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Gravimetric measurements on pure and niobium-doped>TiOz have shown that the reversible change of 
oxygen content, between specified states of oxidation and reduction, is proportional to the dopant 
concentration. These measurements indicate that the donor-dopants are electronically compensated 
by additional oxygen uptake in the oxidized state. The range of this reversible change in oxygen 
stoichiometry is up to more than an order of magnitude larger than the oxygen nonstoichiometry of the 
undoped oxides. Self-compensation has been measured in TiOI with donor-dopant concentrations of 
up to 8 at% Nb+s over the oxygen partial pressure range 10°-10-15 atm. For the case of Nb+5-doped 
TiO, the monoclinic phase “TiNbgO,” was found to exsolve under oxidizing conditions for Nb+s 
concentrations >8 at%. The exsolved phase transformed into niobium-doped rutile under reducing 
conditions. The gravimetric measurements for Nb+” concentrations <8 at% can be explained by the 
creation of metal-deficit point defects (self-compensation) or a model involving a shear structure. 

Introduction 

Rutile is an oxygen-deficit, semiconduct- 
ing transition metal oxide at room tempera- 
ture when equilibrated in an atmosphere of 
low oxygen activity and is nonconducting 
at room temperature when equilibrated in 
an atmosphere of high oxygen activity. 
There still seems to be some question as to 
what point defect model is appropriate for 
the description of nonstoichiometric disor- 
der in the rutile form of TiO-oxygen 
vacancies or titanium interstitials ( Z-4). 
Independent of the nature of the atomic 
disorder, the electrical conductivity is due 
to electrons resulting from the electronic 
disorder introduced by the oxygen nonstoi- 
chiometry. These electrons are of the odd 
order type of defect which give rise to an 
electron spin resonance that is attributed to 
TP3 ions in semiconducting TiOz (5, 6). 

For larger deviations from stoichiometry 
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(n < 10 for T&,0,,-J the random point 
defect model is no longer appropriate for 
describing nonstoichiometric disorder in 
rutile. Magneli and co-workers (7) have 
established a series of “shear-type” struc- 
tures or Magneli phases and at least seven 
stable titanium oxides with 4 d n 5 10 for 
Ti,O,,-, have been determined from X-ray 
diffraction data. The structures are made up 
of layers of t-utile structure with a width of n 
TiOs octahedra. The successive layers are 
offset such that the first Ti in the new layer 
is in an interstitial position relative to the 
last Ti of the preceding layer. The TiOs 
octahedra share faces across this disconti- 
nuity or crystallographic shear plane and 
thereby reduce the 0 : Ti ratio as required 
by the oxygen deficiency. AlI normally oc- 
cupied lattice sites are occupied in the basic 
rutile structural unit and the lattice defect is 
the crystallographic shear plane that is only 
one atomic plane wide and also free of point 

0022-4596/81/090281-07$02.00/O 
Copyright 0 1981 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



282 N. G. EROR 

defects. Additional phases with 12 > 10 have 
been established (8, 9) through electron 
microscopy/diffraction measurements and 
shear-type structures for it - 1000 (TiO1.ges) 
have been reported (10, II). 

It is reported (12) that for the acceptor- 
dopant, Cr+3, the isomorphous chromium- 
substituted series, (Ti,,Crz)O,,l, shows a 
continuous transition between ordered 
TiKr201, (B&d and WdX& Whd 
which is disordered and approaches the 
rutile-type structure. For chromium -con- 
centrations <5 mole%, Ti&rzO,e (BO1 & 
rutile structure defect solid solutions w&h- 
out shear planes are reported (13). In this 
case, the anion deficiency is accommodated 
by point defects or small defect clusters. 
These t-utile solid solutions are similar to 
undoped TiOz in that they are easily re- 
duced with the introduction of (132) shear 
planes. Others (14) report similar results 
for <8 mole% Cr additions (BO,.,) for 
samples annealed at 1300°C but find evi- 
dence for (132) crystallographic shear 
planes when the samples were annealed for 
40 days at 1000°C. If, however, the accep- 
tor-dopants Fe+3 and Ga+3 are added to 
TiOz the anion deficiency (MO,.& is ac- 
commodated by a new type of (210) t-utile 
planar boundary ( 15). 

The disorder created by Nb+” as a donor- 
dopant in TiOz should lend itself to descrip- 
tion by Verwey’s controlled valency model 
(16). By this model there would be compen- 
sation of the Nbf5 on Ti+* sites by the 
creation of equal numbers of Ti+3 ions. The 
latter would then give rise to an increased 
electrical conductivity as has been ob- 
served for oxygen-deficient, undoped 
t-utile. In this case, however, the donor- 
dopant would dominate the positive side of 
the electroneutrality equation and conse- 
quently the negative electronic defect con- 
centration would be independent of equilib- 
rium oxygen activity. This compensation 
mechanism has also been referred to as 
controlled electronic imperfection ( 17). 

