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Abstract

The electrical conductivity of g0-Bi2MoO6 was surveyed between 450 and 750 1C as a function of oxygen partial pressure, in the range

0.01–1 atm. A �1
6
power law dependence, consistent with a Frenkel defect model of doubly ionized oxygen vacancies and interstitials, is

evidence for an n-type semiconductive component, with an optical band gap of 2.9 eV. The absence of this dependence is used to map the

onset of dominant ionic conduction.

r 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The orthorhombic oxide g-Bi2MoO6 is constituted by
layers of [MO4

2�]n and [Bi2O2]n
2+ linked by O2�. Three

polymorphs have been described: g below 570 1C, g00

between 604 and 640 1C, and the high temperature g0 phase
into which they transform irreversibly. In the latter, the
[Bi2O2]n

2+ layers reorder conforming rows of channels in a
Latin cross configuration, which make fast oxygen trans-
port possible [1,2].

The high mobility of oxygen in the layered g0-Bi2MoO6

structure mediates its catalytic properties in selective
oxidation of organic reagents. Although electrical trans-
port in this phase is generally acknowledged to be a
thermally promoted process, considerable disagreement
persists on the relevant conduction mechanism, which has
been alternatively attributed to n-type semiconduction [3],
fast ionic [4] and mixed [5–7] ionic–electronic conduction.

Impedance spectroscopy studies [8] have shown that
electrical transport in typical ceramic samples includes, in
addition to ionic and electronic components, grain
boundary as well as intracrystalline contributions, which
can obscure the dependence of electrical conductivity on
e front matter r 2008 Elsevier Inc. All rights reserved.
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partial pressure of oxygen, relevant to the underlying point
defect structure.

2. Model conduction in MO

The derivation of the pertinent phenomenological rela-
tions can be summarized briefly, invoking a simple undoped
semiconducting metal monoxide MO, as a model for the
pseudobinary approximation, with a Frenkel point defect
structure symbolized by the Kröger–Vink [9] notation:

OO : lattice oxygen
MM: lattice metal
Oi: interstitial oxygen
Mi: interstitial metal
VO: oxygen vacancy
VM: metal vacancy
Vi: interstitial vacancy
[a]: concentration of species a

The three pertinent reactions [10,11] and their associated

equilibrium expressions are:
(1)
 Electron–hole annihilation

e� þ hþ#0; ½e��½hþ� ¼ K1. (1)
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Oxygen Frenkel disorder
(2)
OO þ V i#O2�
i þ VþþO ; ½O2�

i �½V
þþ
O � ¼ K2. (2)
(3)
 Addition or removal of oxygen by interaction with the
gas phase

O2�
i #1

2
O2ðgÞ þ V i þ 2e�;

p
1=2
O2
½e��2

½O2�
i �
¼ K3. (3)
Furthermore, preservation of electroneutrality requires
that:

½e�� þ 2½O2�
i � ¼ ½h

þ
� þ 2½VþþO �. (4)

This set of equations admits simple solutions, whenever
one species is dominant, which results in four generally
recognized limiting cases, namely:
I
 If ionic defect concentrations are negligible, the
concentration of holes is equal to that of electrons,
yielding intrinsic semiconductor behavior.
II
 If electronic carrier concentrations are negligible and
the partial pressure of oxygen corresponds to the
equilibrium value for the stoichiometric phase, Eq. (4)
requires [Oi

2�] ¼ [VO
++], corresponding to intrinsic

ionic conduction, which is invariant with changes in
partial pressure of oxygen.
III
 In the immediate neighborhood of the stoichiometric
composition, consistently with low overall electronic
carrier concentrations, their relative changes, induced
by reactions 1 and 3, are much larger than those
corresponding to ionic defects. Consequently, [Oi

2�]
and [VO

++] may be presumed constant, yielding the
approximation:

p
1=2
O2
½e��2 ¼ K3½O

2�
i �, (5)

hence,

½e�� ¼ K 03p
�1=4
O2

(6)

and

½hþ� ¼ K 003p
1=4
O2

, (7)

where K3
0 ¼ (K3[Oi

2�])1/2 and K3
00 ¼ (K1

2/K3[Oi
2�])1/2.
IV
Fig. 1. Diffuse reflectance spectrum of a sintered g0-Bi2MoO6 pellet, inset:

extrapolation to the abscissa of the Kubelka–Munk functional dependence

on incident illumination energy yields the semiconductor energy gap.
If the imposed partial pressure of oxygen is signifi-
cantly lower or higher, than the intrinsic equilibrium
value for the stoichiometric oxide, the composition
of the solid phase must be alternatively represented
by MO1�d or MO1+d, respectively, and the previous
approximations are no longer valid, instead it is
recognized that:
(a) Far below the intrinsic oxygen partial pressure for

the stoichiometric oxide, reaction (3) is favored,
which yields high [e�] and low [h+]. Preservation
of electroneutrality requires diminished [Oi

