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INTRODUCTION

This article reviews the developments in the chemistry of titanium as well
as applications of titanium compounds covered by Chemical Abstracts from Volume
99, number 25 through Volume 101, number 22. In keeping with our most recent
review of this subject [2], the material is presented according to the element
bonded to titanium.

General reviews on titanium covering the 1981 [3] and 1982 [4] calendar
years have 'appeared in this journal. Additionally, a short review on angle-
resolved photoemission experiments and band structure calculations for TiN has
been published [5]. Several reviews on titanium oxides have been written,
including one on titanium oxide based catalysts by Matsuda and Kato [6], on the
kinetics and mechanisms of anodic reactions on oxide electrodes by Krishtalik
[7], and others on rare earth perovskites [8], and K2Ti6013 [9]. Titanium
sulfide polytypes [Til+x82) were reviewed by Legendre and coworkers [10] and by
Palosz et al. [11]. The electrochemical behavior and corrosivity of Ti in
sulfide-containing aqueous solution have been discussed [12], as have crystal
structure and density data of titanium chalcogenides and halides [13].

Newberry has reviewed, for 1982, the compounds of Group IVB, VB, VIB and VIIB
[14], while the reactivities and stereochemical aspects of carbon-carbon bond
formation reactions using titanium reagents (TiC14, RTiXs, R2Ti[0R)3 and
RTi(NR;)sj was presented by Takahashi [15].

It is worth noting the increasing amount of published material concerning
semiconductors and colloids employed in the catalytic and photocatalytic

domains.

4.1 TITANIUM HYDRIDES

Surface-sensitive XP5S and x-ray induced Auger electron spectroscopy have

been employed to analyse surface changes in TiH /KClO4 powders during

0.65
accelerated aging at 333 and 393K. Cl1 forms at 0.02% per day for powders aged
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at 393K for less than 145 days; no decomposition occurs for KCIO4 samples
without pyrotechnic fuels under similar aging conditions [16]. The amount of
hydrogen released during heating up to 800K and the decomposition energy of
TiH1.6 were determined by the 1H(15N,0Y)12C method. The decomposition energy
depends on sample thickness [17]. The x-ray Raman spectrum from atomic
hydrogen in TiHl.9 has been interpreted [18] in terms of primarily atomic or
molecular hydrogen trapped in the grain boundaries, there being no single
storage mechanism at room temperature.

The equation of state for Ag-bonded Tin was calculated over a large range
of densities and temperatures. The results agree well with shock-wave data,
and reportedly are an improvement over rational-function forms and additive-
volume-mixing schemes [19]. Ab initio MO approximations have been employed to
calculaie the potential inversion barriers, 'h', for tetrahedral and square
planar TiH,, ScHd_, TiF,, ScF4_ and TiH4* (H* = a pseudo-hydrogen atom in which
the nuclear charge is increased to +1.1. In agreement with increasing
electronegativities in changing from H to H*, Sc to Ti and H to F, the 'h'

* -
values increase in the series TiH4-TiH s, ScH,-TiH ScF4 -TiF

4 4’ 4’
ScH4_-ScF4u [20]. A recent study [21] demonstrates the applicability of a

T1H4—T1F4 and

geometric model to predict stoichiometries and preferred hydrogen sites in
hydrides of intermetallic compounds, specifically hydrides of MBe, (M = Ti, Zr,

Hf, V) of three different structures.
4.2 TITANIUM BORIDES

Filonenko et al. [22] have studied the gas-free combustion of a pressed
mixture of Ti-31%B in an argon-filled bonb at 4 MPa for the preparation of

refractory TiB The ratio of combustion rates of pressed and freely suspended

2
specimens decreases from 1.3 to 1.2 with an increase of 80 to 10 mm in
diameter. A mathematical model has been developed for the process of gasless

combustion, with phase transitions for the Ti-B system as an example [23].

Crystals of TiB2 can be prepared via reaction of ferrotitanium and ferroboron
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at >1973K, having microhardness values of 3650 kgf mm‘é. The solubility of Fe
in TiB, is >3 wt % [24].

An investigation of the steady-state propagation of the combustion wave
for Fe-xB-yTi systems with x = 1-6 and y = 0.5-3 reveals that combustion
progresses in stages. The results suggest that the combustion rate depends on
the phase transition temperature and not on the maximum combustion temperature.
For all samples, the final products are TiB2 granules, TiBz—Fe eutectics and
the nonequilibrium phases Fe;B, FeB and FeTi [25].

A rotating disk method was employed to determine the diffusion coefficients
D and solution rate of titanium, chromium and boron in liquid copper and
nickel [26]. The solution rate of TiCrB, in liquid copper, nickel and Cu-Ni
alloys was also determined. The effective D values obtained for TiCr82 in
liquid copper and nickel are 3.6 x 10“5 and 6.3 x 10_5 cmzsec’l, respectively,
with the limiting step assigned to the diffusion of B into the liquid matrix
[26]. An investigation of the species formed during solid-phase reaction of
A1203, SiC or cubic BN with TiBZ, B or BZOS indicates that the most stable
species are those formed from the reactants with the greatest difference in
electrical properties, which is related to the difference in gap energies of
the reactants [27]., The stability of AIN, BN and AIN mixtures with BN, Si,
ZrB,, Al,0; or TiB, at high temperatures depends-on the composition and
properties of the compounds forming on the surface of the oxidation product of
the refractory and the metal melt [28].

A T182 cathode has been used in the electrochemical reduction of AlClg in
an equimolar NaCl-KC1 mixture at 973-1223K. The reduction of AICL; occurs
according to reaction (1) [29].

AlCl; + 3e —_———— Al o+ 301 (D
4.3 TITANIUM CARBIDES

Danilenko and coworkers [30] have calculated various thermodynamic

properties of the phases and the phase diagram of the titanium-carbon system.
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The Ferml surfaces in stoichiometric TiC and TiN were calculated using the
constant-energy Korringa-Kohn-Rostoker/Green-function method, based on self-
consistent APW potentials and APW Fermi energies [31]. The physicochemical

properties of transition metal carbides (e.g., TiC, NbC, VC TeC0 99) have

0.98°
been calculated by a statistical method using Chebyshev coefficients for the
description of the valence electron energy distribution and of the sublevels of
the metal and carbon sgblattices in the carbides. Also calculated was the
pressure dependence of the physicochemical properties as a function of the
electronic structure under compression conditions [32].

Infrared spectra of interstitial TiC and WC were interpreted in terms of
a metal-metal-nonmetal bonding type [33]. Konishi et al. [34] have obtained
the quasi-instantaneous Auger electron and Auger electron appearance potential
spectra (AEAP) of Ti, TiCx, TiNx and TiOz.

Electron microscope studies of the annealing of Ti-C thin films indicate
that at <750K only TiC is formed in the film. Saturation of the Ti film by C
occurs as a result of C-atom diffusion into Ti. At 750K, the formation and

growth of TiCXO is observed, as a result of C- and O-atom diffusion into TiC.

1-x
At V1000K, oxidation of TiC occurs, giving TiO [35]. Oxygen diffusion
coefficients in "l“iCO'97 single crystals have been measured by a gas exchange
technique. In this method, the amount of stable isotope taken up by the
carbide is controlled by introducing a constant gas volume of oxygen-marked CO;
secondary ion mass spectroscopy (SIMS) measured the concentration profiles [36].
The effect of added TiC (< 50 wt % Ti) on the overvoltage of 02 and H2 evolution
on graphite in IN NaOH can be determined from polarization curves [37].
Graphite with > 30 wt % TiC approximates TiC with respect to its
electrochemical properties.

AES and x-ray diffraction were used to characterize the thermal stability
of Al thin films on Ti C films reactively-sputter-deposited on a silicon
substrate. The stability increases with increasing C content in the TiXC

films. An enhanced stability obtained for a Ti3 1C film pre-annealed at 1023K
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for 30 min to induce a phase separation yielding a titanium silicide inner
layer and a TiXC outer layer prior to Al deposition [38].

The reaction products obtained via electric explosion of the cubic phases
TiCXOY and TiCxOyHm include the original phases graphite and TiOZ(rutile and
anatase) [39].

Alekseev and coworkers [40] have analysed the physicochemical
transformations occurring during the formation of TinyNz from Ti02 in a
nitrogen plasma flow containing hydrocarbons. The formation of TiXCyNZ occurs
via the formation of titanium clusters with subsequent nitridation and
carbidization by the gasecus components, namely N and HCN, The
thermodynamics of the preparation of TiXCyNZ films by chemical vapor
deposition have been studied, and the relationships between the composition of
CH

input gas mixture (TiCl Ny, H2) and the deposited film stoichiometry

4 4°
has been discussed [41]. The Ti-C-N phase diagram at 1673K was calculated
using the Redlich-Kister substitutional model. Literature data was utilized to
construct a phase diagram at 1900K, the temperature for vapor deposition [42].
The microstructures of TiC, TiN and TiCle_X powders before and after
polishing were characterized by x-ray diffraction. Deformation induced defects
and microstresses were observed, and dislocation densities were determined as a
function of x [43}. The relation between the deformation characteristics and
the microstructure of Til-bexCO.SNO.S reveal direct correlations between grain
size and deformation flow in TiCO.SNO.S_NbCO.SNO.S and between the microstress

and the deformation in Tio'77Nb0.23C0.5M0'5. The results were interpreted in

terms of dislocation motion[44].
4.4 TITANIUM NITRIDES

Ultrafine TiN particles (<0.1 um) can be prepared using an arc to melt
titanium in a nitrogen atmosphere at 0.1 MPa pressure. A plasma gas-molten
metal reaction involving activated atomic nitrogen serves an important role in

the particle formation [458]. A microwave discharge method was employed to
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study the kinetics of the nitridation of titanium and product distribution [M46].
The effect of metal particle size and azide content on the amount of nitrogen
in titanium nitride prepared from titanium and Ba(N3)2 has been investigated
[47]. The nitrogen content decreases with increasing azide content. The

deposition of TiN films from reaction of TiCl4 with N, and H, on graphite was

2 2

characterized over the temperature range 700-1673K. At 1373-1473K, single-
crystal TiN films of rocksalt-type structure form; at higher temperatures,
Ti{C,N) films are formed [48]. The nitridation of A13Ti at 873-1573K proceeds
to 58% completion at 1273K with TiN and AIN formation, and to 98% completion
at 1573K with formation of highly dispersed TiN-AIN powdered mixtures [49].
The kinetics and mechanism of TiN film deposition on porous (4-30%) iron
powders were investigated by Kirilyuk and coworkers [50], who observed a
maximum deposition rate at 12-18% porosity and TiN coatings inside the pores.
At lower temperatures, amorphous films form, while crystalline films form at
high temperatures.

The Green-function method has been utilized to calculate the number and
nature of TiN(001l) surface phonons. The electron-phonon interaction was
discussed in terms of the coupling of the electronic charge-density
deformations to the nuclear displacements [5D]. An x-ray diffraction study of
TiNO.SQ powder at room temperature reveals the electron transfer from the
titanium atom to the nonmetal sites is (1.5  0.3) electronic charges [52].
Ti-N films with nickel concentrations of 0-52 atomic % prepared by d.c.
magnetron and radio frequency reactive sputtering were examined by transmission
electron microscopy. A fully dense structure is confirmed by the maximum in
the microhardness and density and the minimum in the electrical resistivity.
The sample prepared by magnetron sputtering has a very inhomogeneous and
voided microstructure and a lower hardness than the radio frequency sputtered
sample with similar Ni centent. A theory was proposed [53] for the development

of a lametlar microstructure in the films containing two phases. The photo-

emission spectra of TiNl_x exhibit strong, resonance-enhanced, conduction-band
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emission. The increased enhancement of the conduction-band peaks were
indicative of approx. 25% of the vacancy electrons being pound in non-(d-like)
states with a binding energy of about 2 eV [54]. Optical and electrical
characteristics of TiN films produced by NZ+ implantation on titanium-coated
silicon wafers were studied in an effort to produce films with good
transparency and conductivity to be used as antireflection coatings in solar
cell manufacturing [53]. Solar selective properties of thin (5-120 nm) TiN
films on fused SiO2 and glass substrates have been determined. Reflectance
and transmittance measurements confirm high solar and visible transmission, and
sufficiently high infrared reflection [56]. The isobaric heat capacity of TiN
was calculated from infrared absorption spectra and elasticity constants, and
found to agree fairly well with the experimental data [57].

Valeskalne and coworkers [58] have studied the kinetics of the
decomposition of TiN powders in mineral acid and NaOH solutions. The catalytic
activity of nitrogen-deficient TiN was investigated in the ortho-para
conversion of hydrogen [59]. The phase equilibrium has been determined for two
isothermal sections in the ternary system Ti-Al-N. At 1273K, the H-phase
TizAlN and the cubic perovskite-type phase TiSAlN are found; at 1573K, TisAlzN2
is also found [60]. The thermal conductivity of Si3N4-TiN composites with TiN
dispersed uniformly in the Si3N4 matrix was measured at 293-1173K [61]. With
increasing TiN content, the conductivity of composites having the crystalline
Si3N4 matrix decreases drastically. The effect of added Ti atoms on the

crystallization of amorphous Si3N4 thin films has been investigated;

precipitated TiN particles enhance the crystallization of B—SiSN4 [62].
4 .5 TITANIDM SULFIDES AND SELENIDES

Under high pressures at 1273K, stoichiometric TiS2 formation accompanies
non-stoichiometric TiS2 from a starting stoichiometric mixture of titanium and

sulfur. Further reaction yields stoichiometric TiS,, as does reaction of

23
titanium and TiS3 at 1273K after 2 hours [63].
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The calculation of electronic structure by the Xy method of discrete
variation in the numerical basis of atomic orbitals, and x-ray spectra of
clusters of [Ti756]14+ in TiS2 have been obtained. Additionally, KBS and
LII,IIITi emission spectra, and the LIII quantum yield of Ti and LIII spectra
of Ti in TiS, have been interpreted [64]. Raman spectra reported [65] for
2H_Ti1.0652’ 4H—T11.1682, 12R—Til_1682 and 4H-Ti1.5452 at 300K were interpreted
in terms of results obtained for TiSz. With increasing titanium content, bands
due to the Alg-type mode become weaker compared to bands due to the Rg—type
mode. Palosz [66] has discussed the effect of titanium layers on the process
of ordering of sulfur and titanium hexagonal layers in pélytypic Til.ZSZ
crystals. The stability of different arrangements of molecular S5-Ti-S layers
causing structural polytypism in Ti-S crystals may be influenced by
fluctuations of the density of extra titanium atoms in the T182 lattice.

Measurements of velocity and attenuation of ultrasonic plate mode waves

were carried out on TiS TiSe2 and TiS

2 Sel‘5 at 4-300K [67]. TiSe, exhibits

0.5
large anomalies associated with the occurrence of a charge-density-wave
transition near T, = 200K. The temperature dependence of the velocity in TiSe,
below TC was accounted for by anharmonic and electron-phonon contributions,
which reflect the opening of an energy gap on the Fermi surface by the charge-
density wave. Above the Tc’ the observed velocity changes affected by
fluctuations over a wide temperature range were associated with phonon mode
softening near the L point of the Brillouin zone as T, is approached [66].
Holleck and coworkers [68] have reported test results obtained with
hermetically sealed prototype secondary lithium batteries employing TiSZ,
CrO.SVO.SSZ and MoS3 cathode materials. The results indicate that cells based
on amorphous MoS3 exhibit the highest quasi-theoretical energy density.
Charge-discharge characteristics of lithium anodes and TiS2 cathodes were
investigated in LiBF, solutions of THF and/or 1,3-dioxolane [69]. Charge-
discharge potentials at the Li electrode are most stable in THF/1,3-dioxolane/

LiBF4, while the charging efficiency with respect to the TiS2 electrode is best
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in THF/LiBF4. The discharge properties of Li/TiXS2 (x = 1.00 - 1.13) batteries
have been studied in several organic solvents {(THF being the most favorable),
and x-ray powder diffractometry was employed to characterize the discharged
products [70]. Problems affecting discharge voltage profile, current density
and energy density of solid state batteries incorporating vitreous solid
electrolytes have been shown to be decreased by using layered cathodes. Those
investigated included a structure consisting of distinct layers of a halogen
(I, Br) and an intercalating cathode material (TiSz], sandwich structures of
the type TiSZ/X/TiS2 (X = I, Br), and X layers encapsulated in a TiS2 shell.
Reportedly, the halogen enhances the removal of Li ions from the intercalating
TiS2 layer by controlling the continuous regeneration of the TiS,‘2 until all the
halogen is converted to LiX [71]. Kikkawa and coworkers [72] have studied the
effect of TiS2 nonstoichiometry on the discharge of a Li—TiS2 battery, and
found it to be controllable. The effects of lithium anode passivation on the

performance of Li/LiAsF_--3-methylsulfolane/TiS., rechargeable cells were

6
studied by SEM, XPS and FTIR spectroscopy in order to identify the chemical
species formed on the anode [73]. A detailed mechanism for electrolyte
degradation has been proposed. A current-pulse relation method was employed to
determine the chemical diffusivity of Li in LixTi.S2 (0 < x < 1) cathodes in a
Li/l.Sb_/{LiA5F6——S—methylsulfolane/TiS2 battery [74].

Atomic hydrogen is intercalated into the interlayers of TiSz via reduction
of TiS2 with granular zinc in dilute HCl. A pressure-jump technique with
conductivity detection was employed to observe double relaxation in TiSZ(H).
The fast relaxation time increases with pH and decreases with particle
concentration, while the slow relaxation time remains approximately constant.
The fast and slow relaxations were attributed to protonation-deprotonation of
protonated surface sites and proton intercalation-deintercalation in the
interlayers of TiSz(H), respectively. The kinetic parameters reveal that the
proton intercalated into TiSZ(H) interlayers serves as a strong solid acid

comparable to a mordenite [75]. Kozinkin et al. [76] have found that the amine
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nitrogen atom in TiSz, containing interstitial BuzNH, EtzNH and cyclohexylamine,
is coordinated directly to the Ti atom. The amine-containing TiS2 is easily
oxidized in alr at 293K, with formation of TiO2 and SS'

Three-fold superlattice structures have been observed [77] at LiO.SSTiXZ
during the Li intercalation of TiX2 (X =S, Se). A satisfactory match between
observed and calculated x-ray powder diffraction intensities was obtained; a
model with a tripled 'c'-axis was proposed for these complexes. Lithium and
sodium intercalations in Tis, have been investigated by transmission electron
microscopy (TEM) using lattice imaging and diffraction contrast techniques.
Observations on both NaXTiS2 and chemically prepared LixTiS2 reveal highly
dislocated structures. A model was proposed wherein the dislocations are
introduced to accommodate misfit strains caused by nonuniform intercalation and,
for NaXTisz, to initiate phase transformations, leading to potentially
irreversible structural changes in cycled material [78]. TEM studies in
intercalation in solid-battery materials point to a model in which battery
intercalation in NaXTiS2 leads to a highly nonuniform microstructure with
complex intergrowths of different phases. The misfit between different phases
and phase transformations were described by dislocations which are capable of
achieving very high densities [79].

The topochemical reaction of Na TiS, solid phases with I, in MeCN leads to
several modifications of TiSZ. The lT—TiS2 modification is found by
deintercalation of the rthombohedral phases 3R(I)~NaXTiS2 and SR(II)—NaXTiSZ.
Deintercalation of the hexagonal phase 2H(I)-NaxTiS2 leads to a strongly
disordered 2H—TiS2 phase with a "chch" stacking of S. The structure was found
to be compatible with a mechanism of deintercalation consisting of parallel
displacements of TiS2 sandwiches [80]. A structural study of NaxVxTil_xS2
reveals only the 3R(Ib)-type phase in the composition range 0.3 < x < 1.
Electrical, nmr and magnetic measurements confirmed a metallic-type behavior
[81].

BazTiS4 has been obtained from BazTiO4 and Cs, at high temperatures and
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characterized by Ir, Raman and UV/VIS spectroscopies, powder x-ray
diffractometry and magnetic susceptibility measurements [82].
Crystal growth, characterization and photoelectrochemical properties of

Z TiXS3 (0 < x € 0.33) have been determined and compared to those of pure

Ti-x
ZrSS. Resistivity decreases with increasing Ti content, and the onset of
photoresponse shifts to lower energies with a significant rise in quantum
efficiency. The results were related to the formation of a lower energy band
consisting of Ti-like orbitals [83]. Angle-resolved XPS has been employed to
study self-intercalated single crystals of TiiVi_XViESZ. A polar-angle
distribution curve of photoelectrons emitted from interstitial lattice sites
was reported [84]. Tts shape differed significantly from that of the electrons
emitted from regular sites. Several techniques were employed to interxcalate

Mn metals into TiS2 crystals with a lT—CdIZ—type layered structure [85]. The
EPR signals of the intercalated species reveal a an+ state with a 'g'-value of
v 2 and a hyperfine structure constant A = 80 x 10—4 cmil, indicative of a
strong ionic crystalline environment [85]. Layered LiTil_yMyS2 (M = V, Cr, Fe)
have been prepared directly from a mixture of Li28 and M [86]. The structure
is 1T for M = V and Cr, and 3R for M = Fe. Magnetic and Moessbauer data
indicate that Fe is high-spin and divalent for y < 0.5, that Cr is trivalent,
and that V is nonmagnetic.