Similarly, the donor-dopant may be com- 
pensated by the formation of charged point 
defects that would also be independent of 
equilibrium oxygen activity. This compen- 
sation mechanism has been referred to as 
controlled atomic imperfection ( 17)) self- 
compensation (18-2Z), and stoichiometric 
compensation (22). 

Roth and Coughanour (23) reported a 
room temperature solid solubility limit of 
approximately 18 at% niobium in TiOz. It 
should be noted that their Nb additions are 
based on Nb,O, rather than NbO,., as re- 
ported here. Itakura et al. (24) report a two- 
phase mixture for >4 mole% Nb205 in 
TiO, but do not give any details as to what 
the second phase might be. If the phase 
diagram of Roth and Coughanour is cor- 
rect then the second phase should be 
TiNbeO, . 

Rutile, then, seems like a promising 
choice in which to look for a transition from 
a random point defect model of nonstoi- 
chiometry to an ordered extended-defect 
model with increasing concentrations of 
disorder that would be introduced by addi- 
tional oxygen in compensating donor-dop- 
ant impurities (22). For the case of donor- 
dopants and oxygen excess in rutile the 
accommodation of extra oxygen could be 
such that some oxygens are doubly shared 
instead of triply shared as in the case of 
normal t-utile. This could be accomplished 
by an increase of corner sharing compared 
with edge sharing of the TiOs octahedra 
relative to that of the normal t-utile struc- 
ture. The structure of the shear planes is 
based on the PdF, structure with corner 
sharing of the octahedra (25). It has been 
reported that W03 is incorporated into the 
NbzOJ structure in this manner (26). It is 
not absolutely necessary to invoke the 
creation of shear-type structures to ex- 
plain the uptake of additional oxygen, how- 
ever, since metal deficit disorder could be 
accommodated in the open rutile-type 
structure. 
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Experimental 

The Nb+5-donor-doped TiOz was pre- 
pared by adding the dopant in solution form 
to a tetraisopropyl-titanium citrate complex 
solution. There was no evidence of any 
precipitation in the solutions as they were 
evaporated to a rigid transparent polymeric 
glass. The samples were then calcined at 
7OO-900°C and pressed into disks at 50,000 
psi and sintered in air at 1450-1550°C. For 
the gravimetric measurements the samples 
were equilibrated for sufficient times to 
establish a constant weight in oxygen or 
CO/CO2 mixtures at 1060°C for the oxi- 
dized and reduced states, respectively, and 
cooled to room temperature in less than 5 
min in the ambient gas. The CO/COz mix- 
ture was adjusted to provide oxygen partial 
pressures of lo-l5 atm at the equilibration 
temperature. This oxygen partial pressure 
is nearly four orders of magnitude higher in 
partial pressure than the Ti305/Ti02 phase 
boundary (27) and over an order of magni- 
tude higher than that for which Magneli- 
type phases have been reported (28). The 
samples do see a lower oxygen partial pres- 
sure than lo-l5 atm since they are cooled in 
the specific ambient CO/CO2 ratio. As can 
be seen from Fig. 1 the relative oxygen 
partial pressures that result from a given 
CO/CO, ratio increase with respect to the 
Ti,05/TiOz boundary as the temperature 
decreases. All gravimetric measurements 
were made at room temperature on at least 
duplicate samples using a Cahn RG micro- 
balance. 

Results and Discussion 

As can be seen in Fig. 2 there is an 
excellent agreement between the calculated 
amount of oxygen necessary to compensate 
the Nb+” dopant and the measured revers- 
ible oxygen weight change between the 
oxidized state at 1 atm oxygen and the 
reduced state established in CO/CO2 mix- 
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FIG. 1. Equilibrium oxygen partial pressures for the 
Ti305/TiOz phase boundary and for an equimolar ratio 
of CO/CO2 as a function of temperature. 

tures. These data represent the results for 
Nb+5 additions from 0.5 to 16 at%. Except 
for the 0.5 at% Nb+doped sample, which 
is near the crossover point between the 
maximum oxygen nonstoichiometry of un- 
doped TiOz and that necessary to compen- 
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FIG. 2. Maximum reversible weight change ob- 
served for TiO,, between lOen and 10” atm oxygen 
partial pressure, as a function of Nbts dopant concen- 
tration. 
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sate the added dopant, there is a correlation 
of 95% or better between the measured 
amounts of reversible oxygen weight 
change and that calculated based on the 
assumption that each added oxygen ion will 
neutralize two Nb+5 dopant ions. 

