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Abstract

Co- and Cu-substituted Bi4V2O11 compounds were synthesised by means of fine reactive powders with a typical d50 close to 0.5

mm. Appropriate sintering conditions resulted in fine and homogeneous microstructure without any cracks related to large grain
size. The total electrical conductivity was measured by complex impedance spectroscopy with respect to temperature, oxygen partial
pressure, thermal history, and nature of dopant. The bulk and the grain boundary conductivity were also studied for both com-

pounds. No time-dependence and no thermal hysteresis of the total electrical conductivity were observed and a structure depen-
dence of the electrical properties was noticed. BICUVOX0.10 material can be considered as a pure oxide ion conductor within the
investigated experimental conditions whereas BICOVOX0.10 exhibited a p-type conductivity contribution to the bulk conductivity

with an ionic transference number greater than 0.97. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Me-substituted bismuth vanadate is generally known
under the acronym BIMEVOX in the large family of
solid oxide electrolytes. These compounds exhibit high
ionic conductivity at fairly low temperature1 and have
become potential candidates, particularly in small-scale
ceramic oxygen generators (COGs) for aeronautical or
medical applications. COGs can be classified in two
categories depending on the nature of the driving force
for oxygen separation: pressure or electric potential
gradient. In the first, the dense ceramic membrane is a
mixed ionic-electronic conductor (MIEC) which has an
oxygen pressure gradient applied across the membrane.
The separation using an MIEC membrane is schemati-
cally shown in Fig. 1. The oxygen partial pressure gra-
dient gives rise to a chemical potential gradient, which
results in migration of oxygen ions through the mem-
brane from the high to the low p(O2) side. The MIEC

membrane must present several physical or chemical
properties such as (i) an electronic transport number
close to 0.5 and (ii) a high oxygen surface exchange
coefficient. The electrically driven configuration is more
complicated to develop in terms of ceramic process.
Indeed, it requires electrodes on each side of an ionic
conductor used as a membrane and an external circuit.
Several criteria must be respected for electrodes such as
(i) a good gas permeation, (ii) a sufficient electrical con-
duction and (ii) a good agreement between the thermal
expansion coefficient of the electrode material and that
of the dense ceramic membrane. Both cathode and anode
electrodes are submitted to the electrochemical dissocia-
tion and recombination of molecular oxygen, respec-
tively. This second concept presents the real advantage
of delivering large fluxes of molecular oxygen at high
pressure for temperature ranges as low as 800�C, elim-
inating the need for compressors.
Several distinct structural groups have been proposed

as solid electrolytes, such as fluorite types,2�4 per-
ovskites,5,6 intergrowth perovskites/Bi2O2 layers7,8 and
pyrochlore compounds.9 Intergrowth perovskite/Bi2O2

layer-type-oxide conductors concern all the BIMEVOX
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compounds. These oxide-ion conductors derive from
Bi4V2O11 by substitution of a transition metal (Cu2+,8

Co2+,10 Zn2+,11 Mg2+,10 Ni2+ 12) for vanadium in
order to stabilise the g-form of bismuth vanadate.
Bi4Me0.2V1.8O11�x (Me¼Cu, Co) referred to as BIME-
VOX0.10 is characterised by a g0-form below 560�C and
a g-form beyond. Because of the layered structure, a
two-dimensional oxide-ion conduction process takes
place in the (VO3&0.5)

2� layers. This strong anisotropic
character was observed by conductivity measurements
on single-crystals in air13�16 and as a function of the
oxygen partial pressure.17 The applications of BIME-
VOX compounds in COG require, among other things,
stable and reproducible conduction properties. A strong
dependence on the conductivity in their thermal history
was clearly identified in the literature12,16,18,19 by the
occurrence of thermal hysteresis on the related Arrhe-
nius diagram but there is still some controversy in the
explanations.20 As for other conducting ceramics, the
electrical properties of polycrystalline BIMEVOX mate-
rials are also influenced by microstructural features,
which strongly depend on the sintering procedure.21,22

The peculiar feature is that without any significant con-
trol of both microstructure and composition, a time-
dependence of the conductivity is always recorded.13,23

This situation was recently clarified by sintering fine
reactive powders (d50 equal to 0.50 mm) of BICOVOX0.10
at relatively low temperature, typically 750�C, for shorter
times, typically 1 h.24 Because of a fine homogeneous
microstructure the formation and growth of cracks was

thus avoided and neither thermal hysteresis nor time
evolution of the electrical conductivity were observed.
This result was confirmed in this study for cobalt- and
copper-doped bismuth vanadate.
The intra- and intergranular electrical properties of

dense BIMEVOX0.10 materials were investigated by
impedance spectroscopy because it is a powerful techni-
que to separate accurately both impedance contribu-
tions in polycrystalline conducting ceramics.25�29 The
results were interpreted in terms of an equivalent circuit
whose parameters were determined as functions of tem-
perature and oxygen partial pressure. This approach
was also used to determine the electrolytic domain of
these materials.