Vol'pin and coworkers [87-89] have performed an extensive x-ray emission
spectroscopic study of the electronic structure of the titanium disulfide-
metal intercalation compounds MXTiS2 (M = Fe, Co, Ni}. They found that the
interstitial Fe atoms in FeXTiS2 (0 % x € 1) interact with the matrix atoms in
such a way that the electron density from Fe atoms is transferred into the

vacant 3d-band of TiS,, and the degree of oxidation of the Ti atoms decreases

2’
while that of the S atoms remains constant [87]. TiKBS x-ray fluorescence

spectra of FexTiS x = 0,25, 0.50. 0.75) show that the interstitial Fe atoms

5

present in the interlayer regions of TiS, are responsible for decreasing the

oxidation state of Ti. This effect increases as x increases, reaching a 3+
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oxidation state at x = 0.75. The appearance of a short-wavelength maximum in
the Ti KB5 spectra is indicative of the presence of Ti-Fe interactions [g88].

The Ti Kul x-ray fluorescence spectra of MXTiS2 (M = Fe, Co, Ni; x = 0.15, 0.25,
0.33, 0.50, 0.75, 1.00) and Lil-OTiS2 reveal that the introduction of M atoms
into TiS2 results in an electron density transfer from M to the Ti atoms. The
magnitude of the transfer depends on the reduction capability of M and
decreéases as Ti > Fe > Co > Ni [89].

A spontaneous intercalation/corrosion reaction of TiS2 occurs upon the
placement of lT—TiS2 crystals in aqueous AgNOS. The reaction is reduced or
eliminated on using dilute electrolyte or an organic solvent. Open-curcuit
emf potentials of the AngiSZ/Ag’(glycerol)/Ag electrochemical cell was
reported as a function of x, and the observed features correspond to the
structural changes induced in the host TiS2 lattice by the intercalating Ag
ions [90]. Scholz [91] has also investigated the silver intercalated 1T-TiS,

system. AgXTiS can serve as a reversible electrode in contact with

2
electrolytes. It can be prepared via reaction of metallic Ag with TiS, at
1090K and by the reaction of AgZS with metallic Ti and S at 1000K. Emf
measurements were. performed on the electrochemical cell with solid electrolytes:
Ti/Ag/ Ag4RbIS/AgXTiSZ/Ti. Depending on the x value, the Ag TiS, éxists in the
form of three different phases [92]. The electronic component of the
thermoelectric power was measured for AngiS2 and LixTil.0382 (0 <x<1, 323K
< T(temp) < 473K). The heat of transport of Ag+ ions was much smaller than
the activation enthalpy for Ag+ conduction, suggesting a high ionic polaron
binding energy in these materials [93].

The specific heat of 1T—Ta0.93TiO.07S2 in the Anderson localized states
was measured from 0.2 to 5.0K in magnetic fields up to 60 kOe. Below 3.5K, a
Schottky-type excess specific heat was observed, and explained on the basis of

Coulomb interactions [94]. The preparation and crystal structures of T1,TiS,

and T1,TiSe

4 4 reveal them to be isostructural. They are characterized by

e
isolated tetrahedral thioanions connected to each other by Tl ions. The T1
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FIGURE 1: The structure of T14TiS4, which is isostructural

with T14TiSe4. The projection shown is that

parallel to [001] [94].
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atoms are surrounded by sik and seven chalcogen atoms, respectively, in an
irregular and polar arrangement, indicative of stereochemical activity of the
lone electron pair of the 1" ions (Figure 1) [95]. Huntley [96] has discussed
the structural and magnetic properties of transition metal intercalated

titanium diselenide.
4 .6 TITANIUM HALIDES

a. FLOURIDES
Thermographic and visual-polythermal studies have defined

crystallization fields of initial components and solid solutions formed from
K3TiC1F6 and K3NbC1F7 [97]. A ternary eutectic occurs at 927K with the
composition K2TiF6 (41 mol%)/KszF7 (41 mol%)/KCl (18 mol%). In the presence
of KC1, the continuous solid solutions formed by KZTiF6 and K2NbF7 are unstable
[97]. In solution, NazTiF6 reacts with ammonia in the presence of HC1l to
initially form Ti(OH)Fsz_ and TiClFSZ—, and subsequently Ti(OH)4 [98].

The progression rate versus temperature for the supercooled structural
transformation: in NiTiF6'6D20 has been compared to that of NiTiF,-6H,0.
Deuteration lowers the critical temperature by about 14K, and a second
transition, seen in the hydrated salt, was not unambiguously observed. Energy
parameters were calculated from a fit to a nucleation and growth model [99].
The temperature dependence of the zero-field transverse susceptibility,)(L ,
of the isostructural compounds NiMF6'6H20 (M = Ti, Zr, Si, Sn) has been studied
and found to be nonordering as these compounds are easy-axis ferromagnets [100].
The synthesis and crystal structure of YbTiZOSF has been reported by
Lobkovskaya and coworkers [101]. YbTi205F is orthorhombic with Yb atoms in
archimedian antiprismatic coordination and the Ti ion in octahedral
coordination. The F is coordinated to some Ti polyhedra and some Yb polyhedra
[101].

b. CHLORIDES

(i) TiClg
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The vibtational spectrum and normal coordinate analysis of B-TiCl3 have

been performed [102]. The A2u mode is lower in frequency than that in Ot-TiClg

and one of the Ti-Ti stretching vibrations (at 281 cm_l) corresponds to a Ti-Ti
stretching force constant of 81.6 N/m [102].

TiCl3 is known to reduce N-hydroxy imidazoles (&) (R = PhCHz, Me.C,

€3
MeZCHCHz, Bu, pentyl) in methanol/water to yield the N-protio derivatives (2)

which are useful precursors of chiral amino acids [103]. In agueous solution,

OH :
N
I
He \ R _ Me \ I R
N N/
() (2)

selected nitrosoamines of the type RR'NNO {R = R' = C alkyl; RR' = (CH,),,

1-4
(CHZ)S, (CHZCH2)20} are reduced by TiCl3 to give the aliphatic hydrazines
RR‘NNH2 in good yield. Reduction of MeOCH2NMeNO produces MeNHNH2 as the major
reaction product, whereas other reducing agents give a mixture of primary and
secondary amines [104].

Mixed crystals of TiC13'1/3A1C13 (commercially known as TAC-141) have been
employed successfully as a catalyst for the polymerization of propylene [105].
An increase in isostereospecificity and activity is observed when the catalyst
is treated in a nitrogen atmosphere at 343-363K for several hours with diethyl

ether in heptane. The optimum quality is achieved at a EtZO/TiCI ratio of

3
approximately 0.15 - 0.20 mole/1 [105]. Diffractometry and infrared
spectroscopy were used to characterize the reaction of TiCl3 with polymeric

support in combined grinding. The grinding of TiCl3 with polyethylene or

polypropylene suppeorts, having methacrylate or polyacrylonitrile, significantly



163

affects the structure and catalytic properties. The activity and
stereospecificity of the catalyst increase simultaneously when a shortage of
functional groups is present on the support [106]. Corradini and coworkers
[107] explain the similar properties of TiCly- and MgCl,-Lewis base catalysts
in the isospecific polymerization of a-olefins in terms of the analogous
structure of catalytic sites resulting from the epitactic growth of small TiCI3
units on unsaturated surfaces of MgCl,. Computations of the non-bonded
energies of different diastereoisomeric complexes of these sites suggest that
the main factor in determining their stereospecific properties is the fixed
chiral orientation into which the growing polymeric chain is forced.

In the presence of visible light, the reduction of CO2 in aqueous solution
in the presence of TiCl;-treated zeolite CaA affords HCO,H, HCHO and oxalic
aeid. The yields increase when reducing agents (e.g., Cr2+, V2+, Mo5+ and

metallic Al, Zn or Mg) are present [108].

(ii) TiCl,
The quantum yield for the photoreduction reaction (2) in ethanol

H,0 and HC1 in the ethanol solutions

depends on the concentration of TiC14, 2

[109]. A complex mixture of photoproducts is obtained upon photolysis (A =

Ti4+ + hu 254 nm T13+ (2)

254 nm) of TiCl, in HZO/EtOH solutions. The mixture is composed of (a) a

4
binuclear complex containing Ti(III), Ti(IV) and OH, (b) a monomeric hydroxo
complex of Ti(III}, (c) [TiO(H20)5]+, and (d) a mixed complex of formula
[TiClx(HZO)y(EtOH)Z]n+. The composition of the mixture and the concentration
of the single product depend on many factors, including water concentrationm,
irradiation time, and system acidity [110]. Kryukov and coworkers [111] have

experimentally confirmed the formation of molecular hydrogen in the photo-

catalytic reduction of Ti4+ in TiCl, solutions in ethanol. A mechanism
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assuming complexation of EtOH with the Ti ion and formation of atomic hydrogen
has been proposed. The photolysis of TiCl4 in a frozen ethanol matrix leads to
the formation of Ti3+ complexes possessing the same coordination sphere as the
initial Ti4+ complex [112].

The electrochemical reduction of Ti4+ from a solution of TiCl4 in DMSO has
been examined to determine the possibility of depositing metals that cannot be
deposited from aqueous solution [113]. The reduction products of graphite
laminar compounds with TiCl4 were studied by x-ray diffraction, DSC, Auger
electron microanalysis, and Moessbauer spectroscopy. The reduction leads to
decomposition of the laminar compound and the formation of titanium chloride
on the sample surface [114]. A 951% yield of l-dodecanol is obtained via

reaction of equimelar amounts of 1l-dodecene and TiC14~2KBH in MeOCH,CH

4 272
followed by hydrolysis with 5% H702[115]. The reaction of methylene bromide

OMe ,

with dicyclopropyl ketone in the presence of TiCl4 in CH2C17/THF yields
1,1-dicyclopropylethylene and 1,1-dicyclopropylcyclopropane. The analogous

reaction with n-C7H15COMe gives n—C7H15CMe=CH2 (%) [116]. The reaction of

n-CzHyg
Me

(3)

Y

TiCl4 with formamide has been reported by Aspandiyarova [117].

A kinetic study of the reaction of the alkyl sulfonates RSOSCHZR' (R =
alkyl, Ph; R' = alkyl) with TiC14 to give alkyl chlorides suggests the
formation of a complex which decomposes in the rate-determining step via
nucleophilic attack by Cl1™. The large negative activation entropies are
indicative of a highly ordered transition state, characteristic of SNZ

reactions [118]. A related investigation reveals complex formation via
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reaction of the alkyl sulfonates RSOBR‘ (R = Me, Bu, Ph, substituted phenyl;
R' = Me, Et) with TiCl4 in protoinert solvents. The complexes react with
benzene to produce alkylbenzenes and alkyl halides [119].

The activation energies of the TiCl4 vapor phase reactien with copper,
coated by an oxide film of variable thickness, have been determined. The
reaction rate increases in the presence of molecular oxygen [120]. The
kinetics of the reaction of copper films with TiCl, vapor have been studied
gravimetrically in a flow of dry air at 298-453K. The rate curve obtained is
initially logarithmic and then becomes parabolic. Those TiC14—copper films
prepared at temperatures below 353K are subject to hydrolysis, while those
prepared at higher temperatures are stable in a humid atmosphere [121].

Gaseous TiO2 and TiOCl2 are yielded from the reaction between TiCl4 and
HZO. A vibrational infrared spectroscopic analysis shows that TiO2 is non-
linear with Ti-O stretching frequencies of "8944 and 965 cm_l; TiOCl2 has a
Ti-0 stretching frequency of 818 cm_l and a Ti-Cl stretching frequency of

535 c:m—1 [122]. TiCl4 reacts with the dialkoxy silanes R R‘nSiNHR” (R =

3-n

ClCHzCH 0; R' = ClCH,CH,0, Et0, PrO, BuO, Me; R" = Ph, C/H CHZ; n=1,2) at

2 272 65

different molar ratios to give R4_n_mR'nSi(NHR")mxTiC14 (n=0,1; m=2,3; x=
1, 2). The adducts were characterized by elemental analysis, and infrared and
nmr spectroscopies; the nitrogen atoms are the coordinating atoms [123].
Infrared spectroscopy was also employed to examine the solid-state
configurations of the 1:1 and 1:2 adducts which result from reaction of TiCl4
with B-amino thiones and B-keto amines. The results suggest that the bi- and
tetra-dentate amino thiones coordinate through the nitrogen atoms where f-keto
amines coordinate through oxygen [124].

The cyanamides R'R'NC=N (R ' = R" = Pri) react with TiCl4 to give
R‘R"NC=NTiCl4 11257,

The crystal structures and spectroscopic properties (UV and IR} of the
complexes formed by T'1C14 with esters have been investigated in an ongoing

study of the structures of highly efficient polypropylene polymerization
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catalysts. For example TiCl4 and PhCOOEt (=L) yield two complexes, TiCl4'L
and TiC14-2L'MgC12. The x-ray powder diffraction analysis reveals that the
former complex is formed in the catalyst preparation process by the milling-
soaking method [126]. The chemical composition of a MgCl,-supported
polymerization catalyst has been determined at every stage of its preparation,
which involved ball milling of MgCl2 with ethyl benzoate, reaction with

p-cresol, addition of AlEt and reaction with TiCl, [127]. Highly active

3’ 4

catalysts for the polymerization of ethylene and propylene are obtained from
the interaction of organic and hydride compounds of Ti, Zr, Hf, V or Cr with
silica and alumina. Results of a study of Ziegler-type catalysts prepared by
supporting TiCl4 on silica and MgCl2 and activating by an organo-aluminum
compound were also reported [128]. Addition of alkylaromatic esters to the
TiC14/MgC12 + AlR3 system yields a highly active propylene polymerization
catalyst. A study of the kinetics of ethylene polymerization catalysed by
TiC14/MgC12 and TiCl4—Ti(OBu]4/MgCl2 in the absence of hydrogen reveals greater
propagation rate constants and lower apparent activation energies when compared
to ordinary TiCl4 and AlR; catalysts [129]. On the other hand, a study of the
rate of ethylene polymerization catalysed by TiC14—phenetole-Et2AlBr shows it
to depend only on the Al-Ti ratio. At constant TiCI4 content, an increase in
the Al:Ti ratio gives rise to accelerated catalyst formation and increased
catalyst activity [130]. The kinetic¢s of isoprene pdlymerization in the
presence of Ziegler catalysts have been reported by Bresler et al. [131]. The
catalysts employed were prepared via the reduction of TiC14 by PhMgBr or

5 BuZMg-AlEtS. Both the catalyst activity and polymerization decrease on
addition of either iég;BuzAlCI or 1§£TBu3A1 to the catalyst system.

The treatment of the unsaturated alcohols 3-butyne-1-ol and 4-pentyn-2-ol
with EtzAlCI, followed by treatment with TiCl4 under various conditions,
selectively gives (E}-3-hexen-1-ol and (E)-4-hepten-1l-ol, respectively. The
reaction results from a syn-ethylmethylation of the multiple bond, with no

complications observed from in situ B-hydride elimination [132]. A kinetic
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investigation of the TiClA—catalysed Friedel-Crafts benzylation of PhCH2C1 in
excess aromatic hydrocarbon suggests the reaction to be first-order with
respect to PhCH2C1 and second-order with respect to catalyst. The reaction
mechanism involves attack by PhCH2+ or a PhCH2+Ti2C19_ ion pair on the aromatic
[133]. Pozdnyakovich and coworkers [134] reported that benzylation of m- and
p-tert-alkyl toluenes (PhCHZCI) give mixtures of the corresponding 2,4-, 2,5-,
4,2-, 5,2—, and S,S—Me(RCMez)C6H3CH2Ph (R = Me, Et). Less than 4% o-, m- and
p-MeCH,CH,Ph were formed.in the presence of TiCl,.

Thermal analytical data were employed to construct a phase diagram for
the TiCl4/TiBr4 system. A continuous series of solid solutions is formed with
a minimum melting point of 247K and 13 mol % TiBr, [135]. Chikanova and
Vorontsov [136] have determined the thermodynamic conditions for producing an
electrolyte melt of the binary system TiC14—P015. Various two-component oxide

structures have been prepared with the use of TiCl,, PCl, VOCl, and Cr0,Cl,

4) 3)

by a method of molecular stratification on a silica surface. The (fSiO)sTiOH
surface group consists of a series in which TiCl, substitutes the metal-oxo
groups [137].

Intracavity laser spectroscopy has been used to determine the spectral
bands Til4N, TilsN and TiC in the absorption spectra of TiCl,-N, pulsed
discharge plasma [138].

An investigation of the current and nature of the ester solvents (E =
EtOAc, BuOAc, PrOAc) on the anodic dissolution of titanium in ester solutions
of TiCl4 reveals two types of processes occurring. These processes are related
to the electrochemical discharge of anions with a [TiCls-E]_ composition, and
to the chemical process of oxidation of the metals of the cations [TiCl3'SE]+
and [TiClS'E]+. At lower current density values, the electrochemical process
predominates, while the chemical process dominates at higher (>1 A/dmz)vcurrent
densities. The rate of electrochemical dissolution of the metals is determined
by the electron-donor properties of the ester ligands and increases with

decreasing overdll Taft constant of the acid and alcohol radicals of the
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complex ester molecules [139].

(11i) Miscellaneous Chlorides

An attempt has been made to calculate the stability constant of
TiC162" in concentrated HC1 using spectrophotometric data. However, the
extinction coefficient of TiC162_, calculated by extrapolation, was not
sufficiently accurate to allow stability constant calculations [140]. The
infrared and low-temperature Raman spectra of C52T161S~4H20 have been measured
in the 4000-200 cm_l region. Additionally, normal coordinate calculations
were performed for EEEEET[TiC]Q(HQO)4]+' The presence of this ion in
CSZTiCIS-dHZO was reportedly [141] confirmed by the similarities in their
vibrational spectra. Auger electron microanalysis and x-ray phase analysis

of the reduction products of the layered graphite CkTi 57-

Lo lasy &=
78) indicate the formation of titanium and graphite [142]. The electronic
structure of the dibenzotetrathiofulvalene ion-radical salt with Ti7C1q_ has
been determined from x-ray emission spectroscopy [143]. The stability

constants of TiOCl+ and TiOCl, (1.04 and 0.29, respectively) have been

determined using an ion-exchange method [144].

c. BROMIDES
A Teinvestigation of the violet emission bands of TiBr reveals the

production of five band systems when TiBr, and argon are passed through a

4
microwave discharge. Three of the systems reportedly arise from TiBr, one

from TiBrZ or TiBr+, and one from TiBr3. Vibrational analyses are given for
two of the TiBr systems [145]. An effective Hamiltonian has been developed for
the treatment of exchange interactions in a pair of transition metal ions with
orbitally degenerate ground states [146]. The Hamiltonian retains a partial

degeneracy of singlet and triplet pair states, and was applied to TiZXQJ- X =
Br, C1) dimers. The gross experimental features of RbgTivBr9 and Cs3Ti,Clg

agree fairly well with the theoretical model, with strongly antiferromagnetic



169

coupling and rationalization of exchange parameters by an approximate MO
calculation [146]). Employing molecular kinetic constants and the Wilson's FG
matrix method, the general quadratic valence field was applied to the solid-
state metal-hexahalo species RzTiX6 (R = (C2H5)4N, Cs). For the first time,
the compliance constants, vibrational mean amplitudes, shrinkage constants,
Coriolis coupling constants and rotation distortion constants are reported for

these ions [147].

4,7 TITANIUM OXIDES

a. TITANIUM OXIDES, EXCEPT TiO2
Nonstoichiometric TiOx films have been prepared by dual ion beam

sputtering, and have been characterized by a high absorption index.
Additionally, deposition conditions are reported for obtaining either T:'LOx
films with an adequate reproducibility of film properties [148]. Theoretical
studies of optical scattering show that transparent layers deposited on'a rough
surface may possess an antiscattering effect. Roche and coworkers [149] have
experimentally shown that such predictions are true for titanium oxide provided
exceptionally stable deposition conditions are employed. Thermodynamic
properties have been calculated for the nonstoichiometric titanium oxide TiOx
(0.85 £ x € 1.25) by the method of cluster components [150]. The overlap
molecular integrals and the Ti-Ti bond screening energy, 'V', in TiO were
calculated by solving a four-electron problem which accounts for the
interaction of the electron of the d orbital from each Ti atom and two
electrons of the 2p orbitals of the oxygen ion. The resulting 'V' values
exhibit a direct relation to the formation of structural vacancies [151].

Structural defects occurring in plastically-deformed, nonstoichiometric

rutile, TiO (0 € x € 0.0035), have been characterized by high-resolution

2-x
electron microscopy. The observed crystallographic shear planes possess
considerable local disorder in orientation and structure, implying a different

precipitation mechanism for these defects compared to those in quenched
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nonde formed materials of similar composition [152]. The extrinsic and/or
intrinsic nature of extended defects in Ti02_X have been snalysed by drawing
Burger's circuits directly onto high-resolution electron micrographs. Above
the extended defect precipitation temperature, an essentially interstitial and/
or vacancy nature of the small defects responsible for Ti0,_ | are implied.
Images suggestive of a partial wall of anion vacancy defects were also

obtained [153]. Chemical diffusion coefficients have been measured for various
nonstoichiometries of TiOZ—x at 1323K. The results were compared with those in
the literature, and were interpreted in terms of a major constituent,
interstitial Ti3+, being responsible for the diffusion. As a consequence,
oxygen vacancies possibly associated with shear planes in the T.i()l_gg—TiOL995
part of the nonstoichiometric domain are expected to be minor defects in this
oxide [154]. High-resolution electron microscopy along with controlled
specimen preparation were employed to investigate the nature and structures of

{100} platelet defects observed in TiO (0 % x 2 0.0035). The platelet

2-X
defect precipitation was explained in terms of new linear cationic interstitial
defect models which exist within the nonstoichiometric phase [155].