Undoped TiOz samples were used as 
standards during the gravimetric measure- 
ments to be sure that all oxidizing and 
reducing conditions were in the single- 
phase field of TiO, as described above. In 
the oxidized state the undoped TiO, was 
white in color and insulating while all of the 
doped samples were gray and somewhat 
conducting-approximately 1 Oe5 (ohm- 
cm)+. This observation could be due to the 
presence of a small amount of controlled 
valency compensation in all of the doped 
samples since only a very small (CO. 1 at%) 
concentration of TP3 is necessary for sub- 
stantial semiconduction at room tem- 
perature . 

X-Ray diffraction measurements indi- 
cated the presence of a very small amount 
of second phase for the 8 at% Nb+5-doped 
TiOz that had been equilibrated in oxygen 
at 1060°C. This observation is in agreement 
with that reported by Itakura et al. (24). 
This second phase was not observed in the 
as fired or reduced samples. We were able 
to identify the second phase to be mono- 
clinic TiNb,O, (29), which is in agreement 
with the phase diagram of Roth and 
Coughanour (23). This monoclinic second 
phase was not found when the same sam- 
ples were equilibrated in a reducing atmo- 
sphere of 1 O-l5 atm oxygen partial pressure. 
For these reduced samples there were sat- 
ellite peaks on the low-angle side of the 
strong TiOz tetragonal X-ray diffraction 
lines. This indicated that the niobium con- 
tained in the TiNbzO, phase is soluble in the 
tetragonal i-utile structure under the condi- 
tions of the reducing atmosphere. This new 
rutile phase is richer in Nb than the parent 
Nb-doped rutile phase and has slightly 
larger lattice parameters which results in 

the X-ray diffraction peaks being shifted to 
lower angles than those of the parent phase. 
For the case of 16 at% Nb+5-doped TiO, 
there is more than twice as much of the 
second phase than for the 8 at% Nb+5 
dopant concentration. These observations 
indicate that there is some solid solution of 
Nb+5 in TiO, under oxidizing conditions 
and that the solid solubility limit of niobium 
in TiOz is strongly dependent upon the 
equilibrium oxygen partial pressure. For 
the samples containing 16 at% niobium the 
TiNb,O, second phase was observable in 
the form of needles. The morphology of the 
needles was still visible in the samples 
equilibrated at IO-l5 atm oxygen partial 
pressure but there was no longer any evi- 
dence of the presence of the monoclinic 
TiNbzO,. As with the case of the reduced 8 
at% niobium-doped samples, there were 
satellite peaks on the low-angle side of the 
X-ray diffraction lines for the tetragonal 
rutile structures. From the intensity of the 
TiNbzO, diffraction peaks, it is estimated 
the solid solubility of niobium in TiOz to be 
-6 at% at 1060°C in oxygen. 

The single compound, TiNbzO,, was pre- 
pared and it was found to have the mor- 
phology of the observed needles described 
above. Using the structure data of Wadsley 
the calculated X-ray diffraction pattern was 
found to agree with our measured powder 
pattern data. When the TiNbzO, samples 
were equilibrated with an oxygen partial 
pressure of lo-l5 atm the structure tended 
to the orthorhombic modification proposed 
by Wadsley (30). Accompanying this 
change in structure is a large change in 
oxygen stoichiometry. The measured re- 
versible change in oxygen stoichiometry is 
equivalent to having 58 -t 1% of the 
niobium in TiNbzO, as Nb+4 in the reduced 
state compared with all of the niobium as 
Nb+5 in the fully oxidized state at 1 atm 
oxygen pressure-there is, of course, prob- 
ably a mixture of both TP3 and Nb+4 in the 
reduced state. Since the Ti/Nb ratio was 
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fixed at 0.5, the formula for the single-phase 
composition prepared under a reducing at- 
mosphere of lo-l5 atm oxygen partial pres- 
sure can be written as TiNb,O,,z,.ol. 
Wadsley (29) stated that the unit cell con- 
tains 12 formula weights so that the compo- 
sition of the unit cell of the orthorhombic 
structure would be Ti12Nb2407,.0, compared 
with Ti,,NbU10S4 for the monoclinic unit 
cell. 

It may be concluded that either the 
monoclinic structure attributed to TiNbzO, 
is stable over a range of composition 
deficient in Nb, or there is significant mobil- 
ity of Ti and/or Nb during the oxidation- 
reduction equilibrations. This conclusion is 
based on the observation that the second 
phase identified as “TiNbzO,” that is ex- 
solved under oxidizing conditions in N~J+~- 
doped TiOz forms the niobium-doped t-utile 
structure under reducing conditions, 
whereas samples of pure TiNbz07 do not 
form the tetragonal t-utile structure when 
equilibrated with an atmosphere of the 
same low oxygen activity. 

