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a b s t r a c t

A study of ionic transference numbers in fluorite-based doped bismuth oxides of general formula
Bi3.5Nb1−xYxO7.75−x (0.0 ≤ x ≤ 0.8) measured using a modified EMF method is presented. The modified
method appears to yield transference numbers that are more consistent with the observed behaviour in
a.c. impedance spectra compared to classical EMF methods. The results show that niobium-rich compo-
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sitions have a significant electronic contribution to total conductivity at lower temperatures, but that at
elevated temperatures above ca. 600 ◦C the electronic contribution is negligible. Yttrium doping yields
almost pure ionic conductors at all temperatures studied. This is explained with reference to structural
features in terms of a disruption of electronic conduction pathways.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

The development of materials for modern electrochemical
evices, such as solid oxide fuel cells (SOFCs), gas sensors and
xygen generators requires precise determination of transport
roperties under specific conditions. Solid electrolytes for SOFCs
nd oxygen pumps should exhibit high oxide ion conductivity,
ith negligible electronic contribution. In contrast, interconnec-

ion materials for these applications require almost pure electronic
onductivity, whereas electrode materials need both electronic and
onic conductivity to be high. Therefore, in assessing the potential
f materials for use in such devices, it is extremely important to
etermine both electronic and ionic contributions to total conduc-
ivity.

The highest oxide ion conductivity of any known material is
xhibited by the defect fluorite structured �-phase of Bi2O3, with
conductivity value of ca. 1 S cm−1 at temperatures above 730 ◦C

1]. However, this phase is only stable over a narrow temperature
ange and much work has been carried out on the stabilisation
f this phase to lower temperatures through cation substitution

2–5]. Niobium substitution of bismuth in Bi2O3 results in a num-
er of very interesting ordered fluorite phases closely related to
he highly conducting �-Bi2O3 phase [6–8]. Unfortunately, super-
alent cation substitution of Bi3+ inevitably leads to a reduction in
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oxide ion vacancies, the main charge carrier in these systems, with
a resultant reduction in ionic conductivity. A double substitution
approach can be adopted to increase vacancy concentration and
hence ionic conductivity. We have investigated double substitution
in Bi2O3 in the Bi2O3–Y2O3–Nb2O5 ternary system with detailed
structural and electrical investigations of the pseudo-binary sys-
tems Bi3YO6–Bi3NbO7 [9] and Bi3.5YO6.75–Bi3.5NbO7.75 [10]. Both
these systems exhibit full solid solution ranges, with a fluorite
type structure maintained throughout. Superlattice ordering of the
cubic fluorite subcell is evident in niobium-rich compositions even
at high temperatures. This ordering disappears at higher levels
of Y substitution and is replaced by diffuse scattering in neu-
tron diffraction profiles characteristic of short-range ordering. Our
investigations of the defect structure in these systems revealed that
non-linear thermal expansion of the cubic lattice parameter and
non-Arrhenius behaviour of total electrical conductivity at elevated
temperatures are correlated with subtle changes in the oxide ion
distribution.

Different research groups over several decades have tried to
determine the electronic and ionic contributions to total conduc-
tivity in bismuth niobates. The ionic transference number (t0) of
Bi3NbO7 was determined using the traditional electromotive force
(EMF) method [11] and the reported t0 values were surprisingly

low (t0 < 0.2) at temperatures below 500 ◦C. However, the accuracy
of the EMF method depends strongly on the electrode polarisation
resistance of the concentration cell used, especially at lower tem-
peratures. Indeed, Kharton and Marques [12] recently discussed
the problems associated with electrode polarisation resistance and

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:malys@mech.pw.edu.pl
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ts influence on t0. The Wagner polarisation method has also been
pplied in the determination of transference numbers in Bi3NbO7
13]. Interestingly, both ionic and electronic conductivity were
ound to be higher in the tetragonal phase of Bi3NbO7 (Type-III) than
n the pseudo-cubic phase (Type-II), at comparable temperatures.

A modified EMF method under external load resistance condi-
ions has been developed [12,14,15], which has enabled significant
mprovements in the accuracy of values of the electronic contri-
ution to total conductivity in certain systems. This method has
lready been successfully applied in the determination of transfer-
nce numbers in bismuth niobates with low levels of substitution
Bi:Nb molar ratio ranging from 5.25:1 to 19:1), where pseudo-
ubic �-phase type structures are observed [16]. The investigated
aterials were found to be predominantly ionic conductors with

xygen ion transference numbers greater than 0.90 in the temper-
ture range 580–680 ◦C.

The aim of the present work was to investigate charge transport
roperties of the double substituted system Bi3.5Nb1−xYxO7.75−x

0.0 ≤ x ≤ 0.8) using the modified EMF method proposed by Gorelov
14] and Kharton and Marques [12].

