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Abstract

Doping by either lanthanum or nickel has been found to result in decreasing ionic conductivity and thermal expansion of 
the B i^ L a ^ .^ .C u ^ .N i.O , ,_ s (x =  0.10-0.20; у =  0-0.10; z =  0-0 .20) ceramics. The infrared absorption spectroscopic 
data on B i2_,La,Vl^v_.CuvN i.0 5 ,_ 8 have been shown to correlate with the conductivity and crystal structure of the oxides. 
The thermal expansion coefficients o f the ceramics are (13.5-15.5) X 10~ft К at temperatures o f 300-570  К and 
(14.8-18.6) X Ю-6 К 1 at 580-1050 K. Ion transference numbers of B i2_ tLa>V0 y(,Cu„ 10O5 _,_R (x =  0 .10-0 .20) have been 
determined by Faradaic efficiency measurements at 720-800 К to vary in the range from 0.65 to 0.95. Doping by lanthanum 
results in increasing electronic conductivity. A new experimental arrangement to study Faradaic efficiency of oxygen ionic 
conductors has been suggested and verified. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

High oxygen ionic conductivity at moderate tem
peratures is characteristic of a family of oxide 
compounds referred to as BIMEVOX which are 
derived from bismuth vanadate Bi4V20 ,, by partial 
substitution of vanadium with other metals [1-4]. 
Such ceramic materials have potential applications in 
oxygen pumps, electrochemical sensors, electrodes 
and oxygen separation membranes [3-7]. All these 
oxides are related to the Aurvillius series where 
Bi20 ; + sheets alternate with perovskite-like V O j~5 
layers. Oxygen vacancies located in the perovskite

Corresponding author. Tel.: +375-172-207-681; fax: +  375- 
172-264-696; e-mail: kharton@fhp.bsu.unibel.by

layers of bismuth vanadate are responsible for the 
remarkable high ionic conductivity.

The phase reported in the literature as Bi4V20 , , is 
a solid solution phase whose composition covers the 
range from ~ 66.7 to 70.4 mol.% of bismuth oxide 
[8,9]. Ordering of oxygen vacancies with decreasing 
temperature leads to a formation of structurally 
distinct a , 3 and 7 forms of the compound [8]. The 
high-temperature 7 polymorph which is of main 
interest as the ionic conductor, has been established 
to be tetragonal (space group I4/mmm). Oxygen 
ionic conductivity of the 7-phase decreases with 
increasing B i,0 , content [9]. Partial substitution of 
vanadium with a large number of other metals 
suppresses vacancy ordering and leads to a stabiliza
tion of this phase at temperatures below the 7 —>(3 
transition temperature [1,2,6,7,9-16]. Therefore, ad
ditions of copper, nickel, titanium or cobalt stabiliz-
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ing 7-Bi4V2O n up to room temperature result in 
unusually high ionic conductivity at 500-800 К 
[1,6,10,15]. The tetragonal Bi2Vw MeT0 5 5_8 
(Me = Cu or Ni) solid solutions have been found to 
form in the composition range of 0.07 ^  0.12,
whereas the conductivity does not vary very much 
over this substitution range [1,10,11].

The electrochemical applications of the 
BIMEVOX compounds require a precise determi
nation of their transport parameters such as oxygen 
ion transference numbers and oxygen permeability. 
Such measurements are associated, however, with 
numerous experimental difficulties due to a high 
chemical reactivity of the ceramics [3,4]. Iharada et 
al. [2] have measured the ion transference numbers 
of Bi2V09Cu(). ,0 5.5_8 (so called BICUVOX.IO) at 
830 К to be in the range from 0.99 to 0.85, 
decreasing with increasing current density. The 
determination has been based on comparison be
tween total electrical current through the cell and 
oxygen flux pumped from atmospheric air into inert 
gas-carrier flux flowing over the anode [2]. In this 
case, a decrease of the ion transference number with 
increasing electrical current can be ascribed to a rise 
of the electronic conductivity when a voltage applied 
to the cell increases. The transference numbers 
calculated from the data of refs. [3,4] are summa
rized in Table 1. At high values of the current 
density and applied voltage, the ion transference 
numbers of BIMEVOX lie in the range of 0.2-0.5.

An interaction between the electrode and electrolyte 
materials has been demonstrated to result in a sharp 
increase of electronic conductivity and, corre
spondingly, in decreasing oxygen transport up to 
zero (Table 1). Most probably, this is caused by an 
increase of the electrode polarization resistance 
owing to the interaction and, correspondingly, by a 
partial decomposition of the electrolyte [17,18]. An 
underlayer of mixed-conducting oxide like 
La„ 5Sr(15M n03 between the BIMEVOX electrolyte 
and a metallic electrode layer may improve the 
stability of the cell [3,4]. Membranes of a mixture of 
Bi2V0 9Cu0 , 0 5 5_g and nickel have been shown to 
be semipermeable for oxygen [5].

Oxygen permeability of composite membranes 
consisting of Bi2V0 8Mn0 2Os 5_8 and Au (0-9 
vol.%) is essentially independent of the gold content 
[19]. Therefore, the permeation fluxes are limited by 
bulk diffusion rather than by surface exchange 
kinetics. Oxygen ion transference numbers of the 
cermet membranes with platinum electrodes have 
been measured by the e.m.f. method to be 0.67 at 
823 К and 0.82 at 1123 К in the oxygen partial 
pressure range of 0.01 to 1.0 atm [19]. The transfer
ence numbers calculated from the permeation data 
decrease from ~0.96 to 0.84 with increasing tem
perature in the range of 1023-1123 К [19].

The present work was aimed at studying oxygen 
ion transport and physicochemical properties of La- 
doped BIMEVOX ceramics.