2. Experimental procedure

2.1. Synthesis of dense Cu- and Co-substituted Bi4V2O11

materials

The BIMEVOX0.10 powder used in this study was
purchased from Air Liquide (Research Center Claude
Delorme, Jouy-en Josas, France). The purity of the
starting powders was better than 99% and the grain size
distribution was characterised by a d50 of about 6–8 mm.
BICUVOX0.10 and BICOVOX0.10 powders were then
milled by an attrition route using zirconia balls for three
hours in a solvent based on ethanol. Afterwards each
mixture was dried at 60�C until the weight became con-
stant. The agglomerated powder was then sifted with a
100 mm-size sieve in order to obtain fine powders. The
grain size distribution of the as-prepared powders was
determined with a laser granulometer (1064, CILAS).
Cylindrical green pellets were obtained by classical iso-
static pressing route (typically 200 MPa for 5 min) with-
out any additive. According to dilatometric curves
recorded in air up to 800�C (heating rate: 2�C min�1)
using an Adamel Lhomargy (DI24) dilatometer, green
bodies were sintered at 750�C for 1 h (heating rate: 3�C
min�1). The geometrical factors of sintered BICU-
VOX0.10 and BICOVOX0.10 ceramics were respectively
0.76 and 0.95 cm�1 and were used to normalise experi-
mental impedance diagrams. Green and sintered den-
sities were determined from the weight and geometric
dimensions of the pellets. Hg-intrusion porosimetry
(P140/P240 porosimeter, Thermoquest, France) was also
performed for the sake of comparison. Both densities are
referred to herein as a percentage of the theoretical
ones. The crystallographic structure of BIMEVOX0.10
materials was determined by room-temperature X-ray
diffraction (XRD) patterns with a Rigaku �/2� dif-
fractometer using the Bragg-Brentano geometry (0.03�

in 2y step, 1 s as a counting time) equipped with a rear
monochromator (Cu Ka1 radiation, l=1.5406 Å). Phase
composition was obtained using the Diffrac-At software

Fig. 1. Schematic representation of the two main membrane concepts

for the oxygen separation according to (a) a pressure or (b) an elec-

trical potential gradient.
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(Socabim, Paris). Particle morphologies of powders and
dense membranes were characterized by means of scan-
ning electron microscopy (SEM) (LEO S440) equipped
with an energy dispersive spectrometer (EDS). The
grain sizes of both sintered materials were determined
according to the linear intercept method.30

2.2. Conductivity measurements versus oxygen partial
pressure

IS measurements were performed in the 100–650�C
temperature range by using an HP4192 LF impedance
analyzer (Hewlett Packard) at open-circuit voltage
between 5 Hz and 13�106 Hz with a 100 mV alternative
signal. The electrochemical cell used is schematically
depicted in Fig. 2. The oxygen partial pressure was
monitored in the 10�7�1 bar range by means of an elec-
trochemical oxygen pump and oxygen gauges (referred
to as OG1 and OG2), upstream and downstream the
electrochemical cell respectively. Variation of the order
of 1% in oxygen content could be measured for any
oxygen content greater than a few ppm. Both sides of
BICUVOX0.10 and BICOVOX0.10 dense pellets were
sputtered with a dense gold thin-film (RF sputtering,
Plassys). According to S.E.M., the deposits appeared to
be free from pores. Both pellets were characterised
simultaneously. The rig was first heated at 100�C in an
argon atmosphere (Argon U, L’Air Liquide, France) for
12 h, so that the samples were in equilibrium with the
gas. Measurements were performed only when equili-
brium condition was reached, i.e. after verifying that the
voltages indicated by OG1 and OG2 were stable within
�1 mV over several hours. For a constant oxygen par-
tial pressure, impedance measurements were carried out
during heating and cooling cycles. This procedure was
applied for several oxygen partial pressures. The iso-
thermal dwell at any measuring temperature was typi-
cally of the three hours after temperature equilibrium
condition was reached, i.e. after checking that two sub-
sequent impedance spectra were stable over a few hours.
Validation of impedance data was carried out using the
Kramers–Kronig transforms.31 This mathematical tool

allowed one to check if the conditions of linearity, sta-
bility and causality of impedance spectra were obeyed at
least during the measurements. Impedance spectra were
represented in the commonly used Nyquist plane and
data were analysed by the commercial Zview software
(Version 2.1, Scribner Associates, Inc.). Equivalent cir-
cuits used by the Zview program are typically composed
of resistors, R, inductances, L, capacitances, C and
constant phase elements, CPE. A CPE is characterised
by two parameters. The admittance, Y(!), of a CPE can
be defined as follows:

Y !ð Þ ¼ B: j:!ð Þ
n

ð1Þ

The coefficient B and the fractional exponent n
(�1<n<1) are the two specific parameters of a CPE.
Depending on the n value, a CPE can represent discrete
electrical elements. If n=0.5, it represents the Warburg
element, used classically for modelling a semi-infinite
linear diffusion. The validity of the fitting procedure was
estimated according to the following methods: the w-
squared and the Weighted Sum of Squares, referred to as
w2 and WSS, respectively.32 The w2 test is the square of
the deviation between the experimental and those calcu-
lated. The WSS procedure is an alternative estimation of
the fitting procedure when an impedance spectrum cov-
ers a wide range of impedance. The WSS is proportional
to the average percentage error between the experimental
data and the calculated values. It is based on the choice
of the weighting type affected to each data point.32 We
chose a calc-proportional weighting type, i.e. each data
point was normalised by its magnitude.
In conventional polycrystalline ionic conductors, the

impedance diagram is typically composed of a high fre-
quency bulk semicircle (referred to as b) which describes
the electrical properties of the grains of the materials
and a low frequency additional contribution (referred to
as gb) which represents the blocking effects of charge
carriers at regular grain boundaries.29,33,34,42 Both con-
tributions are characterised by a resistance Ri (i 	 b or
gb), a capacitance Ci (i 	 b or gb), a relaxation fre-
quency fmax,i (i 	 b or gb) and a depression angle �i (i 	
b or gb) (Fig. 3). The total resistance, Rt, and the
blocking factor, �gb, which is associated to the blocking
effect are defined as follows:

Rt ¼ Rb þ Rgb ð2Þ

�gb ¼ Rgb=Rt ð3Þ

Both semicircles of the electrolyte impedance were
simulated by using R, C, L and CPE elements. The cal-
culated values were then related to the characteristic
bulk and grain boundary parameters according to the
following relations:Fig. 2. Test geometry used for the electrochemical measurements.

M. Guillodo et al. / Journal of the European Ceramic Society 21 (2001) 2331–2344 2333



fmax;i ¼ 1= 2:	: Ri:Bi½ �
1=ni

� �
ð4Þ

Ci ¼ 1= 2:	:Ri: fmax;i

� �
ð5Þ

�i ¼ 1� nið Þ:	=2 ð6Þ

3. Results and discussion

3.1. Physicochemical characterisations of
BIMEVOX0.10

After ball milling by attrition, a monomodal dis-
tribution with a d50 equal to 0.5 mm was obtained for
both powders. The XRD patterns of fine Cu- and Co-
doped shown in Fig. 4 are in good agreement with those
obtained by Reiselhuber et al.22 The analysis confirmed
that all the investigated powders were single phased and
that no traces of second phase such as BiVO4 were
detected. The homogeneous chemical composition of
starting powders was confirmed by EDS analysis. Below
650�C, the shrinkage behaviour of compacted BIME-
VOX0.10 are nearly similar (Fig. 5). At 750�C, the linear
shrinkage was equal to 14.1 and 12.3% for, respectively,
BICUVOX0.10 and BICOVOX0.10. After sintering at
750�C for 1 h in air, the relative densities were at least
equal to 95% of the theoretical ones (Table 1). For
example, 97.3% was reached for BICUVOX0.10 accord-
ing to porosimetry measurements. These results confirm

that fine grain powders are required to densify BIME-
VOX0.10 compounds. SEM micrographies of polished
surfaces of dense BICUVOX0.10 and BICOVOX0.10
reveal that the microstructures are homogeneous in
porosity and grain size distribution (Fig. 6). The mean
grain sizes are, respectively, 3.3 and 2.9 mm for Cu- and
Co-doped ceramics. A striking observation is that nei-
ther abnormal grain growth (in agreement with results
of Fig. 5) nor intragranular cracks were detected for the
chosen sintering conditions. This is in concordance with
the results of Steil et al.24 on BICOVOX0.10 and further
suggests that there exists an upper grain size value to
prevent any microstructural evolution during the sin-
tering process of BIMEVOX0.10 materials. The loca-
tion of pores is mainly within the grains and the density
of pores on the grain boundary is neglectible as shown
in Fig. 6a and b. The grain boundary is not curved for
both materials (Fig. 6a and b) and one can assume that
the grain growth has completely stopped.

