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The isolated oxygen vacancies in Nb;;Os5., Nb;3sOs;_, and Nb;;0,,_ . at temperatures above
1300°C were examined thermodynamically using gravimetric data obtained previously by Kimura.

The concentrations of oxygen vacancies in Nb,,0s4, and Nb,;Os,_, were estimated from iso-

thermal chane weight S1/2_ W,
thermal changes in weight and found to be proportional to Po; With Nb,305_,, on the other

hand, the concentration of oxygen vacancies was proportional to Po; /4. These results can be ex-
plained well on the assumption that the main defects, which all depend upon the partial pressure
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of oxygen in the surrounding atmosphere, are oxygen vacancies with one trapped electron, quasi-

free electrons, and tetravalent niobium ions.

1. Introduction

The phase equilibrium study on the system
NbO,-Nb,Os by Schifer, Bergner, and

Grnahn (N chowed that five comnoundg
Srutnn (/) SnowWeaG nal 1ive COmpOundas,

Nb;;0,0, Nby;054, Nby;0116, Nb,5O4,, and
Nbs;0,3,, are stable at 1300°C in the compo-
sition range between NbO, and Nb,Os. Later,
Kimura (2) confirmed the above-stated obser-
vation at temperatures higher than 1300°C
but found that Nb,,0s,, Nb;s04,, and
Nb28070 (Nb,0O;) show considerable de-
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The deviations from stoichiometry observed
in this family of materials had been explained
as being due to Wadsley defects (3, 4), until
Allpress and Roth (5) suggested the presence of
anion vacancies or metal interstitials in these
compounds.

However, Iijirna Kimura, and Goto (6)
xcucuuy studied Kimura’s samples of Nb,,-
Os,., and found the presence of some
Wadsley defects which mostly correspond to
Nb,;,0,,, together with two kinds of point
defects. These authors thought that even well-
equilibrated samples are allowed to have at
least one type of Wadsley defect and conclu-
ded that the nonstoichiometry of Nb,,0s,
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must result from the net effects of the Wadsley
defect and the point defects.

On the other hand, there is some evidence

to support the view that these compounds

have contained no or averv amall nranartion
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of the Wadsley defect at high temperatures.
With careful observations on lattice images,
Browne, Hutchison, and Anderson (7), and
recently Goto and Kikuchi (8), reached an
identical conclusion that the transformation
of one type of the Wadsley defect to another
may be achieved by a “cooperative movement”
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and Wadsley (9). This implies that the energy
required for the formation of the Wadsley
defect may be small. Therefore, it is suggested
that the Wadsley defect can easily appear
during the quenching of samples containing
an oxygen-deficient point defect, provided
that the two-phase region is more extended at
alower temperature, which is still h 111511 enougu
to allow the rearrangement of atoms in the
structure. This view is also suggested by the
experiments of Allpress and Roth (5). They
showed that the Wadsley defects found in
stoichiometric Nb-W oxides disappeared
after a prolonged annealing at about 1350°C
but those found in nonstoichiometric samples
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were never entirely removed from the samples.
Nimmo and Anderson (10) obtained a similar
result, i.e., that no Wadsley defects were
observable in the Nb,z0,,_, at compositions
down to NbO, ,4s. They suspected that
oxygen deficient point defects occur in those
samples.

Several models for point defects deficient in
oxygen have been proposed recently in rela-
tion to the question mentioned above (7, 8, 11).
All the models were proposed, in fact, to
explain unusual contrast often observed in the
lattice images of Nb,Os_. in relation to
particular tetrahedral sites. It is, however,
‘obvious that electron-microscopy can reveal
very little about defects caused by light atoms,
such as isolated oxygen vacancies, for which a
classical approach of the Kroger style (12) is
still unavoidable.

In the present paper, the possibility and
nature of isolated oxygen vacancies in the
Nb,O;_, block structures were examined by
a gravimetric study using experimental data
collected from Kimura’s work (2) on the
system of NbO,-Nb,Os,.