A method involving in situ annealing using an electron microscope was

reported to study the phase transition of evaporated TiO films. Single

0.5
crystals of the 8-phase precipitate during annealing; also, appearing during
annealing were two transition structures possessing ordered vacancies of Ti and
0, respectively. Differences in lattice distortion of the two transition
structures, relative to the parent rock-salt type lattice, suggest that the
effective atomic volume of Ti is larger than that of O in the transition
structure crystal [156]. The effect of thermobaric treatment on the magnetic
susceptibility of TiOX (x=0.84, 1.05, 1.27) has been studied. The observed
changes in the magnitude of the magnetic susceptibility are interpreted in
terms of a change in the structural characteristics and charge state of atoms

subsequent to the action of high temperatures and pressures [157]. Kutzler

and E1lis [158] have calculated the x-ray 'K'-edge photoabsorption cross
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section of TiO employing the self-consistent one-electron local-density theory.
Additionally, energy levels, charge distribution, and cross sections are
reported from a 27-atom microcrystal with a molecular-cluster approach in the
discrete-variational method.

Micrometric particles of powdered titanium oxides (TiOz, T1203, Ti0) were
characterized by laser microprobe mass analysis (LAMMA). The stoichiometry of
the sample can be correlated with the relative intensity distributions of the
positive or negative cluster and atomic ions. Variations in laser energy
density and in ion lens potential also affect the ion intensity distributions.
Similar conclusions were reached via application of the valence model [159].
The structural chemistry of Magneli phases in Tix02x—1 (4 € x<9) at 115, 140
and 298K has been examined by LePage and Marezio [160]. At 140K, a significant
cell-parameter change at the lower transition and aLS—fold superstructure
accur. The 140K phase is triclinic and corresponds to long-range order of the
titanium valences. Expansion and contraction of the Ti-Ti distances in the
rutile-like chains can be correlated with the electrostatic repulsion of the
titanium ions.. Chemical transport experiments on the phase TixOZX—l with HgCl2
reveal a neighbor phase with higher oxygen content (Tix+102x+l) deposited at a
lower temperature T,. Similar results were obtained using TeCl, as the
transporting agent. These results and thermodynamic calculations suggesf it is
possible to calculate the composition of a compound deposited at Ti in systems
with numerous close-neighbor phases and for given experimental conditions [161]..
Similar experiments showed that in the presence of traces of H,0, the
neighboring phases with a higher oxygen content are deposited in the zone with
the lower temperature T,. The transport is due to the formation of HC1 from
HgCl2 or TeC14, as confirmed by the use of HCl or NH4C1 as the transporting

agent [162].

b. MIXED METAL OXIDES
Canali and coworkers [163] have studied the interactions and

compounds formed between titanium and LiNbO3 which occur before the true
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titanium in-diffusion process for optical waveguide production. Lithium
insertion into various close-packed Tio, frameworks has been investigated using
neutron diffraction. A simple model based on minimizing cation repulsion was
employed to rationalize the structures and diffusion of lithium in lithium
inserted anatase, Lio,STiO2’ the spinel LiT1204, and the lithiated spinel
LizTizo4 [164]. Crystal structure determinations of these oxides reveal that
lithium partially occupies the highly distorted octahedral interstices in the

anatase framework in five-fold-coordination with oxygen in Li TiO2 (Figure

0.5
2). A normal spinel structure obtains for cubic L12T1204 with Li in the
tetrahedral sites. In Li?TiZO4, the Ti remains in the spinel positicns but the

Li is displaced, filling all of the available octahedral sites [165]. The

FIGURE 2: The structure of Lio STiOZ, anatase form.
The anatase framework is accentuated by
outlining the TiO6 octahedra. Triangles, Li;

open circles, Ti; diamonds, 0l; squares, 02 [164].
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metallic nature of LiTiZO4 has been confirmed by the presence of a Fermi edge
in the helium I-excited valence-band UPS spectrum. However, the measured
density of states at the Fermi energy is significantly lower than expected

from an independent-electron interpretation of the magnetic susceptibility.

The difference is due [166] to a strong interaction between the conduction
electrons and lattice vibrations. The localization of conduction electrons
observed in the final state in the Mg Ka—excited Ti-Zp XPS spectrum of LiTi204
is the result of a Coulomb interaction with a core hole [166]. ESR
spectroscopy and magnetic susceptibility were used to characterize the
Li1+xTiZ—xO4 spinel. The two types of localized moments observed were
associated with two types of defects; an oxygen vacancy and an OH ion.
Unpaired electrons are trapped as TiS+ ions adjacent to these defects, and the
strong tetragonal field is likely associated with the formation of a static
(TiO)+ ion via displacement of the Ti ion from the defect. Spin relaxation
then occurs through thermal ionization of the trapped electron, which
apparently is related to a static-dynamic transition in the Ti ion displacement
[167]. Porotnikov et al. [168] have recorded the infrared and Raman spectra
(33-1000 cm_lj of LizTiOS, and compared the data to a group theory analysis and
to an isotopically-substituted 6’7L12T103. The effective coordination numbers
and the Madelung part of the lattice energy have been calculated for the

isotypic compounds KLi . Ti0 and-KLiSSiO4 [169]. At temperatures of 573-773K,

4
the electrical conductivity is significantly increased upon partial replacement
of si? in Li,Si0, by larger ions it ey to give Li,Si, [Ti 0,. There
appears to be an optimum ratio of the size of the migrating Li" ion and the
size of the migration channel, as determined by the size of the Ge4+ or Ti4+
ions [170]. Belinskaya and Filina [171] have studied the formation conditionms,
composition and ion-exchange properties for the alkaline hydrolysis products in
the TiC14—H20—MOH (M = Li, Na, K) systems at pH 10 and greater than 12. The

M:Ti molar ratio in the precipitate depends on the aging time of the

precipitate in its mother liquor. X-ray phase analysis was employed to
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characterize the major calcined precipitates, identified as Li4Ti15012,

NaZTlSO7 + NaZTlsoll, and K2Ti6013.
Berdowski and Blasse [172] have investigated the nonradiative relaxation

°D, (+°Dy) level of Eu>® in NaGdTiO, in the

by multiphonon emission for the
temperature range 4.2-298K. The temperature of the relaxation rate is
indicative of a fifth-order process, while the frequency of the emitted phonons
corresponds with that of Gd-O stretching vibrations. The static structure
factor S(q) for the Frenkel-Kontorova model Hamiltonian has been treated on the
basis of a high-temperature expansion of the transfer-integral equation (TIE).
reveals that

Application to the potassium hollandite K T

1.54M80.77T17 23016

experimental results are not reproducible for S(q) at substrate potential

UB & 1, though it gives consistent results for UB = 8 and a correlation length
Aa = 3.1 [173]. A study of the character of the magnetic conversion of

diluted ferrites, including Mgl.SFeTiO.504 (Mg-Ti), shows the existence of
ordered and disordered spins (mictomagnetism) [174]. X-ray powder diffraction
was employed to obtain the crystal structure of CaTiO3 containing R203 (R = La,
Dy, Pr, Lu, Y, Cr). The RZOS additives do not affect the lattice parameters,

as they apparently are not situated in the lattice but at grain boundaries [175].
The difficult-to-prepare monoclinic crystals CaTi3A18019 and LaTi2A19019 have
been successfully produced by a relatively simple method [176]. The reaction
between molten A1203 and TiO2 in a solar furnace gives B-A}zTiOS, which has

been characterized by x-ray diffractometry and Raman spectroscopy. The 900 cml'1
band in the Raman spectrum of B-Al,Ti0; corresponds to valence vibrations of
the Al1-0 bonds in distorted [A106] octahedra, as confirmed by the Raman spectra

of Alsza TiO5 solid solutions [177].

2(1-x)
Infrared spectroscopy and x-ray diffractometry have also been employed to

determine the effect of acidic or basic molecules and of the structure of a

V-Ti-0 (VZOS/TiOZ) catalyst on the catalytic oxidation of alcohols. With

increasing V205 concentration (V:Ti = 2-11)} the concentration of the active

surface V=0 groups increases [178]. TEM studies of the ternary system VTiOx
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(x = 1.750-1.900) at 1373-1473K reveal the formation of a homologous series of
oxides which have been formulated as V2T1n~202n-1 (5% n € 10). The new phases
are described as derived from the rutile structure through the application of
the crystallographic shear on the (121)r planes. Unit cell parameters are
reported for the V2Ti7017 and V3T16O17 phases, which also possess micro-
synthetic intergrowths [179]. Kidoh and coworkers [180] have characterized the
structure and electron density distribution in the ilmenite-type MnTiO3

crystal (Figure 3). A small amount of partial disorder occurs in the cation
arrangement of the rhombohedral crystal examined. The electron cloud about the
Ti4+ ion is deformed so as to shield the positive charge of the an+ ion, as in
CoTiOS. A positive-density region spreads between the nearest an+ ions in

the deformation density map, which suggests direct interaction between Mn and

Ti. The antiferromagnetic order observed in the (000l) plane at low

temperatures does not contradict the presence of such direct interaction. The

3,3089(6) oV

2.9191(7)

L]
FIGURE 3: Bond lengths, in A, in the MnO

6 and T106

octahedra of the ilmenite-type MnTiO
crystal [180].

3
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electrochemical behavior of the natural ilmenite FeTiO3 has been investigated
by cyclic voltammetry [181]. The valences of the metal ions in FeTiO, are
Fe(Il) and Ti(IV)}, based on analyses of current-voltage curves. The preparation

and the electro- and photoelectro-chemistry of FeXTi 0, (x £ 0.9) have been

1-x"y

reported [182]. Data from Moessbauer spectra of Fe M=Ti, V, Cr,

lvax01+5 (
Co, Ca) have been interpreted in terms of the oxidation state of Fe being
between +2 and +3 which depends on the composition of the solid solution [183].
The monoclinic FeZTiO5 system has been characterized by high-resolution
electron microscopic images and by their computer simulated images, with the
aid of electron and x-ray powder diffractometric methods [184]. X-ray phase
analysis, infrared spectra, electrical conductivities, photoelectron emission
and diffuse reflection spectra of (Tixpel—x)ZOS (x = 0-0.1) solid solutions
reveal the samples to be true substitutional solid solutions with a uniform
distribution of Ti between the surface and the bulk. Electronic conduction
occurs Xiglionization of the donors Ti4+'F62+, situated 0.5eV below the
conduction band [185].

Porous metallic supports (stainless steel PNS, Nichrome PNKh, Ti and Ni)
corrode by molten M(NOS)m‘nHZO during the preparation of the oxide catalysts
C0304, Co

XMXO (M =Ti, Ni, Cr, Fe), FeZOS’ and Fe xMxo (M = Ti, Ni, Cr).

1- 1-

The corrosion is accompanied by inclusion of the support metal ions into the
lattice of the catalytically-active oxide and by a change in 1ts phase
composition [186]. The electron density distribution in a CoTiO3 crystal was
examined by single-crystal x-ray diffractometry. The observed deformation
densities about the Co2+ ion are explained in terms of the high-spin g? ion
electron configuration in an octahedral field. The Ti4+ ion lies in a negative
region of the deformation density map, and a positive peak exists on the three-
fold axis [187]. The thermal decomposition (1300-1700K) of CoTiOS apparently
proceeds via two steps, with CoTiZO5 an an intermediate product having a

standard heat of formation of -2162.7 kJ—mole-1 (from the elements). The

decomposition was examined by mass spectrometric Knudsen cell determinations
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and by vacuum thermobalance experimeﬂts, with subsequent x-ray analysis of the
residues [188]. For the first time, an electrical field induced texture effect
has been observed in the Moessbauer spectra of NiTiOS-FeZO3 pellets [189].
Thermogravimetry, DTA, isothermal studies, x-ray diffraction and chemical
analysis have been utilized to study the thermal decomposition of
ZnTiO[C204)2'2.5H20. The decomposition occurs via three steps: (a) a two-stage

dehydration of ZnTiO(CZO '2.5H20 between 295K and 453K; (b) the second step

42
involves decomposition of the oxalate at 450-573K, while (c¢) the third step
results in the formation of oxides as the end product. The end product, when
isothermally heated at 973(20)}K, is the cubic ZnZTi308, which on further

heating (1173(25)K) gives cubic Zn TiO4 [190].

2

The formation of strontium titanate, SrTiOS, has been examined by
thermogravimetry (TG) and by x-ray diffractometry. The reactivities of several
starting materials [Sr(N03)2, SrCOS, Sr(OH)Z, Ti02-nH20, anatase, rutile] were
2.

Co and

also studied; the reactivity decreases in the order OH , NO 3

3 2
anatase, TiOz'nHZO, rutile [191]. A three-terminal capacitance dilatometer was
employed to determine the linear thermal expansion of SrTiO3 at 10-150K. The
temperature at which the dilation is minimal (37.5K) is very close to a
transition point (Tc = 32 ' 5K) predicted by Cowley [192]. Mueller and
Berlinger [193] have measured the effect of uniaxial [100}, [111] and [110]
stresses on the EPR fine-structure lines of Cr3+ at 300K on octahedral Ti4+
sites in SrTiO3 and Mg2+ sites in MgO. The intrinsic superposition-model
parameters and spin-lattice strain coefficients were determined. Partial

5

) . 5+ S4+ . . LA+ + <
substitution of V' for Ti in SrT103 yields ST(l—x/Z)[Jx/le (l-x)v X03 (x =

0.5). The effect of the cation vacancies thus created on the polarity of the

substrate bonds was investigated, and the optical and electrical properties of

the product studied. It was suggested [194] that an increase in covalency of

the M-0 bond (M = small cation) in the perovskite is due to the incorporation
S+

of V' . Thermogravimetric measurements as a function of oxygen activity at

1473-1673K on a series of lanthanum-doped SrTiO3 prompted Flandermeyer et al.
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[195] to postulate a model that assumes the absroption of excess oxygen in the
structure which compensates the donors via cationic defect formation. A
comparison of this model with the experimental results revealed reasonable
agreement. Gulya and Gyori [196] have examined the performances of
photoelectrochemical cells with SrTi0, BaTiO3 and KTaQ, electrodes. The
voltammetric characteristics, the response to conductance, nonconductance and
UV solar radiation, and the external electrical potential required to prime the
electrolytic process have been reported for polycrystalline SrTiO3 photo-
electrodes [197].

The mineral srilankite (Zr is orthorhombic (space group Pbhcn),

0.3345.677%2
with Zr and Ti distributed at random among the sites of the a-lead dioxide
structure. Each metal ion is bonded to six oxygen atoms forming distorted
(Ti,.Zr)O6 octahedra [198}. Ti and Nb are not randomly distributed in
monoclinic (space group C2/m) TiNb207, for which there is preferential
occupation of one type of site by the Ti atoms [199]. Greeger and coworkers
[200] have employed EXAFS and XANES (x-ray absorption near edge structure
spectroscopy) to evaluate the effect of alpha-recoil damage in metamict,
annealed and synthetic complex titanium-niobium-tantalum oxides. A comparison
of results obtained for the metamict vs annealed and crystalline samples
indicates minor changes in the first coordination sphere (Ti-0) and major
disruption of the second coordination sphere (Ti-Ti) for the metamict state.
The data were interpreted in terms of a mechanism in which tilting of cation
coordination polyhedra is the principal effect of any damage resulting from
alpha-recoil events.

The organic intercalates HO.S(LH)O.STleOS [L = NHB’ MeNHz, EtNHz, BuNHZ,

PrNHZ] have been prepared via reaction between HTiNbO5 and L [201]. The rutile

type RuxTil—xOZ coatings are metastable solutions wherein chloride ions are

likely to replace the oxide ions on the sublattice 02” sites [202].

The luminescence of B'14Ti3012 crystals results from the interaction of the

domain boundaries with crystal lattice defects. An electroluminescence
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examination,ofBi4T13012 shows that during pulsed polarization reversal only the
final stage of polarization reversal, corresponding to a side movement of
domain boundaries, is accompanied by the luminescence [203]. Room-temperature
Raman spectra of single-crystal Bil§i020 exhibit relatively narrow and sharp
low-frequency Raman lines, with increasing linewidth as the frequency increases
to 318 cm_1 followed by a decrease for the highest frequency modes [203]. The
frequencies of the normal vibrations of F-symmetry in the room-temperature
infrared reflection spectrum (10-50 um) of single-crystal Bilgiozo were
cbtained for the center of the Brillouin zone of the sample. The Tesults were
compared with previously published data from Raman and infrared transmission

spectra of BilzTiO and to refine the data for BilZSiO20 and BilzGeO20 [204].

20°

At 80-300K, the photochromic effect in Bi MO20 crystals (M = Ti, Si, Ge)

12
depends on the absorption coefficient in the absorption shoulder spectral
region and on the concentration of trapping sites with Ep = 0.5 - 1.2 eV [205].
Senuliene et al. [206] have investigated the existence of a complete range
of solid solutions between Bi1281020 and BilzTiozG and their optical properties.
The optical spectra revealed (a) absorption in the vicinity of the fundamental
edge, (b) infrared absorption and reflection, and (c) specific rotation of
plane polarized light for BilZSil—xTixOZO' Intergrowth compounds [X1][YM] are
yielded upon interaction of LiBiSO4C12—type compounds (X1) with members of the
bismuth titanate series {[MZOZ][Mm—lRm03m+1]’ m = 1-4}. The ideal space groups
for the intergrowth compounds are reportedly P4/mmm or Cmmm; however, all
[X1][YM] compounds are distorted, thus possessing symmetry lower than P4/mmm or
Cmmm. A trial, ideal structure [PbBiOZCI][Bi4T13012] (space group Cmmm) was
given; as well, a possible model of the true unknown structure was discussed
and compared to the orthorhombic structure of Bi4T13012 (see Figure 4) [207].
The preparation of BaTiO3 from Ba(NOS)Z’ BaCOE, Ba[OH)2 or BaC204 and
TiOz-xHZO, anatase or rutile has been examined by thermogravimetry and x-ray
diffractometry. BaTiO3 forms in the reaction of Ba(N03)2 with TiOZ, while

other titanates result from reaction of other reactant combinations. The
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FIGURE 4: A schematic picture of the ideal crystal structure of
[PbBiOZCl][Bi4T13012} in space group P4/mmm. The heavy
atom parameters are from a refinement in Cmmm. Empty,
black and double circles indicate O, Ti and 1, squares (Pb, Bi).

reactivity of reactants is of the order Ba(N03)2 > BaCO3 % Ba(OH), and anatase
> TiOz-xHZO Y rutile; BaC204 is converted to the carbonate prior to reaction

with TiO2 [208]. Beauger and coworkers [209] propose a mechanism to account
for the macroscopic reproduction of the various solid-solid interfaces expected
in the preparation of BaTiO3 from BaCO3 and TiOZ. The mechanism entails (a)
the formation of BaTiO; at the expense of TiO, by Ba diffusion from BaCo5, (b)
the formation of Ba,Ti0, at the expense of the BaTiO; layer via Ba diffusion,
and (c¢) the conversion of BaZTiO4 to BaTiO3, with release of an unidentified
species of Ba0 stoichiometry which diffuses towards TiO2 through BaTiO3 to form
BaTiOS.

Active hydrated TiO2 reportedly [210] reacts with aqueous ammonia solutions

of BaCl2 to yield amorphous barium polytitanates, containing < 4.1 x 1()_3 moles



of barium per gram of TiOZ. At 1173-1273K, crystallization of BaTi4Og occurs.,
SEM and AES methods were utilized to study the epitaxial growth mechanism for
the vacuum condensation of BaTiO3 films by thermal evaporation onto SrTiOS,
TiOz(rutile) and A1203[ruby) substrates. Faceting and lateral growth of
islands of small lattice misfit and parallel orientation suggest a Frank-van

der Merve mechanism [211]. The crystal structure of BaTiOSEeO2 has been
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examined using the EPR spectrum of Fe3+, contaminating pure BaTiOS, at 113-433K,

The observed powder spectra were classified according to pure BaTiOg, lightly

doped BaTiO3 (0,05-0.5 mole % Ce02), and heavily doped BaTiO3 (1-3 mole % CeOZL

The possibility of observing crystallographic phase changes in ferroelectric

polycrystalline BaTiO3 with various CeO2 concentrations was confirmed by

observing the EPR spectra of high-spin (Fe3+) in polycrystalline BaTiO3 at

various temperatures [212]. Guenter and Jameson [213] obtained the structure

of orthorhombic a'-Ba.,TiO

2T10,, and related it to that of monoclinic B-BazTiO4 (see

Figure 5). The TiO4 tetrahedra are discrete, and three Ba atoms possess
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FIGURE 5: The coordination polyhedra for orthorhombic (x'—BazTiO4 (first

three columns) and monoclinic B-BazTiO4 (last column) [213].
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irregular eight-fold coordination while the other threce Ba atoms have

irregular six-fold coordination. Structural refinements have been performed on
the isostructural (space groups P6z/mmc) six-layer, R-type hexagonal ferrites
BaTizFe40ll and BaSn2F04011. The structure consists of h-stacked Bal and O4
layers in a 1:2 ratio. Three octahedral sites are occupied between O4 layers,
and an octahedral site and a tetrahedral site are occupied between the BaO and

O4 layers. The octahedral sites arc occupied by Ti (or Sn) and Fe, while the

pair of tetrahedral sites is occupied by one Fe atom (seec Figure 6) [214].

FIGURE 6: Unit cell structurc of BaSn2Fe4011, which is isostructural
with BaTizFedoll' Shaded circles, Ba; open circles, O;
solid circles, octahedral sites occupied by (Sn, Ti) and Fe;
small open circles, tetrahedral site occupied by Fe with

an occupation Tate of 50% [214].

