies on modelling of multilayer tubes and caps
of closed NT are extended to nanotubular structures of boron
nitride and d-metal disulfides.’3-38377-382 Attempts were
made 402403 to design atomic models of more complex systems,
viz., nanotube composites. The structural model of composite
silicon oxide nanotubes prepared with the use of a C-NT template
is shown in Fig. 18.402
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Figure 18. Model of the composite C/SiO, layer (¢) and a nanotube
constructed from this layer (b ).493

2. Structural models and electronic structures of titanium,
vanadium and molybdenum oxide nanotubes

Let us consider atomic models of Ti, V and M oxide nanotubes
constructed by the above-described method and the results of
theoretical studies of their electronic structures.

a. Titanium oxide

Structural models of titanium dioxide nanotubes were con-
structed, their electronic structures and chemical bond parameters
were studied, and these materials were compared with hypo-
thetical VO, tubes.404-405 Models of TiO, NT were constructed
using the anatase (101) layers, which, like graphene sheets, were
wrapped into cylinders to form three-layer (O —Ti—O) tubes of
armchair (n,n) and zigzag (n,0) types (Fig. 19). Models of tubes
based on rutile-type VO, (space group P4>/mnm, a = b = 0.4555,
¢ = 0.2851 nm) were constructed analogously.*® The electron
bands were calculated by the strong-bond method 4% for (n,0)-
and (n,n)-like TiO, NT and for VO, in the (8,0)—(15,0) and
(4,4)—(15,15) series, which corresponds to the ~0.6—2.3 nm
range of the nanotube diameters.

The densities of states (DOS) of (n,n)- and (n,0)-like TiO2, NT
are similar for all nanotubes and show a general resemblance to
DOS of crystalline titanium dioxide (anatase).**’” The valence
band is formed by the Ti3d and O2p states, and the lower
conduction band edge is formed predominantly by the Ti3d states.
The forbidden band gap AE depends most substantially on the
type of the atomic configuration and the tube diameter. For
nanotubes with the largest diameters, AE are ~3.34 and
~3.01 eV for armchair (15,15)- and zigzag (15,0)-NT, respec-
tively, which is comparable with the theoretical (~2.0 €V)407 and
experimental (~ 3.4 V)8 forbidden band gap for anatase. The

Figure 19. Structural models of zigzag (15,0) («) and armchair (15,15) (b)
titanium oxide nanotubes.*1?

Empty and solid circles represent O and Ti atoms, respectively. The model
of the regular distribution of substitution elements to form rings of M
atoms (model I, see the text) is illustrated by a zigzag (15,0) nanotube; the
formation of bands of M atoms (model 1) along the perimeter or the axis
of the tubes alternating with the rings or bands composed of Ti atoms,
respectively, is illustrated by an armchair (15,15) nanotube.
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forbidden band gap decreases with decreasing diameters of NT,
and AE for armchair NT are larger than those for zigzag NT.

The calculated electronic spectra of VO, NT also correspond
to the band structures of crystalline vanadium dioxides.*% The
V3d —O2p hybrid bands are completely filled, and the Fermi level
(Er) is located in the V3d band. For armchair NT, the density of
states near the Fermi level is rather low, whereas Ef for zigzag NT
is in the region of a local DOS maximum. It should be noted that
the analogous near-Fermi maximum of the density of states is
responsible for phase instability of crystalline VO, .4%°

The dependence of the total electronic energy Eior on the
diameters of TiO» NT is shown in Fig. 20; Ei co 1/D? , which is
indicative of a decrease in stability of nanotubes with decreasing
D. Armchair nanotubes are more stable at small diameters
(D < 1 nm),%04.405 whereas zigzag tubes are more stable at large
D. On the contrary, armchair nanotubes are more stable for all
VO, NT. Analysis of the parameters of interatomic interactions
demonstrated that the Ti— O (V —O) bonds play the major role in
the nanotubes under consideration, whereas the Ti—Ti (V—V)
bond populations are an order of magnitude smaller, and the
O — O bonds are absent. The M = O bonds with the oxygen atoms
belonging to the inner (O™) or outer (0°") oxygen cylinders are
strongly polarised and differ in population (Table 4).405

Chemical modifications by introducing guest atoms or mole-
cules into the inner cavities of NT, between the walls of multilayer
NT or into intertubular regions between the adjacent nanotubes in
their associates, as well as through adsorption of foreign atoms or

AE [eV a
35 //»—o—oﬁ
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15
1 1 1 1 1
Etot /CV b
—-309
=311
—313 |
—-315
1 1 1 1 1
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=319
—321
—323
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-327 | *2
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0.6 1.0 1.5 1.8 22 D/nm

Figure 20. Plots of the forbidden band gap for TiO> NT (@) and the total
band energy per (Ti,V)O, unit (b, ¢) vs. the diameters of TiO- (a, b) and
VO, tubes (c).404

(1) An armchair configuration [(n,n) NT], (2) a zigzag configuration [(1,0)
NTI.

