
substance: Nb2O5
property: defect and transport properties

The departure of H–Nb2O5–x from stoichiometry as a function of temperature and pressure has been extensively
studied [61K, 68K, 65B, 72N, 69S, 68A, 73K, 74M, 76K, 79M]. The earlier results at lower temperatures
suggested that the defect concentrations varies as pO2

–1/4 near stoichiometry and at pO2
–1/6 at lower oxygen

pressures. This can easily be explained with a point defect model as: O0 ↔ V0 +1/2 O2 (Hv), V0 ↔ V0
·+e– (ε1),

V0
· ↔ V0

·· + e– (ε2). If the dominant defects are V0· we expect [V0·] ∝ pO2
–1/4 and if the dominant defects are

V0
·· we expect a pO2

–1/6-law. Analysis of the temperature variation of the stoichiometry from thermal

measurements gives

Hv + ε1 + ε2 105.8 kcal mol–1 74M

103 kcal mol–1 62K

At 1100oC, a discontinuity in resistance was found [79M] corresponding to the formation of a new phase (see
below).

This simple view of point defects extending over a substantial stoichiometric range has been strongly challenged
[72N, 73K]. Typical stoichiometry data are shown in Figs. 1 and 2 and at very high temperature a series of
breaks in the curve [73K] strongly support the idea that a significant number of quite distinct phases can form.
Combined structural and thermal experiments at 1000oC [72N] reveal the following domains for NbOx:

(1)  2.500 ≥ x ≥ 2.495. Only the single phase H-Nb2O5–x found without any local rearrangement or extended
Wadsley defects. It is probable that in this range point defect theory may be used.
(2)  2.495 > x ≥ 2.480. Two phases found corresponding to H-Nb2O5 and Nb25O62.

(3)  2.480 > x ≥ 2.417. Two phases found corresponding to Nb25O62 and Nb12O29 (monoclinic).

Thus, at 1000oC, the reduction traverses the route H-Nb28O70 → Nb25O62 → Nb12O29. The structural
relationship between these three phases is shown in Fig. 3. Thus, although Fig. 1 apparently shows typical
bivariant behaviour for the 900oC and 1000oC results, the material present for x ≤ 2.495 is inhomogeneous; only
at x = 2.480 did there appear to be a single phase: the Nb25O62 structure. The apparently bivariant behaviour
must thus be traced to extremely slow kinetics [72N].

At higher temperatures, a quite different type of behaviour is observed. In addition to the definite phases
Nb28O70 (i.e. H-Nb2O5) and Nb25O62, a phase formed as an intergrowth, Nb53O132 can form. The process of
intergrowth is shown schematically in Fig. 4, which shows the regular intergrowth phase Nb53O132 as a natural
intermediate. The important point about these intergrowth phases is that, unlike the nucleation (presumably at
isolated Wadsley defects) and subsequent growth of Nb25O62 from H-Nb2O5, considerable activation energy is
needed to form the (thermodynamically more stable) Nb53O132. A similar intergrowth, Nb47O116, forms

between Nb25O62 and Nb12O29 (Fig. 4). The reduction sequence at high temperatures is then Nb28O70 →
Nb53O132 → Nb25O62 → Nb47O116 → Nb23O54 → Nb12O29. A considerable trivariant regime therefore still
remains at high temperature, and materials formulated as Nb22O54–x and Nb25O62–x show quite wide ranges for

x (Figs. 5, 6) as well as Nb28Sb70–x itself. It can be seen that in the bivariant region [V0]tot ∝ pO2
–1/2, where

[V0]tot = x/54 for Nb22O54–x and x/62 for Nb25O62–x.