The composition and crystal structure of orthorhombic (space group Pba 2}
Ba3_75Pr9_5Ti18054 have been refined. The structure reportedly [215] consists

of TiO6 octahedra joined into an infinite chain via common vertices along [001]
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and to two other TiO6 groups ([T19027}0) with BaPr lying between the channels.
A modified relaxation method has been employed to determine the specific
heat of a single crystal of pure BaTiO3 [216]. The results reveal a pure T3
dependence of the specific heat in the 3-10K temperature range with no
anomalous extra contribution, contrary to the general T3/2 term expected for
the specific heat of ferroelectrics at 2-10K. The experimentally observed

polariton spectral features of NH,C1 and BaTiO, crystals have been analysed on

3
the basis of theoretical calculations, taking into account polariton Fermi
resonance [217]. The room-temperature high frequency edge Raman spectra have
been recorded for tetragonal BaTiOS. Two new narrow width lines, not
previously cited, are reported [218]. Sharon and Sinha [219] have determined

some of the photoelectrochemical properties of n-BaTiO, doped with La, prepared

3
by the alkoxy method. The bandgap (3.19 eV), donor level and space charge
region were obtained. Furthermore, the flatband potential does not depend on
the nature of the electrolyte, except for KI and Fe(CN)64-, while the
conduction band-edge position depends on the nature of the electrolyte. This
suggests that the metal-semiconductor model of Mott-Schottky is not strictly
applicable to the semiconductor-electrolyte system.

Valley and Klein [220, 221] have utilized the charge-transport model of
photorefractivity to evaluate four figures of merit that can be used to
characterize the performance of photorefractive materials. The figures of
merit include (a) the steady-state index change, (b) the response time, (c) the
energy per area to write a grating with 1% diffraction efficiency, and (d) the
index change per absorbed energy per unit volume (photorefractive sensitivity).
The indices are evaluated as a function of grating period and applied external
electrical field for Balzsiozo (a fast material with a relatively small
electrooptic coefficient) and BaTiO3 (a slower material with a larger
electrooptic coefficient).

The synthesis and analysis of lanthanum titanate has been cited in the

Russian literature [222]. The phase relations at 1473-1623K for the sections
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La4Ti3012/MT1O3 (M = Ca, Sr, Ba), La2T105/MT1/O5 (M = Ca, Sr), and

La4T13012/La2MgTiO6 have been istablished by x-ray phase analysis. The

formation of MLa4Ti4O15 (M = Ca, Sr, Ba), LaSTIS.SMgO.Sols’ CazLa4T15018 and
La6Ti4Mg018, having hexagonal perovskite structures, was identified [223]. The

crystallization temperatures of La XTiO3 (M = Li, Na, K) were determined

2/3-xM3
by x-ray phase analysis and DTA. The addition of M leads to a decrease in the
crystallization temperature in the sequence Li > K > Na [224].

The effect of initial pressure on the overall kinetics of the
decomposition of N,O over the double perovskite LaZTiCoO6 at 673-733K has been
established. As well, the catalytic activity of LaZTiCoO6 has been compared to
that of other LaZTiMO6 compounds (M = divalent transition metal ions) [225].

Van Dijk et al. [226,227] have investigated the electrical and catalytic
properties of some oxides with the fluoride or pyrochlore structure, including
lanthanide titanates doped with cerium. The bulk magnetization and magnetic
susceptibilities of HoTiO3 and ErTiO3 single crystals have been determined
[228]. For HoTiO3 and ErTio., easy direction of magnetization is along the
b- and c-axes, respectively, with respect to the 'Pbnm' chemical cell. The
saturation magnetic moments along the easy axes are 7.3(2) B per formula unit

for }-IoTiO3 and 6.9(2) uB for ErTiO, at 4.2K [228].

3

c. TiO2

(i) Preparative Methods

A radio-frequency glow discharge promotes the reaction between TiCl4
and oxygen to deposit TiO2 thin films at low temperatures (298-973K) [229].
Ultra-fine (120-1500 R) TiOZ(rutile) particles have been prepared from TiCl4
at <373K and have been calcined. The effect of particle size on the photo-
catalytic activity in aqueous methanol has been reported [230]. Electrolysis
of a TiCl, solution in the presence of 5 mole % Zr0Cl, in a diaphragmless
electrolytic cell yields the sol of hydrated Tio, [231]. Ti0, thin films have

been prepared at 403-523K by chemical vapor deposition involving TiCl,

hydreolysis on a heated disk that rotates a silicon substrate [232]. Rutile-
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type TiO2 needles are produced upon chemical-vapor deposition from the TiF4/H20
system at elevated temperatures. Employing a flow method from a NazTiF6/TiOZ/
HZO system under controlled conditions, the TiO2 needles grow preferentially in
the [001] direction [233]. Ultrafine amorphous TiO, particles (¢ 300 nl-g~ 1

have also been prepared by chemical vapor deposition of Ti(OPrl)4 (reaction 3).
Ti(OPr1)4 ———® Ti0, + 4CH + 2 HYO (3)

The reaction is catalysed by the TiO2 deposit on the reactor wall [234]. The
photocatalytic activity of Pt/TiOZ, for which the TiO2 was prepared from
Ti(OCH(CH3)2)4, depends on the calcination temperature of TiO2 [235].

TiO2 optical coatings were obtained by ion-sputtering techniques, for use
as multilayered interference mirrors and filters om glass substrates. The
coatings were characterized by their absorption coefficients, film thickness
and transmission spectra [236]. The utilization of argon and oxygen ions to
bombard a film during deposition was studied as a potential technique for
controlling the optical and mechanical properties of TiO2 films [237, 238].

Thin films of TiO2 formed by sputtering techniques were found to be

mechanically stable, mearly amorphous and very adherent [239]. Nb205*doped
n—TiO2 has been prepared by vacuum annealing; the conductivity changes have been
measured as a function of doping [240].

A thin-film polycrystalline Tioz(rutile) photoanode obtains by the
oxidation of a titanium sheet in air at 873K for 3 hr, followed by activation in
hydrogen at 873K for 1 hr. The photoanode's optical-to-electrical conversion
behavior was determined from flatband potentials, current-voltage curves, and
spectral response [241]. The structure and electrochemical properties of T102
photoanode films, prepared via reactive evaporation of titanium in 10—4 torr

oxygen, have also been investigated [242].

(ii) Structure and Characterization
- +
The equilibrium geometrical parameters of TiO2 (also ScO2 s VO2 )

FScO, FTiO+ and FCuO) have been calculated by the Hartree-Fock method utilizing
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valence double-exponential Roos-Veillard-Vinot basis sets for 3d metals and
double-exponential Oors-Sieghahn basis sets for oxygen and fluorine. The
calculations favor an angular structure with a valence angle (0Ti0) equal to
115° for T102 [243]. Munnix and Schmeits [244] have calculated wave-vector-
resolved and -integrated surface densities of electronic states for defect-free
TiO2 [110] and TiO2 [001] using the scattering theoretical method. The creation
of these surfaces leads essentially to oxygen p-derived resonances in the
valence-band region and to titanium d-derived resonances in the conduction
band region. In agreement with available UV-photoelectron spectroscopic
results, the gap for both faces is free of occupied surface states. New
structural models were derived for oxygen vacancy defects which occur in
impurity and dopant-controlled regimes of slightly substoichiometric rutiles.
An analysis of the electrostatic valencies of the oxygen ions led to a
suggestion that the oxygen vacancies should readily trap H ions. These new
small defect models offer an explanation for the many conflicting
interpretations of physical property measurements of reduced and doped rutiles
[245]. Computer simulations have shown that small defects should yield
observable contrast for bright-field phase contrast images of rutile. The
calculations provide a basis for reliable interpretation of cbserved images,

if artifact contrasts can be excluded or controlled by the preparative

method [246]. High-resolution electron microscopy and controlled preparative
methods have allowed examination of the nature and structure of small defects
existing within the nonstoichiometric rutile phase TiOZ—x (0 ¢ x<0.0D).

Using new linear cationic interstitial defect structural models, the atomic
mechanisms involved in crystallographic shear plane nucleation and growth and
the eventual evolution to an ordered crystallographic shear structure have been
elucidated [247]. Calculations have been performed for the energetics of
reduced TiOz(rutile) crystals containing (i) an isolated {132} crystallographic
shear plane, (ii) an ordered array of {132} crystallographic shear planes
corresponding to an oxide of composition TiZOOSQ’ (iii) a vacancy disk lying on

{132} planes, and (iv) an ordered array of vacancy disk lying on {132} planes,
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which yields the crystal composition TiZOOSQ' The calculations employed the
polarizable point ion shell model and account for the electronic
polarizabilities of ions involved. The results suggest that vacancy disks will
be converted into crystallographic shear planes in real crystals, and will not
exist as discrete defects. Also, a change in dielectric constant does not
appear to have a significant effect on the stability of vacancy disks, but does
have an effect on the energetics of crystallographic shear planes. The latter
observation suggests that crystallographic shear planes are only favored in
crystals of high dielectric constant [248]. Woning and Van Santen [249] have
predicted greater reducibility of the coordinatively unsaturated Ti4+ ions at
the rutile surface than at the anatase surface, based on calculations of the
electrostatic potential at the most densely pack rutile (110) and anatase (001)
crystal faces. As a consequence, the intrinsic Lewis acidity of coordinatively
unsaturated Ti4+ ions at the rutile (110) face is larger than that of the Ti4+
ions at the anatase face.

X-ray diffraction line broadening studies of shock-lodded TiOz(rutile)
have been performed to determine residual lattice strain and coherent
crystallite sizes. Rutile exhibits residual strain values near 2 x 10_3 at
peak shock-loading pressures of 20-27 GPa. Coherent crystallite size reduction
with decreasing pressure, and a gradual strain decrease and crystallite size
increase with temperature were observed [250]. The high-temperature single-
crystal x-ray diffraction analysis of TiOz(rutile) at 300-1280K reveals an
increase in the oxygen positional parameter with increasing temperature [251].
Ovchinnikov and Luk [252] have published a paper on the structural
transformations in hydrolytic titanium dioxide films in the Russian literature.
The effect of mechanical grinding on the structural transition of TiO, has been
studied using several anatase samples prepared from different starting
materials and with varying particle size. It was observed that the rate process

of the anatase»rutile transition depends on the initial particle size and is

independent of the difference in starting materials or of surface adsorbents
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[253].

The Raman spectra of two natural (from the Ural-polar region) broockite
TiO2 samples have confirmed x-ray phase analytical data which show that one
sample is free of large amounts of impurities while the second sample contains
rutile. The Raman spectra exhibited 36 active vibrations, significantly more
than the number observed for anatase or rutile [254]. Eled¢tron energy-loss
spectroscopy (ELS) has been employed to study the electronic, localized and
delocalized vibrational losses of TiO2 (110). Band-gap defect states are
indicated by electronic loss features at defect surfaces at approximately 8 eV;
while in the higher loss-energy region above 3 eV, well-known interband
transitions have heen detected. Vibronic loss structures were characterized by
three different delocalized Fuchs-Kliewer surface phonons as well as multiple
and combination losses thereof [255]. The measured Stark effect induced in the
infrared lattice bands of the Ti-0 oscillator in TiO2 has demonstrated that the
intensity of reflection from the electrically polarized oscillators depends on
induced polarization effects. Estimates of the degree of polarization and the
dipole moment were made [256].

The atomic bonding in 110, films deposited by ion beam sputtering of metal
targets has been examined by x-ray photoelectron spectroscopy (XPS}. The
results show a single bonding state and no evidence of suboxides above a 5%
level. Sputter-deposited TiO2 exhibits a relatively narrow (1.7 eV) 1ls line
[257]. The intrinsic data of the XPS and x-ray-induced Auger electron (XAES}
spectra of TiO2 has been reported, along with spectral data for SCQOS, V205 and
NiO [258]. AES and electron stimulated desorption (ESD) studies reveal a
marked increase in the 0:Ti ratio on a TiO2 sample at 575-975K. This
observation is anomalous inasmuch as the oxygen-rich surface is observed under
conditions for bulk reduction of TiOZ. The ESD lowers the 0:Ti surface ratios
by removing positive ions such as o [259]. Surface defects produced in TiO2
(110) by thermal treatment and ion bombardment have been studied by XPS, XAES

and ELS techniques. High-temperature low-oxygen pressure treatment leads to
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the formation of point defects with characteristic shifts in the cation core
levels (Ti 2p and Ti 3p) of 1.7 eV towards lower binding energies and in the
anion core level (0 1s) towards higher binding energy. Simultaneously,
attenuation of non-bonding oxygen 2p valence band states, an additiomal Auger
peak at 5.3 eV higher energy than the L3M23V transition of ideal surfaces
without point defects, and a pronounced electron loss feature at 0.8 eV were
observed. The results suggest a defect-related gap state with mainly Ti 3d
contribution 0.3 eV below the conduction band edge .[260].

The annealing behavior of shock modified TiO,(rutile) powder has been
studied by TEM, x-ray, line-broadening, and ESR. Dislocations generated by
shock treatment persist essentially unaltered through the 748K annealing, while
substantial recovery is observed after the 1273K annealing [261]. An x-ray
absorption fine structure (EXAFS) examination of crystalline TiOz(anatase) and
highly dispersed T'102 prepared via hydrolysis of Ti(BuO)4 indicate that the
latter sample has a mean particle radius of Rg = 35 R in which 30% of the
TiO2 octahedra lie on the surface. An analysis of the EXAFS data indicates
that the dispersed material is of the anatase form with coordination distances
identical to those of the crystalline sample for all coordinations involving
the coupiing of three octahedra. The results were explained on the basis of
increased compliance of the surface over that of the bulk [262].

Photoconductivity in crystalline TiOz(rutile) is produced by competing
single- and two-photon events; the first-order and second-order
photoconductimetric cross sections are 3.6 X 10_26 cm2 and 1.54 x 10_50 cm4—sec,
respectively. A thermoluminescence study of TiO,(rutile) reports traps with
thermal ionization energies between 0.4 and 0.9 eV below the conduction band.
Traps with photoionization energies of 1 and 2 eV below the conduction band are
believed responsible for the observed results, and may or may not be due to
impurities (alumina) known to be present [263]. Kinetic energy distributions
of various ionic species from a TiO2 film have been cobtained using the energy

cut-off property of an ion reflector in a laser microprobe mass spectrometer.
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The energy distributions were attributed predominantly to the locus of ion
formation in the accelerating electrostatic field [264]. 1In situ multiple-
beam interferometry (MBI} reflection has been employed to observe titanium

thin-film high-temperature oxidation and to determine the extinction coefficient

4 -1

of TiO, thin films. The extinction coefficient of TiO, is B = 3.6 x 10 c¢m

2
for the He-Ne laser wavelength A = 632.8 nm [265].

2

The effects of x-ray and y-ray previous-irradiation on the viscosity and
the aggregative stability of TiO2 powder suspensions have been examined. When
the powder is irradiated at a 10-100 Hz dose, the stability of the suspension
in polar organic liquids increases significantly. This is due to the formation
of additional positively charged centers on the surface of the particles [266].
Walther and Schirmer [267] have investigated the effect of stochastic interface
roughness as well as of film thickness 'd' on light scattering from sputtered
TiO2 layers on a quartz glass substrate. The study shows dominating interface
scattering and a 'd'-dependent interference of scattered light. Calculations
reveal the importance of microroughness autocorrelation functions for
describing the scattering.

Flash photolysis (347 nm) of a TiO2 sol containing an adsorbed electron
scavenger (e.g., platinum, methyl viologen) gives rise to an immediate broad
absroption with Amax = 475 nm. The absorption decays within milliseconds in
acidic solution; and within microseconds in alkaline solution depending on
[OH"]. The absorption spectrum is the result [268] of excess positive holes
trapped at the surface of the colloidal particles. Upon flash photolysing a
TiO2 sol containing an adsorbed scavenger for positive holes {e.g., polyvinyl
alcohol, SCN ), a broad absorption (Amax = 650 nm) is observed, which decays in
the presence of an eléctron scavenger. The absorption spectrum has been
attributed to excess electrons trapped close to the surface of the colloidal
particles [268].

Rakhmanov and coworkers [269] have found that the efficiency of spectral

sensitization of TiO2 photoimaging layers depends on the method of sensitization
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of the dye into the layer. The highest sensitization efficiency is achieved
when dye absorption on the Ti0, layer surface is performed prior to the addition
of a protective coating on the layer. It was observed that moisture adsorption
and desorption in Ti0, optical filters can be retarded via bombardment with

3 keV oxygen ions. The retardation is presumed to be due primarily to a
swelling of the TiO2 surface as the material is converted from crystalline‘to
amorphous [2707].

Yolou and Nadjo [271] report direct observation of surface states at
n—TiO2 by the impedence technique using acetonitrile, a solvent not expected to
strongly solvate the surface. A layer of TiOZ(rutile) has been investigated to
determine the quantum yield of the primary charge separation and the role of
surface states [272]. A qualitative model of the photoeffect in rutile layers
was presented. The modification of a TiO2 film surface with malonic acid

3 to 4 x 10_4 M, for 5-60 min) leads to an increase in film sensitivity

(4 x 107
by a factor of 20-100, to an increase in the absolute value of the photo-
potential, to an increase in the rates of reduction processes on TiO,
electrodes, and to a cathodic shift of potential [273]. The treatment of TiO,
films on Ti or on a dielectric support by H2C204 solutions at 368-370K leads to
an increase in the film's photosensitivity by a factor of 3-5 and 10-50,
respectively. The surface modification results in increased absorbance values
of the photopotential and decreased relaxation rate, decreased dark anodic
current in the potential range O to +1.8 eV, a shift in the cathodic direction
of the stationary potential, and a decreased concentration of ionized donor
levels [274]. A study of Ti/TiO, growth in 5M NaCl at 363K (pH = 2.5) gives
rise to a linear log i vs log t plot with the well-known slope of -0.94. For
potentials lower than 1.4V, growth follows the inverse log law from which
various parameters were calculated [275].

The E-pH dependence of Ti0, electrodes has a linear nature with higher
angular coefficients than theory predicts. The effect of the semiconductor

nature of electrodes on the pH-function was investigated by determining the
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E-pH dependence for samples of Ti/TiO2 (doped with 1 and 5 mole fraction
ruthenium) exposed and not exposed to UV light [276].
Voltammetric experiments have given evidence that H202 is photogenerated

in an intermediate step of the water splitting reaction on an n—TiO2
polycrystalline electrode. It was suggested [277] that the photo- and electro-
luminescence properties of n—Ti02 in contact with aqueous solution could
result from the inelastic electron transfer from the semiconductor conduction
band to bandgap surface states associated to chemisorbed H,0, molecules. The
preparation of TiO2 electrodes by plasma spraying and their
photoelectrochemical behavior in 0.1N NaOH have been reported [278]. This
plasma spraying technique shows promise for the praparation of lsrge area TiO2
electrodes for the photoelectrolysis of water. o-xylene, p-xylene and toluene

are oxidized on irradiated n-TiO, electrodes to the corresponding aldehydes and

2
alcohols in acetonitrile containing Et4NC104 and Et4NBr. Under irradiation,
anodically and photochemically generated bromine radicals catalysed the

oxidation by dissolved oxygen [279]. The semiconductor TiOz(B), obtained by

hydrolysis of KzTi and subsequent heating, possesses a crystal structure

409
which can accomodate the insertion of guest atoms. Photoelectrochemical
experiments have characterized the polycrystalline material as n~type with an
energy gap of 3 eV. Electrochemical reduction of protons at TiOz(B) electrodes
results in the appearance of new electronic states within the energy gap, thus
rendering the semiconductor sensitive to visible light. These states
presumably originate from intercalated hydrogen which diffuses through the
sample. An anodic photocurrent is observed upon optical excitation of these
states, and has been interpreted as light-induced deintercalation of hydrogen
from TiOZ(B) to yield protons [280]. Model calculations have been performed to
estimate the catalytic influence of electrochemical diodes on the rate of
electron transfer reactions [281]. A distribution function of the current

density i(E) independence on the electronic energy E was obtained. The

predictions from this model seem to be in reasonable agreement with
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experimental results recently obtained for passive Ti and Ti.TiOz/Au—diodes
[281].

Photoelectrochemical conversion with a polycrystalline T:'LO2 electrode,
prepared by flame oxidation of titanium metal, reveals the processes to be
sensitive to applied voltage, oxidized TiO2 thickness, and to the concentration
of the solution in the photoelectrochemical cell [282]. The anodic current
begins at -0.8V in IN NaOH, while the photocurrent appears at approx. 420 nm
and increases with light intensity. The emf of the cell drops at a rate of
58.5 mV/pH. Photoelectrochemical properties of photoanodes prepared from
TiO2 films deposited onto Ti substrates by plasma-enhanced chemical vapor
deposition have been determined [283]. The plasma-deposited photoanodes
display quantum efficiencies higher than those for thermally grown films and
comparable to those reported for single-crystal rutile. Presumably, the
microstructure of the plasma-deposited films is primarily responsible for the
high quantum efficiencies [283]. A thin-film polycrystalline n-Tio,
photoanode was obtained by thermal oxidation (at 873K) of a Ti sheet in air
[284]. Doping with Y-Cr or La-Cr simultaneously creates the possibility of
enhanced quantum efficiency and spectral response to visible light [284].