Table 4. Bond populations (e ) for cylindrical single-layer V,Os nano-
tubes.

Nanotubes Bonds

V-0 V-0 V—-0O(1)n V—0(1)out

[VOs]in [VOs]out
(7,0) 1.673 0.856 0.921 0.856
(8,0) 1.630 0.856 0.883 0.856
9,0) 1.614 0.856 0.867 0.856
(10,0) 1.608 0.855 0.861 0.855
(11,0) 1.602 0.855 0.859 0.855
(12,0) 1.601 0.855 0.858 0.855
(8.8) 1.239 1.035 0.855 0.847
9,9) 1.239 1.035 0.854 0.846
(10,10) 1.239 1.035 0.854 0.845
(11,11) 1.239 1.035 0.853 0.845
(12,12) 1.239 1.035 0.853 0.845
(13,13) 1.239 1.035 0.852 0.844

Note. The populations of the bond for the Vi and VUt atoms (in VOs
pyramids) and the pair bonds between the vanadium atoms and the
terminal O(1) atoms of the V=0 vanadyl groups, which form the ‘outer’
and ‘inner’ oxygen cylinders of the nanotubes, are given.

molecules on the surface or at the ends of NT or through the
replacement of atoms in NT with atoms of other elements (doping
of NT), provide efficient ways of controlling the properties of
oxide NT. The latter approach was used in situ in a number of
known procedures for the preparation of NT, in particular, in the
template synthesis.

First results of quantum-chemical modelling of the electronic
structures and chemical bond parameters of doped TiO, nano-
tubes were reported.*1? Silicon, germanium, vanadium and chro-
mium were considered as elements replacing titanium, which
allowed the authors 410 to discuss the results of both isoelectronic
substitution (Ti = Si, Ge) and electron doping (Ti = V, Cr) of
TiO, tubes. The structural models of the armchair (15,15) and
zigzag (15,0) TiO> nanotubes were used as the starting mod-
els,404. 405

The electronic properties of (15,0) and (15,15) tubes with
composition Tip sMo sO, were analysed depending on the mode of
distribution of the substitution elements M (Si, Ge, V or Cr) in
thee Ti positions, which gives rise to rings (model I) or bands
(model II) of M atoms along the perimeter or the axes of the tubes
alternating with the rings or bands of Ti atoms, respectively (see
Fig. 19). The electronic spectra of analogous TiO, and
(Tip.sMo.5)O2 NT for both models of ordering of the substitution
atoms remain unchanged upon isoelectronic substitution (doped
tubes are semiconductors), and AE changes by no more than
0.1 eV. The main differences concern the fine features of DOS
distributions in the centre and near the lower valence band edge
and are associated with the presence of (Si,Ge)p states. The
electron doping (Ti = V, Cr) has a radically different effect: the
lower conduction band edge is partially filled and all (Tip.sMg.5)O2
tubes become metal-like.

The total electronic energy Eio: depends only slightly on the
type of ordering of substitution atoms (models I or II), whereas
doped armchair (15,15) (Tip.sMo.s5)O2 tubes become more stable
[for ‘pure’ TiO, NT, the zigzag (15,0) configuration is energeti-
cally more favourable].4%* It was hypothesised 4! that the sub-
stitution can provide a way of changing the type of the atomic
configuration of dioxide tubes. It was also expected that doping of
oxide nanotubes will be accompanied by the appearance of
defects, which are responsible for the difference in the morphology
of real NT and the ideal model of cylinders wrapped from
polyatomic layers.

In addition to tubular nanostructures, cage nanoparticles
[fullerene-like molecules (FM)] based on d-metal oxides (TiO,
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V1705, Co304 , MnO», etc.) have been synthesised in recent years.
In the context of the present review, these nanostructures are of
interest as possible prototypes of the caps of the corresponding
oxide nanotubes.