2. Gravimeftric Considerations

The reaction by which Nb,O; is reduced to
Nb,Os_, can be expressed as

l/bezos = l/bezos_x + %‘02. (1)

If the deviation in stoichiometry x is caused
by oxygen vacancies, the reaction involves an
elementary reaction expressed as

Oox = Vox + %02 (2)

where O, is an oxygen atom in a normal oxy-
gen lattice site with neutral charge state
(denoted by an x superscript) and ¥,* is an
oxygen vacancy with neutral state. The trapped
electrons may be excited into the conduction
band according to

Vo*=Vo+e~ 3)
and
Vo=V t+e, C)

where V- is a singly 1onized vacancy and V-
is a doubly ionized one.

KIKUCHI AND GOTO

Applying the law of mass action to the
above equations, we obtain:

Ky =[Vo*"]Po}/* (5
K \[Vo*l=[VolleT] (6)
KVol=1[Vy1le] (N

If the first electrons are partially or completely
excited while the second are not, the combina-
tion of Egs. (5) and (6) leads to

[e”]=[Vo']l = (K K;)'/* Poz /4, ®)

Equation (8) is the case indicated by Greener
et al. (13, 14), which includes the extreme one
where all the oxygen vacancies, [V, have
been singly ionized to the state of V,, and
therefore

[Volot =[Vo] = POEIM- )]

If all oxygen vacancies are completely
ionized to the state of ¥y, the case proposed
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Fic. 1. System of the NbO,-Nb,O5 at 1300 and
1400°C studied by Kimura (2).
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by Kofstad and Anderson (/5) can be repre-

sented as:

Vol = [Vo 1= ) (K K, K3)' /> Po; e
(10)

Kofstad and Anderson adopted a range of

Po, about 1077 to 10712 atm for their experi-

ments which were at 1300°C. According to
phase equilibrium studies (/, 2), however,

Nb,O;_, phase (Nb,5s0,, with nonstoichio-
metry region) can be stable at 1300°C at
values of Po, above 1079-% atm, and changes,
through several homologous compounds such
as Nb,504,, Nb,,0s4, and Nb;,0,,, into
NbO, at 10712 atm as shown in Fig. 1. There-
fore, it may be supposed that during the
experiments their samples could have changed
into other homologs or have involved a

TABLE 1

THERMOCHEMICAL DaTA CITED IN FIGS. 2 AND 3

Composition log [Voliot
(O/ND) from from
log Po, Nb;Os NbO, Nb,0s NbO, log [Nb*+] log KoK
(Nb;20s4_, at 1300°C)
—12.12 2.443 2.444 —2.33 -2.37 —0.95
—12.08 2.448 2.446 —2.57 —2.46 -0.98 —9.53
—-12.02 2.448 2.449 —2.57 —2.65 -0.99 -9.61
~11.84 2.450 2.450 —2.73 —-2.73 —1.00 —9.65
—~11.67 2.451 2.452 -2.84 —2.98 —-1.01 -9.75
(Nb22054_x at 14(X)OC)
—10.83 2.444 2.419 —-2.37
—10.78 2.441 2422 —-2.26
—10.74 2.446 2.429 —2.46
—10.66 2.445 2.446 —2.41 —2.46 -0.96 —8.73
—10.51 2.449 2.449 —2.65 -2.65 —0.99 —8.89
—10.35 2.450 2.450 —2.73 -2.73 —1.00 -8.91
—10.21 2.451 2.451 —2.84 -2.84 —1.01 -8.95
—10.06 2451 2.452 —2.84 —2.98 —1.01 -8.95
—10.00 2.451 —2.84
(Nb25062_x at 13000C)
—10.98 2.464 -2.19
—-10.94 2.467 2.469 —2.28 —2.35 -1.19 —8.98
—10.84 2.468 2.469 —2.32 —2.35 -1.20 —8.95
~10.46 2.472 2.472 —2.49 —2.49 —1.25 —8.97
—9.92 2.475 —-2.70 —1.30 —8.96
—9.88 2.478 2.477 —3.09 -2.92 -1.35 —-9.28
—9.86 2.475 -2.70
(Nb25051_x at 1400°C)
-9.73 2.466 —2.25
—9.62 2.466 2.467 —2.25 —2.28
—9.48 2.467 2.469 -2.29 —2.35 —1.19 —8.25
-9.30 2471 2473 —2.44 -2.55 —1.25 —-8.39
-9.13 2.473 2.473 —2.55 —2.55 —1.27 —8.38
—8.91 2473 2.472 —2.55 —-2.49 —1.26 —8.23
—8.72 2475 2.474 -2.70 —2.62 —1.29 —8.31
-8.64 2.477 2.477 —2.92 -2.92 —1.34 —8.59
—8.55 2.477 2.476 —-2.92 —-2.79
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considerable amount of Wadsley defects, for
which the deficiency in oxygen atoms cannot
be attributed wholly to the formation of oxy-
gen vacancies.

