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Titanium dioxide samples containing niobium (up to 10%), heated at 1223 K in vacuo and subsequently

in air, have been investigated by X-ray diffraction,

thermogravimetry, magnetic susceptibility mea-

surements, electron spin resonance, and optical reflectance spectroscopy. The results show that for
the samples prepared in vacuo, niobium is incorporated as Nb(V) compensated by an equivalent

amount of Ti(III). The analysis of the magnetic data r

eveals that some Ti(III) are paired giving a metal—~

metal interaction. On subsequent heating in air the Ti(III) ions are oxidized to Ti(IV), with the Nb(V)
in solid solution being compensated by cation vacancies. The maximum amount of Nb(V) that may be
accommodated in the rutile structure is 6.6 Nb atoms/100 Ti atoms. The niobium in excess reacts with
TiO, giving TiNb,0O,. The effect of the various incorporated species on the TiO, unit-cell volume is

discussed. © 1988 Academic Press, Inc.

Introduction

Titanium dioxide and its solid solutions
are currently of interest in several areas of
technological and scientific relevance such
as solid state chemistry (1), surface chemis-
try (2), heterogeneous catalysis (3), and
more specifically, for applications in pho-
toassisted processes (4). One of the sys-
tems which has received a good deal of at-
tention is niobia-titania. Niobium-doped
TiO, is currently investigated as a pho-
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toanode (5), but a full understanding of its
photoelectrochemical behavior requires a
detailed characterization of the system. In
the past, NbO,~TiO, samples of various
compositions and preparations were stud-
ied (6-13). However, some questions are
still open, such as the oxidation state of
niobium, which may in principle be Nb(I1V),
4d', or Nb(V), 4d° the dispersion degree,
and the extent of magnetic interactions of
the incorporated species. These aspects are
strictly related to one another, because by
dissolving transition metal ions of suitable
electronic configuration in rutile TiO,, a
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metal-metal interaction occurs (/4-16)
even at high dilution (17), and affects the
dispersion and the magnetic properties.

In the present paper, samples containing
niobium (up to 10%) have been examined to
confirm the formation of a solid solution, to
clarify the role of the atmosphere on the
predominant defective situation, and to
gain a deeper insight into the oxidation
state and on the dispersion degree of the
guest ions in the host matrix. The study has
been performed by X-ray diffraction, ther-
mogravimetry, electron spin resonance
(ESR), optical reflectance spectroscopy,
and magnetic susceptibility measurements.

Experimental

Samples. The samples were prepared
from niobium and titanium dioxides. Before
use, NbO, (Ventron) was studied by X-ray
diffraction and thermogravimetry: the X-
ray powder pattern was found to corre-
spond to that of NbO, (I8). On thermo-
gravimetry in oxygen the weight was found
to increase by 6.48% in the temperature
range 523-773 K. This value corresponds
to the weight increase (6.40%) expected for
the reaction

Nb02 + 1/402 — 12 Nb205.

Titanium dioxide, supplied by Tioxide Int.
Ltd. (stated impurities in ppm.: CaO < 20,
Zn < 20, Fe < 20, Sn < 20, AlL,O, < 100,
Si0, < 100, K,0 < 10, Nb,Os < 30, Sb,0;
< 90, Cl < 50, Na = 180), was heated in air
at 673 K, for 2 hr to remove most of the
water. The niobium-doped titanium dioxide
samples were prepared by mixing weighed
amounts of TiO, and NbO; in an acetone
slurry by prolonged grinding in an agate
mortar. The acetone was then removed by
heating at 473 K in air for 2 hr and the dried
powder was pelleted (approximately 500
MPa). The pellets were subjected to two
different heat treatments called A and B,
respectively. In treatment A the pellets
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were sealed inside an evacuated silica tube
and gradually heated at 873 K for 24 hr,
1073 K for 24 hr, and 1223 K for 96 hr. The
silica tube was then cooled to room temper-
ature and the pellets were exposed to air. In
treatment B, some pellets, after treatment
A, were again heated in air at 1223 K for 5
hr and then cooled to room temperature.
Pellets of pure TiO, were treated by the
same procedure (A and B) as used for the
doped materials. The samples appeared of
different color depending on the treatment.
Niobium-containing samples, treatment A,
are blue with a color intensity increasing
with niobium content, while those sub-
jected to treatment B are white. Undoped
TiO, appears slightly gray and white if sub-
jected to treatments A and B, respectively.
The samples containing niobium are desig-
nated TNDb X, the figure X after the letters
indicates the nominal niobium content de-
rived from the initial composition and ex-
pressed as niobium atoms per 100 titanium
atoms. The letters A and B denote the ther-
mal treatment.

