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The partial molar free energy, enthalpy, and entropy of oxygen in niobium oxides with OlNb ratios 
from 2.47 to 2.50 were measured with a galvanic cell in the temperature range from 1084 to 1325 K. The 
partial molar enthalpies of oxygen of the Nb20Xmx and V phases were observed to be nearly indepen- 
dent of composition, indicating the presence of only weak interactions between defects. The value of 
the slope for the plots of log x in NbzOSmx against log Pot was observed to be -115.2 which is 
interpreted in terms of a defect structure involving both singly ionized and doubly ionized oxygen 
vacancies. The previously proposed phase diagram in the vicinity of NbzOSmx was confirmed by the 
preSent emf ITteRSUrementS. 0 1985 Academic Press, Inc. 

Introduction 

The phase relations, defect structures, 
and thermodynamic properties in the 
niobium-oxygen system have been studied 
by many investigators, and the results have 
been recently reviewed by the present au- 
thors (2). 

As indicated in the review, thermody- 
namic quantities such as the partial molar 
enthalpy and entropy of oxygen in niobium 

In the present study, the oxygen partial 
pressure of the Nb@-x, V, IV, V + II, and 
V + IV phases (2) (see Fig. 4) was mea- 
sured with a galvanic cell in the tempera- 
ture range from 1084 to 1325 K to determine 
the partial molar enthalpy and entropy of 
oxygen, to elucidate the defect structure of 
Nb20S-x, and also to confirm the previously 
reported phase diagram in the vicinity of 
NbZOS . 

oxides near Nb205 reported previously are 
inconsistent; for example, the values of the 

Experimental 

partial molar enthalpybf oxygen vary from 
-531 to -1074 kJ * mole-’ (3-7), and the 
presence of intermediate phases (2, 2, 6, 8, 
9) between NbOZ and NbzOj was scarcely 
considered in most studies. It is also noted 
that the compositional dependence of the 
partial molar entropy has not been dis- 
cussed in relation to defect structures in the 
papers previously reported. 

1. Samples 

The Nb205 powder (99.99% purity) pur- 
chased was heated in air at 1023 K for about 
3 hr before use to adjust the composition to 
be stoichiometric. Spectroscopic analysis 
of Nb205 powder showed the following 
main impurities (oxide in Nb205, weight 
ppm): Mn < 1, Mg < 1, Cr < 1, Al < 2, Fe 
< 2, V < 2, Sn < 2, Ti < 3, Zr < 3, W < 5, 
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powder was prepared by reducing Nb205 
powder in a stream of dried hydrogen gas at 
1273 K for 30 hr. The samples with O/Nb 
ratios from 2.4700 to 2.4994 were prepared 
by mixing the NbOz and Nb205 powders in 
appropriate ratios. The mixed powders 
were pressed into pellets and then sintered 
in evacuated and sealed quartz tubes at 
1298 K for about 1080 hr. After sintering, 
the size of the pellets was about 8 mm in 
diameter and from 3 to 7 mm thick. The 
phases existing in the samples were identi- 
fied by X-ray diffractometry. The oxygen 
content of the sample pellets was deter- 
mined from the weight gain by oxidizing 
them to stoichiometric NbzOS in air at 1023 
K for 50 hr. 

2. Electromotive Force Measurements 

The galvanic cell employed in this study 
was of the type 

Nb20Sex 1 solid electrolyte ( air. (1) 

The cell system is schematically shown in 
Fig. 1. A calcia (or yttria) stabilized zirco- 
nia tube (Zr02 + 15% mole% CaO (or 
Y203)) with a flat closed end with inner di- 
ameter 17 mm, thickness 2 mm, and length 
500 mm was used, as the solid electrolyte. 
Platinum paste was coated on the bottom of 
the inside surface of the closed end of the 
zirconia tube. 