In the present paper, the relation between
[Volior and Po, was examined for Nb,,0s,_,,
Nb,506,-x, and Nb,;0,4_, separately, using
the experimental data obtained by Kimura in
his study on phase equilibria in the system
NbO,-Nb,O,. The data are listed in the first
and second columns of Table I. For these
samples, the value of [V,],,, was estimated as
[Voliot = (X — Y)/ X, if the chemical compo-
sition of a stoichiometric compound is ex-
pressed by NbOy and that of a nonstoichio-
metri¢ compound derived from it by NbOy.

The values of [V},,, thus obtained and the
corresponding values of Po, are given in
Table I, and the plots of [V],., versus Po, for
Nb,,054_, and Nb,sOq,_, are given in Figs.
2 and 3, respectively. According to Kimura
(2), the samples brought from Nb,O; into
equilibrium with a given oxygen pressure were
often found to have been more reduced than
the samples oxidized from NbO, at the same
oxygen pressure. Moreover, when the running
conditions were close to that for a two-phase
region, the reaction had been considerably
sluggish and often could not reach to the
equilibrium even after 15 to 70 hr. The limits
of Po, for the single-phase region were also
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FiG. 2. Plots of [V,)i.: versus Po, for Nby;Oss—;.
Open triangles are the data derived from Nb,Os and
dots are those derived from NbQ,.
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FiG. 3. Plots of [V,]io: Versus Po, for NbysOez—x.
Open triangles are the data derived from Nb,Os and
dots are those derived from NbO,.

shown in the figures as broken lines drawn
vertical to the Po, axis. As seen from these
figures, the plots include data for the samples
for which the equilibration was thought to be
insufficient. The plots for the single phase
regions of Nb,,0s,_, and Nb,sOg,_.,, how-
ever, can preferably be regarded as lines with
slopes of about — showing the following
relationship:

[Volwor o Poz '/ (11)

Equation (11) corresponds to the conditions
described by the Egs. (2) and (5), and seems to
suggest that all oxygen vacancies in Nb,,O0s4_,
and Nb,s0¢,_, are neutral ones. According
to the estimate by Greener et al. (13), the
energy of excitation required for the first
electron to be released from a neutral oxygen
vacancy is 0.15 eV, which is about the thermal
energy at 1300-1400°C. Therefore, the popu-
lation of oxygen vacancies at such high tem-
peratures must contain a large proportion of
Vo

3. Formation of Nb*+

In previous works on Nb,Os_,, V,%, V',
Vo ,and e~ but not Nb*+ have been considered
as the chemical entities participating in the
reaction. However, it may be quite reasonable
to suppose that some of the quasi-free elec-
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trons liberated from oxygen vacancies can be
retrapped in the valence band of some Nb3*
ions, thus changing the Nb%* ions to Nb**.
If this is so, then the mode of the dependence
of [Volie: 0N Po, certainly must be modified.