3.2. Equivalent circuit

The microstructure defects of the started BIME-
VOX0.10 samples (i.e. regular grain boundaries) were
well defined and the pore density is small. Accordingly,
it was relevant to expect that the electrolyte impedance
would only be composed of the high frequency bulk
semicircle and the low frequency blocking effect of grain
boundaries (Fig. 3). As mentioned above, the validity of
electrical measurements (and thus of related variations)
strongly depends on the reproducibility of conductivity
values. Therefore, impedance measurements were per-
formed during isothermal dwells and no variation of
any resistive contribution was detected up to 200 h in
air, as shown in Fig. 7. This result proves without any
ambiguity that low grain size materials are needed for
an accurate determination of the electrical properties of
BIMEVOX0.10 compounds. Impedance spectra were
analyzed in terms of a series association of parallel cir-
cuits and the fitting procedure of the experimental data
was carried out using the equivalent circuit as shown in
Fig. 3, which is based on the brick-layer model.35�37 It is
worth mentioning that the purpose of this study was not
to valid any electrical model (series or parallel), but only
to determine the specific parameters of each contribu-
tion (let us specify that both kinds of approach can be
performed by using the impedance representation which
is commonly used in the literature). The left part of the
equivalent circuit is related to the bulk properties and
the right part describes the additional grain boundary
blocking effect. Both semicircles are characterised by a
resistance and a frequency dependent dielectric disper-
sion. Co represents the geometrical capacitance of the
electrolyte cell and is related to the dielectric constant of
the material. When the relaxation frequencies of both
semicircles are sufficiently different, the electrolyte

Fig. 3. Equivalent circuit used for simulation of impedance spectra of

dense BICUVOX0.10 and BICOVOX0.10 in the 100–650�C tempera-

ture range and the 10�7�1 bar oxygen partial pressure domain.
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impedance exhibits no overlapping (without any second
phase).38 The variations of the specific parameters were
determined as functions of temperature and oxygen
partial pressure. Typical electrolyte impedance diagrams

recorded on Co- and Cu- doped materials are shown in
Fig. 8a and b. For sake of clarity, the electrode char-
acteristics have been subtracted. By increasing the tem-
perature, lower impedance modulus are determined as

Fig. 4. XRD patterns of the two investigated BIMEVOX0.10 powders obtained after ball-milling by attrition and XRD analysis of BICUVOX0.10

without attrition ball-milling.

Fig. 5. Dilatometric analysis in air of green Cu- and Co-doped materials in the 20–800�C temperature range. Heating and cooling rates were 2�C

min�1 with a holding time of 0.5 h.
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could be expected for thermal activated conduction
processes. Impedance data can be seriously affected by
residual inductance effects due to the cabling and sam-
ple holder. Moreover, the experimental frequency range
is not wide enough to describe the entire diagram. In the
conditions of Fig. 8a and b, the inductive tail is
increasingly important at frequencies typically above
106 Hz. However, spectra were corrected by using a self
inductance correction of about 10�6 H at 249�C. What-
ever the measuring temperature, impedance spectra (cor-
rected or not depending on the temperature value) were
analysed in terms of the equivalent circuit of Fig. 3. The
values of the specific parameters of both contributions
(determined in the conditions of Fig. 8a and b) are
summarised in Table 2. The low w2 and WSS values can

be regarded as indicative of a weak standard deviation
between experimental data and calculated ones. So, the
chosen fitting procedure is likely to characterise the
electrical parameters of BIMEVOX0.10 materials as a
function of temperature in air and was extended to the
variations versus oxygen partial pressure. It is worth
mentioning that the additional resistance Rgb was
regarded as no longer significant above 350�C and could
not be fitted accurately. Hence, the related parameters
were fixed to nil in the fitting procedure. The complete
fading of the blocking effect was still described in the
literature43 and is related to an increase of the bulk
conductivity of the ceramic pellet.

3.3. Influence of temperature in air

The first striking result is that no thermal hysteresis
was evidenced within the investigated temperature
range, in contradiction with previously published data.

Table 1

Relative densities measured by Hg-intrusion porosimetry and geome-

trical dimensions of both Cu- and Co-doped materials

Material Relative density

(Hg-intrusion) (%)

Relative density

(geom. dimensions) (%)

BICOVOX0.10 98 96.3

BICUVOX0.10 97.3 95

Fig. 6. SEM photograph of the microstructure of dense (a) BICU-

VOX0.10 and (b) BICOVOX0.10 sintered at 750�C for 1 h.

Fig. 7. Time-dependence of impedance spectra of both BICU-

VOX0.10 and BICOVOX0.10 measured at 190�C in air atmosphere in

a time period of 200 h.
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Secondly, the electrolyte conductivity of BICUVOX0.10
is the highest in air whatever the measuring temperature
(Fig. 9a). It mainly comes from a higher bulk con-
ductivity. For example, 
b is approximately 6 times that
of BICOVOX0.10. This result further evidences the role
of the dopant on the specific electrical properties of
BIMEVOX0.10 materials. In BICOVOX0.10, the mag-
nitude of the additional blocking resistance,Rgb, is larger,
as generally observed in low conductivity materials.39

Typically, a 2-fold increase was recorded within the
investigated temperature range. As could be expected, all
the resistive contributions are thermally activated.