Platinum gauze with a platinum lead wire 
was then pushed against this paste with an 
alumina tube to obtain good contact. The 
alumina tube was also used for the air flow 
path into the inside of the zirconia tube. A 
sample pellet was placed against the outer 
flat surface of the closed end of the zirconia 
tube, and platinum foil was in turn placed 
against the sample. The platinum foil was 
pushed with a quartz pellet and a spring to 
ensure good contact with the sample. Ar- 
gon gas, purified by passing through a tita- 
nium sponge oxygen getter, was used as the 
atmosphere on the sample side. This inert 
atmosphere ensures that the emf measured 

FIG. 1. Schematic diagram of the galvanic cell as- 
sembly (I) solid electrolyte tube, (2) Pt cover, (3) 
spring (4) quartz pellet, (5) sample pellet, (6) pellets for 
oxygen getter, (7) quartz tube, (8) Pt foil, (9) Pt paste 
and gauze, (1) Pt lead wire, (11) air inlet, (12) air outlet, 
(13) alumina tube, (14) Ar inlet, (15) Ar outlet, (16) 
glass stopcock, (17) ground, (18) araldite seal. 

by the cell is due to the sample, and not to 
the Po2 of the atmosphere on the outside of 
the zirconia cell. On the sample side, sev- 
eral pieces of pellets with the same O/Nb 
composition as the sample pellet were 
placed near the sample to prevent it from 
being oxidized. 

Electrical noise from the furnace was 
eliminated by placing a platinum foil cover 
around the sample and a grounded stain- 
less-steel tube between the furnace and the 
quartz tube. The electromotive force mea- 
surements were carried out with a high im- 
pedance (~10~ ohm) microvoltmeter. 

The partial molar free energy of oxygen 
in niobium oxide samples (AGo,) is ob- 
tained from the equation 

AC& = 4EF + AC& (r), (2) 

where E is the electromotive force in milli- 
volts, F the Faraday constant (23.069 Cal/ 
mV equivalent), and AGoz (r) the partial 
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molar free energy of oxygen in the refer- 
ence gas. The partial molar enthalpy and 
entropy of oxygen of samples were calcu- 
lated from the value of AGo1 thus obtained. 

The galvanic cell was calibrated by mea- 
suring the oxygen potential of a two-phase 
mixture of Ni and NiO. The results ob- 
tained were in good agreement with those 
of Kiukkola and Wagner (10) and Saito (II) 
using a galvanic cell. Uncertainty in the 
AGo values is estimated to be at most + 1.1 
kJ * mole-i in the temperature range from 
1073 to 1373 K. 

Results and Discussion 

1. Thermodynamic Quantities 

The partial molar free energies of oxygen 
(AGo,) of Nb205-x and intermediate phases 
(V, IV, V + IV, V + II) between NbOz and 
NbzOS which are calculated from the elec- 
tromotive force by Eq. (2) are shown 
against temperature in Figs. 2 and 3, re- 
spectively. A good linear relationship be- 

200- 

250- 

Tg 

. 

I$ 
7 

300- 

350- /- 

L I 
1150 1200 1250 1300 

T/K 

FIG. 2. Temperature dependence of the partial molar 
free energy of oxygen of NbfOx-X. (0) Increasing tem- 
perature, (0) decreasing temperature. 
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FIG. 3. Temperature dependence of the partial molar 
free energy of oxygen of Nb02.4700, Nb02.4802, and 
NbOZ.4W0. (0) Increasing temperature, (0) decreasing 
temperature. 

tween AGo, and temperature and also good 
reproducibility of the ACoz values with in- 
creasing and decreasing temperature are 
seen in these figures; the former fact indi- 
cates little temperature dependence of the 
partial molar enthalpy (AHo,) and entropy 
(Aso,) of oxygen of each phase in the tem- 
perature range measured in this study and 
the latter indicates no compositional 
change of the sample pellets within the ex- 
perimental error during measurements. A 
change of slope in the plot of AGo2 vs tem- 
perature was observed at 1258 K for both 
Nb02.4s02 and Nb02.4700 as shown in Fig. 3, 
although no slope change was seen for 
Nb20smx and Nb02.4900. X-ray analysis of 
the samples quenched above and below 
1258 K revealed that this temperature cor- 
responded to the transition temperature 
from single phase V to a two-phase mixture 
of IV + V for Nb02.4802 and from a two- 
phase mixture of II + V to single phase IV 
for Nb02,4700. These phase transitions are 
consistent with the phase diagram for the 
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system between NbOz and Nb205 based on 
the electrical conductivity measurements by 
Naito et al. (2), which is shown in Fig. 4. 