Let us consider firstly that the oxygen
vacancies in Nb,Os_, series are exclusively the
singly ionized ones, that is [Vl = [Vo'l;
then we have

Op*=Vy +e +30, (12)

and
e~ + Nb’+ = Nb*+. (13)

Equation (13) means that the electrons ther-
mally excited from Nb** sites can give rise
to the electron concentration as proposed for
TiO,_, by Frederikse (16). Applying the law
of mass action, we obtain

Ky=[Vy][e]Po}? (14)
[e7] Ks = [Nb*] (15)
K, Ks = [V,'] [Nb**]Pol2. (16)

When we deal not only with Nb,gO,,_, but
also with Nb,,0s,_, and Nb,;Oq,_,, we must
define a quantity [Nb**];,, which is the con-
centration of the intrinsic Nb** ions originally
present in a stoichiometric compound such as
Nb,,0s, or Nb,s0q,, and [Nb**],, which is
the concentration of the Nb** ions formed in
the production of oxygen vacancies. Therefore,
[Nb**]in the Eq. (16) is expressed as

[Nb*] = [Nb*"];, + [Nb**Lg.  (17)

For Nb,,0s,_, and Nb,504,_, the values
of [Nb**+],, are constant, and [Nb*'], >
[Nb**],4 within the observed ranges of compo-
sition of both compounds. Therefore, Eq. (16)
can be modified for Nb,,0s5,_, and Nb,sO¢,_ .
as follows:

[Volot = [Vo'] = Ky Ks[ND** ] Po; 12
= constant x Po;12  (18)
For Nb,gO,9_x, [Nb**];, =0 and therefore
[Nb**] = [Nb**],4, so we have
[Vol=[e]+ [Nb*]
and from Egs. (15) and (16),
Vol = [Vo']l = K¢2(1 + K5)!? Pog/*
(20)

(19)

= constant x Po;1/4,

367

If the oxygen vacancies are exclusively in
the doubly ionized state V',

O =Vy +2¢+30, 21
and
Ks=[Vo]1[e7]* Po}’? (22)
and, with use of Eq. (15) we obtain
K2 Ko =V, "] [ND**]2Pol/2,.  (23)

For Nb,,0s,_, and Nb,s0,_. in which
Nb#* are constant, Eq. (23) can be modified
as:

[Volw: = [V 1= K5* Kg[Nb**]~2 Po3 /2
(24)

and for Nb,30,,_, in which [Nb**] is not
constant but equal to [Nb**],4:

2[Vy-1=[e] + [Nb*],
so we have,

Voo = [Vo 1= @31 + K5)** K§* Po; /¢
(25)

As shown in Egs. (18) and (24), the ionic
state of the oxygen vacancies in Nb,,0s,_,
and Nb,sOg4,_, cannot be determined from
the mode of the dependence of [V, ], 0n Po,,
since for both compounds the [V, is pro-
portional to Po;'/2, whether the defects are
exclusively in the state of V, or in the fully
ionized state of V.

For Nb,gO-,_., however, the mode of the
dependence on Po, changes with the ionic
state of the vacancy; the [V,], is proportional
to Po;!/* when the oxygen vacancies are V',
and to Po3'/¢ when they are ¥, . An isother-
mal weight loss measurement for Nb,gO-,_,
carried out slightly below the melting tem-
perature (at 1485°C) by Kimura (77) showed
a Po;V/* dependence as seen in Fig. 4.

Since Nb,,0s, are structurally very similar
to Nb,gO,9, it may be supposed that the
oxygen vacancies in these compounds are also
in the state of V.

The values of log K, K in Eq. (18) are listed
in the last column of Table I. For this, the
concentrations of Nb** were evaluated on the
assumption: Nb#f =2x for Nb,,0s,_, and
Nb,506,_. The heat of formation AH of the

= constant x Po;1/2,

= constant x Po;1/®.
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FiG. 4. Plots of [V,]io: versus Po, for NbzgO4o- at
1485°C.

singly ionized oxygen vacancy V' estimated
from the values of log K, K5 at 1300 and 1400°C
is 89 kcal for Nb,,0s, ., and 77 kcal for
Nb,sO6,- .. These are comparable with the 73
keal for Nb,Os_,(Nb,30,_,) given by Green-
er et al. (13).

Now, it is concluded that the singly ionized
oxygen vacancies, the quasi-free electrons
and the Nb** ions formed in consequence of
retrapping of some of the electrons in the
valence band of the constituent Nb** ions are
the most probable species of the defects in
slightly reduced Nb,,05,, Nb,;s06,, and
Nb,5070.