2�]
and increased [VO
++], consistent with the approx-

imation:

½e�� ¼ 2½VþþO �. (8)

Substitution in (2) and (3) yields

½e�� ¼ Kn

3p
�1=6
O2

, (9)

where Kn
3 ¼ ð2K2K3Þ

1=3.
Far above the intrinsic oxygen partial pressure

for the stoichiometric oxide, the reverse holds true,
namely low [e�] and high [h+]. Hence [Oi

2�] must
increase, whereas [VO

++] decreases, and charge
balance requires:

½hþ� ¼ 2½O2�
i � (10)

and substitution in (1) and (3) yields

½hþ� ¼ Knn

3 p
1=6
O2

, (11)

where Knn
3 ¼ ð2K2

1=K3Þ
1=3.

Alternatives (a) and (b) correspond to mixed
ionic–electronic conduction.
3. Mixed ionic–electronic conduction in c0-Bi2MoO6

Evidence for electronic semiconducting properties can be
readily obtained from diffuse optical scattering [12–14]
experiments. The spectrum of a sintered pellet (Fig. 1)
between 200 and 850 nm, obtained with a Shimadzu Model
UV-2401 PC spectrometer, fitted with an integrating
sphere, referred to BaSO4 as 100% reflectance standard,
displays a characteristic absorption edge around 450 nm,
which corresponds to a band gap (Eg) of 2.9 eV, once the
linear part of the corresponding Kubelka Munk remission
function (inset Fig. 1) is extrapolated. The power law
dependence of the absorption coefficient (a) on incident
radiation energy (hn), a ¼ (hn�Eg)

g, closely fits an expo-
nent g ¼ 1

2
, consistent with a direct gap semiconductor [12].
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The electronic contribution to conduction is clearly
evidenced by photoexcitation [15]. A Xe lamp pulse, moni-
tored by a photodiode (Fig. 2a) with a Tektronix TDS 220
dual channel oscilloscope, induces a characteristic photo-
current response (Fig. 2b), amplified by a Signal Recovery
Model 5182 current preamplifier operated at 10�8A/V, upon
incidence on a g0-Bi2MoO6 thick film, heated to 235 1C. No
effort was made to fit minority carrier half life, because the
shortest light pulse (100ms) available for this work, is clearly
longer than the observed relaxation. Unfortunately, this
selective response is not available above the inversion
temperature, estimated at 250 1C, because thermally pro-
moted carriers far exceed photoexcited electrons.

Since the activation energy for ionic conduction,
obtained from impedance spectroscopy [16] (0.98 eV for
grain boundary and 0.73 eV for grain interior conduction),
is much smaller than the electronic band gap, a gradual
increase in the ionic contribution to overall conduction
occurs with increasing temperature. Hence, the classic
Wagner experiments to evaluate the relevant transport
numbers are inconclusive [17], because at the temperatures
required by suitable membrane materials (4600 1C), ionic
conduction is dominant in g0-Bi2MoO6 and its small
electronic conduction must be evaluated from the differ-
ence of two large magnitudes. The alternative explored in
this work addresses the characterization of the total
electrical conductivity dependence on oxygen partial
pressure [18], which can be essentially attributed to
electronic processes, as shown above.
4. Experimental

Bi2MoO6 was prepared by solid state reaction of reagent
grade Bi2O3 and MoO3, ground in stoichiometric propor-
Fig. 2. Dual channel oscilloscope traces of: (a) the photodiode monitored

response to a Xe lamp pulse excitation and (b) the induced photocurrent

response on a g0-Bi2MoO6 thick film, heated to 235 1C, preamplified to

10�8A/V.
tion, pressed into 9� 3mm2 pellets and sintered at 900 1C
in air. The procedure was repeated until XRD confirmed
the identity of the g0-phase and SEM examination
established an average 10 mm grain size.
The 100 nm gold electrodes were deposited on both sides

of the pellets by magnetron DC sputtering, which were
inserted in a spring loaded ceramic fixture, fitted with
platinum leads in pseudo four probe configuration and a
Platinel II thermocouple, lodged in the air tight cylindrical
reactor of a Lindberg Minimite tube furnace. Controlled
atmospheres were secured by continuous flow of 100 cm3/
min of N2–O2 mixtures regulated by independent MKS
1179A mass flow controllers.
It was established [19] that ohmic behavior is restricted

to voltage drops below 50mV rms. Due to the strong
polarization phenomena associated with ionic conduction,
usually minimized by AC excitation, which also provides
the benefits of superior noise rejection through lock-in
detection. A frequency of 10Hz was adopted for all
measurements as a compromise for a low frequency
compatible with reasonable filtering time constants.
A Signal Recovery Model 7265 lock-in amplifier

operated in internal mode provided the 50mV, 10Hz
excitation and demodulated the current signal preamplified
by an ad hoc current to voltage converter.
5. Results and discussion