X-ray. A Debye—Scherrer camera (i.d. =
114.6 mm) was used to obtain the powder
diffraction patterns. Unit-cell parameters of
TiO, were measured with CoKa (Fe-fil-
tered) radiation, as previously described
(19). Phase analysis was carried out with
CuKa (Ni-filtered) radiation.

Magnetic measurements. The magnetic
susceptibility was measured by the Gouy
method at 4000, 6000, and 8000 Gauss in a
temperature range 78-300 K. A semimicro-
balance precise to +0.05 mg was employed.
The instrument was calibrated with
Hg(Co(NCS),) (20). The magnetic suscepti-
bility of undoped TiO, was determined with
the same apparatus. Details of the measure-
ments are reported elsewhere (14).

Thermogravimetric measurements.
These were performed in flowing oxygen
(25 ml min~!y by a Cahn RG electrobalance.
The temperature was raised linearly from
room temperature to 1273 K (3° min~1).
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TABLE I

X-RaY DIFFRACTION DATA FOR N10BIUM-DOPED
TiO, SAMPLES

Samples® Nb? a (A) C Phases®
TiO, A — 4.5923 0.6443 R
TNb 0.5 A 0.49 4.5936 0.6444 R
TNb 3 A 3.02 4.5972 0.6442 R
TNb 4 A 4.16 4.5999 0.6440 R
TND 5 A 5.29 4.6040 0.6439 R
TNb 6 A 5.80 4.6027 0.6437 R
TNbL 8 A 8.08 4.6108 0.6438 R
TNb 10 A 9.96 4.6182 0.6432 R
TiO, B — 4.5926 0.6443 R
TNb 1.5B 1.54 4.5937 0.6442 R
TNb 3 B 3.02 4.5968 0.6441 R
TNb 5§ B 5.29 4.6025 0.6435 R
TNb 10 B 9.56 4.6055 0.6430 R, TiNb;0,
TNb 11 B 11.16 4.6053 0.6432 R, TiNb;O,

2 For designation of samples see text.

4 Concentrations expressed as niobium atoms/100 titanium
atoms.

<R = Rutile.

Diffuse reflectance. Diffuse reflectance
spectra were recorded on a Beckman DK 1
instrument in the range 2500-220 nm at
room temperature with MgO as reference.

ESR measurements. ESR spectra were
obtained at X-band (=9 GHz) using a Var-
ian E-9 spectrometer at 77 K and a Varian
E-12 spectrometer at lower temperatures
with an Oxford Instrument continuous-flow
cryostat BK ESR 12.

Results

X-ray. Only rutile lines were found in the
powder X-ray diffraction patterns of TiO,
A, TiO, B, and TNb A (Table I). For the
samples of the B series the same situation is
observed up to TNb 5 B. In the X-ray dif-
fraction pattern of more concentrated spec-
imens the reflections of TiNb,O; (18) are
also present. Table I shows the unit-cell pa-
rameter a and the axial ratio C = c/a. For
TiO, A and TiO; B practically the same val-
ues of a and C are observed. For the doped
specimens of both series, an increase of the
unit-cell parameter a and a decrease of the
axial ratio C are found with increasing

257

niobium content. However, at the same
niobium content, the increase of a is lower
for the B samples than for the A ones.
Moreover, the specimens TNb 10 B and
TNb 11 B show the same values of a and C.
Figure 1 shows the variation of the TiO,
unit-cell volume, V = @3C vs the niobium
content. Some data reported in the litera-
ture (6, 7) are also shown. For the samples
of series A a linear expansion of the volume
V is observed in the whole range of concen-
tration studied, whereas for the three more
diluted samples of the series B the volume
V increases linearly with a lower slope,
reaching a constant value for the two more
concentrated specimens.

Magnetic measurements. The magnetic
susceptibility of all samples was field inde-
pendent. For undoped TiO, A and B the
specific susceptibility was found to be very
small and positive, changing from 1.3 - 1077
t0 0.9 - 10~7 emu/g in the range 100-300 K.