Abdullin {285] has reported preliminary results on a study of the nature
of inclusion of TiO2 particles (0.5- 2 um in size)} during the electrodeposition
of zinc on the (0001) and (1070) faces of a-zinc single crystal. An
electrodeposited Tioz-polyacrylate—nickel composite electrode has been prepared
for a photoelec¢trocatalytic reaction [286], Fornarini and coworkers [287] have
further examined the energetics of p/n photoelectrochemical cells containing
simultaneously illuminated p-type photocathodes and n-type photoanodes, using
appropriate combinations of n-TiO,, n-WSe,, n-MoSez, n-Ws,, p-InP, p-GaP and

p-S1 electrodes.

(iii) Reactions Of and On TiO2
Infrared spectroscopy is an interesting tool to study the

disproportionation of NO on Ti0,. During UV irradiation, TiO, catalyses the
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oxidation of CO, CH4, and MeOH by nitrogen oxide [288]. TPD studies of the
formation of ethan:, ethvlene, and propylene in the irradiated CH4/T107 system
indicate that the process is most effective under x-ray or long-wavelength light

irradiation behind the edge of the fundamental absorption band of the TiO, [289].

2
Upon UV irradiation of an aqueous solution of K4Fe(CN}6 in the presence of HCHO
and metallic oxides (TiOz, MgQO, U203), several amino acids (glycine, oa-alanine,
aspartic acid) are catalytically formed [290].

The nature of surface species formed during the thermal decomposition of
[Fe(CO)S] on clean TiO2 powder has been investigated using Moessbauer
spectroscopy and volumetric gas-phase analyses. On all TiO2 samples, low-
temperature decomposition (383K) leads to the formation of an Fez+ species and
an FeO species, both of which are likely associated with surface OH groups.
High-temperature decomposition (673K) yields a nearly complete conversion of the
metal to the Fez+ species [291]. The photoassisted heterogeneous
decompositions of 1,2-dibromomethane, 1,1-dibromomethane [292], ClCHZCH2Cl,

and CHCl3 [294] are

C12C=CC1 2

ClCHZCO H, and ClZCHCOZH [293], ClCH=CC1

2)
catalysed by TiO

2
2 1,2-dibromomethane and 1,l-dibromomethane are degraded to
HBr and CO2 in dilute aqueous suspensions of near-UV-illuminated TiO2 [292],
while the decomposition of ClCH=CC12 and CHCl3 give HC1 and CO, in the presence

of solar-illuminated TiOz(anatase) [294], as does the decomposition of

C12C=CCI ClCHZCH Cl, C1CH,CO,H and ClZCHCOZH in the presence of near-UV-

2’ 2 2772

illuminated Ti0, [293].
The reduction of TiO2 and TiCl4 in a hydrogen plasma jet has been studied

by Kikpkawa et al. [295]. For TiG the highest reduced product is TiO;

2

titanium metal is not obtained. Colloidal TiO, sensitizes the photoreduction of

2
Methyl Orange to a hydrazine derivative, for which a maximum rate is achieved
at pH 4.7 in an oxygen-free system and at pH 3.0 in the presence of oxygen.
Similar behavior was observed for Methyl Red. Flash photolysis experiments

showed that electron transfer from TiO2 to Methyl Orange depends on the

protonated dye concentration and on the potential of an electron in the TiO2
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conduction band [296]. The rates of Cr2072' reduction. and HCOZH
decarboxylation on TiO2 rhotocatalysts were examined as a function of
temperature. While no appreciable temperature dependence was observed for the
reduction of Cr2072_, the logarithmic rate for HCOZH decarboxylation seems to
depend linearly on the reciprocal temperature up to ca. 333K whereupon a
tendency of saturation occurs [297].

The effect of y-irradiation on the catalytic activity of T:'LO2 and Zr()2 in
the reduction of o, has been examined by Shishkina and coworkers [298]. A
review by Malati and Wong [299] discusses doping Ti0, for use in solar emergy
applications. Also included is a section on the photocatalysed reduction of
C02.

The rate of hydrogen oxidation on TiOz(rutile) is one order of magnitude
higher than that on TiOz(anatase), owing to the different bond strength of the
surface oxygen [300]. Infrared spectroscopy and product analysis have been used
to determine the influence of preadsorbed pyridine on the adsorption,
dehydration, and dehydrogenation of EtCHMeOH on TiO, [301]. In the presence of
oxygen, the major products from the butoxide are butenes with EtCOMe being a
minor product; in the absence of oxygen, only butenes are formed. Preadsorbed
pyridine inhibits butene formation and enhances that of EtCOMe [301]. The
effect of added TiO, on the oxidation of Cr,0, in highly disperse mixtures

with Al 04 during calcination in air at 875K has been investigated by chemical

2

analysis and magnetéchemical techniques [302].
The photocatalytic oxidation of SO2 and/or cis-2-butene in oxygen over
TiOZ(anatase) yields SO3 from SO2 and CO2 from cis-2-butene. The presence of

S0, reduces the photocatalytic activity of TiO2 on the oxidation of cis-2-butene

2

[303]. The TiO,-sensitized photooxidation of sulfides yields sulfoxides and

2
sulfones, with sulfide radical cations as the proposed reaction intermediates
[304]. The roles of oxygen and water in the photocatalysed oxidation of

aromatic hydrocarbons (benzene, toluene) on TiO2 were investigated in order to

determine the mechanism for the formation of radicals [305]. Eleétron
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transfers from HZO and toluene to the photogenerated positive holes,
synchronized with electron transfer from the photoexcited TiO2 to oxygen,
result, respectively, in aromatic nuclear hydroxylation to yield phenolic
products and in the oxidation of the side chain of toluene to give PhCH,0H and
PhCHO [305]. Several substituted naphthalenes react with oxygen to yield
ring-cleaved products upon long-wavelength UV irradiation of TJ'.O,.2 powders
suspended in oxygen-saturated acetonitrile solutions. A mechanism involving
sensitized formation of the substituted naphthalene cation radical is proposed
[306]. Unsupported TiO2 colloids catalyse the photooxidation of Methyl Orange
and concomitant reduction of oxygen. The presence of H202 inhibits coxidation,
while the presence of cationic surfactants and cationic polymers increases the
rate of oxidation [307].

The TiO,-photocatalysed hydroxylation of C OH and C6H50Na has been

6''s
studied under a variety of experimental conditions. In the presence of oxygen,
o-, m~ and p-hydroxybenzoic acids were formed in the same isomeric distribution
observed for -OH attack on Cellg O In the absence of oxygen, the yield of
hydroxy compound is quite low, though high yields are found on addition of
Fe(I1I). The effects of oxygenated slurries and added H202 have also been
determined. The results appear consistent with the generation of -CH via the
positive holes of the TiO, particles, followed by -OH attack on the aromatic
ring and subsequent oxidation of the hydroxy adduct with oxygen or Fe(IIl) to
vield the corresponding phenol [308]. The TiOz—photocatalysed hydrogenation of
alkenes and alkynes with water to produce major hydrogenation products
accompanied by C=C and CZ=C bond fission products were studied by Anpo et al.
[309]. Water molecules, and net surface OH groups, are thought to be
responsible for the reaction. The C=C and C=C bond fission that accompanies
hydrogenation is likely due to the interaction of the alkenes or alkynes with
the trapped electron (Tis+) and hole (-OH) pairs [309].

Santacesaria et al. [310] have studied the kinetics of hydrated TiO2

precipitation by thermal hydrolysis from sulfuric acid solutions. The rate-
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determining steps are kinetic-controlled, rather than diffusion-controlled, and
an increase in H2804 concentration affords a decrease in nucleation and growth
rates. Zirconium stabilizes nitric acid solutions which contain titanium; the
stabilization apparently is the result of interaction between hydrolysed
zirconium and titanium compounds. The precipitates of TiO2 and ZrQ, from the
nitric acid solutions are hydrated polymeric species [311]. The reaction of
H.PO, with TiOZ'xHZO was examined as a function of temperature, H:PO,
concentration, and reaction time. The maximum degree of H3P04 conversion is
achieved in 40 min at 373K, and a conversion of less than 50% was attained. The
reaction is accelerated in the presence of other acids (e.g., H2804] [312].
Thin TiO2 films prepared by thermal oxidation, vapor deposition, and
anodic oxidation have been examined for their composition, surface structure,
and film thickness [313]. Additionally, their electrical and
photoelectrochemical properties were also determined [313]. The efficiency of
differently prepared Ti0, particles in the photochemical water splitting
reaction through band gap irradiation of aqueous susﬁensions has been examined
by Borgarello and Pelizzetti [314]. The effects of pH and loading with noble

metals and RuO, are reported. Rul 2+—derivatized (L = diisopropyl-2,2'-

2
bipyridine-4,4'-dicarboxylate) TiO2 particles loaded with Pt and RuO2 were

shown to be active in producing hydrogen from water by visible light in the
absence of a sacrificial organic donor [315]}., Muraki and coworkers [316] have
reported that the photocatalytic oxidation of HZO on TiO2 particles yields
initially only the formation of H,0,, in contrast to the commonly accepted
supposition of oxygen generation. Freshiy precipitated polycrystalline
amorphous and colloidal TiOz(anatase) were deemed inefficient photocatatysts for
hydrogen production from water and propan-2-ol and for methane and hydrogen
production from acetic acid. Their reactivity is attributed to the formation

of titanium(III) species rather than electron-hole pairs [317]. In the presence

of redox catalysts (TiOz, Pt, Pd, ZnO, Ni) and an aqueous solution of proflavin

and methylviologen (MV2+), the reduction of H20 by M’ is accompanied by
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hydrogen evolution. A temperature dependence study shows enhanced hydrogen
evolution at higher temperatures (339K} and hindered MV" reduction. At 339K,

hydrogen yields increase with a decrease in pressure [318].
d. M/TiO2

Group 1A

Isothermal sections of the CaO/Y203/TiO2 system were examined by x-ray
diffraction at 1273 and 1473K. Neo ternary oxide formation occurs. At the
temperatures cited, the YZOS/CaETi207(CaTi03, Ca4TiSO]O) and CaTiOS/

YZTlOS(Y2T1207) sections are quasibinary [319].

Group VB
A high-resolution electron microscopic study of the disorder in two
types of rutile-related crystallographic-shear phases reveals variations in
orientation of the crystallographic-shear planes [320]. The samples tested
include rutile that was melted in an argon-arc furnace, and a V,0;-doped TiO,
quenched from 1873K [320]. FElectron microscopy and electron diffraction,
coupled with EPR, have been employed to detect substitutional and/or
interstitial V4+ ions and isolated extended defects at low V203 concentrations.

At higher V concentrations, the extended defects become ordered, giving rise

293
to the homologous series (Mnozn—l) for which M = Ti + V [321]. An x-ray
absorption fine structure study of VZOS/TiO2 catalysts shows that the
catalytically active surface phase supported on anatase does not possess a
structure characteristic of VZOS [322}. When supported on anatase, the basic
structural unit possesses two terminal (r = 1.65 R) and two bridging (r = 1.903)
bonds. The catalytic activities of unsupported and supported V,0 catalysts
were examined for the oxidation of H, [323]). The active oxygen species is
believed to be the surface V=0 species. The turnover frequency for VZOS/TiO2
and VZOS/A1205 remains constant and independent of the kind of support or V205

content [323]. A similar study was carried out for the oxidation of carbon

monoxide, for which the turnover frequency of V205/TiO2 samples increases with
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increasing V,0; content [324]. The results indicate that the oxidation of CO
on V205 catalysts is a structure-sensitive reaction, and that the activity of
surface defects is much higher than that of the surface V-0 species in the
smooth (010) face of V205.

The effects of V205 deposition on TiO2 (anatase, rutile) has been
examined under conditions in which TiO, acts solely as a support {325]. The
catalysts were characterized with respect to their activities and
selectivities in the oxidation of o-xylene, toluene, p-methoxytoluene and
p-tert-butyitoluene. Higher selectivities to partial oxidation products and
lower selectivities to total oxidation products (except for p-tert-butyltoluene)
were observed with VZOS-TiOZ(anatase) catalysts compared with VZOS-TiOZ(rutile)
catalysts. The results were rationalized in terms of lower acidity and lower
degrees of VZOS reduction of the anatase catalysts [325}. ESR studies of V205
deposited in different quantities on the surface of rutile and anatase reveal
that reduced VZOS is present on both TiO2 surfaces as dispersed (V=O)2+ groups
and V4+ ions in the V,0; phase [326]. In the anatase-containing samples, the
(V:O)2+ groups are densely placed and resistant to oxidation in an oxygen
atmosphere, while the (V=0)2+ groups on rutile are more scarcely dispersed and
more easily oxidized. Of several supported metal oxide catalysts investigated
for the selective gas phase oxidation of toluene, the VZOS/T:'LO2 catalyst system
appears to be most effective [327]. The different catalytic behavior observed
for V205 supported on Degussa TiO2 and Tioxide TiO2 was attributed to the
presence of phosphorus and potassium impurities in the Tioxide sample; for the
latter, a large negative effect on the catalytic properties has been observed.
These impurity effects were studied in detail for the oxidation of toluene to
benzoic acid and of o-xylene to phthalic aphydride [328].

Infrared spectroscopy [329-331} and x-ray diffractometry [330, 331] were
employed to study the oxidation of alcohols catalysed by VZOS/TiOZ' Vorcb'ev

and coworkers [332] report kinetic data for the oxidative ammonolysis of toluene

on a V205/T'102 catalyst; the redox mechanism of Mars and van Krevelen seemed
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applicable [332].
The kinetics of the reduction of nitric oxide by ammonia on supported VZOS
catalysts have been investigated by several groups [333-335]. A study of this
reaction at 433-573K on VZOS supported on TiOZ, Al,0., Zr0,, Si0, and MgO shows
that the surface V=0 groups are catalytically-active centers and the rate
constants are propertional to the surface V=0 group concentration [333]. Wong
and Nobe [334] have looked at this reaction in the presence of oxygen on T102
(anatase)- and TiOz(rutile)-supported V205 catalysts prepared by the chemical
mixing technique and the impregnation method. The following observations were
made: 1) the intrinsic rates of the NO—NH3—02 reaction are first order with
respect to NO and zero order with respect to NHS for all catalysts; ii) the
intrinsic activity of the V205/TiO2 catalysts, prepared by the chemical mixing
technique, is greater than that for catalysts prepared by the impregnation
method; and iii) the TiOZ(rutile)—supported catalysts have the lowest activities
owing mainly to their low surface areas. Another investigation [335] has
focussed on the deactivation of a V205/TiO2 catalyst with deposited alkali metal
salts, and on catalyst regeneration. In the reduction of NO with NH3 in the
absence of SOX, the degree of deactivation is significantly affected by the type
of salt deposited: the order is KCl = KZCO3 > NaCl > Na

€O, > KNO, > K,SO
) £

>
2773 4

NaNO3 > Na250 The effect of the salts (transformed into sulfates) on the

4
degree of deactivation decrease in the presence of SOX. The deactivation is

caused mainly by the reaction of alkall metal salts with VZO leading to the

5
formation of an inactive oxide complex. The catalysts can almost be completely
regenerated by washing with water [335].

Kiwi and coworkers [336] have examined niobium-doped TiO2 with respect to
its inclusion in water photocleavage processes. EPR spectra of Nb-doped Ti02

. . . : . o AL .
have indicated that niobium occupies substitutional Ti sites in the form of

Mt (aaly .

Group VIB

The temperature dependence of the solubility limit of Cr.,O3 in
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TiOz(rutile) has been investigated by electron microscopy. The following
observations are reported: i) (Ti,Cr)Oz_x is a true nonstoichiometric phase,
containing small defects effectively randomized homogeneously throughout the
rutile lattice; ii) the approximate temperatures for small/extended defect
equilibrium in (Ti,Cr)OZ_X (0 € x € 0.05) were determined. The results have
been interpreted in terms of linear cationic interstitial small defect models
[337}. The amplified susceptibility effect was used to determine the presence
and relaxation of the spin-spin temperature in magnetically diluted TiOZ:Cr3+
crystals [338]. The observed behavior was rationalized as a manifestation of
spectral diffusion in the EPR line which is broadened as a result of spin-spin
interactions between paramagnetic centers distributed randomly within the
sample. The broadening in such a system is essentially nonuniform, and the
spectral diffusion is a process of formation of a quasi-nonequilibrium spin-
spin reservoir [338].

A finely dispersed titanium-molybdenum catalytic system was successfully
prepared thermally upon precipitation of (NH,} Mo -0, , *4H,0 from solutions on
TiO2 followed by baking at 773K [339]. A variety of surface spectroscopic
techniques were used and chemical activity measurements made to characterize
several supported metal catalysts, that included Mo on TiO, and Al,0;. The
reaction of the catalysts with H, and HZS/H2 diagnosed different species [340].
The direct synthesis of hydrazine over M003/T102/Mg(0H)2 and amorphous TiO,
(among other catalyst systems) has been performed, along with activation of
(H + N} by silent discharge at room temperature [341]. Molybdenum/titanium
oxide catalysts catalyze the oxidation of ethanol [342] and propylene [342, 343].
An infrared and x-ray diffraction study of the MoOS/TiO2 catalyst shows that at
low Mo content, MoO3 is highly dispersed on TiO, with the formation of an
amorphous phase associated with the weakening of the Mo=0 bond [342]. TiO,
promotion is associated with the rate acceleration of the reduction step [342].
In the propylene oxidation reaction, the catalytic activity depends on the

phases present, and an increase in Mo content stabilizes the anatase form of
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Ti0, [343].

Group VIII

Well-dispersed, supported oxidic catalysts have been synthesized via
reaction (adsorption) of [Fe(acac)z] (acac = acetylacetonato) with the surface
OH groups of a Ti0, support [344]. An almost complete monolayer of Fe,0; can be
formed on TiO2 by continuous adsorption of [Fe(acac)3]. X-ray diffraction,
Moessbauer spectroscopy and magnetic susceptibility measurements were employed
to characterize the TiOZ/FerQOé/NbO7 system [345]. The study shows the
following: i) isolation of a wide domain of rutile solid solution; ii) Fe is
divalent in the whole domain; 1ii) a second type of Fe(II) is observed in the
limit Tilv FeII Nbv 0,, presumably a consequence of a small loss of oxygen

1-x “x/3772x/3°2° ’ -

involving the formation of Ti5+, A study of the conductivity and

thermoelectrical power in this system established the presence of two domains,

*
in which the m bands involve the Ti-3d and Nb-4d orbitals. The first domain

is characterized by the simultaneous presence of TiI\, TiHI and Nbv, and
. LIV [ / LITIL V .
corresponds to the triangle Tll\02~—F811Nbéo6——T1015Nb0 I;O,). The second domain,

in which all titanium ions are trivalent, is characterized by the simultaneous

. ] V' . v
presence of Tllll, Nblv, and Nb~ and corresponds to the triangle Nb \02—-
FeIINbVO ——TiIIIVbV 0, [345] The carbon monoxide/hydrogen reactions over
277276 0.57°0.5°2 : :

iron/titanium dioxide catalysts have been examined [346, 347], as has been the
TiOz/FeZO3 system for use as a heterojunction anode [348].

The photoelectronic properties of a Tio_97RuO.0302 biphasic crystal in an
aqueous electrolyte have been examined [349] to determine the effect of Ti4+
substitution by Ru4+ on the electrochemical and photoelectrochemical
properties. Ruthenium ions in the Ti0, lattice form a narrow cationic impurity
band, between the oxygen-2p valence band and the titanium-3d conduction band.
Several groups [350-356] have investigated the use of RuOZ/TiO2 anodes in the
chlorine evolution reaction. Janssen [350] has reviewed the mechanisms and

the kinetic data for this reaction on various types of Ru0,/TiO, electrodes,

and has presented new experimental results. The chlorine evolution on this
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type of electrode occurs according to the Volmer-Heyrowsky mechanism, where the
Volmer reaction is in quasi-equilibrium, and the Heyrowsky reaction and
eventually the diffusion of molecular chlorine away from the electrode surface
into the bulk seolution determines the potential-current density relationship.
On RuOZ/TiO2 anodes, the rate of evolution-ionization of chlorine increases with
increasing pH. Additionally, the order of the reaction with respect to H
depends on pH and on the eléctrode potential; the order with respect to Cl  does
not depend on pH and is equal to one. To account for these results, a stepwise
reaction mechanism was proposed in which the slow electrochemical stage of C1~
discharge precedes the fast electrochemical stage occurring with the

detachment of H' [351]. Spasojevic and coworkers [352] report an anodic
electrocatalyst, having a titanium substrate with a catalyst of RuOZ/Tioz, for
use in chlor-alkali cells, chlorate cells, seawater electrolysis and similar
applications. The performance of the catalyst was characterized by determining
the anodic potential at constant current versus time, by Tafel curves, and by
its durability, along with charging currents, electrode charge and crystal
structure. The properties of a Ru02/T102 anode in which the active material is
deposited on an intermediate layer (30-60 um) of porous titanium have been
studied for the electrolytic manufacture of chlorine, chlorates and other
chlorine-containing compounds [353]. The change in composition of the -active
coating of a RuOZ/TiO2 anode during operation in strongly acidic solutions was
studied by Auger electron spectroscopic and x-ray microanalytical methods [354,
355]. A substantial enrichment of the coating in ruthenium is observed, along
with the introduction of a significant amount of chlorine into it. The low
corrosion resistance of these anodes in strongly acidic chloride solutions is
presumed due to the instability of the titanium component of the coating under
these conditions [354,355]. Computer programs have been developed to analyse
electrochemical reaction schemes with application to the evolution of chlorine
[356].