The temporal dependence of conductivity isotherms,
monitored at 50 1C intervals between 450 and 750 1C, at
constant partial pressures of oxygen between 1 and
0.01 atm (illustrated by a representative data set at 500 1C
in Fig. 3), can be extrapolated to obtain estimates of the
isothermal equilibrium values as a function of pO2

(Fig. 4a
and b), which can be fitted to the functional dependence:

logs ¼ K þN log pO2
(12)

derived by substitution of Eqs. (6), (7), (9) and (11) to
obtain the parameter N (Table 1).
Fig. 3. Temporal dependence of electrical conductivity at 500 1C for g0-
Bi2MoO6 at controlled partial pressures of oxygen.
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Table 1

N values obtained from fits to Eq. (12) for the data reported in Fig. 4a

and b

T (1C) N1 N2

450 �0.05 (0.03–0.01 atm) �0.16 (1–0.03 atm)

500 �0.06 (0.1–0.01 atm) �0.16 (1–0.1 atm)

550 �0.06 (0.32–0.03 atm) �0.16 (1–0.32 atm)

�0.02 (0.03–0.01 atm)

600 �0.06 (1–0.32 atm)

�0.02 (0.32–0.01 atm)

700 0.02 (1–0.21 atm)

�0.04 (0.03–0.01 atm)

750 �0.06 (1–0.1 atm)

0.03 (0.1–0.03 atm)
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Between 450 and 550 1C increased conductivity is
invariably observed with diminishing pO2

(Fig. 4a), which
is consistent with a minimum total conductivity corre-
sponding to a stoichiometric phase, for the positive
pressure range not accessible with the ceramic reaction
vessels employed in this work. At low vacancy concentra-
tion, the ideal approximation implicit in the derivation of
Eqs. (6) and (9) is valid, and N approaches the value 0.16,
predicted by Eq. (9) for a simple model of doubly ionized
oxygen vacancies (VO

++) and interstitial oxygen (Oi
2�)

(Table 1, N2). Point defect interaction becomes significant
under increasingly reducing atmospheres, which attenuates
the observed pO2

dependence (Table 1, N1).
Above 600 1C, increased Frenkel disorder renders the pO2

dependence of the conductivity neither monotonic nor
significant (No0.06), consistently with [Oi

2�] ¼ [VO
++] and

dominant ionic conductivity.
Fig. 4. (a) Oxygen partial pressure dependence of the equilibrium

electrical conductivity in g0-Bi2MoO6 at 450, 500 and 550 1C. (b) Oxygen

partial pressure dependence of the equilibrium electrical conductivity in g0-
Bi2MoO6 at 600, 700 and 750 1C.

Fig. 5. Arrhenius plots of the thermal dependence of g0-Bi2MoO6

conductivity at selected constant partial pressures of oxygen.
The thermal dependence of the extrapolated conductiv-
ities (Fig. 5) changes between 550 and 600 1C, in apparent
coincidence with the g00 to g0 transition reported [1,2] at that
temperature; however, the observed conductivity change is
entirely reversible upon repeated thermal recycling,
whereas the g00 transforms to g0 irreversibly [1]. For total
conduction data sampled at fixed frequency, the apparent
activation energies of 0.89 eV above and 0.84 eV, below
550 1C, do not pertain to elementary processes and reflect
instead the gradual change in dominant carrier type, as well
as conduction path [16].

6. Conclusions

g0-Bi2MoO6 is a mixed ionic–electronic conductor.
Electronically conducting layered perovskites of the rare
earth transition metal oxides [20,21] provide instances of
+1

6
power law dependence on oxygen partial pressure,

associated with oxygen excess, whereas the �1
6
power

observed in this study is indicative of oxygen deficiency
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with doubly ionized vacancies. The singular structural
feature [1,2] is the presence of tunnels normal to the layers,
which mediate fast ionic oxygen transport and ionic
conduction overwhelming the electronic contribution
above 600 1C; nonetheless, conductivity response to stoi-
chiometric changes is fast and highly reversible with typical
responses in the order of minutes, unlike oxides in which
lattice oxygen migration requires substantial relaxation
times.
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