The partial molar enthalpy and entropy 
of oxygen in Nb205-.r calculated from AGo, 
values are shown in Figs. 5 and 6, respec- 
tively, and summarized in Table I together 
with the results previously reported (3-7). 
The partial molar enthalpy of oxygen of 
Nb205-x was observed to be nearly inde- 
pendent of composition, suggesting the 
presence of only a weak interaction be- 
tween defects (line g). An absence in com- 
positional dependence of AHo of NblOS-, 
has been also reported by Blumenthal et al. 
(line d) (3), Kofstad and Anderson (line b) 
(4), and Wimmer and Tripp (line c) (5), 
though their values of AHo? are lower than 
the present result. According to the phase 
diagram shown in Fig. 4, the compositional 
regions, where the measurements by Blu- 
menthal et al. (3) and Kofstad and Ander- 
son (4) were carried out, do not correspond 
to a single Nb20S phase region, but also in- 
clude other intermediate phases: II, IV, and 
V phases for the case of Blumenthal et al. 
and III, IV, V, X, Y, and Z phases for Kof- 
stad and Anderson. Hence, the partial mo- 
lar enthalpies of oxygen reported as those 

16co 

FIG. 4. Phase diagram of the system between NbOz 
and the NbtOj . (-.- .) The composition and tempera- 
ture range measured in this study. 

ao- 

b... _..._....... .._ __......... ..____...........___._......... 

FIG. 5. The compositional dependence of the partial 
molar enthalpy of oxygen. (a) NbOzd2 + Nb02..,, (6); 
W NbdL (4); (cl Nbdh (5); (4 Nb2Chx (3); (e) 
Nb02.m (7); (f) Nb02.482 (7). Present results (0) for: (g) 
Nb@~,; (h) phase V; (i) V + IV;(j) V + II; and(k) IV. 

of Nb20Smx by them (3,4) are considered to 
correspond to the average values for many 
homologous phases including Nb20jmx. 
Only the partial molar enthalpy reported by 
Wimmer and Tripp (line c) (5) is thought to 
be that for single-phase Nb20swx, consider- 
ing the compositional region measured by 
them. The disagreement in the partial molar 
enthalpy of Nb@-, between the present 
(1163-1293 K) and the previous results by 
Wimmer and Tripp (1223-1573 K) may be 
caused partly by the difference in the tem- 
perature of the measurements. The partial 
molar enthalpy and entropy of oxygen of 
phases V, IV, and two-phase mixtures V + 
IV and V + II (Nb12029) obtained in this 

FIG. 6. The compositional dependence of the partial 
molar entropy of oxygen. (X) Previous results (3); 
present study: (0) Nb20S-x, (0) V, (A) V + IV, (V) 
IV, and (0) V + II. 
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study are also shown in Figs. 5 and 6, re- 
spectively. Though the partial molar en- 
thalpy of oxygen of a two-phase mixture of 
V + II is a little higher than that of 
Nb20S-x, those of phases V, IV, and a two- 
phase mixture of V + IV are lower than 
those of Nb20Tmx. It is noted that the partial 
molar enthalpy of oxygen of Nb20smx re- 
ported by Blumenthal et al. (3) nearly cor- 
responds to the average value of the phases 
V + IV, V + II, IV, and V determined in 
this study. The partial molar enthalpy of 
oxygen of phase V was observed to be 
nearly independent of composition, similar 
to that of NbZOSWx. 