To derive the atomic paramagnetic sus-
ceptibility, x4, for each temperature the
specific susceptibility of TiO, was taken in
due consideration according to a previously
described procedure (I4). The Curie-
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FiG. 1. TiO; unit-cell volume, V, vs the niobium
content, [Nb], expressed as niobium atoms/100 tita-
nium atoms. - - -, Calculated line, see text. O, TNb A;
0, TNb B; X, from Ref. (6); A, from Ref. (7).
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TABLE 11
MAGNETIC DATA FOR THE TNb A SAMPLES

Samples? %Nb* C (emu - K/mole) —6(T) pex (BM)
TNb 3A 335 0.447 30 1.89
TNb 4A 4.54 0.401 35 1,79
TNb 5A 5.68 0.351 40 1.68
TNb 6A 6.18 0.366 45 1.71
TNb 10 A 10.01 0.354 65 1.68

“ For designation of samples see text.
5 Concentrations expressed in percentage by weight.

Weiss law was followed for the TNb A sam-
ples. For the specimens of the series B, a
behavior of the magnetic susceptibility sim-
ilar to that of undoped TiO, was found. Ta-
ble II collects for the TNb samples the
value of the Weiss temperature 0 and of the
Curie constant C obtained from the inter-
cept on the T-axis and from the slope of x4
against T plots, respectively. The values of
the magnetic moment, pes. = 2.83 C'2, are
also given. It may be seen that at increasing
niobium content a slight increase in the
Weiss temperature and a decrease of the
Megr values are observed. This behavior was
first reported by Rudorff and Lugisland (7).

Thermogravimetric measurements. No
appreciable weight variation was detecied
on thermograms of undoped TiO; A or TiO,
B as well as on those of the niobium-con-
taining samples of series B. For the TNb A
specimens an increase in weight was ob-

TABLE 111

THERMOGRAVIMETRIC DATA FOR THE
TNb A SAMPLES

Samples? %Nb* A%y A1
TNb 4 A 4.54 0.39 0.38
TNb S A 5.68 0.49 0.50
TNb 6 A 6.18 0.53 0.52
TNb 10 A 10.01 0.86 0.80

% For designation of samples see text.
& Concentrations expressed in percentage by
weight.
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served in the temperature range 623 to 1053
K. The weight variation was found to be
dependent on the niobium content and is
reported in Table III as a percentage,
A%EE19% together with A%, The latter
quantity is the weight increase calculated
by considering the oxidation of Ti(III) to
Ti(IV) according to Eq. (4) under discus-
sion.

Diffuse reflectance spectra. Figure 2
shows the spectra of the samples of series
A. In addition to the absorption at =350 nm
due to the rutile absorption edge (22), a
broad absorption band centered at =~1200
nm (=8300 cm™!) is abserved. Its intensity
increases with the niobium content. Figure
3 shows the spectrum of the sample TNb
6A subjected to thermal treatments in air at
the specified temperatures for 1 hr. No
change is observed for temperatures up to
=600 K, while for higher temperatures the
broad absorption intensity decreases and
disappears after heating at 873 K.

ESR measurements. At 77 K the ESR
spectrum of the more diluted samples
(<0.5%) of series A, as well as that of un-
doped TiO; A, show a single asymmetrical
line at g,, = 1.96 and with a AHy, in the
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F1G. 2. Reflectance spectra for the TNb A samples.
1, TiO, A; 2, TNb 0.5 A; 3, TNb3 A; 4, TNb 6 A; S,
TNDb 10 A.
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F1G. 3. Reflectance spectra for the sample TNb 6 A
heated in air, 1 hr. 1, Untreated; 2, 573 K; 3, 673 K; 4,
773 K; 5, 873 K.

range 60-90 Gauss, the intensity of which
increases with the niobium content (Table
IV). This signal is strongly dispersive
(phase inverted). Moreover, for the more
dilute samples a difficulty in tuning the mi-
crowave bridge of the ESR spectrometer
was found; tuning was no longer possible
for samples having a niobium content
higher than 0.5%. This behavior is charac-
teristic of conducting materials and indi-
cates that the concentration of mobile de-
fects in the matrix increases with the
niobium content. A series of spectra of the
sample TNb 0.5 A was recorded at lower
temperatures from 4.2 to 67 K. These spec-
tra are reported in Fig. 4. At4.2and 39K a

59K
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FiG. 4. ESR spectra for the sample TNb 0.5 A re-
corded at several temperatures. g, = 1.977; g, = 1.944.
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very sharp axial signal with g, = 1.977 and
g = 1.944 is observed. By increasing the
temperature to 57 and 59 K the spectrum
becomes progressively broader and, as re-
ported above, at 77 K it shows a single
asymmetrical line. This signal is absent in
samples of series B.