Hence, corresponding activation energies were deter-
mined in the Arrhenius plots. The values are summarised
in Table III for both materials. In agreement with pre-
vious reports12,40,41 a curvature was observed in air
between 450 and 550�C on the Arrhenius diagrams of the
electrolyte conductivity (Fig. 9a and b). This corre-
sponds to a decrease in the activation energy from typi-
cally 0.6 eV down to 0.4 eV. The experimental values
are of the order of those generally recorded for anionic
conductors. This is attributed to the g–g0 transforma-
tion.8 In the low temperature range, the activation energy
of the bulk conductivity does not depend on the nature of

Table 2

Values of circuit parameters determined by the ZView program according to the electrical model presented in Fig. 7 of BICUVOX0.10 and

BICOVOX0.10 versus three temperatures in air atmospherea

T=132�C T=181�C T=249�C

BICUVOX0.10 BICOVOX0.10 BICUVOX0.10 BICOVOX0.10 BICUVOX0.10 BICOVOX0.10

Rb (�) 28 416 170 590 3949 26 123 503.8 3060

Bb 3.42�10�9 1.69�10�9 2.46�10�9 5.71�10�9 7.18�10�10 3.48�10�9

nb 0.612 0.591 0.678 0.562 0.81 0.64

Rgb (�) 17 229 22 637 1816 2526 157.6 342.1

Bgb 3.10�10�8 8.26�10�8 3.65�10�8 3.43�10�8 4.51�10�8 2.68�10�8

ngb 0.909 0.769 0.915 0.947 0.914 0.96

Co (F) 1.27�10�11 8.68�10�12 1.23�10�11 9.04�10�12 7.75�10�12 9.96�10�12

w2 1.2�10�3 7.6�10�4 1.5�10�3 7.6�10�4 1.1�10�3 2.3�10�3

WSS 0.148 0.087 0.160 0.074 0.083 0.194

a Values of w2 and the weighted sum of squares (WSS) are also mentioned.

Fig. 8. Temperature dependence of fitted and experimental impedance data measured in air atmosphere for a dense (a) BICUVOX0.10 and (b)

BICOVOX0.10 .
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the dopant. A slight increase of the activation energy for
the blocking conductivity was determined in agreement
with literature data.13 This is a common feature of anionic
conductors in the intermediate temperature range. How-
ever, one can assume that the same conduction process

occurred within both materials and that the related
microstructure defects behave similarly in terms of elec-
trical properties. The large variation in 
b is likely to be
due to an evolution of the number of available charge
carriers as a function of the dopant. Fig. 10 shows the

Table 3

Values of the activation energies Ea, Ea,b, Ea,gb and some values of the conductivities 
, 
b and 
gb determined at 227�C (LT domain) and 627�C (HT

domain) of BICUVOX0.10 and BICOVOX0.10 for the two oxygen partial pressures investigated, 0.21 bar and 4�10�6 bar

LT domain (below 450�C) HT domain

p(O2)

(bar)

Ea

(eV)

Ea,b

(eV)

Ea,gb

(eV)


 (S cm�1)

at 227�C


b (S cm�1)

at 227�C


gb (S cm�1)

at 227�C

Ea

(eV)


 (S cm�1)

at 627�C

BICUVOX0.10

0.21 0.65 0.61 0.76 6�10�4 7.75�10�4 2.6�10�3 0.41 20�10�2

4�10�6 0.66 0.62 0.74 5�10�4 6.6�10�4 1.97�10�3 0.41 18.9�10�2

BICOVOX0.10

0.21 0.62 0.61 0.65 1.4�10�4 1.5�10�4 1.35�10�3 0.42 5.4�10�2

4�10�6 0.64 0.63 0.71 1.15�10�4 1.23�10�4 1.65�10�3 0.43 5.38�10�2

Fig. 9. (a) Arrhenius plots of electrical data (total, bulk and grain boundary conductivities) measured with a dense (a) BICUVOX0.10 and (b)