. Experimental

.1. Preparations and general characterisation

Polycrystalline samples of Bi3.5Nb1−xYxO7.75−x (0.0 ≤ x ≤ 0.8) and
i4NbO8.5, were prepared by conventional solid-state methods,
ith appropriate amounts of precursors: Bi2O3 (Aldrich, 99.9%),

2O3 (Aldrich, 99.99%) and Nb2O5 (Aldrich, 99.9%). Starting mix-
ures were ground in ethanol using a planetary ball mill. The
ried mixtures were heated initially at 740 ◦C for 24 h, then cooled,
eground and pelletised. Pellets (10 mm in diameter and about
mm thick for impedance measurements and 15 mm in diame-

er and 1 mm thick for transference number measurements) were
ressed isostatically at a pressure of 400 MPa, then sintered at
00 ◦C for 10 h. Sintered pellets were slow cooled in air to room
emperature over a period of approximately 12 h. Phase purity was
onfirmed using X-ray powder diffraction on a Philips X’Pert X-ray
iffractometer using nickel filtered Cu K� radiation (�1 = 1.54056 Å
nd �2 = 1.54439 Å).

.2. Electrochemical and electrical measurements

Total conductivity was determined by a.c. impedance spec-
roscopy using a Solartron 1255/1286 system in the frequency range
Hz to 500 kHz. Platinum electrodes were sputtered by cathodic
ischarge.

Pellets used for transference number measurements had their
urfaces mirror-polished using successive SiC papers up to 4000
rit and were sputtered with either platinum or gold electrodes on
oth sides by cathodic discharge. The transference numbers were
easured using the concentration cell O2 (pO2 = 1.01 × 105 Pa); Pt

r Au||oxide|Pt or Au; O2 (pO2 = 0.21 × 105 Pa) by the Gorelov EMF
ethod [14], with external load resistance simulating the effect of

nhanced electronic conductivity. The prepared pellet was intro-
uced between two mullite tubes and sealed using Pyrex glass
ings. Experiments were carried out between 450 ◦C and 750 ◦C at
ntervals of ca. 50 ◦C, after 12 h of stabilisation at each temperature.
eakage was monitored by measuring the trace oxygen content in
he isolation chamber. The gas flows were fixed at 2.5 cm3 s−1.
The modification of the EMF method proposed by Gorelov [14]
nd later well described by Kharton and Marques [12] lies in
he addition of an external resistance (Rext), which simulates the
ffect of enhanced electronic conductivity. The modified method
lso makes the assumption that overpotential at the electrode–
Fig. 1. Equivalent circuit describing modified EMF method with external load Rext.

electrolyte interface (�) is linearly dependent on current (I), there-
fore polarisation resistance R� can be defined as

R� = �

I
(1)

The cell voltage is measured under open and closed circuit condi-
tions as a function of external resistance Rext. The corresponding
equivalent circuit (Fig. 1) yields the following equation:

Emeas

Eth
− 1 = (R0 + R�)

(
1
Re

+ 1
Rext

)
(2)

where Emeas and Eth are the voltages measured and calculated from
the Nernst equation respectively and R0 and Re are the resistances
associated with ionic and electronic conductivity respectively. The
dependence (Eth/Emeas − 1) versus 1/Rext should be linear with a
slope of (R0 + R�):

Emeas

Eth
− 1 = A

(
1

Rext

)
+ B (3)

Re = A

B
(4)

where A and B are regression parameters. The oxygen transference
number can thus be obtained from

t0 = 1 − Rbulk

Re
(5)

where Rbulk is the bulk resistance as derived from a.c. impedance
spectroscopy measurements made on the sample. The linear
dependence of (Eth/Emeas − 1) versus 1/Rext, described in Eq. (3),
was monitored and values of Rext were adjusted from 1 � to 4 k�
according to experimental conditions.

3. Results and discussion

X-ray diffraction patterns collected for all studied compositions
confirmed each of the samples was phase pure and exhibited Bragg
peaks that could be indexed on a cubic cell of dimension ca. 5.5 Å
in space group Fm3̄m. It should be noted that neutron diffraction
studies on the Bi3.5Nb1−xYxO7.75−x system revealed that niobium-

rich compositions (x ≤ 0.2) show superlattice reflections, consistent
with a Type-II incommensurately ordered phase and therefore
these phases are technically pseudo-cubic, whereas for higher val-
ues of x a fully disordered �-Bi2O3 type cubic phase is observed
[10].
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Fig. 2. Example imped