The enthalpies of formation of niobium 
oxides (NbO,, 0.324 I x 5 2.490) have 
been measured by Inaba et al. (13) with a 
Tian-Calvet-type calorimeter and they sug- 
gested a higher value (-476 kJ . mole-‘) 
than the literature values (3-6) as the aver- 
age of the partial molar enthalpy of oxygen 
in the region between Nb02.42 and Nb02,So. 
Although the partial molar enthalpies of ox- 
ygen obtained in this study were found to 
be higher than the values reported previ- 
ously (3-6), except that of Nb02.482 by 
Crude and Flad (7) as seen in Fig. 5, they 
are still not high enough to explain the aver- 
age value -476 kJ . mole-’ proposed by 
calorimetry. This discrepancy suggests that 
the partial molar enthalpy of oxygen of 
phase IV may vary largely with the compo- 
sition, 2.468 5 O/Nb 5 2.472 at 1300 K. To 
clarify the discrepancy, a thermodynamic 
study of niobium oxides with O/Nb ratio 
less than 2.47 with a galvanic cell utilizing a 
thoria-yttria solid electrolyte is required, in 
order to measure very low oxygen partial 
pressures. 

The partial molar entropies of oxygen of 
Nb20smx, V, IV, a two-phase mixture of V 
+ II and that of V + IV obtained in this 
study are given in Fig. 6 together with the 
results reported previously (3). A linear re- 
lationship between AsoZ and log x is seen 
for NbzOseX and phase V, indicating the 

presence of a single type of defects with a 
weak interaction between them. In the ASo 
data for the phase Nb20SPx reported by Blu- 
menthal et al. (3), which is shown if Fig. 6, 
it is difficult to observe the presence of a 
linear relationship between A.?,, and log X, 
presumably owing to the scatter of the data. 
It is also noted from the figure that the val- 
ues of AHo> and A,?oZ obtained for a two- 
phase mixture of V + II and those for V + 
IV are higher and lower than those of phase 
V, respectively, which indicates that the 
values of AGo2 and AsoZ for phases II and 
IV near the phase boundary with phase V 
are higher and lower than those of phase V, 
respectively. The values of AHo and Aso 
for phase IV (O/Nb = 2.4700) obtained in 
this study, however, are close to those of 
phase V as seen in Figs. 5 and 6, which 
implies that the values of AZ?o, and Aso, for 
phase IV decrease rapidly with increasing 
O/Nb ratio. The partial molar enthalpy and 
entropy of oxygen for a two-phase mixture 
of V + IV calculated preliminary, AHo = 
- 1005 kJ * mole-’ and AsoZ = -469 J . 
mole-i . K-i by the present authors (I) 
from the data of the electrical conductivity 
measurements (1283-1473 K) by Naito et 
al. (2) are lower than those of V + IV ob- 
tained in this study. Since the O/Nb ratio of 
phase IV at the phase boundary with phase 
V increases rapidly with temperature as 
seen in Fig. 4, it is expected that the values 
of Al?oz and Aso, for a two-phase mixture 
of V + IV obtained at higher temperature 
from the electrical conductivity measure- 
ments are lower than those obtained in this 
study at lower temperature. 

2. Defect Structure 

The relations between log x in Nb@-x 
and log PO2 obtained in this study are 
shown in Fig. 7 together with the results 
reported previously for homologous phases 
between Nb02 and Nb205 (2-5, 10). The 
discontinuities in the figure (line a) show 
the presence of homologous phases (2). 
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-11 -7 -3 

FIG. 7. The relation between log x in Nb20Smr and 
oxygen partial pressure for the phases between Nb02 
and Nb205. (a, . . . ) Naito et nl. (2); (b, -.-.) Wimmer 
and Tripp (5); (c, ---) Blumenthal et al. (3); Cd, 
-..-. .) Kofstad and Anderson (4, I2); (e, present 
results): -O-, Nb,O,_,; -0-, phase V; V, phase IV; 
A, v  + IV; cl, v  + II. 