The structural models of TiOy-based FM were
proposed 411-412 and their electronic structures were calculated
by quantum-chemical methods. These particles [(TiO2),, where
n =12, 16, 36, 48 or 64] were built from fragments of the anatase
(101) layer. They can be described as ‘three-shell’ cage molecules
consisting of concentric polyhedral shells, the outer and inner
shells being formed by oxygen atoms, whereas the medium shell
being formed by titanium atoms (Fig. 21). The titanium and
oxygen atoms have predominantly coordination numbers of 6
and 3, respectively. Each FM of stoichiometric composition
includes also a group of four Ti and O atoms with coordination
numbers of 5 and 2, respectively. The total energy of FM per atom
(Etot/N, where N is the number of atoms) decreases with increasing
size of FM, i.e., stability of the molecules increases. The energy
difference between HOMO and LUMO of the molecules is
comparable with the forbidden band gap of the crystalline and
tubular forms of TiO; . The spectrum of TiO» FM is characterised
by molecular orbitals located between the main groups of occu-
pied and free molecular orbitals.*!! Their appearance is associated
with the change in the coordination number of the atoms occupy-
ing the vertices of polyhedral particles.

The dependence of the spectrum of (TiO), FM on the
coordination numbers of the atoms was simulated 4!2 using the
Ti640124 [i.e., (T102)64—40] and Ti(,40130 [i.e., (Ti02)64 + 20]
molecules. In these molecules, four oxygen atoms with a coordi-
nation number of 2 are removed or two oxygen atoms are added to
complete the environment of the Ti atoms with a coordination
number of 5 to an octahedron. The forbidden band gap AEis most
substantially affected by the changes in the coordination number
of the atoms (0.03 and 1.39 eV for the TigsO124 and TigaO130
molecules, respectively). Calculations of the orbital overlap pop-
ulations (OOP) demonstrated that Ti—O interactions are the
main covalent bonds in (TiO»), FM. Some (non-equivalent)
bonds are comparable in the orbital overlap population. The
orbital overlap populations of the Ti—O°'{(2) bonds increase by
more than 25% compared to those of the Ti— O°"(3) bonds as the
coordination numbers of the atoms decrease. However, the total

Figure 21. Structure of the fullerene-like (TiO2)s4 molecule (a); the
structures of the outer (b), medium (c¢) and inner (d) (TiO2 )e¢sa shells
composed of O, Ti and O atoms, respectively.*12

Non-equivalent types of the Ti(l), Ti(2), O(1) and O(2) atoms with
coordination numbers of 6, 5, 3 and 2, respectively are shown.

bond population of the oxygen atoms with a coordination number
of 3 [O°"Y(3) type] is higher than that of the atoms with a
coordination number of 2 [O°"(2)] (~0.399-0.387 and
~0.334 e, respectively).

b. Vanadium oxides

Compared to classical carbon NT, the tubular structures of
vanadium oxides have important distinguishing features. The
available VO, nanotubes are composed of many layers (the walls
of the tubes contain from a few to tens of molecular layers) and are
open. Ideal concentric cylinders are rare among such tubes. The
morphology of these tubes is generally similar to a roll shape, and
the constituent molecular layers contain different types of defects.
Itis also of importance that the elemental composition of VO, NT
is determined by the procedure used for the synthesis and the
resulting ‘vanadium oxide’ tubes should be assigned to nanotube
composites, in which the VO, molecular layers are separated by
organic template layers (amines, diamines, etc.). These structural
and compositional features of vanadium oxide tubes make it
difficult to construct their atomic models and study their elec-
tronic properties.

Simplified models of vanadium oxide tubes, viz., families of
cylindrical structures, constructed by wrapping the V,Os (010)
monolayer, were proposed.*'3 Orthorhombic crystals of V205
contain quasi-two-dimensional (010) layers formed by distorted
VOs pyramids. The V,0s units contain three structurally non-
equivalent oxygen atoms: the terminal O(1) atoms of the vanadyl
ions and the p»-O(2) and p3-O(3) atoms (Fig. 22). Wrapping of the
(010) layer gives rise to tubes consisting of five coaxial cylinders
(Oin —Vin_Qc—Vout_Qout) In these tubes, the outer and inner
cylinders (O°"tand O, respectively) are formed by the O(1) atoms
of the vanadyl groups, and the central cylinder (O°) is formed by
the O(2) and O(3) atoms. These cylinders are separated by the
outer and inner (with respect to OF, respectively) cylinders
consisting of vanadium atoms (V™ and Vo, respectively). By
analogy with carbon NT, it is possible to construct three groups of
quasi-one-dimensional V,Os structures: achiral armchair (n,n),
zigzag (n,0) and chiral (n,m) nanotubes.