Impedance spectra for Bi3.5NbO7.75 at low temperatures (Fig. 2)
re dominated by a well-developed broad semicircle attributable
o dispersions of bulk and grain boundaries. At the lowest tem-
eratures studied, an additional small semicircle is observed at

ow frequencies, which terminates on the real axis. This feature is
ssociated with electron transfer at the electrodes, encompassing
harge polarisation at the electrode–electrolyte interface, and has
reviously been described by Wang et al. in Bi3NbO7 [13]. At higher
emperatures impedance spectra show diffusive tails associated
ith the blocking electrode, a feature characteristic of predom-

nantly ionic conductivity. Similar features were observed in the
mpedance spectra of Bi4NbO8.5 [17]. These features are therefore
ndicative of an electronic contribution to total conductivity at low
emperatures in the pure niobium compositions. In contrast, the
mpedance spectra of the yttrium doped samples show diffusive
ails throughout the temperature range studied, consistent with
redominantly ionic conductivity even at low temperatures.

Transference number measurements for Bi3.5NbO7.75 performed
sing the modified EMF method are compared with values from
he classical EMF procedure in Fig. 3. The classical EMF method
enerally gives significantly lower values for the oxide ion trans-
erence number than the modified method. This difference may
e attributed to the difficulties that the classical method has in

ccounting for polarisation resistances. Indeed, Kharton and Mar-
ues [12] comment that Bi2O3-based electrolytes show significant
eviations from the classical method due to their enhanced surface
ctivity leading to higher polarisation resistances. The results from

ig. 3. Comparison of ionic transference numbers measured by the modified (�)
nd the classical EMF (�) methods for Bi3.5NbO7.75.
pectra for Bi3.5NbO7.75.

the modified EMF method confirm a significant electronic contri-
bution to total conductivity in Bi3.5NbO7.75 at lower temperatures.
This electronic contribution decreases with increasing temperature
and above ca. 600 ◦C conductivity is essentially purely ionic.

Transference number measurements for the yttrium doped sam-
ples using the modified EMF method reveal almost pure ionic
conductivity over the entire temperature range studied (Fig. 4). This
conclusion was also reached by Meng et al. [11] using the classi-
cal EMF method. They reported the (Bi2O3)0.75(Y2O3)x(Nb2O5)0.25−x
system to exhibit pure ionic conduction. Details of the thermal
behaviour of the transference numbers for the yttrium doped sam-
ples are given in Fig. 5. The results show a general increase in t0
with increasing yttrium content.

Fig. 6 shows Arrhenius plots of total conductivity for
Bi3.5NbO7.75. The plot can be interpreted as possessing two lin-
ear regions, one at low temperatures and one at high temperatures
with a transition region around 600 ◦C. The corresponding activa-
tion energies, �ELT and �EHT respectively, are �ELT = 1.03 eV and
�EHT = 1.18 eV for Bi3.5NbO7.75. Also shown in Fig. 6 are the individ-
ual ionic (�i) and electronic (�e) contributions to total conductivity.
The observed transition in the Arrhenius plots of total conductivity
appears to correlate well with the observed changes in t0 as seen in
Fig. 4. These results suggest that in these compositions in the lower

◦
temperature region below ca. 600 C a significant part of the total
conductivity is associated with an electronic contribution which
results in a lowering of the activation energy, whereas at higher
temperatures, the higher activation energy reflects the predomi-
nantly ionic nature of total conductivity. Interestingly, a change in

Fig. 4. Thermal dependence of ionic transference number in compositions of
Bi3.5Nb1−xYxO7.75−x . (�) x = 0.0, (�) x = 0.2, (©) x = 0.4, (�) x = 0.6, (♦) x = 0.8.
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Fig. 5. Detail of thermal dependence of ionic transference number in
Bi3.5Nb1−xYxO7.75−x .
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ig. 6. Arrhenius plots for Bi3.5NbO7.75 showing total conductivities (�tot, �) as well
s ionic (�i , �) and electronic (�e, �) contributions and corresponding activation
nergies.

igh temperature activation energy in the yttrium doped samples is
lso observed [10], but in these cases the values of �EHT are lower
han the corresponding low temperature values. We have previ-
usly associated this with subtle thermally and compositionally
ependent changes in the oxide ion distribution [9].