The RuOZ/TiO2 system is known to catalyze the Fischer-Tropsch synthesis of



204

hydrocarbons [357, 358}, CO

5 reduction [359], and the oxidation of S0, [3607,

of benzene, chlorobenzene and dichlorobenzene [361]. In the Fischer-Tropsch
reaction, the catalytic activity of RuOZ/TiOZ(anatase, rutile) depends on the
calcination temperature of the support, the crystal structure (anatase or
rutile), and the reduction temperature [357]. A comparison of the activities
of RuOZ/TiO2 and Rqu/Alzo3 catalyst systems in the Fischer-Tropsch reaction
reveals that Ru0,/TiO, has the higher activity for the Fischer-Tropsch
synthesis and lower selectivity for methanation. TheSe trends were elucidated
by the reduced chemisorption of CO and H, likely caused by a strong metal-
support interaction [358}. The reduction of CO2 to HCOzH, HCHO and MeOH was
performed by illuminating aqueous suspensions of TiO2 with a high-pressure
mercury lamp [359]. The rate of product appearance is enhanced by doping TiO2
with RuOZ. Inasmuch as the efficiency declines under prolonged illumination,
it was suggested that the observed photoreduction is not a truly photocatalytic
reaction [359]. The effect of a transfer-agent catalyst (iodide ion) on the
anodic oxidation of SO2 in HZSO4 solutions has been investigated in connection
with the possibility of obtaining hydrogen in the HZSO4 thermodynamic cycle
[360]. The iodide ion catalyses the electrooxidation of SOZ, and results in
higher reaction rates. On RuOZ/TiO2 anodes and on graphite electrodes,
benzene, chlorobenzene and dichlorobenzene are electrochemically inert [361].
The electrolysis of NaCi1/HC1 solutions can take place with titanium anodes
coated by thermal decomposition of RuCl3 or RuCls/TiCls. Polarization curves
were determined for the oxygen evolution process, the rate of which was used to
assess the activity anﬁ selectivity of the electrode [362]. The
photoelectrochemical properties of TiO2 single-crystal electrodes on which small
amounts of RuO2 were deposited have been investigated by Sakata et al. [363].
The Ru02 on n-type semiconductors serves as a reduction catalyst for the water-
splitting reaction and other hydrogen-evolution reactions. In the presence of
strong electron acceptors such as Ag+ or Fe3+, the Ru02 on TiO, functions as a

2

reduction site for photocatalytic oxygen evolution. The kineties of reduction
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of aqueous solutions of CeIV and [Ru(bpy)3]3+ (bpy = 2,2'-bipyridine), in the
presence of catalytic amounts of RuG, colloids stabilized with polybrene and
colleidal TiO2 particles loaded with Rqu, have been examined by stopped-flow
spectrophotometric techniques. The T'102/Ru02 colloidal particles are very
active catalysts [364]. The preparation of rhodium- and ruthenium-loaded Ti0,
particles from cluster precursers ([Rhé(CO)lé], [RuS(CO)lz]) has been reported,
and their activity in mediating water decomposition via band-gap excitation
determined. Bifunctional Rh/Rqu—loaded TiO2 exhibits optimal performance, with
an overall light-to-chemical energy conversion efficiency of 0.13% [365].

Experiments performed by Takasaki et al. [366] have shown that the particle
size of cobalt in a Co/TiO2 catalyst increases with increasing reduction
temperature up to 873K. At 973K, where the TiO2 anatase >~ rutile transformation
occurs, the cobalt particles redisperse to individual crystallites. The
redispersion was confirmed by measuring the specific activity of the cobalt
catalyst for propene hydrogenation. High-temperature x-ray diffraction
spectroscopy was employed to determine the relationship between the TiO2 Phase
transformation and the cobalt redispersion. The specific activities and
selectivities of unsupported cobalt and cobalt supported on TiO,, Al,0;, 5i0,,
C and MgO have been measured for the CO hydrogenation reaction. The specific
activity varies with support, dispersion, metal loading and preparation
method. The order of decreasing CO hydrogenation activity at 1 atm and 498K
for catalysts containing 3 wt. % Co is Ce/TiO,, Co/SiOz, Co/A1203, Co/C and
Co/Mg0. Product selectivity was best correlated with dispersion and extent of
reduction [367]. EXAFS studies have established the formation of tiny clusters
of €o;0, in a Ti0, support after calcination of Co/TiO2 catalysts prepared by
an alkoxide technique. That the Co metal particles in the catalyst can be
controlled to an even size level after reduction by hydrogen is due to the high
dispersion of the Co,0, clusters [368].

The temperature-programmed reduction (TPR) of Rh/TiO2 catalysts reveals

two reduction peaks, ascribed to the reduction of small, well-dispersed Rh205
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particles and of large, bulk-like RhZO3 particles. Reduction of Rh203 is
complete at >450K, while TiO2 is reduced partly by a metal-catalysed process at
>500K [369]. ESR and nmr spectroscopy were used to study a Rh/TiOz(rutile)
catalyst reduced at 773K after contact with air and subsequent hydrogen
treatment of the passivated sample at Ty = 295 - 773K [370]. The results
indicate that, at TH < 573K, hydrogen is strongly bonded to the Rh particles,
and reversible generation of T13+ ions and hydrogen species weakly adsorbed on
to the metal occur. A mechanism was proposed that implicates heterolytic
splitting of HZ at the metal-support interface, followed by proton stabilization
on the support. At T, > 573K, further H, adsorption on the metal and on the

support occurs, leading to a deeper reduction of the support [370]. An

electron spin echo study of Ti3+ in Rh/TiO, formed by the reaction with D, at

2
room temperature shows that no deuterium exists within 0.6 nm of Ti3+ [371].
The formation of Ti3+ is presumably due to electron transfer from D atoms to
Ti4+ at the boundary between Rh metal and TiOz, and subsequent stabilization
of D atoms by OH anions on the TiO2 surface. A study of the thin film model
using several surface science techniques provided evidence for the role of
both encapsulation and electronic effects in Rh/Ti02 catalysts [372]. An
indirect effect of the support on the kind of bimetallic interaction has been
observed on Rh-Ag catalysts supported on TiO2 compared to SiOZ. The effect
occurs at significantly lower temperatures than the direct strong metal-support
interaction between Rh and TiOZ. The main feature of the indirect effect is
the pronounced decay in the H2 chemisorption capability and activity for ethane
hydrogenolysis with time when the catalysts are left in flowing H2 at 523K.

The behavior was rationalized in terms of a modification of the energetics of
the metal-metal interaction, which may cause the Ag to spread over the Rh
particles [373]. The effect of various supports (TiOz, AlZOS’ SiOz, Mg0) for
rhodium catalysts has-been investigated with respect to the adsorption,
desorption, and dissociation of CO [374]. The reactivity of surface carbon

produced by CO disproportionation was also examined. CO adsorption at 300K on
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the various supported Rh samples yields almost identical infrared spectra,
while the desorption temperature of CO (463-473K) is nearly the same for all
the samples. The efficiency of the various supports in promoting CO
dissociation over the rhodium catalysts decreases in the order TiO2 > A1203 >
SiO2 > MgO [374]. The addition of alkali metal cations to Ti0,-supported
thodium catalysts results in an improved selectivity for C2—oxygenated
compounds in the CO»H2 reaction under atmespheric pressure. The dependences
of the reaction rates on pretreatment conditions and reaction temperatures are
also reported [375]. Mechanisms of ethanol formation via CO insertion in a
methyl-metal bond or in a methoxy group have been described by Deluzarche et
al. [376] with regard to the results of Takeuchi and Katzer (1982) concerning
the isotopic repartition of 13C and 18O in the ethanol formed from a mixture
of 13C16O and 12ClSO. The reaction was carried out on a Rh/TiO2 catalyst.
High-resolution transmission eleetron microscopy, in situ ferromagnetic
resonance studies, and a scanning Auger surface analysis have afforded an
insight into the intimate details of the Ni-T102 interaction. The combined
results of these studies have led to the development of a model that involves
the migration of Ti-O0 moieties onto the surface of the Ni particles during

reduction in hydrogen [377]. Pejryd [378] has carried out a solid state emf

study of the equilibria (4) and (5) at 1020-1520K by measuring the equilibrium

Ni(s) + TiO,(s) + 1/2 0,(g) 44—  NiTi04(s) (4
Ni(s) + 1/20,(g) =P NiO(s) (5)

oxygen partial pressures with an oxygen concentration cell. The dependence of
room- temperature hydrogen production from liquid methanol or propanol on the
degree of reduction of Ni and the Ni content of UV-illuminated (2 297 nm)
Ni/TiO2 catalysts was recently examined [379]. The optimum rate of hydrogen
production from methanol occurs at approx. 5% Ni content. The Fischer-Tropsch
synthesis over nickel supported on TiOz, A1203 or SiO2 yields CH, regardless of

the H/CQ ratio. For Ni-Ti on the same supports, C1~C5 hydrocarbons are
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produced [380]. Raupp and Dumesic [381] have suggested that the apparent
suppression of CO and H2 adsorption typically observed at 300K for TiOz—
supported Group VIII catalysts (e.g., Ni/TiOZ) may be due to the existence of
TiO2 species on the surfaces of the metal particles. For the catalyst prepared
via deposition of a submonolayer amount of titanium and subsequent oxidation
in situ on a polycrystalline Ni foil in ultrahigh vacuum, the activation energy
for CO desorption is significantly reduced by the presence of Ti02 surface
species. Kao [382] has reviewed the surface properties and carbon monoxide
hdyrogenation activities of Ni/TiOZ. The adsorption and catalytic behavior of
mixtures of 7.0% Ni/TiO2 and 0.6% Pt/TiO2 have been investigated [383].
Turnover frequencies based on oxygen adsorption remain constant, while

activity per gram of metal and turnover frequencies based on hydrogen
adsorption are 1.5 - 2.5 times greater in the mixtures. The results are
thought to be consistent with a model that attributes the higher activity to a
strong metal-support interaction effect which changes the intrinsic properties
of the nickel crystallites [383]. Chung and coworkers [384, 385] have studied
the catalytic CO hydrogenation reaction over several differently prepared
Ni/TiOz(IOO) and Ni/TiOz(lll) model catalysts at 463K, PH = 60 Torr and pCO =
20 Torr. On the basis of their results, a model was proposed for strong

metal-support interaction in which the presence of TiO, on the metal surface,

2
induced by high-temperature treatment, and the possible incorporation of
surface or subsurface hydrogen act synergistically to modify and maintain the
activity of TiOZ—supported catalysts [384]. Auger and vibrational
spectroscopy provided evidence for the segregation of TiO,  (x 4 11 on nickel
and its effects on carbon monoxide chemisorption. Both physical coverage of
the Ni surface by TiOX and the chemical interaction between Ni and TiOX on the
surface are involved in the strong metal-support interaction [385].

An XPS study of palladium particles dispersed on TiO2 substrates

indicates a positive shift of the Pd 3d5/2 core level binding energy, reaching

approx. 0.8 eV at high dispersion. Possible mechanisms for the observed
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energy shifts were discussed [386]. High-resolution transmission electron
microscopy and hydrogen chemisorption measurements elucidated the sintering
behavior of Pd supported on TiO2 and on A1203 following reduction at <1073K.
The anomalous behavior of Pd/TiO2 was rationalized in terms of a model in which
reduction of TiO2 to Ti407 leads to the simultaneous formation of mobile
titanium suboxides; these are free to migrate onto the metal particle surface
[387]. The surface of amorphous TiO2 is capable of stabilizing a high
concentration of 02_ when annealed at <823K. ‘When Pd is supported on porous
TiO2 glass, reaction with H2 at room temperature and low pressures produces
paramagnetic Ti3+ centers, with concomitant destruction of 02‘ [388]. Carturan
and coworkers [389] have prepared supports for glass-titania~palladium
catalysts in the hydrogenation of olefins. Glass beads (38- 75 u in diameter)
were contacted with a degassed Ti(OBu)4 solution in ethanol, air-dried, and
heated to 673K. Addition of Pd was made by immersing the TiO,-coated beads in
a pentane solution of Pd(CSHS)Z, reducing with hydrogen, and drying at reduced
pressure, The TiO2 layer contains surface OH groups and promotes Pd dispersion

SCF-Xq-SW molecular orbital calculations indicate that the Pt metal-Ti02
support interaction is such that no metal-metal bonding occurs. The
calculations showed that the (Ti06)8_ configuration reproduces acceptably the
electronic properties of TiOz. Calculations for the (Pt/TiO6)8_ model show a
strong repulsion between the Pt atom and the adjacent oxygen ions, thus making
it improbable that Pt is able to approach sufficiently near the (TiO6)8_
configuration for metal-metal bonding to occur, even though there is some
bonding between the Ti-3d and Pt-5d orbitals [3%0). Henrick [391] has
published a polemic to show that the cluster calculations of J.A. Horsley [392]
do not represent the interaction of Pt atoms with Tiz+ species at oxygen ion
vacancy sites on the TiO2 surface, and thus cannot explain localized charge
transfer in strong metal-support interaction. A subsequent reply by Horsley
£393] has also appeared.

A thermal desorption spectroscopic study of the adsorption of D, on
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Pt/TiO2 powders reveals two thermally activated states in addition to
chemisorption on Pt. The activated states were attributed to spillover states
on the oxide. One state was ascribed to spillover on a special oxide site,
possibly TiOX associated with the Pt metal [394]. Sequential dosing of H, and
D2 on Pt/'"I‘iO2 followed by thermal desorption into vacuum yields incomplete
isotope mixing of the desorbing products and provides evidence for the
spillover of hydrogen and/or deuterium from the Pt onto the oxide [395]. High-
temperature oxidation confirms the presence of an intermediate state in the
spillover mechanism. Oxygen titration experiments, coupled with the

desorption of ‘sequentially dosed isotopes, indicate that desorption of
spillover deuterium proceeds by a mechanism involving surface migration back to
Pt sites rather than recombination and desorption directly from the oxide [396].

Oxygen isotope exchange experiments on neat Ti()2 and on Pt/Ti0, containing 0.5,

2
5 or 10 wt. % Pt gave the following results: i) on increasing the Pt content,
the isotope exchange rate decreases for pre-oxidized samples; ii) homogeneity
of surface oxygen i1s decreased by the Pt deposits for oxide surfaces with a
slightly reduced stoichiometry, but remains unaffected for pre-oxidi:zed
surfaces [397].

The reducibility of Pt on T102 and Y—Al203 has been examined by
temperature-programmed reduction. Reduction of Pt/TiO2 leads to metal-
assisted reduction of the support. Below 500K only a small part of the support
is reversibly reduced in the near vicinity of the metal particles; above 500K
further metal-assisted reduction of the TiO2 support cccurs, likely promoted
by increased ion mobility [398]. Catalysts consisting of Pt films on oxidized
titanium have been studied by secondary ion mass spectroscopic methods to
determine their temperature-dependent structural characteristics.

Encapsulation of the metal overlayers by the support material was observed and
correlated with thermal desorption spectra. The encapsulation and electronic

interactions occur simultanecusly to alter the behavior of these catalysts

[399]. For TiO2 supported metal catalysts which are reduced at temperatures
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greater than 1015K, a shielding of the metal particles from gases is observed
and attributed to a phase transformation of anatase to rutile with a concurrent
encapsulation of the metal particles [400]. An x-ray photoelectron spectral
(XPS) investigation of Pt and Rh supported on TiO2 and Y—A1203 shows that: i)
for Pt/TiO2 pre-reduced at less than 1015K, slightly higher binding energies
occur than for Pt/AlZOS; ii) for M/TiO2 samples pre-reduced at greater than
1015K, an increase in binding energy of the metal core levels occurs in
combination with a decrease in the dispersion of the metal. The behavior was
explained [401] by encapsulation and spalling of the metal particles during an
observed anatase- rutile phase transformation, Sungbom and coworkers [402]
have performed an XPS study of the platinum species photodeposited on TiO2 from

aqueous H,PtCl. in the presence and absence of an acetic actd/sodium acetate

2
buffer. Two Pt/TiOz(anatase) catalysts prepared by different methods have been
characterized by XPS, electron microscopy and cyclic voltammetry [403].

Various samples of TiO2 and Pt/TiO2 were investigated by x-ray diffraction
before and after hydrogen or vacuum treatment at elevated temperatures. The
appearance of a PtsTi x-ray diffraction pattern seemed relevant to the strong
metal-support interaction on the Pt/TiO, catalyst [404].

The chemisorption of hydrogen, carbon monoxide, and oxygen on Pt/TiO2 was
studied in order to develop a. technique for measuring Pt dispersion on TiOz.
Hydrogen adsorption was found to be the most satisfactory technique to measure
dispersion subsequent to the destruction of the metal-support interaction [405].
The extent of isothermal chemisorption of hydrogen, carbon monoxide and oxygen
on the surfaces of Pt crystallites supported on TiOz, SiOZ, A1203, MDO3 and
sodium tungsten bronzes has been measured at 77-523K and 0-5 kPa. Under these
conditions, the extent of adsorption (q, in umocle per gram) rarely reaches a
saturation value (qmax) and in general the gradient dq/dp is affected by Pt
dispersion, surface area, nature of the support and of the adsorbate, pressure;

and temperature [406]. Surface area measurements have been made for titanium

deposited on ultra-high purity Pt particles which were subsequently oxidized
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and reduced. The results from BET and H,- and CO-adsorption measurements argue
against morphological changes and alteration of the Pt Fermi level by electron
transfer to explain the behavior, but do support a model of special active
sites existing at the Pt—TiO2 interface [407]. Hong and Chen [408] have
determined the effect of NbZO5 dopant on the electrical condiictivity of a
Pt/TiO2 metal-semiconductor catalyst under H2 and CO atmospheres. The effect
was attributed to the impurity level of the donor impurity Nb205. A strong
interaction between Pt and the TiO2 support has been observed in a reductive
high-temperature treatment, that produces an increase in the catalytic activity
as a result of a decrease in CO coverage of the active Pt surface [409]. The
frequency shift of the infrared absorption band of adsorbed CO was the probe
used to monitor the oxidation state of platinized TiOz(anatase) photocatalysts
[410].

The electrochemical reduction of €0, at platinized and non-platinized TiO,

film electrodes has been examined by cyclic voltammetry. CO., undergoes strong,

2
irreversible adsorption on the Pt/TiO2 surface and results in the formation of
an electrochemically detectable species. The reduction of adsorbed CO2 at the
Pt/TiO2 electrode produces two kinds of reduced species, whose existence was
explained in terms of surface diffusion of the reaction intermediates and/or
products between adsorption sites at Pt and at T'102 {411]. An AES and XPS
study of the adsorption of CO, on TiO, and Pt/Ti0, was carried out by Tanaka
et al. [412]. The C ls XP spectrum exhibits six different species, assigned to

32", adsorbed C02, TiC on TiOZ, and adsorbed CO on Pt.

graphite C, HCO, , CO
The preparation of a photocatalyst from TiO2 particles loaded with 0.75%
Pt and coated with a film of poly(vinylpyridine) supporting zinc
tetraphenylporphyrin has been reported; the use of this photocatalyst for the
oxidation of 802 has been described [413]. The low efficiency (0.07%) of
conversion of light to oxidizing power was attributed to light scattering

effects in the system.

The photocatalytic hydrogenation of alkynes and alkenes with water over
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TiO2 yields photoproducts formed by hydrogenation accompanied by fission of
the reactant C=C or C=C bond as the major products. Over Pt/TiOZ, a
significant enhancement of hydrogenation without bond fission is observed,
along with the formation of oxidation products (CO, C02). With Pt/TiOz, a
photoelectrochemical process predominates, with the reduction of H on Pt
particles and the oxidation by OH' on TiO2 bringing about photohydrogenation
without bond fission and the formation of oxidation products, respectively
[414]. The effect of lignite on the photocatalytic dissociation of water vapor
was studied in the presence of platinized TiOz(rutile) under UV light. In the
presence of lignite, HZ/CO2 mixtures were produced, indicating lignite
gasification [415]. The quantum efficiency for the photolysis of water vapor
over NaOH-coated Pt/TiO2 catalysts is reported. The photocatalytic activity
depends on the crystal structure and the source of TiOZ, though not on the
catalyst preparation method. Various observations were made: i) the activity
of anatase is greater than that of rutile irrespective of its source; ii) the
activity of anatase is affected by impurities, the degree of crystal growth,
and grain size; iii) the activity of rutile is affected only by grain size. A
maximum quantum efficiency of 19% was achieved using MCB anatase [416]. There
is a hydrogen/deuterium isotope effect for the hydrogen evolution site in
photocatalytic processes on Pt/TiOZ. The observed separation factor (5.3 *
0.5) is similar to that reported for a Pt electrode, but different from that
for a TiO2 electrode. The Pt sites are the reduction site on the catalyst

[417].

Group IB

A double-coated TiOz/Ag/stainless steel (SS) semitextured substrate
has been developed for incorporation in an amorphous silicon solar cell. The
surface irregularity of the TiOz/Ag/SS back surface reflector yields an
increased short-circuit current density which corresponds to an increase in
the solar cell collection efficiency in the longer wavelength region of visible

light [418]. X-ray diffraction, TEM, chemisorption of NZO’ HZ and 05, and
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Hz-titration of adsorbed oxygen have been employed to characterize a catalyst

of very small silver crystallites supported on TiO, [419]. The influence of

2
the concentration of ionized donors in a TiO2 electrode on the energy
conformity of the Ag+/Ag redox potential in solution and of the surface states
formed in 'I‘iO2 by fine silver particles have been investigated by Strel'tsov
et al. [420). The ’I‘iOZ/Ag/TiO2 multilaver configuration forms an optically
transparent infrared reflective coating. The deposition of the TiO2 films
from liquid polymer solutions gives substantial advantages over the rf

? 1o 1078 mol-ion

sputtering desorption method [421]. Adsorption of Ag+ at 10~
per cm2 on a TiO2 film does not cause changes in the spectral distribution of
film sensitivity; however, changes are observed for [Ag+] > 10_8 mol-ion per
cmz. The Ag+ in TiO2 films containing hexamethylindocarbocyanine iedide serves
to create localized electronic states in a torbidden gap of TiO2 which leads to
an increased efficiency of dye spectral sensitization. The Ag+ ion and dye
molecules interact on the TiO, surface to form a complex which undergoes a

photoinitiated decomposition to form Ago latent dmage centers [422]. Similar

results were obtained by Fujimoto and coworkers [423].