The value of the slope for the plots of log x 
in Nb@-* against log PO* in this study is 
-l/5.2 in the temperature range from 1173 
to 1283 K. This value is in good agreement 
with the value - l/5 for Nb205-x reported by 
Wimmer and Tripp (3), although the com- 
position x in Nb20Smx in the present study is 
a little larger than their composition at the 
same oxygen partial pressure. The value of 
the slope -l/5.2 is close to -l/5. The latter 
can be interpreted by a defect model involv- 
ing both singly ionized oxygen vacancies 
(Vb) and doubly ionized oxygen vacancies 
(Vii) with the concentration ratio Vi/Vij = 2, 
provided that the concentration ratio 
scarcely varies with the oxygen partial 
pressure. The value - l/5.2 obtained in this 
study, which can be interpreted by a defect 

ratio of Vi/Vi = 1.3, is somewhat different 
from the values -l/4.2 to -l/4.8 deter- 
mined from the oxygen partial pressure de- 
pendence of the electrical conductivity in 
the temperature range from 1283 to 1573 K 
by Naito et al. (2). This difference in slope 
is probably due to the different in tempera- 
ture measured, which causes the difference 
in the concentration ratio Vi/V{. The value 
of slope of the straight line in the plot of the 
partial molar entropies of oxygen against 
log x in Nb02,5-x in Fig. 6 is about 23 (=5R 
x 2.3). This value is directly derived from 
the value of the slope for the plots of log x 
against log PQ shown in Fig. 7, since log 
PQ is considered to be proportional to A.?oZ 
when the value of AHo, is nearly constant 
against composition (x). 

The slope for the plots of log x against log 
PO* for phase V is about -l/3 in the tem- 
perature range from 1123 to 1223 K as 
shown in Fig. 7, which corresponds to the 
value of the slope (3R x 2.3) of the straight 
line in the plot of the partial molar entropy 
of oxygen against log x in phase V in Fig. 6. 
This slope - l/3 is different from the values 
-l/7.8 to -l/4.7 which were determined 
from the slopes for the plots of log u vs log 
Po2 for phase V (u: electrical conductivity) 
in the temperature range from 1283 to 1573 
K (2). The complex defect consisting of a 
Nb25062-type Wadsley defect and singly 
ionized oxygen vacancy has been proposed 
to explain the oxygen partial pressure de- 
pendence of the electrical conductivity for 
phase V (2). A defect structure consisting 
of oxygen vacancies, quasi-free electrons, 
and tetravalent niobium ions has been pro- 
posed for phases X, Y, and Nb205-x by Ki- 
kuchi and Goto (14) and for phase IV by 
Marucco (25). To interpret the oxygen par- 
tial pressure dependence of both log u and 
log x for phase V without contradiction, a 
similar defect model involving neutral oxy- 
gen vacancies, neutral and singly ionized 
NbzsOez-type Wadsley defects ( Vwad and 
VW&, quasi-free electrons, and tetravalent 
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niobium ions is assumed. The defect equa- -l/S ity (T is found to be propofiional to PO2 
tions are written as from the equations 

of-J= Vo+~O,, 

K, = [Vol . P$ 

(3) 

(4) 

[ Vwadl 
(+ cc [el = 1+K 

4 

25NbzsOT,, = 28Nb15062 + 702, (5) 

or 

#Nb2807o = v,v, + to,, (5’) 

K2 = [vwadl . p$;, (6) 

V wad = V;ua,, + f?, (7) 

K3 = f&d] ’ [ell[Vw,dl (8) 

= {[ V;vad] . [e] * P’&lI& , 

where K1 and K2 are equilibrium constants. 
By assuming that some of the quasi-free 
electrons liberated from the singly ionized 
Wadsley defect (V&d) can be retrapped in 
the valence band of some Nb5+ ions on the 
normal lattice site, the following defect 
equations are given 

e + NbNb = Nbh,,, (9) 

K4 = [Nb&]/[e]. (10) 

From the condition of electroneutrality, 

[el + [Nbh,] = [via,]. (11) 

Thus, compositional change x is considered 
to be proportional to P&l”2-PO,“* depend- 
ing on the concentration ratios of [ VO], 
[ vwad], and [ v$,ad] from the equations 

x o( [VOI + 2[Vwadltotal 

K&3 
= l+Kq i i 

112 

___ - Pp. (13) 

The oxygen partial pressure dependence of 
log u obtained experimentally at 1283 K (u 
cc p($J’7.*) is consistent with the dependence 
given by Eq. (13) and the experimental de- 
pendence of log x (X m P&“3) is given by Eq. 
(12), assuming [VO] = [Vwad] 2 [V&d]. 
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