BICOVOX0.10 for two oxygen partial pressures; 0.21 bar and 4�10�6 bar.
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Arrhenius diagrams of the apex frequencies of both
recorded semicircles (determined at the top of each con-
tribution). In air, the bulk relaxation frequencies of both
materials are close and vary in the same way as a function
of temperature. The corresponding activation energy is
0.50 and 0.56 eV for BICUVOX0.10 and BICOVOX0.10
respectively. These values are in agreement with those
determined for the bulk conductivity (Table 3). This
indicates that the dielectric constant of both materials
remained nearly identical within the measuring tem-
perature range (Fig. 11). At 25�C, the dielectric constant
is equal to 46 and 20 for Co and Cu-doped materials
respectively. Accordingly, the higher values of fmax,b for
the BICUVOX0.10 material mainly comes from its
higher bulk conductivity (Fig. 9a and b). For a given

bulk conductivity, the relaxation frequency of a peculiar
microstructure defect contribution should be nearly con-
stant whatever its volume density34 by assuming a low
spread of related geometrical parameters. In agreement
with the previous result, the apex frequency of the block-
ing effect of BICUVOX0.10 is slightly higher (Fig. 10).
The nature of the dopant has no real influence on the
value of activation energy (equal to 0.74 eV in both
cases). Despite these different values, the ratio of the bulk
relaxation frequency to that of the blocking effect can be
regarded as nearly constant within the investigated tem-
perature range indicating that no microstructural mod-
ification of the material occurred, in agreement with the
dilatometric curves (Fig. 5). Moreover, this ratio is very
similar for both materials.

Fig. 10. Arrhenius plot of the bulk and the grain boundary relaxation

frequencies measured with BICUVOX0.10 and BICOVOX0.10 mate-

rials for two oxygen partial pressures; 0.21 and 4�10�6 bar.

Fig. 11. Arrhenius plot of the bulk and the grain boundary capaci-

tance measured with BICUVOX0.10 and BICOVOX0.10 materials for

two oxygen partial pressures; 0.21 and 4�10�6 bar.
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All these results indicate that the average thickness of
the related microstructure defects is almost identical in
both materials.43 This is further confirmed by the con-
stancy of the blocked capacitance Cgb (Fig. 11). As a
function of temperature, the depression angle of the
blocking semicircle is nearly constant and quite low
(Fig. 12). It is typically lower than 10�, in agreement with
data on porous YSZ compacts.38 This demonstrates a high
homogeneity of the blocking characteristics and a narrow
distribution of average geometrical parameters. Accord-
ingly, the blocking effect is related to regular grain bound-
aries in both BIMEVOX0.10 materials. Let us mention
that the possible influence of porosity is also included in
this contribution. The bulk depression angle is fairly high
whatever the measuring temperature and it drastically
decreased by increasing temperature. The values are fairly
close to those determined by Dygas et al.23 The large

values of �b (Fig. 12) can be regarded as indicative of a low
homogeneity of the electrical properties of the grains.
However, their composition was considered as homo-
geneous within the samples and, so, the influence of their
purity was not likely to be significant.44 The most com-
mon interpretation of depression angle invokes a dis-
tribution of relaxation times. The high bulk depression
angles could be also associated to a frequency-dependent
bulk conductivity as reported by Funke et al.45 In other
words, a high depression angle can be viewed as resulting
from the strong overlapping of two (or more) semicircles
of very close relaxation frequencies. As already mentioned
in the introduction, a strong anisotropic character of the
bulk conductivity was observed for BIMEVOX single
crystals in air. Despite the curvature on the Arrhenius
diagram, the corresponding activation energies are nearly
identical in the intermediate temperature range indicating
that the electrical properties are not different regardless of
the crystallographic direction.16,17 At this stage, the high
bulk depression angles of BIMEVOX0.10 materials are
related to the random orientation of grains in sintered
pellets resulting in a somewhat longer conduction path,
as was suggested for b-aluminas.46 Another argument in
favour of this assumption is that the bulk depression
angle decreases, as both conductivities become closer.
Surprising is the increase in the blocking effect in

BICUVOX0.10. For temperatures below 250�C, the
blocking factor [see Eq. (3)], �gb, which represents the
fraction of charge carriers being blocked at the corre-
sponding microstructure defects is typically three times
higher (Fig. 13). For such kinds of materials, Kim et
al.16 reported a blocking magnitude of the order of 0.2.
This is not in contradiction with the lower bulk con-
ductivity compared to the blocked one.47 However, an
increasing bulk conductivity is expected to result in a
lower blocking effect, as observed experimentally48 and
as theoretically demonstrated.39 Hence, the larger
blocking effect in BICUVOX0.10 might be interpreted in
terms of a lower density of intimate contacts between
adjacent grains. For a given bulk conductivity, even a
slight decrease in the porosity (from 3 down to 1.5%) in
dense yttria-stabilised zirconia results in a large variation
of the magnitude of the blocking effect.38 Accordingly,
because of a higher bulk conductivity (Fig. 9a) and a
slightly higher relative density, the recorded blocking
effect in BICUVOX0.10 sample might be smaller. This
assumption is in perfect contradiction with the experi-
mental results (Fig. 8a). According to Guo,49 another
explanation of the electrical grain boundary behaviour of
high purity polycrystalline ceramics (without any second
phase) is the formation of space-charge layers in the
vicinity of grain boundaries. The nature of a space-
charge layer depends on the charge of the dopant and of
the level of impurities.50�53 In both investigated materi-
als, the substitution of vanadium by a divalent element
(Co or Cu) results in solutes with the same negative