Group TIB

The electrodeposition of Zn/TiO2 coatings, carried out in a ZnSO4/
Na2504/KA1(SO4)2/dextrin bath, was studied with respect to the effects of
cathode current density, bath temperature, and agitation intensity in the bath
on the properties and composition of the electroptates [424]. The composition
and structure of the interface layer between polycrystalline CdSe films and
oxidized titanium substrates, used as photoelectrodes, have been examined by
transmission electron microscopy and electron diffraction techniques. In
samples exhibiting good adhesion of layers, Cd-Ti intermetallic compounds and

oxides are found; such compounds are absent in samples with poor adhesion

[425].

GrouE I1TIA

Okazaki and coworkers [420] have shown that a ternary oxide having
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the atomic ratio Ti/Si/Al = 47.5/47.5/5 exhibits a high catalytic activity for
cumene cracking after a surface fluorination using 1 wt, % HF, While the
Tioz/SiOZ/Alzo3 catalyst slightly promotes methanol conversion (to olefins)
when the mixed oxide is prepared by coprecipitation, surface treatment {(using
CFSCI) yields enhanced catalytic activity. The binary oxide catalyst TiOz/
A1203 is inactive for olefin formation, though Tioz/Alzo:,> prepared by
coprecipitation and surface-treated with CF.Cl is active. XPS measurements
reveal that fluorine atoms, introduced into mixed metal oxides by fluorination
using CFSCI, selectively combines with aluminum atoms on the mixed oxides
prepared by coprecipitation. The addition of Q‘S% TiO2 to 0.3% Pd/A1203
yields increased thermal stability and stabilizes the catalytic activity of
Pd/AIZO3 in the hydrogenation of benzene [427]. The crystallization thermal
expansion coefficient, chemical stability toward distilled water, density, and
infrared reflection spectra have been determined for MOZ-AI(P03)3 (M =Ti, Si,

Ge) as a function of MO, content (£ 25 mol %).. The results were discussed in

2
terms of association and degree of polymerization of PO4 tetrahedra in the

glass structure, which depend on the coordination states of Al3+ and M4+ [428].

Group IVA
Schwiecker [429] has discussed the fabrication of optical multilayers
from the dielectric materials TiO, and 510, by electron bombardment or by
thermal methods. Reflection and transmission curves determined the quality of
the multilayers. A study of the interaction between Ti and SiO2 films at 673-
1243K shows that the reaction proceeds in a layer-by-layer manner, and
consists of reduction of SiO2 as a result of the formation of a titanium-rich
silicide at the interface. At high temperatures, a titanium-rich oxide forms
near the surface [430]. The stability of silane monolayers, synthesized on
Ti0, electrodes during the photoelectrolysis of water at various pH values,
has been determined by XPS [431]. In general, silane layers suffer noticeable

losses after a Coulomb/cm2 of charge was passed. Crossliinking the silane

layer during synthesis and reacting the electrode a second time effected a
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significant improvement in the stability. The most stable silane layer was
prepared from SiC14 capped with MezsiCl2 [431]. Clear, homogeneous,
monolithic gels were obtained in the MZO/M'02/Si02/P205 system (M = Li, Na, X;
M' = Ti, Zr) by a low-temperature chemical polymerization from metal or non-
metal alkoxide hydrolysis [432]. The rutile/anatase phase composition of
TiO2 layers in all dielectric multilayer Sioz/TiO2 optical coatings has been
characterized by Raman spectroscopy [433]. By contrast, XPS was employed to.
characterize the surface chemical composition of various SiOzucoated TiO2
powders [434]. Electrochemical and photoelectrochemical processes occurring
in 0.5N KZSO4 at the TiOZ/Si heterojunction have been reported by Kulak and
Poznyak [435].

Rutherford back scattering, nuclear reaction analysis and x-ray
diffraction methods have ascertained the behavior and effect of oxygen on
titanium silicide formation in the TiOZ/Si and Ti/TiOZ/Si systems [436].
biffusion of oxygen toward the surface region occurs during the growth of the
silicide layer. When the oxygen concentration in the surface layer exceeds
the solubility 1imit, titanium oxide precipitates and the silicide growth
nearly ceases [436]. The same authors [437] have examined the oxygen behavior
and its effect on the annealing properties of these two systems. Min'ko and
Trunaev [438] have determined the solubility of TiOZ in silicate melts by an
electromotive force method.

The electrochemical characteristics of glasses of the system NaZO/KQO/
TiOz(TizOs)/SiO2 have been investigated using galvanic cells of the type
Ag/AgCl/KC1(sat'd) Y solution A/glass/solution/reference electrode [439].
Tchikawa et al. [440] have shown that ethanol yields from the CO/H2 reaction
over Rh/8102 catalysts increase significantly when SiO2 supports containing
Ti, Zr, Hf, Th, V, Nb and Ta oxides are employed. Additionally, increased
rates of C2H4 hydroformylation to yield EtCHO and PrOH were noted upon
addition of zirconium and titanium oxide precursors to the Rh/SiO2 catalyst.

TiO2 and Zr02 promote CO association and CO insertion to form acyl precursors
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for the formation of Cz-oxygenated compounds .

The preparation of an improved Pb0, anode on a titanium substrate
(instead of graphite) has been reported by Hine and Yasuda [441]. Titanium
was treated in hot 15% oxalic acid, coated with a RuCls/Ti(OBu]4/acidified
butanol solution and fired in air at 773K for 5 minutes. Some oxidation of
the interlayer and/or titanium was observed during the electrodeposition of

PbOZ.

Group VA

Homogeneously mixed fine powders of the T'102-P203 system have been
prepared by wet chemistry from titanium alkoxides and H3PO4 in an ethanol
solution, and by rapid drying with the Heiss Petroleum Trocknung (HPT) method
[442]. The reaction between the components and the homogeneity of chemical
compositions in the powder and its sintering were characterized by infrared
absorption spectroscopy, thermogravimetry-DTA, dilatometry, x-ray diffraction
and SEM imagry after heat treatment (523-1273K) [442]. DTA, chemical analysis,
infrared spectroscopy, and x-ray phase analysis were used to characterize
phases in the TiOz—H PO, system at 463-523K, from which the compound TiP,0,

374

was identified [443]. PCl. reacts with Y-Ale3 at 373K to yield AlCl, and

5

POC1 while TiO, reacts with PCl5 in POC1

3’ 2 3
TiCl4 and [PC14][TiCls}, respectively [444]. Alse, TiO

in a 2:1 and 6:1 ratio to give
) reacts with SZCI2 and

chlorine to produce TiCl4 and [SCIS][TiCIS].

Lanthanum Series

The hydrothermal preparation and characterization (x-ray diffraction,
infrared spectra, thermal analysis) of 1.5 NaZO/Ln203/5 TiO2 (Ln = La, Nd, Sm,
Gd, Tb, Dy, Er, Yb) have been reported by Zaginaichenko and coworkers [445].
The compounds for which Ln = La, Nd, Sm amd Gd possess a cubic perovskite-
type structure, while the other compounds are less symmetrical. A series of
phases has been synthesized by ceramic methods in the M203-Ti02 systems (M =

Nd, Pr, La) at 1473-1623K. The most probable composition is believed to be
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M4Ti9024, as obtained from composition analysis and density determinations.

An x-ray diffraction study of the compounds M4T190 shows they are

24 -
orthorhombic, space group 'Fddd' [446]. TiOZ/Nd203 (0.25 mol%) systems have.
been prepared via thermal decomposition of the coprecipitated hydroxides,
followed by annealing at 673, 873 and 1013K. The effect of Nd203 on the
structure change in TiO2 has also been examined. The anatase - rutile
transition is inhibited by Nd203 [447]. Phase equilibria in the Eu203/TiO2
system have been studied at 1670-2600K in air by DTA and x-ray phase analysis
[448]. The compound Eu,TiO0. incongruently melts at 2090 ¥ 15K and undergoes

a pélymorphic transition at 1970 % 15K; while the compound EuzTiZO7

congruently melts at 2110 * 25K.
4.8 INTERMETALLIC COMPOUNDS

Results obtained from specific heat determinations of several alloys
with TiAlS—type structures have been discussed in terms of theoretical
calculations of band structure and stability of the ordered alloys [4497.
Interactions between titanium films and boron-implanted silicon substrates at
923K reveal the formation of significant amounts of intermediate silicide
phases (TiSi and TiSSiS)’ and thus a higher sheet tesistance. Annealing at
> 973K results in conversion of the titanium film into predominantly TiSiZ,
with a lower sheet resistance. Boron accumulates on the surface as a
consequence of redistribution into the silicide layer during annealing [450].
Profound ambient gas effects have been observed [451] on the reaction of
titanium with silicon. After the start of reduction of interfacial oxides,
the initial stage proceeds rapidly, the extent of which depends on the nature
of the titanium-gas interaction. The final stage commences upon interference
of the silicide phase and the ambient species, with the rate depending on the
nature of the latter.

The effect of thermal activation for hydrogen absorption on the surface

of FeTi has been investigated employing i) transmission and reflection
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electron diffraction to study structural changes, and ii) magnetization to
re-examine the magnetic evidence for surface segregation of elemental iron
[452]. Several oxides of iron and titanium were observed on the FeTi surface
following activation. The role of these surface oxides is important in the
activation and inhibition of hydrogen absorption in FeTi [452]. The hydriding
kinetics of FeTi were studied before and after complete activation. Those
specimens exposed to the air could be reactivated at 291K without heat
treatment. The kinetics reveal an initial slow reaction rate due to the
presence of an oxide film on the FeTi surface. Reaction rate enhancement was
observed upon compacting the FeTi powder with aluminum or manganese powders,
which react with the oxide adsorbed on the FeTi surface. During the
activation heat treatment, the oxide film is broken down and new catalytic
FeTi surface sites are exposed [453]. Laboratory-scale experiments with
granulated FeTi show that fluidized bed reactors are superior to stationary
bed reactors for hydrogen absorption-desorption cycles. This conclusion was
based on observations i) of easier cooling of fluidized bed during hydrogen
absorption, ii) of a faster rate of hydrogen absorption in the fluidized bed,
and iii) of the absence of FeTi sintering and reactor deformation due to hot
spots with the fluidized bed [454].

A three-terminal capacitance method has been used to measure the
temperature dependence of forced volumetric magnetostriction Sw/S6H for

N (x <0.1). At 8 at. % Ti-Ni, the value of 8w/SH changes from

il—xTix
positive to negative with increasing temperature. Thermodynamic and
Kornetzki-Kouvel relationships were used to determine the pressure coefficients
81nu/Sp and Sln To/S8p [455]. NiTi and NiTi, have been prepared by a
coprecipitation, reduction, and diffusion treatment, and the electrode
potential-time relations determined [456]. Electrical resistivities, lattice
parameters, Curie temperatures and spin-disorder resistivities were reported
for C02T'11_x (x = 0, +0.25, -0.25) [457]. Bardi and coworkers [458] have

studied the surface properties of the ordered Pt5Ti because of the changes in
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the catalytic behavior of Pt in the presence of Ti in the reduction of oxygen
to HZO in acid fuel cells. Common electroless plating and electroplating baths
have been used in the plating of titanium and its alloys, with particular
attention paid to surface activation prior to plating. With titanium alloys,
the laser phase is dissolved and the surface topography generated by activation
depends on the alley and on its heat treatment condition [459].

A rotating disk anode of titanium alloy VT 1-0 (2.6 mm in diameter) was
used to investigate the effect of the anode potential on the electrical
resistance and capacitance of the surface film on titanium and on the current
density. Based on increasing the localizatioen of the titanium machining
process, the recommended electrolytes include i) NaCl 50 g/L + NaZCr207'ZH20
35 g/L and ii) NaCl 50 g/L + Na,Cr,0,°2H,0 35 g/L + LiCl 10 g/L. Under these
conditions, a sharp change in surface film properties ({resistance and
capacitance) 1s observed, resulting in changes in current densities and current
efficiencies as well [460]. Corrosion properties of Ti (VT 1-0) have heen
studied by several groups. Sedenkov and coworkers [461] have investigated the
corrosion resistance of technically pure Ti (VT 1-0) in a system composed of
HNOB/chloride/fluoride, and found that after 200 hours the samples are covered
with pits. The pitting corrosion potentials of Ti (VT 1-0) alloys were
determined in hot (< 413K) concentrated chloride solutions (25% KCI1, 40% LiCl,
30% MgCl

25% NH4C1, 40% CaCl 30% NiClZJ [462]. Several corrosion

2 2°
inhibitors (e.g., benzotriazole, 2-mercaptobenzotriazole, citric acid, sodium
hexametaphosphate, sulfosalicylic acid, dicyclohexylammonium nitrate, lithium
chromate, ferrous oxalate, lithium molybdate, lithium hydroxide) were tested
for various metal alloys, including Ti (VT 1-0) which was observed to be the

most resistant alloy [463].

4.9 TITANIUM ELECTRODES
Koyanagi [464] has briefly reviewed the properties and applications of
noble metal-electroplated titanium electrodes. The influence of the manganese

ion (0.1-0.5 ppm) on the current efficiency has been investigated in the direct
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electrolysis of seawater on titanium electrodes coated with noble metals and
their oxides. The anodes studied include Ti coated with Pt, Pt black, IrOz/Pt,
Ir0,, and PdO/Pt. The coated anodes were subsequently coated with various
thicknesses of MnO2 by electrodeposition, and the active chlorine concentration
in seawater was measured following electrolysis. The PdO/Pt-coated electrode

exhibits a high initial current efficiency and is minimally influenced by

manganese [465F. The electrode reaction 6 has been studied on Ti, Nb and Ta

- - +
MnO,” + 3¢+ 4H q=—_? MO, + 2 H,0 (6)

planar electrodes. During the reduction of Mn04_, control of the process
alters from electrochemical to limitations mixed with diffusion in the solid
phase [466].

The behavior of mechanically-polished and/or anodically polarized Ti
electrodes at low positive potentials at pH 0.3 and 11.0 was investigated. The
oxide electroformation potential on a mechanically-polished electrode exhibits
a complex dependence on bulk solution pH, possibly due to hydroxy complex
formation on the titanium oxide surface [467]. The addition of a second, more
inert oxide (Zr02) to an active RuO2 layer on a Ti anode substantially
increases the service life of the anode with respect to oxygen evolution in
6M NaOH. Optimum service life (approx. 200 Hrs.) obtains:for an 80/20
(Rqu/ZrOZ) mol% oxide mixture. The increased stability was attributed [468]
to better protection of the base metal attack on the Zr0,.

A study of the kinetics of evolution and icnization of chlorine on a Ti
electrode coated with nickel cobaltite has been carried out by constructing
steady-state polarization curves. On the spinel NiCon4, a three-stage
mechanism of discharge and ionization of chdorine occurs with the first fast
electrochemical step occurring with the detachment of a proton [469]. The
effect of C1°, Br and I  on the hydrogen evolution overvoltage on Ti (VT 1-00)
S0, has been studied for various electrode surface treatments

2774
(electrochemical polishing, HF # HNO3 etching, HF etching followed by rinsing

in 0.5M H
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with water). The magnitude of the change in hydrogen overvoltage on a Ti
electrode during halide ion adsorption depends significantly on the conditions
of electrode surface preparation [470]. The behavior of activated Ti
electrodes in mercury electrolytic cells were investigated with respect to mode
of activation: etching, and coating with ruthenium and titanium chloride
solutions and annealing in air to yileld a RuO2 and TiO2 surface.layer. The
good quality of these activated anodes were characterized by industrial

studies at warious current density values, with protection against short-

circuiting and various thicknesses of the active layer [471].

4,10 CORROSION

The weight loss method was employed to determine corrosion losses of
the titanium alloy VT 1-0 at 293 and 313K in 2M H,S0, with F addition. The
VT 1-0 alloy is very corrosion-resistant upon addition of 0.070M Fe(111) and
0.20M A1(I11) [472]. Gravimetric and electrochemical techniques have been 'used
to study the corrosion behavior of titanium in air at 593-813K in a molten
system composed of 55 wt.% Zn30,, 25 wt.% KC1 and 20 wt.% NaCl. The
corrosion in a sulfate-chloride melt occurs with mixed anodic-cathodic control
[473]. A study of the corrosion of Ti, Mo, and W in a fused sulfate-chloride
electrolyte has also been reported [474]. Krapivkina [475] has found that
Ti (VT 1-0) possesses a high corrosion resistance in media containing NH4SCN
and thiourea at 293-533K, when compared to various stainless steel samples.
Polarization curves have been obtained for Ti (VT 1-0) in ZrOCl2 solutions at
291-343K [476]. In this medium, Ti has a high corrosion resistance, and a
corrosion potential of -175 mV (vs -500 mV in HC1).

The corrosion characteristics of the local dissolution of titanium in
concentrated chloride solutions has been studied by Ruskol [477], who has also
determined the pitting corrosion of Ti in CaCl2 solutions [478). Titanium is
commonly employed in chloride-saturated NaCl solutions. The corrosion failure
mechanism, conditions for inhibition of hydrogen absorption, and the corrosion

of Ti due to oxygen-chlorine compound build-up in such media have been
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elucidated via cathodic polarization methods [479]. The steady-state
potential of Ti has been determined in CaClZ, SrCl2 and BaCl2 melts (vs a
chlorine reference electrode) at 1073-1373K in an argon atmosphere to explain
the effect of the nature of the cation (Ca, Sr, Ba) on the corrosion behavior
of Ti. With increasing temperature and decreasing cation radius, the steady-
state potentials became more positive [480]. The corrosion behavior of Ti
coupled to stainless AISI 304, Monel and Inconel materials in methanol
containing 0.4% HCl has been elucidated. In the absence of coupling to these
materials, the Ti corrosion rate is very low. Upon coupling, the corrosion
rate increases dramatically [481].

Tungusova and coworkers [482] have elucidated the characteristics of
corrosion and the electrochemical behavior of titanium in solutions of
ammonium and potassium fluorides. Similar studies were performed on the
behavior of Ti in NHAHF2 and KHF2 solutions (< 5M) at 293K. In KHF2 media
containing Na+; the corrosion of Ti decreases monotonically with increasing
salt concentration. In concentrated NH4HF2 sélutions, the addition of NaF
activates the cerrosion process, apparently caused by the formation of a mixed-
salt fiilm on the metal surface [483]. vGerasyutina et al. [484] have determined
the influence of tropeolins 0, 00 and 000 indicators on the corrosion rate and
pelarization of Ti (VT 1-1) in 5N H2804 and 5N HCl. The tropeolins apparently
provide a 94-99.8% protective effect for Ti at 293-353K at comparatively low
concentrations (0.5-10 mmol/L). The application of an external current in
electrochemical production processes has been investigated as a means of
protecting titanium from corrosion [485]. Also, the corrosion resistance of
titanium parts of a membrane bipolar electrolytic cell has been studied by

Balitskii and coworkers [486].

4,11 TITANIUM MELTS
The electrode reaction mechanisms and diffusion rates of metal ions
deposited on a cathode are important factors in metal electrowinning and

electrorefining in order to determine the maximum allowable values of electrode
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current density, the electrocrystallization nature of the cathodic deposits
and the purity of the resulting metal. Makarov and Balikhin [487] have
investigated the behavior of Ti ieons in low melting salt mixtures based on
chlorides of potassium, magnesium and lithium, which enables one to perform
electrolytic refining of titanium at 773K. The same authors utilized a method
of continuous plotting of polarization curves with linear scanning of potential
to elucidate the cathodic process during electrorefining and production of
titanium in KC1-NaCl, KC1-LiCl and KC1-MgCl, electrolytes [488].
Chronopotentiometry and linear sweep voltammetry were used to study the
electrode reaction steps of Ti(III) and Ti(II) in NaCl-KC1 and LiC1-KCI1
eutectic melts. Diffusion activation energies have been determined from
diffusion coefficient data at various temperatures; and the effects of
temperature on Ti electrocrystallization was discussed [489]. The effect of
decreasing the strength of the chlorotitanate complexes formed in melts on the
diffusion coefficient of titanium has been examined by chronogalvanomettic
methods. The optimum electrolytic conditions for this study consist of a
mixture containing 38-42 mol% MgClz/KCl, which melts at a sufficiently low
temperature and yields a high limiting diffusion current value at low
temperatures [490].

A study of the potential dependence of graphite and some metal anodes on
the current density in different melts containing titanium chloride (NaCl/KCl/
MgClz/TiCls/TiCIQ) has been carried out by Voleinik and coworkers [491], and
the electrochemical corrosion of titanium in alkaline earth chloride melts has
been investigated [492].

The discharge of titanium and zirconium from chloride-fluoride melts at
983K has been characterized by chronovoltammetry. The ratio of Ti and Zr in
the cathodic deposits depends on the concentrations of K,ZrF, and of KZTiF6 in
the melt; as well, this ratio can be altered by using F to control the
basicity of the melt [493}. Barannik and coworkers [494, 495] have studied the

reaction of air with TiCl. and TiCl3 dissolved in NaCl-KC1 melts containing

P
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varying amounts of MgCl2 and Mg. The Ti concentration in the melt decreases
more rapidly when the melt is in contact with air, in contrast to contact with
argon or an air/argon mixture, and when MgCl2 is present.