Discussion

Samples Heated in Vacuo (TNb A)

The data show that niobium enters in
solid solution in the rutile structure. This
conclusion, which confirms previous
results (6, 7), is inferred from the variation
of the TiO, unit-cell parameter a and of the
axial ratio C (Table I) and from the phase
analysis showing that no extra lines other
than those of rutile are present in the X-ray
diffraction pattern (Table I). In particular,
no evidence was obtained for the phase
(Nb, Ti(1-1)1202, quoted by Marucco et al.
(12) for samples treated at 1473 K, po, =
10~7. We then conclude that within the limit
of detectability our samples are single
phase.

The question then arises about the oxida-
tion state of the incorporated niobium. To
solve this problem, the ESR data will be
considered first. The signal at g = 1.96 was
observed by us (23) several times both on
pure and doped (Mn, Rh, Mo, Ru) TiO, pre-
pared or treated under reducing conditions
(vacuum or hydrogen). This signal has also
been reported by others (24-28) and as-
signed to Ti(III) ions. On the other hand, in
single-crystal studies of niobium-doped
TiO, (rutile) Chester (29) and Zimmermann
(30) observed the ESR spectrum of Nb(IV)
ion, characterized by a well-resolved hy-
perfine structure at 4.2 K. In particular,
Zimmermann (30) found that the feature of
the Nb(IV) spectrum remained unchanged
to 17 K; by further increasing the tempera-
ture the hyperfine structure gradually coa-
lesced until only a single line was observed
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at 25 K. At 50 K the spectrum disappeared.
Since the g values of Nb(IV) species in TiO;
(gx=1.973; g, = 1.981; g, = 1.948) (30) are
very near to those observed on the spec-
trum of our samples at 4.2 K, it is necessary
to discriminate if the spectrum observed for
our sample (TNb A 0.5) at 4.2 K is due to
Ti(IID) or to Nb(I1V) species. Computer sim-
ulations of powder spectra were performed
making use of g and A values of Nb(IV) and
of different linewidths. They demonstrated
that a hyperfine structure with various de-
grees of resolution was always present in
the calculated spectra, contrary to what is
observed experimentally (Fig. 4). There-
fore, we assign the signal to Ti(III) ions.
This assignment is confirmed also by the
different temperature dependence between
our spectra and those of Nb(IV) species
(30). Further arguments to discriminate be-
tween Nb(IV) and Ti(III) come from the
magnetic susceptibility data. Following the
procedure reported for the parallel case of
Ta(IV) and Ti(III) (31), the magnetic sus-
ceptibility of Nb(IV) in a distorted octahe-
dral Ti site, as it occurs in TiO;, may be
calculated by the Van Vieek formula (32)

xa = NBY3KT) [8 + 3x — 8)

exp(—3x/2)]/[x(2 + exp(—3x/2)], (1)

where x = A/KT and the spin-orbit coupling
constant is 750 cm~! (33). This formula is
derived in the approximation that A > V.,
Vor being the potential operator characteriz-
ing the orthorombic distortion of the rutile
cationic site. The V,, values are estimated
to be 300-400 cm~! (31). In the case of
Ti(III) in the same site, the formula

xa = [Ng’B2S(S + DI/BK(T — 0)] ()

must be used since, due to the quite lower
spin-orbit coupling constant (for Ti(IlI) A =
155cm™1, i.e., A < V) the orbital degener-
acy of the ground state, 2T,,, is removed
mainly by the site distortion. At 300 and at
100 K, the end values of the temperature
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range of our measurements, the following
values for xa (in emu/mole) are obtained,
respectively. For Nb(IV), Eq. (1), xa = 463
107%, xa = 464 1078, For Ti(1ll), Eq. (2),
taking g =2 and 9 = 0, xa = 1250 1075; x5
= 3751 10-5. Therefore, while for Nb(IV) a
practically constant atomic susceptibility is
expected, for Ti(III) x4 increases as the
temperature decreases in agreement with
the experimental behavior. Moreover, the
experimental x5 values agree with the cal-
culated ones. For example, for TNb 3 (our
more dilute sample studied by magnetic
susceptibility measurements), the following
values were measured: at 300 K, xa = 1354
10-% emu/mole; at 100 K, xa = 3438 10-¢
emu/mole.