4. Discussion

The conclusion of the present work might
raise some arguments because it shows an
obvious disagreement with the prevailing
interpretation based on many previous works.
The Po, dependence of the weight change of
Nb,Os_, has been investigated by various
authors over wide ranges of Po, and tem-
perature, as shown in Fig. 5. In this figure, the
areas enclosed with the solid lines indicate the
regions where the values of n for Po; /" were
determined from gravimetric measurements,
and the areas shown by broken lines are the
regions where the values of n were obtained
by electrical measurements. Small letters
indicate the references: a (13), b (20), ¢ (14),
d @D, e (22), £ (15), g (18), h (19), and i (the
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FIG. 5. Observed ranges of Po, and temperature for
the Po, dependences previously reported.

present paper). Capital letters indicate the
compounds, A (NbO,), B (Nb;;0,9), C
(Nb,,05,), D (Nby70436), E (NbysOg,), F
(Nbs;0;5,), and G (Nb,s0,,), which are
stable under the respective Po, ranges shown
by the dotted lines (7, 2).

In those works, the weight changes were
observed to be proportional to Po;'/¢, or at
least Po;'/” where n > 4, in most fields except
for comparatively high Po, ranges where the
gravimetric measurement is not effective.
There are various interpretations (2/-24) on
this fact. The commonly accepted one may be
that the oxygen vacancies in Nb,Os_, are
mostlyin the state of V-, and that the apparent
dependence on Po;'* in the fields of high
oxygen pressures may be caused not by the
exclusive presence of ¥, but by the presence
of lower valent impurities (22, 24).

Therefore, our result must be examined in
regard to two questions; whether the concen-
tration of lower valent impurities in our
samples was so high that they could modify
the Po, dependence of the weight change from
Po;1/6 to Po; 4, and whether our samples
contained any other factors which produce a
similar effect as brought by lower valent
impurities.

4.1. Effect of Impurities

If we assume that oxygen vacancies in
Nb,O,_, are mostly in the state of ¥, and
that some tetravalent impurities such as Ti**
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occupy normal niobium sites of the structures,
the following relations between the concentra-
tion of the impurities [F,,] and that of the
doubly ionized oxygen vacancies [V, ] can be
obtained

2[Vy 1= [Fy'T+[e7] (26)

and
Vo Jovs = Vo1 — 3 [Fu'], 27

where [V, ],0s denotes the apparent concentra-
tion of the doubly ionized oxygen vacancies
that is measurable by a gravimetric mean. The
combination of Egs. (26), (27), and (22) leads
to

Ko =4([Vo" lows + 3[Fu’D) [Vo Tos PO}/ (28)

The Po, dependence of [V Jops 10 Nb2gOqg_
was calculated from Eq. (28) for various values
of [F,'] and for the values of x from 0.02 to
0.003, which correspond to the composition
range of our Nb,Os_, samples. The results
are shown in Fig. 6. The figure indicates that
the Po, dependencies of [V ]ops in Nb,050_«
deviate gradually from Po3;/® to Po;'* with
increasing concentrations of F,," and that the
deviation becomes notable when the impurity
exceeds a value of about 2000 ppm for the
Nb,50,0_, having compositions equivalent
to those of our samples.

The starting material used in the present
work has been analyzed by the supplier
(Johnson Matthey Chemicals Ltd.) to be
99.97 9/ pure Nb,Q; with impurities shown in

|

tog [Vglabs
log x (Nb;05_y)

1
~
&n

T

log Po, — 21ag K3

FIG. 6. Variation of the Po, dependence with varying
tetravalent impurities.
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TABLE II

SPECTROGRAPHIC ANALYSIS OF Nb,Os

Fe 2 ppm
Mg 1 ppm
Ta 100 ppm

Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu,
Ga, Ge, Hf, Hg, In, Ir, K, Li, Mn, Mo, Na, Ni, Os, P,
Pb, Pd, Pt, Rb, Re, Rh, Ru, Sb, Se, Si, Sn, Sr, Te, Ti,
T1, V, W, Zn, and Zr were undetectable.