The electronic structures of a series of (n,0)- and (n,n)-like
V205 nanotubes with indices in the ranges from (6,0) to (12,0) and
from (2,2) to (13,13) (which correspond to the ranges of the outer
diameters of the tubes (D°"), 1.17—1.78 and 1.01-4.75 nm,
respectively) were studied.*'? The valence band of the V,Os (010)
molecular layer, like that in the V,Os crystal,*14~424 belongs to the
hybrid V3d - O2p type and is completely occupied. The forbidden
band gap of the V,0s (010) monolayer is ~ 2.5 ¢V. The V-0
covalent bonds are the strongest bonds in this layer, the V—V
bonds are an order of magnitude weaker, and interactions

& 8 3

Figure 22. Atomic models of quasi-one-dimensional nanostructures of
vanadium pentaoxide (cross-sections).*?>

(a) A monolayer, (b) cylindrical (26,26) NT, (¢, d) roll-like NT with
distances between the adjacent walls of 1.5 and 0.45 nm, respectively.
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between the oxygen atoms are antibonding. There is anisotropy in
the V—0 bond populations: the V—0O(3) and V—O(1) bonds are
the strongest and weakest bonds, respectively.

The dependence of Eio on the diameters of VoOs NT takes the
form E o 1/D? typical of nanotubular structures,?~7 which is
indicative of destabilisation of V, Os tubes as their diameter
decreases. For vanadium oxide tubes with D > 1 nm, the arm-
chair-type atomic configurations are more stable. All cylindrical
V205 NT are semiconductors. For example, AE for the tubes with
the largest diameters (minimum wall curvature) considered in the
study#!! are ~2.67 and ~ 2.95 eV for armchair (13,13) NT and
zigzag (12,0) NT, respectively, which is comparable with AE
(~2.5¢eV) of the V>0s (010) monolayer. The forbidden band
gap decreases with decreasing tube diameter. It should be noted
that this dependence of AE on the diameter is also typical of
semiconducting nanotubes of layered metal dichalcoge-
nides.3”7-382 The populations of the V—O bonds depend on
their orientation relative to the tube axis and the coordination
mode of the atoms belonging to the outer or inner atomic cylinders
(see Table 4). The populations of the V—O™ bonds are higher
than those of the V—O°" bonds. This is indicative of high
reactivity of the outer oxygen atoms of the vanadyl groups and
the probable distortion of the ideal structure of the outer oxygen
shell due to relaxation processes and the formation of O atom
vacancies.

The experimentally observed roll morphology is reflected in
particular atomic models of VO, NT.**> To construct these
models, the ideal cylindrical zigzag (26,0) and armchair (26,26)
V,0s5 nanotubes with inner diameters of 2.958 and 8.712 nm,
respectively, were cut along the axis and rolled up into helical
forms shown in Fig. 22. The electronic structures of such tubes
reflect the total densities of states presented in Fig. 23. It can be
seen that the spectra of vanadium oxide nanorolls contain addi-
tional states near Er, some of which, depending on the atomic
configuration of the roll, can be filled. The latter fact should affect
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Figure 23. Total densities of states in V.05 NT; 42

(a) cylindrical (26,26) NT, (b and c) roll-like tubes with distances between
the adjacent walls of 1.5 and 0.45 nm, respectively. The densities of states
near Er are shown in the insets.

substantially, in particular, the electrophysical properties of nano-
structures. This modification of the spectrum of rolls (compared
to cylindrical tubes) is associated with the presence of broken
bonds in their inner and outer cross-sections, the differences in the
curvature radius of individual layers of the V,Os molecular
ribbons, which form the roll, and the interactions between the
adjacent layers in the roll.

c. Molybdenum oxides

Models of achiral NT were constructed “*° on the basis of the
crystal structure of orthorhombic molybdenum trioxide (space
group Pbnm, unit cell parameters a = 3.92, b =13.94,
¢ =3.66 A), which is composed of layers of edge-sharing MoOs
octahedra. This monolayer was used to construct possible types of
MoOj; tubes from coaxial (O—Mo—O0),, atomic cylinders with
different types of helicoid ordering of the chains of MoOsg
octahedra (Fig. 24). Unlike the above-considered NT, MoOs
tubes are perforated. Their walls contain pores inside the rings
formed by the [MoOg] polyhedra, which provides an interesting
possibility for intercalation with various atoms.