Fig. 12. Arrhenius plot of the bulk and the grain boundary depression

angle measured with BICUVOX0.10 and BICOVOX0.10 materials for

two oxygen partial pressures; 0.21 and 4�10�6 bar.
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effective charge, according to the Kröger–Vink notation.
By assuming solute segregation to grain boundaries, the
space-charge potential in BIMEVOX0.10 compounds is
expected to be negative, which corresponds to an oxy-
gen vacancies depletion in the space-charge layer at
equilibrium.49 The same dopant content is used in both
materials, thus the V



O depletion is not likely to be more
severe in BICUVOX0.10. Moreover, any significant var-
iation of the sign of the space-charge potential may not be
anticipated without any other solutes segregation.54 No
proofs of significant modification of the chemical com-
position at grain boundary interfaces were evidenced in
the investigated samples to interpret the recorded block-
ing contributions. Therefore, no enhancement layer is
likely to occur in BICOVOX0.10 to analyse the lower
blocking effect. As suggested by Tuller,55 the contribu-
tion of any space-charge conductivity to the main bulk

one is expected to be far less significant in micrometer-
sized grains. Accordingly, a space-charge effect was not
regarded as dominating. Since BIMEVOX ceramics
exhibit conduction anisotropy, one should expect that
the electrical properties are dependent on grain size and
also on grain morphology. In yttria-stabilised zirconia,
a well-known isotropic ionic conductor, the blocking
factor related to regular grain boundaries is a decreasing
function of the average grain size.33 Despite slightly
larger grain dimensions, �gb is higher in BICUVOX0.10.
For a given microstructure, the magnitude of the

blocking effect is expected to depend only on the bulk
conductivity of thematerial.43 For instance the value of the
blocking factor of BICOVOX0.10 is 0.10 when 
b is equal
to 3.2�10�5 S cm�1. For the same specific conductivity,
�gb, recorded in high purity yttria-stabilised zirconia,
whose grain morphology is nearly identical, was found to
be 0.1238 whereas it is equal to 0.38 in case of BICU-
VOX0.10. A detailed examination of SEM micrographs
of both BIMEVOX0.10 materials (Fig. 6) shows that
more plate-like grains are observed in dense BICU-
VOX0.10 ceramic. On the other hand, the depression
angle, �gb, of the blocking effect is slightly higher for this
sample, whatever the oxygen partial pressure (Fig. 12).
All these results suggest that the larger blocking con-
tribution in BICUVOX0.10 can be interpreted in terms
of a higher conduction anisotropy of regular grain
boundaries because of an anisotropic grain growth.
Another argument in favour of this assumption is that
the grain boundary resistance of polycrystalline b-alu-
mina ceramics was not found proportional to the aver-
age grain dimension when large grain aspect ratio were
determined.45 Accordingly, any comparison of the block-
ing effect in BIMEVOX0.10 materials should be mean-
ingless because of too different sintering conditions.

3.4. Influence of the oxygen partial pressure

For a few ppm content, the activation energies deter-
mined from the Arrhenius diagram of the different con-
ductivities (Fig. 9a and b) are not greatly altered
(Table 3). Nevertheless, a slight increase in Ea,gb was
recorded for BICOVOX0.10 which results in a higher
grain boundary conductivity in the low temperature
region. For both materials, the electrolyte conductivity
is only slightly reduced at low oxygen partial pressure.
Even in this atmosphere, a curvature delimiting two
temperature domains is evidenced on the Arrhenius
diagram for BICUVOX0.10. Such a knee point was not
observed for the Co-doped material (Fig. 9b), suggest-
ing a slightly different conduction process, mostly above
450�C (as discussed below). According to the Arrhenius
diagram of the relaxation frequencies, the apex fre-
quency of the blocking effect was not strongly modified
(Fig. 10). On the other hand, the bulk relaxation fre-
quency greatly decreases within the whole measuring

Fig. 13. Arrhenius plot of the blocking factor measured with BICU-

VOX0.10 and BICOVOX0.10 materials for two oxygen partial pres-

sures; 0.21 and 4�10�6 bar.
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temperature for both materials. This is related to large
values of dielectric constant at 25�C: it is equal to 97
and 72 for Co- and Cu- doped materials respectively
(Fig. 11). Regarding the grain boundary capacitance,
the oxygen partial pressure has no real influence. The
microstructure defects are therefore not modified in
terms of geometrical parameters by varying the oxygen
pressure. No change in the depression angle related to
each semicircle was recorded (Fig. 12). Moreover, the
blocking behaviour of both materials remains nearly
identical (Fig. 13). At this stage, one can easily
assume that varying the oxygen partial pressure in the
intermediate temperature range does not significantly
alter the electrical properties of both BIMEVOX0.10
materials.