The observed changes in transference number with composition
nd temperature can be rationalised by considering the struc-
ures of these fluorite-based phases. The superlattice ordering of
he Type-II incommensurate phase is believed to be associated

ith ordering of niobate polyhedra [18,8]. Several structural motifs

ased on pyrochlore type ordering of niobate polyhedra were sug-
ested by Tang and Zhou [18] in Type-II bismuth niobates studied
y electron diffraction, while later work by Ling [8] suggested that
he chain motif dominates. More recently our neutron diffraction

[

[

[
[
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studies of the related Type-II tantalum composition Bi3TaO7 [19]
have also indicated clustering of dopant octahedra consistent with
the chain motif. In the studied compositions niobium is nominally
in the d0 pentavalent oxidation state. However, under the standard
synthetic conditions employed in this work, it is likely that a small
degree of reduction occurs to give low concentrations of Nb4+ ions,
which provide the electronic charge carriers. Therefore, electronic
conduction presumably involves a hopping mechanism along the
niobate chains. Doping with yttrium or increasing the Bi:Nb ratio
effectively shortens the chains and thus limits long-range electronic
conduction through disruption of the conduction pathway.

4. Conclusions

Our results suggest that the modified EMF method yields a more
realistic approximation to ionic transference numbers in doped bis-
muth oxides, which appears to be more consistent with observed
features in a.c. impedance spectra. In niobium-rich bismuth nio-
bates, a significant electronic contribution to total conductivity is
observed at lower temperatures, which diminishes above ca. 600 ◦C
to yield almost pure ionic conductivity. This appears to be correlated
with observed changes in the activation energy of total conduc-
tivity. Electronic conduction is believed to be associated with the
presence of low concentrations of Nb4+ cations located in chains of
niobate polyhedra, with electron hopping along the chains. Disrup-
tion of the chains through yttrium doping or increasing the Bi:Nb
ratio results in a dramatic decrease in electronic conductivity yield-
ing almost pure ionic conductors.

Acknowledgements

We gratefully acknowledge support under the Polish-French sci-
entific cooperation program POLONIUM 2007/2008 and bursaries
(Bourse de Recharge) from the French Government in 2007 and
2008 for M. Holdynski.

References

[1] T. Takahashi, H. Iwahara, Y. Nagaj, J. Appl. Electrochem. 2 (1972) 97.
[2] N.M. Sammes, G.A. Tompsett, H. Näfe, F. Aldinger, J. Eur. Ceram. Soc. 19 (1999)

1801.
[3] G. Mairesse, in: B. Scrosati, A. Magistris, C.M. Mari, G. Mariotto (Eds.), Fast Ion

Transport in Solids, Kluwer Academic Publishers, Dordrecht, 1993, p. 271.
[4] J.C. Boivin, G. Mairesse, Chem. Mater. 10 (1998) 2870.
[5] P. Shuk, H.D. Wiemhöfer, U. Guth, W. Göpel, M. Greenblatt, Solid State Ionics 89

(1996) 179.
[6] W. Zhou, D.A. Jefferson, J.M. Thomas, Proc. R. Soc. Lond. A 406 (1986) 173.
[7] C.D. Ling, R.L. Withers, S. Schmid, J.G. Thompson, J. Solid State Chem. 137 (1998)

42.
[8] C.D. Ling, J. Solid State Chem. 148 (1999) 380.
[9] I. Abrahams, A. Kozanecka-Szmigiel, F. Krok, W. Wrobel, S.C.M. Chan, J.R. Dygas,

Solid State Ionics 177 (2006) 1761.
10] F. Krok, I. Abrahams, M. Holdynski, A. Kozanecka-Szmigiel, M. Malys, M. Struzik,

X. Liu, J.R. Dygas, Solid State Ionics 179 (2008) 975.
11] G. Meng, C. Chen, X. Han, P. Yang, D. Peng, Solid State Ionics 28–30 (1988) 533.
12] V.V. Kharton, F.M.B. Marques, Solid State Ionics 140 (2001) 381.
13] X.P. Wang, G. Corbel, S. Kodjikian, Q.F. Fang, P. Lacorre, J. Solid State Chem. 179

(2006) 3338.
14] V.P. Gorelov, Elektrokhimiya 24 (1988) 1380.
15] J.R. Frade, V.V. Kharton, A.A. Yaremchenko, E.V. Tsipis, J. Solid State Electrochem.

10 (2006) 96.

16] A.A. Yaremchenko, V.V. Kharton, E.N. Naumovich, A.A. Vecher, J. Solid State

Electrochem. 2 (1998) 146.
17] M. Holdynski, M. Sintyureva, X. Liu, F. Krok, I. Abrahams, J.R. Dygas, to be pub-

lished.
18] D. Tang, W. Zhou, J. Solid State Chem. 119 (1995) 311.
19] I. Abrahams, F. Krok, M. Struzik, J.R. Dygas, Solid State Ionics 179 (2008) 1013.


	Investigation of transport numbers in yttrium doped bismuth niobates
	Introduction
	Experimental
	Preparations and general characterisation
	Electrochemical and electrical measurements

	Results and discussion
	Conclusions
	Acknowledgements
	References