Calculations %% of the electronic structures of (1,0)- and (n,n)-
like MoOs3 nanotubes (3 < n < 24) showed that the forbidden
band gap (~3-4 eV) depends most substantially on the atomic
configuration and the tube diameter and increases with increasing
diameter. The dependence of Eio on D is nearly linear, i.e., it

Figure 24. Structure of the molecular monolayer of molybdenum triox-
ide;*20

a; and a5 are the basis vectors of the network of Mo atoms («). The atomic
models of armchair (5,5) (b) and zigzag (10,0) (¢) MoO3 nanotubes viewed
from the side and the top.
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differs sharply from the analogous dependences (co1/D?) known
for carbon and non-carbon NT of other layered compounds (BN,
MoS, etc.). Evidently, this is associated mainly with the charac-
teristic features of chemical bonding in MoOs, primarily, with the
fact that there is no pronounced anisotropy in intra- and interlayer
interactions. That is why MoQOj3 were prepared experimentally 338
using MoOs/carbon NT nanotube composites as templates.
Apparently, this characteristic feature is responsible for the
observed 338:3%9 polyhedral morphology of the Mo — O3 tubes. In
all MoO3 NT, Mo — O interactions play the major role,*?° whereas
Mo —Mo and O —O covalent bonds are virtually absent.

IV. Conclusion

Nowadays, studies of transition metal oxide nanostructures of
transition metal oxides are aimed primarily at developing proce-
dures for their synthesis and investigating the morphology of the
products. Titanium, vanadium and zinc oxides have been studied
most extensively. Titanium-dioxide-based nanostructures have
promise as photocatalysts and materials for photoelements. The
tubular forms of vanadium oxides allow enhancement of the
activity of catalysts and an increase in the cathode capacity of
chemical current sources. Zinc oxide nanostructures, which are
used in electronics, optics, photocatalysis, solar batteries and
sensors, have attracted considerable attention.

A great deal of experimental and theoretical data on metal
oxide nanotubes and related nanostructures have been accumu-
lated within a short period after the synthesis of the first materials
of this class. Methods for the synthesis of these materials were
developed, their morphology and properties were studied, the
atomic models were constructed and characteristic features of the
electronic structures and chemical bonding in oxide nanotubes
were revealed. Various oxide nanostructures and nanocomposites
as tubes, ribbons, rods and more complex geometric forms were
synthesised, and ways of modifying these properties were pro-
posed.

The results of investigations are of importance for the devel-
opment of chemistry of metal oxides at nanoscale and for an
understanding of the specific properties of nanotubular oxides
compared to their crystalline forms and offer considerable possi-
bilities for the technological use of such materials.

As opposed to classical carbon nanotubes and nanotubular
structures of layered inorganic compounds, the most efficient
procedures for the synthesis of metal oxide nanotubes are the
template and chemical methods. In modern studies, considerable
attention is being given to the template method, which allows the
preparation of oxides and nanocomposites of a desired geometric
shape. However, the structures of the tubes thus prepared are far
from the ideal cylindrical shape, and they generally include
template substances. Chemical methods for the synthesis of
nanotubes are also being successfully developed. Intercalation
compounds as sols or gels serve as main precursors.??3> The
chemical methods allow one to perform syntheses in a wide
temperature range and in various solvents and to use and remove
templates. The drawback of the chemical hydrothermal method is
that nanostructures contain components of the reaction medium.
Nowadays, it is difficult to give preference to a particular method
of synthesis, because materials science and technological studies
of oxide nanotubes lag behind.

In the chemistry of nanotube forms of metal oxides, the
immediate aims are to devise procedures for the synthesis of
nanostructures with a desired morphology, including more com-
plex geometric forms and their associates. Hence, new methods of
synthesis, which will enable one to change the size and form of
nanostructures as desired, are of great importance for studies in
this field. Systematic investigations of the properties of oxide
nanostructures and their dependence on the size and morphology
are of equal importance.

The presence of non-compensated bonds of the surface atoms
of oxide nanostructures open possibilities for preparing new

substances possessing unusual adsorption and chemical activity.
The synthesis of complex oxide nanotubes would be expected 4?7
to provide new ingenious solutions of problems associated with
the design of such materials.

A further development of structural and electronic models of
oxide NT taking into consideration the specific features of their
real morphology and composition is of great importance. This
problem is directly related to elucidation of microscopic mecha-
nisms of formation and growth of oxide NT and the processes of
their association giving rise to compact materials (bundles, films
or crystals).
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