3.5. Electrolytic domain, types of electronic conductivity
and transport number

The accurate estimation of any electronic transport
number in the investigated materials was performed by
means of impedance spectroscopy. To neglect any
interference of the blocking effect on the influence of
oxygen partial pressure, impedance measurements were
carried out above 450�C (Fig. 9a and b). Moreover, the
upper limit was fixed at 650�C to prevent any eventual
microstructure modification (which could alter the
magnitude of the blocking effect) due to a partial sin-
tering above this temperature (Fig. 5). Between 10�7

and 0.21 bar, no significant variation of the bulk con-
ductivity was recorded for BICUVOX0.10 (Fig. 14).
This is in concordance with the results of Fouletier et
al.17 on BICUVOX0.24 single crystal material in this
temperature range, but in contradiction to the study of
Iharada et al.56 These authors estimated the electronic
transport number of polycrystalline BICUVOX0.10 to
be in the order of a few percent at 560�C by using
Faraday measurements which did not reveal sufficiently
accurate. In addition, the results could be spoilt due to
cathodic reduction of BIMEVOX0.10 compounds.
Moreover, the sintering conditions were not optimised
and the recorded variations of the electrolyte con-
ductivity are likely to be spoilt because of the time evo-
lution. The global conductivity of the sample is the sum
of the ionic and electronic conductivities, both being
discriminated from each other by their related oxygen
partial pressure dependence. The ionic conductivity do
not depend on the oxygen partial pressure as the oxygen
vacancy concentration is fixed by the BIMEVOX0.10
composition (electrolytic domain). The electronic con-
ductivity is however strongly dependent on the oxygen
partial pressure and the variations obey to the usual
power laws. It is therefore possible to determine the
electronic transport number of BIMEVOX0.10 com-
pounds by following the variations of conductivity ver-
sus temperature and oxygen partial pressure. However,

this method can be used for an electronic transport
number greater than one percent, provided that the
oxygen partial pressure variation is sufficiently wide.
According to Fig. 14, BICUVOX0.10 material can be
considered as a solid electrolyte with an ionic con-
ductivity equal to 0.06, 0.12 and 0.2 S cm�1 at 450, 550
and 650�C, respectively, in the investigated p(O2) range
and an electronic transport number lower than one
percent. On the other hand, BICOVOX0.10 material
seems to exhibit a small p-type conductivity for tem-
peratures higher than 550�C and above 0.021 bar
(Fig. 14). Such behaviour was already observed with
BICOVOX0.20 for p(O2) higher than 10�4 bar above
530�C.17 The higher the temperature, the larger the
electronic contribution but the observed variations are
too small to obey classical power laws. However, an
electronic transport number of 3% was calculated with
BICOVOX0.10 material at 650�C. If one refers to the
Arrhenius diagram of the electrolyte conductivity
(Fig. 9b) the electronic conduction process seems to
play a significant role.

Fig. 14. Temperature- and p(O2)-dependence of total electrical con-

ductivity of both BICUVOX0.10 and BICOVOX0.10 measured at

450, 550 and 650�C in the 10�7�1 bar p(O2) range.
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4. Conclusions

The thermal history and the resultant local ordering
of oxygen vacancies in BIMEVOX0.10 compounds
could be inhibited by using a fine and homogeneous
microstructure depending on starting reactive powder
and sintering conditions as previously shown by Steil
et al.24 on BICOVOX0.10 compounds. Thus, no time-
dependence and no hysteresis cycles of the total electrical
conductivity were observed during subsequent thermal
cycles. Electrical conductivity of BICUVOX0.10 mate-
rial is 2 to 3 times higher than that of BICOVOX0.10
compound within the investigated experimental condi-
tions. The nature of the dopant (Me=Cu or Co) revealed
a great scatter in the electrical property which is char-
acterised by a higher blocking effect with BICU-
VOX0.10 despite higher intragranular property. A small
p-type electronic contribution to the bulk conductivity
was noticed for BICOVOX0.10 material with a typical
electronic transport number of 3% at 650�C in air atmo-
sphere which precludes the use of the BICOVOX0.10
material in the oxygen electrochemical sensor. BICU-
VOX0.10 could be considered as mainly solid electrolyte
in the 10�7�1 bar oxygen partial pressure range for tem-
peratures lower than 650�C. This last feature confers to
the BICUVOX0.10 material a potential use in potentio-
metric or amperometric oxygen sensors. Moreover
applications such as the electrochemical pumping of
oxygen can take advantage of the high oxide ion con-
ductivity at intermediate temperature.
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