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Phase Equilibria in the System between NbO, and Nb.O; at High
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Isothermal electrical conductivity measurements on niobium oxides were carried out over the
temperature range from 1010 to 130(°C as a function of oxygen partial pressure in order to clarify the
phase relations. Existence regions of the intermediate oxide phases between NbO, and Nb,O; were
found from the discontinuities in electrical conductivity curves. These oxide phases were also
analyzed by gravimetric method and by X-ray diffractometry. From these results the phase diagram for
this system is proposed. The defect structures of these phases are also discussed.

Introduction

Phase equilibria in the Nb-O system
have been studied by many authors (/-14),
and several oxide phases have been re-
ported to exist between NbO, and Nb,O,.
The phases reported in the previous papers
are summarized in Table I. As shown in the
table, the existence range of these interme-
diate compounds is confused, especially in
the temperature range 1000-1200°C.

In the present paper, the electrical con-
ductivity of niobium oxides was measured
under controlled oxygen partial pressures
(from 10% to 107'5Pa) in the temperature
range 1010-1300°C, in order to clarify the
phase relation and the existence regions of
oxides in the NbO,—Nb,O; system.

! Present address: School of Materials Science,
Toyohashi University of Technology, Tempaku-cho,
Toyohashi, 440 Japan.
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Experimental

1. Apparatus and Measurement

Electrical conductivity measurements
were carried out after equilibriating sample
pellets at constant oxygen partial pres-
sures. Temperature was measured by Pt-
Pt13%Rh thermocouples. The electrical
conductivity of the pellet was measured by
the usual four probe method (/5). The
equilibration time during the electrical con-
ductivity measurement ranged from 5 to
more than 20 hr, depending on temperature
and oxide phase. The measurements were
repeated several times from higher to lower
and lower to higher oxygen partial pres-
sures and the existence of the equilibria
was confirmed.

2. Control and Measurement of Oxygen
Partial Pressure

Mixtures of Ar and O, gases were used
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TABLE I
PHASES REPORTED BY THE PREVIOUS STUDIES FOR THE SYSTEM BETWEEN NbO, AND
Nb,O;

Existence phase T(°C) Method? Reference
Nb,O; (x = 0-0.1) 13501450 X 1
NbO; 49, NbO; 46, NbO, 45 1150 X
Nb,O;_.{x = 0-0.079 1090 EC, TG, 1 2

x = 0-0.056) 889

NbO, 454-2.474 '1100-1200 Q, X 4

Nb,O;_ 900-1200 R 13

NbO; 454-2.479, NDO; 45, 1250 Q, X 5,6
Nbouaz

Nb;3 04, Nb,y, 054, Nb,; 0,56, 1300 Q, X 7
Nb24062a Nb530132

Nb 3,044, Nby,Os4, Nby;0, 16, 1300, 1400 Q. X 8
Nb24062, Nb530132

From NbO, ,, to NbO, 5, 900-1050 ED, EM 9
(coherent intergrowth)

NbO, 3, NbO, 4; 900-1100 TG, R 10-12

Some intermediate phases 900--1300 TG, R 14

2 X, X Ray; EC, electrochemical cell; TG, thermogravimetry; I, isopiestic; Q, quenching; R,
electrical resistance; ED, electron diffraction; EM, electron microscopy.

for controlling higher oxygen partial pres-
sures (10°-1 Pa) and H, and CO, gases for
lower oxygen partial pressures (<1 Pa).
The mixing ratio of the gases was deter-
mined by measuring the flow rate of each
gas with a calibrated capillary-type flow
meter. For mixtures of H; and CO,, the
oxygen partial pressures were calculated
from the mixing ratio and the temperature
using the JANAF thermodynamic table
(16). Hydrogen and CO, gases were
purified by removing oxygen with activated
copper and then water with cold traps. The
mixed gas was passed through a long fur-
nace more than 50 cm with appropriate
linear velocity to reach the equilibrium and
the attainment to the equilibrium in the
mixed gas in the furnace was confirmed
preliminarily. Oxygen partial pressure
higher than 10~7 Pa was also checked by
measuring the electrical resistance of
Co,_,0 (17), which was placed in another
furnace. The fluctuations in the oxygen
partial pressures lower than about 1077 Pa

were monitored by measuring the electrical
resistance of TiO,_, (13,17, 18) placed
near the niobium oxide sample in the same
furnace.