Claims have been made regarding the desirability of molten salt
anodizing in anhydrous media. However, recent results on the anodization of
Ti, Al, Nb, W and Mo samples in a low-melting urea-NH4NO3 eutectic at 318-358K

reveals that HZO seems to be a necessary electrolyte component, by influencing

the oxide growth process and breakdown voltage [496].

4, 12 COORDINATION COMPLEXES OF TITANIUM
a., CYCLOPENTADIENYL COMPLEXES
The crystal and molecular structure of the bimetallic complex
5 . s s . .
[(n —C5H5)2T1(u—H)zAl(H)z]2(CH3)2NCH2CH2N(CH3)2'C6H6 is illustrated in Figure

7. The complex is triclinie, space group PI, wherein the two CpZTiHZAlH2

FIGURE 7: General view of (szTiA1H4)2(CHS)ZNCHZCHZN(CHz]2.

Thermal ellipsoids are shown for P = 0.3 [497].
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moieties are linked by a tetramethylethylenediamine molecule. The Al atom is
bonded to the Ti atom by a double hydrogen bridge, and has trigonal
bipyramidal stereochemistry {497]. Aromatic aldehydes are known to be coupled
by [Ti(Cp)z(CO)Z] to produce pinacols and olefins in good yield. In contrast,
aliphatic aldehydes react to give primarily the corresponding alcohols, while
aromatic ketones produce a mixture of products.. Scheme I depicts a reasonable

reaction course which can account for the observed products [498]. The

R R
R R R
szT-(CO)z
o + cp,lilcol, R g —
0 o
R N\ m R R
T

R H
- X
R R w
R = Pn
" R>\__ m  CpITitCO), R R vl R
>‘—-on P — 0O— Tl e n%- — H
R N R M H N H

SCHEME I
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Grignard reaction of -BuMgBr, n—C11H23C0C1 (lauroyl chloride) and [Ti(Cp)z(Cl)z]
in diethyl ether at room temperature produces lauryl alcohol in 58% yield. A
similar reaction with ethyl laurate at 273K yields 60% lauryl alcochol, while
reaction in refluxing diethyl ether gives 72% lauryl alcohol [499]. The
titanium complex prepared from [Ti(Cp)z(Cl)z] and NaBH4 in THF in the presence
of crown ethers efficiently promotes the catalytic hydroboration of alkénes,
styrenes and alkynes with NaBH4 to yield sodium alkyl- and alkenyl-borohydrides;

these are converted into alcohols, phenylalkanols and alkenes, respectively

[500].

b. OTHER COMPLEXES
Krasochka and coworkers [501] have elucidated the structure of
bis{benzene)titanium(0), BBT, and bis(toluene)titanium(0), BTT, via x-ray
diffractometry. BBT is triclinic, space group PT , while BTT is rhombohedral,
space group Pbca. Both complexes possess a sandwich structure. The Extended
Huckel MO method was employed to determine the electronic structures of BBT
and BTT, for which the calculated metal-ligand and ligand-metal charge transfer
transitions agree well with experimental absorption spectral data. The
electronic spectra of the distorted octahedral complexes [Ti(Cl)s(THFJS],
[Ti(Cl)S(THF)Z(CHSCN)] and [Ti[Cl)S(CH5CN)3]'have been interpreted employing
the angular overlap model using the transferability assumption for the single
ligand parameters. A determination of the o and T bonding parameters ey for
the Ti(III)-ligand bonds has led to a two dimensional spectrochemical series;
eyt Cl < C4HSO (THF)} < CHSCN and ept CHSCN < C4H80 < Cl [502). The
heterogeneous catalyst [Ti(PhCH2)4]/TiC14 has been developed for the
polymerization of ethylene. Other main group and transition metal chlorides
were substituted for TiC14; excess AlCl3 or MgCl2 and [Ti(PhCH2)4] also yield
polymerization catalysts [503].
Reaction between TiCl4 and the N-benzylidene-N',N'-dimethylethylene-
diamines, L = RC6H4CH=NCH CH NMe2 (R = H, 2-Cl, 4-Cl1, 2-MeO, 4-Me0, 4-Me),

2772

gives TiC14L compléxes which have been characterized by elemental analysis,
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electrical conductivity, and infrared and proton nmr spectroscopy. The ligand
L is bidentate towards titanium [504). An XPS investigation of the titatrane
complexes LTiR (H3L = triethanolamine; R = 0-COR'-type substituents, R' =
various substituents), using the direct comparison method, has verified the
existence of the N+ Ti dative bonds. The le binding energy of the titatrane
complexes are 0.4 to 0.9 eV higher than that_ﬁf HSL’ and the TiZE§/2 binding
energies are lower than that of the corresponding composite materials. 1In
agreement with dative bond formation, there is an increase in the coordination
number and a decrease in the inner shell binding energy in the acceptor atom

[5053. TiCl, reacts with KNPh2 in a 1:3 molar ratio in benzene to yield

4

Ti(Nth)SCI. Other N-organyl substituted metal amides have also been prepared,

inclihading Ti(NHPh)4 and Ti(NHPh)3C1 from TiCl, and NaNHPh, and Ti(Nth)SCHZC H

4 65

i 506].

from TiCl, and C H CH,MgCl [506]
The photoexcited triplet state of oxotitanium(IV} tetraphenylporphyrin,
(TPP)Ti=0, has been investigated by ESR and laser photolysis [507]. At Toom
temperature in ethanol, (TPP)Ti=0 is in equilibrium with (TPP)Ti=0(EtOH) in

which EtOH is coordinated in an axial position (reaction 7). Laser photolysis

0 0
N N N N
——e—ie ~
/ Ti l + EtOH g—m—m—————= / Ti l (7
'
N N N’__T_‘ N
0

experiments of (TPP)Ti=0 in acidic EtOH solutions at room temperature reveal
that the triplet state, (TPP)Ti:OS*, is efficiently quenched by protons via a
diffusion-controlled process. The quenching mechanism 1is presumably due to
electrophilic protonation (reactions 8-10), where the lifetime of (TPP)Ti+—OH3*
was assumed to be very short as no transient ascribable to this species was
observed during proton-induced decay of (TPP)Ti=03*[507]~ Treating

(TPP)TiIV=O with catechol (Hzcat) or 3,4-toluenedithiol (Hztdt) yields
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*
(TPP)Ti=0"" + EtOH,” ————® (TPP)Ti -OH> + EtOH (8)
* +
(rppyTi*-on® -+ (TPP)Ti'-OH (9)
(IPP)Ti*-0H + EtOH ——— (TPP)Ti=0 + EtOH,’ (10)

(TPP)TiIV(cat) and (TPP)TiIv(tdt), respectively [508]. Electrochemical
reduction of the products results in the formation of the anion radicals
[(TPP)TiIV(cat)]_ and-[(TPP)TiIV(tdt)]’. The unstable titanium{ITI) complexes

111 Ip yith

[(TPP)Ti (cat)]™ and [(TPP)Ti(tdt)] form upen reaction of (TPP)Ti
the sodium salt of the chelates. Both reduced catecholato derivatives are
transformed into [(TPP)TiIV=O]r. A mechanism has been proposed to account for
the auto-oxidation of [(TPPITi 'l(tdt)]™ to (TPP)Ti''=0 and (TPP)Til'(tdt)
[508]). Chang [509] has recently reviewed some electrochemical and spectro-
electrochemical studies of metalloporphyrins containing Ti, Mo, Ni, Fe, and Ru.
The preparation and characterization (x-ray diffraction, magnetic
measurements, infrared and electronic spectra, XPS) of Ti[M(CN)ﬁ] (M = Co, Rh,
Ir) have been reported. All complexes form a three-dimensional framework of two
octahedral coordination units MC6 and TiNé. Upon formation of Ti[M(CN)é] from
the corresponding potassium salt, the T back-donation in the [M(CN)6]3- moiety
is enhanced b} the bridge formation through the cyanide ligand. The complex is

depicted in Figure 8 [510]. M'Cl, (M' = Ti, Te, Sn, Si) reportedly reacts with

H.CH=NCH,CH

M(HZL) M =Cu, Ni; H ez ,CH,

L= S—HOZC—Z—HOC N=CHC6H3—2-OH-3—C02H) to

4
yield MlM'ClZ; these complexes have been characterized by elemental analysis,
electrical conductivity, magnetic measurements, and infrared and electronic
spectroscopy. - The carboxylate groups coordinate to M' and the nitrogen and
phenolic oxygen atoms coordinate to M [511].

Malhotra and coworkers [512] reported the preparation of Ti(ONp), C1,
(NpOH = Z-naphthol; n = 1-4) and Ti(ONp)4-Np0H by the reaction of TiCl4 with
NpOH in the appropriate molar ratio in benzene under various experimental

conditions. Molecular weight and infrared spectroscopic studies of these
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FIGURE 8: Structure of 'I‘i[Pvl{CN)é]. Solid circles, M;
large open circles, Ti; small solid circles, C:

small open circles, N [511].

titanium(I1V) naphthoxide complexes suggest they are dimeric with NpO bridges.
Monomeric, nonelectrolytic TiClnL4_nLé (HL = naphthol; n = 2,3; L' =
acetophenone, benzophenone, CHgC(O)CZHS) were prepared via reaction of

TiClnL4_n and L'. The dimeric complexes TiL4L' result from the reaction

between TiL4-HL and L' . [514]. T1614-nLn (HL = naphthol; n = 1-3) react with

various o-hydroxyaldehydes and ketones (HQ = benzoin, 2-hydroxyacetophenone,
salicylaldehyde) in the appropriate molar ratio to produce TiLSQ, TiLchl,
TiLZQZ’ TiClzLQ, and TiClLQ,. Possible structures for these complexes were
presented, based on elemental analyses, conductance, cryoscopic and infrared

spectral measurements [514]. Additionally, TiClnL (L = 2-naphthol; n = 1-3)

4-n

react with amine N-oxides to give TiCl L, A, (A = pyridine N-oxide, a-, B-

and y-picoline N-oxide) and TiClnL4_nA' (A" = 1,10-phenanthrolineN,N'-dioxide,

2,2"-bipyridineN,N'-dioxide). On the other hand, Til, 6 ‘HL reacts with these

4
amine N-oxides to form TiL'A, (or TiL'Aé) [515].

The alkoxy chlorotitanium(III) complexes M(OR)HCIS_n (M =Ti, V; R = Me,
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Et, Bu; n = 1,2) have been prepared via reaction of MC1l, and HC(OR)3 (reaction

3

11). The reaction mechanism postulated [516]1ikely involves the six-member

TiCl, + n HC(OR); — Ti(OR) Cl; + n RCl + n HC(OJOR (11)
(n=1,2)
cyclic intermediate (4). The Ti(OR)nC13_n complexes are polymeric probably the

cij «\\’0

M. Hl -0R

result of the presence of alkoxide bridges, although chlorine bridées and
partial direct metal-metal interaction cannot be ruled out [516]. Chadha and
Gupta [517] have demonstrated the strong Lewis acid behavior of Ti(OR)Cl3 and
Ti(OR)2C12 (R = Me, Et, C2H4C1, CZHZFS) by their formation of 1:2 complexes
with DMSO and pyridine, and 1:1 complexes with naphthaldehyde. Whereas the

1:2 complexes have six-coordinate titanium(IV), the corresponding 1:1 complexes
are dimeric. Reaction between Ti(OR)4 (R = Et, Pri) and AcNCS yields
Ti(OR)4_n(NCS)n‘xAcOEt (R=Et,n=1-3, x=0;,n=4, x=1; R = Pr., n=1,2,
x = 0). The Ti(OEt)4_n(NCS)n complexes, for which n = 1 and 2, are dimeric in
benzene with bridging ethoxide. In acetone, all of the products are monomeric

[518]. Ti(OR), (R = Et, Prlj reacts with HL ( HL = C,H.CH(OH)CH=CHCH;) in the

2Hs
appropriate molar ratio to give TiL4. The product was characterized by
elemental analysis, molecular weight determination and infrared and nmr
spectral studies [519], Reaction of the Ti(OPri)4-NaNp—N2 system (NaNp =
sodium naphthylide) with EEEEETPt(H)Cl(pPhg)z produces considerable yields of

free ammonia. Hydrogen promotes the formation of ammonia [520]. The reduction
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of titanium in Ti(OBu]4 by treating it with EtSAl, Et2A1C1 or Etl.5A1C11‘5 has
been examined with respect to the effect of temperature, Al:Ti ratio, and
duration of the reaction on the kinetics of Ti5+ format®on [521]. Pilati and
coworkers [522] have studied the mechanism of the polycondensation formation
of poly(butylene terephthalate) catalysed by Ti(OBu)4. Kinetic equations were
derived and discussed employing model molecules, and compared to experimental
results obtalned at various temperatures and reactant molar ratios. Ti(OBu)4
and aniline serve as catalysts for the esterification of adipic acid and
tetrabromophthalic anhydride by 2-ethyl-l-hexanol and l-octanol. A kinetic
study has shown that i) adipic acid is more reactive than tetrabromophthalic
anhydride, ii) 2-ethyl-l-hexanol is more reactive than l-octanol, and iii)
Ti(OBu), is a more effective catalyst than aniline [523],

The kinetics of styrene polymerization, catalysed by Ti(OBu)C]3 and
AlEtS/AlBué cocatalysts in heptane, have been examined. Maximum steady-state
rates were achieved at an Al:Ti ratio of 1.5:1, and were first-order in monomer
and catalyst. The overall polymerization activation energy (44-46 kJ/mole) is
in good agreement with a coordinated anionic mechanism, for which an alkylated
TiBuCl3 is thought to be the species affecting the polymerization [524]. The

reaction of enol silyl ethers ROSiMe R = CEt=CHMe, C(C6H7Me3—2,4,6)=CHMe,

3 [
cyclohexenyl, methyl-substituted cyclohexenyl] with TiCl4 has produced the
trichlorotitanium enolates RoTiClS, which are unique owing to their relatively
electron deficient double bonds. The enolate structure of the products was
deduced from 1H nmr spectra [5257.

Chaudhuri and Diebler [526] have employed spectrophotometric and
temperature-jump relaxation techniques to study the equilibrium and the
kinetics of complex formation of titanium with acetate (Ac ), monochloroacetate
(ClAcT), and dichloroacetate (Clec-) in aqueous media. The kinetic data
indicate that at least two reaction pathways contribute to the formation of
TiAc2¢, Ti(ClAc}2+ and Ti(C]zAc]2+. A strong associative character for the

. . . 3+ . ca . .
substitution processes at T1(H20)6 i1ons 1s indicated by increasing second-
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order rate constants with ligand basicity. Cation exchange and spectroscopic
studies of the complexation of titanium(IV) with oxalic acid as a function of
pH and titanium concentration have shown the formation of protonated and
polynuclear titanium oxalate complexes. The equilibrium constant:for the
formation of Ti(OH)Z(C204) is 34 X 5, and the stability constant is (1.8  0.3)
x 10° [527].

A gray-black film forms on the nickel cathode in an electrolysis cell with
a platinum anode and a 0.18M K,Ti0(C,0,), bath. The film is amorphous and
contains 50% titanium, though detailed identification was not performed [528].
PbTi0(C,0,), 4H,0 and Pb(Ti,  Zr )0(C,0,), 'nH,0 (x = 0.5, 0.25) have been
prepared and characterized by x-ray diffraction, infrared spectroscopy and
thermal analysis. 1In air or oxygen, the decomposition occurs in three stages:
i) dehydration, ii) decomposition of the oxalate to a carbonate, and iii)
decomposition of the carbonate to PbZr0, [529].

The transesterification kinetics of the carboxylic acids RCO,Bu (R = H,

2

Me, Bu, MeSC, CHClz, CC1 CH,Br, CHZOPh, CH CHZCI, CHth) by sec-butyl

3 2 2
orthotitanate have been determined in heptane [530]. The kinetics of the
reaction between a titanium{IV) peroxo.complex and Fe{II) were examined by
spectrophotometric methods at 408 nm and by ESR spectroscopy. The postulated
mechanism involves intrasphere electron transfer between Fe(II) and Ti(IV) in

a binuclear peroxo bridged intermediate [531].

The synthesis and spectral properties of TiClg(glyH)3 (glyH = glycine)
have been reported. The complex was characterized by potentiometric curves,
chemical analysis, magnetic properties, and infrared and electronic
spectroscopy [532]. A green complex with Xmax at 710 nm forms upon reaction of
a solution (pH = 2) composed of Alizarine S, Ti4+ and Ti5+ (4:1:10). Neither
of the two titanium species alone has an effect on the absorption spectrum of
the dye (xmax = 420 nm), although at pH 4 Ti4+ forms a 1:2 complex with the dye

have Amax at 510 nm. A mechanism in which the T13+ reduces the dye to its

: . .4+
leuco form, catalysed by Ti4+, and the leuco compound forms a complex with Ti
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3+, was proposed [533]. Jabs and Gaube [534] have characterized the

and Ti
titanyl ascorbate complexes TiOLz'ZHZO and TiO(OH)L (HL = L-ascorbic acid) by
electronic, infrared and lH nmr spectra. Measurements of the H30+
concentration of aqueous solutions of both complexes led to a simple model for
describing their protelytic behavior. An analysis and comparison have been
made of the exact (Koutecky theory)} and approximate (reaction layer theory)
equations for describing kinetic polarographic currents. The electroreductions
of a Ti(IV) citrate complex and a Ni thiocyanate complex revealed that the
exact and approximate solutions lead to similar constants for the rate of
formation of the electroactive complex of the metal [535].

Spectrophotometric methods have been employed to study the formation of
monocomplexes of Ti(III), Cr(III} and AL(III) with mannose at pH 1.5 and ionic
strength 1.0 (NH4C1) at 293 * 1K [536]. Titanium(IT1) and vanadium(II1)
acrylate complexes have been cited in the Russian literature [537].

The new titanium(IV) chloroacetate complexes Til,L) and Ti(0,CCC1

272 3)4

[HL = ClCHZCOZH, HL' = cyclopentadiene, acetylacetone; HL = CLZCHC02H, HL' =
cyclopentadiene, acetylacetone, salicylaldehyde, 2-hydroxyacetophenone,
8-hydroxyquinoline; HL = C13CC02H, HL' = cyclopentadiene, salicylaldehyde] were
prepared from TiLéCl2 and NaL. 1In the TiLzLé complexes (HL' # cyclopentadiene),
the acetate groups are monodentate, forming octahedral complexes; in TiCp,L,,
the acetate groups are bidentate [538].

Electrode reaction parameters (kg, o) have been determined at 298K for
Ti(IV) systems (Ti-oxalic acid, Ti-EDTA, Ti-N-(2-hydroxymethyl)EDTA, Ti-CyDTA)
and the uranyl ion in acidic solutions. The parameters were determined using
approximate equations of current-potential curves derived by Nishihara for the
d.c. polarographic catalytic wave. The presence of a large excess of oxidizing
agent and a maximum wave on the catalytic waves were found to interfere with
the experiments [539].

The preparation and characterization (ESR, nmr and infrared spectra) of

the titanium(III) complexes TiZLZCI2 (HZL = mandelic acid) have been reported.
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These dimeric complexes are formed by the bridging carboxylato groups with the
coordination of the deprotonated alcohol group [540]. The semi-synthetic
antibiotic organometallic derivatives of 6-aminopenicillanic acid (R) M =
Ti(IV), Zr(IV), Hf(IV), R = Cp, ns—indenyl) have been prepared and claimed to

possess in vitro bactericide activity. Substituents into the penicillin

R Me
N NH
/ Me
/ "
R \0: |
\COZH-NEt3
(5)
a¥}

nucleus effects changes in the antibiotic activity and B-lactamase
susceptibility. Infrared, UV and 1H nmr spectra for the Ti(IV) complex are
reported; the complex is biologically active against various drug-resistant
bacteria [541].

The solvolysis of TiCln(MeSO (n = 1-3) with ClmH3—mCC02H (m = 1-3)

3)4—n

{n = 1-3; HL = C1 H CC02H). Most of these complexes

yields Tan(MeSO .~

3)4-n
have bridging MeSO3 groups and Ti[06] chromophores. TiLn(MeSO3)4_n form 1:1

and 1:2 complexes with 2,2'-bipyridine and pyridine, respectively {[542].
A spectrophotometric study (190-350 nm) at 298K and ienic strength 3
(NaCl) has revealed the formation of titanium(IV) complexes with protonated

pyrophosphate ions, specifically TiO(H2P207)22' and TiO(H2P207). Protonation

- . . -1 -1
constants for H292072 (pH-titration method) are 22.4 M ~ and 5.0 M ~ for

H3P207_ and H4P207, respectively [543]. While Nb and Ta are extracted as

HNbF, and HTaF

6 with bis{(2-ethylhexyl)phosphate [HDEHP] serving as a neutral

6
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extractant, Ti is extracted in complex form, such as TiOF(HAz) where HA is
HDEHP [544].

The titanium{III} complex [TiLZ[HZO)Z]Cl ®) {HL = 3-{4-pyridyl)triazoline-
5-thione} has been prepared and characterized by infrared and electronic

spectra and magnetic moment measurements. The synthesis of (g} involves mixing

-+

T2

)

TiCl2 with the ligand in a 3:1 (Ti:l) molar ratic. The spectral and magnetic
moment results have been interpreted in terms of an octahedral structure in

which the two H,0 molecules are at trans positions [545].

2
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