The absence of Nb(IV) and the presence
of Ti(IIl) is also inferred from the reflec-
tance spectra. In fact, when Nb(IV) (44!
configuration) is incorporated in the Ti(IV)
site of the rutile structure, it has a slightly
distorted octahedral environment. For pure
octahedral symmetry, Nb(IV) is reported to
give an absorption band at =20,000 cm™!
(=500 nm) (34). No such band was ob-
served in the reflectance spectra of our
samples. By contrast, the experimental
spectra, Fig. 2, show an intense, very broad
absorption with a maximum at lower en-
ergy centered at about 8300 cm~! (=1200
nm). This band is very similar in shape and
energy to that appearing in the spectrum of
reduced TiO, (35). According to Robin and
Day (36), such a band is a mixed-valence
band of the kind Ti(II)-Ti(IV). Figure 2
shows that the intensity of the broadband
increases with the niobium content. Its for-
mation may be accounted for by the follow-
ing reaction (Kroger symbolism (37)):

Nb%; + Tif; — Nbf; + Tif, 3)

indicating that, in rutile, the substitution-
ally incorporated Nb(IV), Nbf;, reacting
with Ti(IV) in a lattice site, T, gives sub-
stitutional Nb(V), Nb%;, compensated by
Ti(III) in a lattice cation site, Tif;.
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The conclusion we draw from these
results, in agreement with literature data
(38, 39), is that niobium incorporated in
TiO; is a donor. The position of the corre-
sponding level is estimated to be only 0.2
eV below the conduction band of TiO, (39)
and an electron transfer between niobium
and titanium may take place according to
reaction (3). It must be recalled that under
preparation conditions (1273 K and po, =
10-7 atm) very close to those adopted by us,
solid solutions of niobium in titanium diox-
ide are reported to be metal-deficient sys-
tems where cation vacancies are present
(12). Therefore together with reaction (3)
the following one should also be consid-
ered.

1/2 O, + 2Nb%; — 0§ + 2/aV% + 2Nb%;,

where V%; represents a titanium vacancy
with a negative charge. However, under
our conditions, reaction (3) is by far the
predominant one, since, as shown in Table
I1I, the weight increase recorded by heating
the sample in an oxygen atmosphere may
be accounted for simply by considering the
oxidation of the Tit; formed (reaction (3))
according to the scheme:
2Tiy; + 12 0; —

5 + 2/aV% + 2Tik.  (4)

The formation of Ti(IIl) by the incorpora-
tion of an equivalent amount of Nb(V) is
also in agreement with the ESR and mag-
netic data. In fact, in the more dilute speci-
mens the signal at ¢ = 1.96 assigned to
Ti(Ill) increases in intensity with the
niobium content (Table 1V). Moreover for
low Nb(V) content a low concentration of
Ti(Ill) is present and the magnetic moment
is close to the value expected for Ti(I1ll)
(40). As the niobium content increases,
more Ti(IIl) ions are produced and Ti(IIT)-
Ti(Ill) interactions may be possible, thus
lowering the value of the magnetic moment
(Table II). The decrease of the magnetic
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TABLE IV
RELATIVE INTENSITY OF THE SIGNAL AT g = 1.96
Samples® AH,,’ (Gauss) Relative intensity®
TiO, A 90 1
TNb 0.05 A 70 13
TNb 0.1 A 61 3
TNb 0.2 A 80 5
TNb 0.5 A 60 15

¢ For designation of samples see text.
b Recorded at 77 K (X-band).

moment with increasing niobium content
was observed also by Rudorff and Lu-
gisland (7) and explained in terms of metal-
metal interactions between Nb(IV) ions.
Since their samples were prepared under
conditions very similar to those adopted in
the present paper, we are inclined to think
that also in their case Ti(III)-Ti(III) inter-
actions were present. The metal-metal in-
teraction is not unique to solid solutions
based on TiO,, having been observed for
other systems, such as, for instance, those
based on «a-Al,O; (41). However, in the
case of rutile (14, 15, 17), it is particularly
evident because of the crystal structure of
this oxide.