3. Samples

Nb,O; powder (99.9% purity) was
pressed into pellets of 7 mm diameter, then
sintered in air at 1300-1340°C for about 3
days. The main impurities of Nb,O; powder
were Fe, Si, Ta, Al, Cr, Mn, Ti, Mo, and
Ni. The sintered samples had densities of
about 85% of the theoretical.

4. Analysis

The oxygen content of the quenched
samples was determined from weight gain
by oxidizing to stoichiometric Nb,O; in air
at 1000°C. The error in determining the
O/Nb ratio was within =0.002.

The sample composition was also deter-
mined continuously by a thermogravimetric
technique using an automatic electromicro
balance at 1060°C in the range of oxygen
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partial pressure 10°-10~° Pa, where both
the sample pellet for measuring the electri-
cal conductivity and the TiO, wire for mon-
itoring the oxygen partial pressure were
placed very near the specimen in the ther-
mal balance in order to carry out the mea-
surements simultaneously. The phases ex-
isting in the sample at high temperatures
were identified with use of X-ray diffractom-
etry (/9-24) after quenching the sam-
ples, but it was difficult to identify each
phase clearly by the usual X-ray diffractom-
etry because each phase shows a very
similar pattern.

Results and Discussion

1. Isothermal Electrical Conductivity of
Niobium Oxides

The dependences on oxygen partial pres-
sures of the isothermal electrical conductiv-
ity of niobium oxides at 1010, 1060, 1110,
1200, and 1300°C are shown in Fig. 1.

As seen from the figures, the electrical
conductivity increases with decreasing ox-
ygen partial pressure at each temperature
and becomes independent of P,, at lower
partial pressures. This independent of P,
region was identified as the NbO, phase by

chemical and X-ray analysis of the
quenched samples (Fig. 2).
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Fig. 1. Isothermal electrical conductivity of

niobium oxides as a function of oxygen partial pres-
sures.
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Fi1G. 2. Dependence of composition on oxygen par-
tial pressure at 1060°C. -A-, Quenching method; ©,
thermal balance; -.-.- , boundary obtained from
electrical conductivity measurement.

At each temperature there exist some
breaks and discontinuities in the electrical
conductivity which suggest the presence of
phase changes. The intermediate regions di-
vided by these breaks or discontinuities are
designated temporanily as I, 1I, III, 1V, and
V counting from the lower oxygen partial
pressure region at 1060°C, as shown in Fig.
1, taking into account the chemical po-
tential diagram (Fig. 4), as described in
later section.

At 1110°C, the regions corresponding to
II, III, IV, and V remain clearly, and at
1200°C a new region, designated as X,
appears between II and III. At 1300°C
another new region, designated as Y, ap-
pears between III and IV. The iden-
tification of each phase is described in the
next section.

All intermediate regions between Nb,Os
and NbO, show n-type semiconductivity
since the slopes of dependence of electrical
conductivity on P, are negative.

2. Composition of the Phases

Figure 2 shows the dependence of com-
positions on oxygen partial pressure at
1060°C. The numbers quoted in Fig. 2 indi-
cate the regions named by the electrical
conductivity measurement. As seen from
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the figure, no discontinuous point is found
in the region between Nb,O; and V. As-
suming that the Nb,O;_.. phase extends to
the jump point between V and IV, the
limiting composition of oxygen-deficient
Nb,O; is found to be NbO, 44,. The compo-
sition of phase IV is determined to be in the
range from NbQ, 45 t0 NbO, ;. Phase 111
has a narrow existence region of oxygen
partial pressure at 1060°C and the composi-
tion is from NbLO, . to NbO,,s. The
composition of phase II is from NbO, 43
to NbO, 43, and that of I is NbO; g¢7.

The dependence of composition on oxy-
gen partial pressure at 1110°C is also shown
in Fig. 3, where the composition of each
phase was measured at the middle of the
oxygen partial pressure existence region
which was determined by electrical con-
ductivity measurement. The Nb,O; phase
seems to extend to the region of V even at
1110°C. The existence of phase I which is
suggested from the electrical conductivity
measurement at 1060°C is doubtful.

3. Phase Relation

Logarithms of the boundary oxygen par-
tial pressures obtained from the electrical
conductivity measurement are plotted
against reciprocal temperature in Fig. 4.