It should also be noted that TiNbz07 is 
white, insulating, and very friable, whereas 
the TiNb208.42 is black, conducting, and 
very resistant to fracture. All of these prop- 
erties are reversible although the time for 
thermodynamic equilibrium to be estab- 
lished under a reducing atmosphere is an 
order of magnitude longer than that neces- 
sary to achieve the oxidized state. 

All of the gravimetric measurements ob- 
served for the Nb+ldoped TiOz could be 
explained by exolution of the “TiNbeO,” 
phase under oxidizing conditions and the 
formation of Ti+4Nb$402d+Z, (or a combina- 
tion of Nb+5 and TP3) under reducing con- 
ditions. This model requires that there be a 
negligible amount of solid solution of Nb+5 
in TiOz in the oxidized state. On the other 
hand, since in the fully oxidized state there 
is considerably more than twice as much 
TiNbzO, present in the 16 at% Nb+5-doped 

the solubility limit of Nb+” in TiOz should 
be between 4 and 8 at% at 1060°C for an 
oxygen pressure of 1 atm. The gravimetric 
observation for the range of niobium-dop- 
ant concentration where there is always 
solid solution (independent of oxygen par- 
tial pressure) would be by the takeup of 
extra oxygen into the rutile structure. The 
mechanism by which the accommodation 
takes place could be by metal deficit point 
defects (self-compensation) or the creation 
of a shear-type structure. A second phase, 
TiNbzO,, is exsolved before the effect of 
the extra oxygen concentration is sufficient 
to be detected as a significant change in 
lattice parameter for metal deficit disorder, 
or the extra X-ray lines of a shear-type 
structure. For the metal deficit rutile struc- 
ture model the correlation of the reversible 
weight change measurements with Nbf5 
dopant concentration is extended to higher 
Nbt5 concentrations by the total dissolu- 
tion and exolution of the “TiNb20q’ phase 
as a function of oxygen partial pressure. 

For the case of the random point defect 
model for nonstoichiometry the consider- 
ation of a KrSger-Vink diagram for the 
general case of a binary oxide MO with a 
donor-dopant is helpful. We will for the 
purpose of illustration consider Schottky- 
‘Wagner disorder to describe the nonstoi- 
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FIG. 3. Log of the defect concentration for the oxide 

MO with Schottky-Wagner disorder as a function of 
samples as in those containing 8 at% Nbf5, log KP,, = logp. 
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chiometry and limit the Kroger-Vink dia- 
gram to the fully ionized atomic defects, V$ 
and V& and the electrons and electron 
holes, [e] and Cl% Figure 3 illustrates this 
particular model and if we consider the left 
side of the figure (n-type region) we recog- 
nize the familiar [e] r pq-1’4 where [e] = 
[V&l, and PI m &,-l/6, where [8] = 2[V,J 
regions of the electrical neutrality condi- 
tion. In Fig. 4 we have added a donor- 
dopant, I,, that is always fully ionized, I&, 
to the binary oxide MO described in Fig. 3. 
Note that for sufficient departures from 
stoichiometry it may be possible for the 
electrical conductivity to be controlled by 
[e] = [V;] and thereby mask the effect of 
the donor-dopant. The two major points to 
be derived from Fig. 4 are that the elec- 
tronic II top transition has been shifted to 
higher oxygen partial pressures while the 
metal excess to metal deficit transition has 
been shifted to lower oxygen partial pres- 
sures . This means that there may be 
significant regions of oxygen partial pres- 
sure where the dominant atomic disorder is 
metal deficit, while the electrical conductiv- 
ity is n type and that with the shift of the 
transition of metal excess to metal-deficit 
disorder to lower oxygen partial pressures 
there may be significantly larger concentra- 
tions of atomic disorder than for the un- 
doped oxide ([V&l a pOI-1’2 for the region 

LOG P - 

FIG. 4. Log of the defect concentration for the oxide 
MO with a fully oxidized donor-dopant, Zhl, and Schot- 
tky-Wagner disorder as a function of log Kp, = logp. 

[e] = [Z,]). The concentration of V& will 
increase with increasing oxygen partial 
pressure in this region until [ V1;,] - 3[Zbl. 
The possibility of self-compensation is, 
therefore, built into the random defect 
model of nonstoichiometry if the oxide is 
stable over a sufficiently wide range of 
oxygen partial pressure. 

S. Andersson (25) has worked out the 
structure that would be compatible with 
crystallographic shear in t-utile with excess 
oxygen but none has been reported for 
donor-doped TiOP. 
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