Figure 1 shows the variation of the TiO,
unit-cell volume with the nobium content.
The expansion of V, calculated from the
elastic matrix model (42) for the concomi-
tant incorporation of Ti(III) and Nb(V), is
also reported (dotted line). The calculation,
performed by using the Shannon values for
the octahedral i 1omc radii (43) (rrjup = 0.67
A 'Nb(vy = 0.64 A rriavy — 0.605 A) glVCS
higher values than the experimental ones.
The discrepancy may be understood by
considering that the value for the Nb(V)
ionic radius used for the calculation may be
inaccurate. Indeed, as reported by Shannon
(43), the average Nb(V)-O distance, d,
from which the ionic radius is derived, de-
pends on the distortion A of the oxygen oc-
tahedron according to the relation d =
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1.976 + 6.45 A. The Shannon value implies
an average degree of distortion. By assum-
ing that in the solid solutions the oxygen
octahedron is distorted as in pure TiO,, a
value of A = 0.00011 is obtained (see Ap-
pendix). From this value the average dis-
tance d = 1.977 A is derived and, by sub-
tracting the ionic radius reported for the
three-coordinated 02~ (1.36 A), a value of
0.617 A is deduced for the ionic radius of
Nb(V). By introducing this corrected value
of rupev) in the calculation of the cell volume
variation, a value of 0.092 A3 (for every 1%
of niobium) is found, in good agreement
with the experimental one (AV{} = 0.09

A3).

Samples Heated in Vacuo and Reheated
in Oxygen (TNb B)

As shown by the thermogravimetric ex-
periments, when the samples TNb A are
heated in oxygen starting from 623 K,
Ti(IlI) oxidizes to TiIV). In a parallel fash-
ion, the broad absorption band progres-
sively decreases (Fig. 3), the solid becomes
white, and the ESR signal disappears. The
oxidation occurs in solid solution and
causes a shrinkage of the TiO, unit-cell vol-
ume (Fig. 1). For samples with niobium
content higher than that in TNb 6 the oxi-
dation takes place with segregation of
niobium from the solid solution, as shown
by the presence of TiNb,O; as a separate
phase (Table I) and by the constancy of the
TiO, unit-cell volume (Fig. 1). From Fig. 1
a solubility limit of 6.6 niobium atoms/100
titanium atoms is inferred. This value com-
pares well with that reported by Eror (10)
(6.4 Nb atoms/100 Ti atoms at 1333 K in
0O,). Therefore, by applying the elastic ma-
trix model, the expression AV = K(riuy)
— rhavy)) + X may be written, where x
stands for the contribution of the compen-
sating cationic defect neutralizing the
Nb(V) positive excess charge. By using for
Nb(V) the corrected radius (0.617 A) a
value of AV, = (0.013 + x) A3 is calcu-
lated. This value is somewhat lower than

VALIGI ET AL.

exp

the experimental one, AV = 0.060 A3
(from Fig. 1, samples with a niobium con-
tent iower than the solubility limit). The dif-
ference indicates a contribution of the com-
pensating defect. In ionic solids, lattice
vacancies are known to cause a lattice ex-
pansion (44, 45). Although TiO; is believed
not to be a purely ionic solid, it is reason-
able to expect a positive value for x (expan-
sion) even in the present case.

Conclusion

The data obtained from different tech-
niques show that, depending on the gaseous
atmosphere, the incorporation of niobium
in TiO, causes a different defective situa-
tion. For the TNb A samples (heated in va-
cuo) niobium is incorporated as Nb(V) and
an equivalent amount of Ti(IV) is trans-
formed to Ti(III). The analysis of the mag-
netic data reveals that some T(II) are
paired giving a metal-metal interaction.
These results are very similar to those
found for the TaO,-TiO, system where
Ta(V) and Ti(lll) are reported to be con-
comitantly present in the TiO, structure
(46) and where an interaction takes place
between Ti(III) and Ti(III) pairs (31). By
heating the samples in air (TNb B speci-
mens) the Ti(ITI) ions are oxidized to Ti(IV)
and the incorporated Nb(V) is compensated
by cation vacancies. The maximum amount
of Nb(V) that may be accommodated in the
rutile structure is 6.6 Nb atoms/100 Ti at-
oms in good agreement with previous stud-
ies (10). Niobium in excess with respect to
this value reacts with TiO, giving TiNb,0,.

Appendix

The oxygen octahedron around a Ti(IV)
ion in the rutile structure is slightly dis-
torted. The four equatorial Ti-O distances
are d; = 1.944 A while the two apical ones
are d, = 1.988 A. Therefore the average Ti~
O distance, d,isd = (1/6) - (4 - 1.944 + 2 -
1.988) = 1.959 A. For undoped TiO, the
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distortion degree defined as A = (1/6)=((d;
~ d)/d)?, is 0.00011.
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