%
(1 " 3
7,50?"—' \ T
' | H/’/r//—l—f
F |

2455 . ]
Il

240 |§

[ 4
235} ’ N
{NbO3) |

=5 ——=

Log(Po,/Fa)
FiG. 3. Dependence of composition on oxygen par-
tial pressure at 1110°C. ---.- , Boundary obtained from

electrical conductivity measurement.
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Fi6. 4. Logarithms of boundary oxygen partial
pressures obtained from the electrical conductivity
measurement against reciprocal temperature. O,
Schifer et al. (1969); A, Kimura (1973); O, Wimmer
and Tripp (1973); V, Marucco (1974); ©, this work.

Data reported by other authors are also
shown in this figure.

Based on this chemical potential diagram
and the results of compositional determina-
tion together with X-ray analysis, the fol-
iowing conclusions can be made:

(a) Phase II may correspond to phase
NbO, 4, reported by Marucco (/0) at 1000~
1100°C and Nb,,0,, reported by Schifer ez
al. (7) at 1300°C and the same by Kimura
(8) at 1300 and 1400°C. The X-ray diffrac-
tion pattern of phase Il is in agreement with
that of Nb,,0,, (monoclinic) by Gruehn and
Norin (19, 23).

(b) The existence regions of phases III
and 1V are clearly demonstrated in this
study, while Marucco (10, 11) reported the
existence of a single phase NbO, 4; in this
region. Phase III is considered to corre-
spond to Nb,,;0,,; reported by Schifer et
al. (7) and Kimura (8). X-Ray diffraction
patterns of phase III are in fair agreement
with those of NbQO, ,¢, by Gruehn and Norin
(19, 23).
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(c) Phases X and Y may correspond to
Nb,, O;, and Nb,;O,, respectively.

(d) Phase IV nearly corresponds to
NbO, 443 reported by Gruehn and Norin
(19) or to Nbs30,5, by Schifer er al. (7) and
Kimura (8), but the extrapolation of the
boundary line between phases IV and V to
higher temperatures in the chemical poten-
tial diagram suggests that phase IV may
exist in the higher oxygen partial pressure
region than that of Nb;;0,5, reported by
Schiafer et al. and Kimura. Therefore
Nb;30,3. is likely to exist only at the tem-
perature range higher than about 1230°C
and is different from the phase IV as shown
in Fig. 4.

(e) The extrapolation of the boundary
line between phases IV and Nb;;0,;, to a
higher temperature region suggests the ex-
istence of one more phase between them.

(f) Although region V is observed from
the electrical conductivity measurement at
1010 to 1200°C, no difference in X-ray anal-
ysis between phases V and Nb,O; was
found and no discontinuity in the depen-
dence of O/Nb ratio on oxygen partial
pressures was observed. Therefore phase V
is considered to be the region where the
different kinds of defects are formed within
the Nb,O; phase.

A tentative phase diagram of the system
NbO,-Nb,O; at high temperatures is shown
in Fig. 5.

4. Defect Structure

For nonstoichiometric Nb,O;, the depen-
dence of electrical conductivity on the oxy-
gen partial pressure has been reported by
many authors (/3, /4, 25-29). The depen-
dence is shown as follows:

logo = — nl log Py, + oy, (D

where P,, is the oxygen partial pressure,
o is the electrical conductivity, and o, is
the conductivity at 1 atm of oxygen pres-
sure. The values of n have been reported as
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FiG. 5. Tentative phase diagram of the system of
Nb-O at high temperatures.