Table II. After experiment, an arbitrarily
chosen sample was chemically treated and
analyzed by the X-ray fluorescence method.
It was shown by this analysis that metal
elements such as Ti, Fe, W, and Mo were not
detectable, that is, the concentrations of these
elements were less than the detectable limits
of the method as follows: 1 ppm for Fe, 3
ppm for Ti, 10 ppm for W, and 3 ppm for Mo.
It is quite obvious from these analytical data
that the concentrations of lower valent im-
purities in our samples are not so high that
they could modify the Po, dependence curves
to any appreciable degree, much less the
deviation from Po; /¢ to Po3; /4,

4.2. Effect of Wadsley Defects

It has been well known that Nb,Os_,
prepared by ordinary methods, such as
reducing Nb,Os or oxidizing other lower
oxides of niobium, usually contains large
proportions of equilibrium and nonequi-
librium Wadsley defects and in some cases
even domains of neighboring phases. A long
duration at high temperatures is required to
equilibrate the nonequilibrium extended de-
fects. It was described by Kimura (2) that a
sample with a composition near Nbs;O;3,
could not have been equilibrated by heating
for 75 hr at 1400°C.

Tijima et al. (6) have suggested that Wadsley
defects can be thermodynamically stable and
only neighboring phases of the host structure
are allowed to be Wadsley defects in well-
equilibrated materials, which contain certain
amounts of oxygen vacancies. This implies
that the proportion of such an equilibrium
Wadsley defect relative to that of the oxygen
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vacancies will increase with decreasing tem-
perature.

For examining the effect of the Wadsley
equilibrium defects in the Po, dependence
curve, it may be possible to apply a similar
approach that was used for oxygen point
vacancies, as already discussed. The formation
of the Nb,sO, Wadsley defect in the Nb,40-,
phase, for example, can be expressed as

25 szs 070 - 28 Nb25062 + 7 02. (29)

The reaction involves two elementary re-
actions,

25/28 NbygOq9=V3aa +30.  (30)

and
Viea= V;vad +e, (31)

where VZ,4 and V4 are the Nb,;0,, defects
with respective electrical charge states. If the
reaction Eq. (30) is prevailing, most of the
Nb,s0s, Wadsley defects are electrically
neutral with the formation of one Nb** ion
per molecule, and their concentration must be
dependent on Po;'/4. On the other hand, the
reaction Eq. (31) represents the case in which
the Wadsley defects are in the singly ionized
state with one electron excited to the conduc-
tion band. The defect concentration in this
case must be proportional to Po3'/8,

The above results suggest that most of the
Nb,Os_, samples used in our and other works
might have contained a proportion of Wadsley
defects which could modify the Po, depen-
dence curve from Po;!/* toward Po; /8 if they
are singly ionized. This effect may become
appreciable when the concentration of the
Wadsley defects relative to that of the co-
existing oxygen vacancies is increased and an
apparent dependence-curve proportional to
Po;!/", where n is a value somewhat larger
than 4, may be attained.

The structures and proportions of the
Wadsley defects in the samples used in the
present work have been carefully examined by
observing the lattice images with high-resolu-
tion electron microscopy (8, /7). It was shown
by this examination that all samples in the
series 4i in Fig. 5, which were prepared at
1485°C, contained no Wadsley defect. We

therefore suspect that dependence on Po3;'/®
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observed in previous works might result from
samples containing comparatively large pro-
portion of Wadsley defects, since the tem-
peratures of the experiments of most of the
previous works are lower than ours, and
durations are also probably shorter.

4.3. Precision of Experiment

The impurity of 0.003% (99.97% pure
Nb,0O,) corresponds to an accuracy of
+0.00075 for the values of O/Nb determined
by analysis. However, the precision of the
experiments must be considerably higher than
the accuracy of +0.00075 because the im-
purity of the largest quantity in the starting
material is Ta®* which does not affect the Po,
dependence curve and because the compo-
sitional variations in the samples made from
the same material may be identical. The
precisions estimated on the basis of the above
consideration are £0.0002 for the O/Nb value
of the samples in series 4i in Fig. 5, and
+0.0005 for the other samples. The accuracies
of weighing the samples and measuring the
Po, are within the ranges of the precision
mentioned above.
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