The nature of the point defects in Nb2O5–x has been controversial even over the area where a single definite

phase is seen and [V0]tot ∝ pO2
–1/4. In addition to singly charged oxygen vacancies, interstitial Nb ions have

been proposed in both N-Nb2O5 [72H] and H-Nb2O5 [73A]. For the latter, the interstitial tetrahedral Nb

represents an attractive structural option; thermodynamically NbNb + 5/2 OO ↔ Nbi
n· + ne– + 5/2 O2. Hence, for

Nb2O5–x, x ∝ pO2
–5/4(n+1) and the observed pO2

–1/4 dependence can be accounted for with n = 4. However, the

change to a slope of – 1/6 cannot be explained on a point defect interstitial Nb model.

In the pO2
–1/4 region, the activation energy for deviation from stoichiometry is found to be 3.10 eV in ceramic

samples of H-Nb2O5 [73B] whereas the resistance varies as in Fig. 7 with an activation energy of 1.65 eV [62K,

73B]. This suggests a slightly activated mobility, EA(µ) ≈ 0.10 eV and µ(1100oC) ≈ 0.10 cm2/V s [73B]. The
Seebeck coefficient also suggests a low activation energy [73B].

In the pO2
–1/6 region, the thermogravimetric studies show an activation energy of 4.46 eV, for the formation of

doubly ionized oxygen vacancies in H–Nb2O5 [62K]. The actual conductivity in this region shows a lower

apparent activation energy (Fig. 8), which can be satisfactorily explained by allowing the mobility µ ∝ T –3 (Fig.
9), a result consistent with normal optical-mode scattering [59S].

There are a number of puzzling features about the interpretation in terms of singly-ionized oxygen vacancies
[62K], and we would tentatively suggest that the transition from the pO2

–1/4 to pO2
–1/6 regions may correspond

to a transition from interstitial Nbi4· to doubly ionized oxygen vacancies (V0
··).

At higher temperatures, the conductivity shows marked discontinuities (Fig. 10) corresponding to the formation
of new phases. The resistivity continues to show a pO2

–1/6 behaviour in this region, suggesting the presence of

doubly ionized oxygen vacancies [74M].
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Fig. 1.

NbO. Composition parameter x vs. oxygen pressure. Solid lines: [72N]; full and open circles: [65B]; dashed
lines: [61K]; triangles: [68A]; 1300oC isotherm [69S]. Fig. from [72N]. 1 atm ≈ 1 bar.



Fig. 2.

NbOx. Oxygen partial pressure vs. composition at 1300oC and 1400oC [76K].



Fig. 3.

Structural relationship between (a) Nb12O29, (b) Nb25O62 and (c) H-Nb2O5 in (010) projection [72N].



Fig. 4.

Mechanisms whereby intergrowth phases may form at high temperatures. (a) coherent intergrowth of one row of
Nb25O62 in H-Nb2O5; (b) coherent intergrowth of one row of Nb12O29 in Nb25O62; (c) regular coherent
intergrowth corresponding to the phase Nb53O132 [72N].



Fig. 5.

Nb22O54–x. Total vacancy concentration vs. oxygen pressure. [VO]tot = x/54 [76K]. Open triangles are data
derived from Nb2O5 and dots are those derived from NbO2.



Fig. 6.

Nb25O62–x. Total vacancy concentration vs. oxygen pressure. [VO]tot = x/62 [76K]. For triangles and dots , see
caption of Fig. 5.



Fig. 7.

α-Nb2O5. Resistance vs. (reciprocal) temperature at 1 atm (pO2
–1/4 region) [62K].



Fig. 8.

α-Nb2O5. Resistance vs. (reciprocal) temperature at pO2 = 10–13 atm (pO2
–1/6 region) [62K].



Fig. 9.

α-Nb2O5. Electron drift mobility vs. temperature for ceramic sample at pO2 = 10–13 atm showing µ ∝ T –3

[62K].



Fig. 10.

α-Nb2O5. Resistance vs. oxygen pressure at 100oC. Full circles: Nb2O5–x (stable phase); open circles:
metastable phase of Nb2O5–x, open triangles: stable phase of Nb25O62–x, full triangles: Nb12O29–x, squares:
metastable phase of oxidation of Nb12O29–x [74M].
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