follows: n = 4.2 in the oxygen pressure
range from 0.95 to 0.002 atm at 680-770°C
by Greener et al. (26), n = 4.2 in the
oxygen pressure range 1-0.001 atm and n =
6 in the lower oxygen partial pressures in
the mixtures of CO and CO, at 750-1200°C
by Kofstad (25), n = 4 in the oxygen
pressure range 1-0.005 atm at 900-1400°C
by Greener et al. (27), n = 4-4.3 in the
oxygen pressure range 1-107% atm at 800
1350°C by Chen and Swalin (28), n = 4
in the oxygen pressure range 1-10"'¢ atm
at 909°C by Sheasby et al. (29), n = 5.2
in rather low oxygen pressure with mix-
tures of CO and CO, at 900-1300°C by
Wimmer and Tripp (/4), and n = 6 in the
oxygen pressure range 107'°-10"% atm at
1100°C and n = 4 in the range above 1073
atm by Marucco (/2). Based on the ex-
perimental results, doubly charged oxy-
gen vacancies YV, were proposed by Kof-
stad (25, 30, 31) as the predominant
defects in the region with small deviation
from stoichiometry, and doubly charged
interstitial niobium ions Nb;" for larger
deviation from stoichiometry. Niobium in-
terstitials Nb; " as defects were also pro-
posed by Delmaire et al. (13) to interpret
n = 4.6-5 at oxygen pressures down to
the two-phase boundary with NbO, at
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1000-1200°C. These dependences re-
ported previously were obtained mostly
without regard to the presence of inter-
mediate phases, so it is necessary to de-
termine the dependence for each phase.

a. In the nonstoichiometric region of
Nb,Os. In this region, n = 4.2-4.8 was
obtained at 1010-1300°C as shown in Fig. 1.
These n values can be interpreted by mix-
ing oxygen vacancies with single (n = 4)
and double (n = 6) charge, or by mixing the
niobium interstitials with different charges.
Considering the results obtained recently
with the use of high-resolution electron
microscopy (32-34), the mixing of oxygen
vacancies is likely to exist as the defect
structure in the nonstoichiometric region of
Nb,O:s.

b. In region V. This region, as men-
tioned already, is considered to be a do-
main in which different kinds of defects are
formed in Nb,O;, and n varies with temper-
ature: 7.8 at 1010°C, 5.8 at 1060°C, 5.7 at
1110°C, 5.1 at 1200°C, and 4.7 at 1300°C.
Phase IV which is located at the oxygen-
deficient side of region V is considered to
have a similar structure to Nbs;O;3,. The
structure of Nb,;0,3, is known as a regular
arrangement  consisting of «-Nb,Og
(N = Nby0;) and Nb,;Og, with ratio
Nb,Os; to Nb,;Og unity. An excess of
Nb,O; or Nb,;0¢ forms the defects
(Wadsley defect) in Nb;;0,5,. A similar
mechanism of formation of defects can be
expected in region V, where Wadsley de-
fect is either Nb,;Og, or Nb,3 0,3, (a mixture
of Nb,;Og, and NbyzO).

To Wadsley defects, Kikuchi and Goto
(35) applied the same treatment as to the
point defects and evaluated the value of n.
Following their treatment, the values of n
obtained in this study may be explained by
assuming that the defect structure of region
V consists of Nb,;0¢; type Wadsley defect
and singly charged oxygen vacancy. How-
ever the quantitative discussion on this
kind of defect is difficult since its structure
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is complex and the interaction between
defects is not negligible.

c. In the intermediate phases. Phase IV
shows the different values of n at various
temperatures: n = 5.4 at 1060°C, 5.2 at
1110°C, 2.0 at 1200°C, and 3.8 at 1300°C.
The values of n at rather lower tempera-
tures (1060 and 1110°C) may be interpreted
by a similar complex defect model consist-
ing of point defects and Nb,,O;4 type
Wadsley defects. However, for values of n
at higher temperatures (1200 and 1300°C),
an explanation based on other defect struc-
ture seems to be necessary.

Phase I1I shows n = 5.4 at 1110°C, 8.0 at
1200°C, and 16 at 1300°C. These values may
be explainable by a complex defect model
consisting of singly charged oxygen va-
cancy and Nb,,O;, type Wadsley defect.

Phase X is considered to correspond to
Nb,.0s,, and the values of n are obtained as
2.9 at 1200°C and 8.3 at 1300°C. The defect
structure-conduction mechanism to inter-
pret this result is not simple.

In phase II, we obtained n = 4.9 at
1060°C and 5.5 at 1110°C, which may also
be interpreted by a mixing model of singly
charged oxygen vacancy and doubly
charged oxygen vacancy: 38% of [Vy] at
1060°C and 69% of [V4] at 1110°C.

d. Inthe NbO, phase. A semiconductor—
metal transition of NbO, has been reported
by several authors (36-39) at about 800°C.
Because the temperature range where the
present study was carried out is above the
transition temperature, the electrical con-
ductivities measured in this study show
metallic conduction, independent of oxy-
gen activity, in agreement with the results
by Roberson and Rapp (40).
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