Table 1
Oxygen ion transference numbers of the BIMEVOX ceramics calculated from the data of refs. [3,4]

Electrolyte Electrodes Experimental conditions 

T, К  t/, V p ,,b a r p 2, bar it A /cm 2

/„ Degradation of the cell with time

Bi,V„9Cu0 ,0 , La0 ,S rn ,M nO, +  Au 573 9.5- 2.4 0.21 ~1 0.149 0.48
La„ ,Sr„ ,MnO, 573 1-6 0.21 0.149 0.02 +
Au 559 14 0.21 0.149 0.40 +
Ag 693 11 0.21 ~1 0.132 0.02 +

Bi,V0 4Ni(, ,O t Ni-layer 773 10 0.21 0.149 0.19
Ni-grid 753 18.2 0.21 ~1 0.149 0.33
Ag 693 11 0.21 ~1 0.132 0.02 +

is the oxygen ion transference number calculated from the ratio between total electrical current and oxygen flux pumped through the cell, 
U is the voltage applied to the cell, p, and p 2 are the oxygen partial pressure values at the cathode and anode, respectively, i is the electrical 
current density through the cell, ‘ +  ’ corresponds to decreasing oxygen flux through the cell with time due to an interaction between 
electrolyte and electrode materials.
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2. Experimental

2.1. Preparation and characterization o f ceramics

The solid-state synthesis of powdered 
Bi2_TLaTV1_v_.CuvN i.0 5.5_8 (* = 0.1-0.2; у  = 0 -  
0.1; z =  0-0.2) was performed from stoichiometric 
amounts of high-purity B i(N 03)3.5H20 , 
La(N 03)3.6H20 , NH4V 0 3, CuC20 4 and
N i(N 03)2.6H20 . The starting mixtures were initially 
dissolved in an aqueous solution of nitric acid, dried 
and thermally decomposed. The solid-state reactions 
were conducted in air at temperatures of 1020-1070 
К for 20-25 h with intermediate regrindings. In this 
paper, ceramic compositions are designated by the 
abbreviations such as B iC ll or BiC21. A list of the 
abbreviations and temperature of sintering gas-tight 
ceramics are given in Table 2. For instance, B iC ll 
and BiC21 refers to the ceramic specimens of 
Bij 9La0л V0 9Cu0л0 5 5_s and
B i! 8Lan 2V0 9Cu0 , 0 5 5_8, correspondingly.

Ceramic specimens were pressed (200-600 MPa) 
in the shape of bars (4 X 4 X 30 mm3) and disks of 
various thickness (diameter 12 or 15 mm). Gas-tight 
ceramics were sintered in air at 1090-1170 К  during 
15-40 h. Table 2 lists temperatures of the ceramic 
sintering which increases with increasing dopant 
content. The ratio between density of the ceramics 
determined by a standard pycnometric technique and 
theoretical density calculated from X-ray diffraction 
data was from 85 to 93% (Table 3).

The prepared samples were attested by X-ray 
diffraction (XRD) technique, X-ray fluorescence 
analysis (XFA), atomic emission spectroscopy 
(AES), infrared (IR) spectroscopy and differential 
thermal analysis (DTA). The experimental proce
dures for XRD, AES, XFA and DTA studies, testing 
gas tightness, investigating electrical conductivity 
and thermal expansion were described in detail 
earlier [20-26]. The IR spectra were recorded at 
room temperature on a ‘Spectrum-1000’ Fourier 
transform infrared (FT-IR) instrument (produced by

Table 2
Abbreviations and temperature of gas-tight ceramic sintering

Composition Abbreviation Temperature of sintering, К ( ±  10 K)

Bi, ,La(, ,V(M)Cu„ , 0 5.,.., B iC ll 1090
Bi, sLa0:V04Cu„ ,0 55_e BiC21 1110
B i1BLaa ,V„sNi0 ,CunlO 55_b BiNC22 1130
B i,„La0 ,VU sNi„ , 05 Bi N22 1170

, Table 3
Propertiesd of the B i,_ lLa,V, v_.CuvN i.0 5 , s ceramics

Oxide Pcxp. P c p /P lh c . . , .  % Parameters
cell

of the unit
Mean values of thermal expan
sion coefficient

a,, nm c,, nm T, К a-106, K~‘

B iC ll 7100 85 0.3931 1.5423 330-570 15.5±0.5
570-1040 18.6±0.2

BiC21 6770 91 0.3940 1.5473 330-580 14.3±0.4
580-1060 17.0±0.3

BiNC22 6680 90 0.3942 1.5520 350-580 13.8±0.2
580-1050 14.8±0.1

BiN22 6890 93 0.3951 1.5472 340-570 13.5+0.3
570-1050 16.1+0.1

Jp „ p is the density of ceramics, plhoir is the theoretical value of the density calculated from the XRD data, a  is the thermal expansion 
coefficient calculated from dilatometric data and averaged in the given temperature range.
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Perkin-Elmer). The infrared spectra were obtained in 
the range of 300-1200 cm 1 using the KBr pellet 
technique. Only ceramic specimens which had been 
verified to be gas tight, were used for measurements 
of electrical conductivity and Faradaic efficiency.

2.2. The Faradaic efficiency studies

The oxygen ion transference numbers were calcu
lated from the Faradaic efficiency measurement 
results. For these measurements, we used electro
chemical cells shown schematically in Fig. 1 and 
Fig. 2. In both cases, gas-tight ceramic discs with 
electrodes were sealed hermetically onto a dense 
YSZ tube. A glass sealant elaborated specially for 
such goals and platinum current collectors were used 
for the experiments. According to the results of 
micro-XFA and visual observations, a chemical 
interaction between the sealant and electrochemical 
cell materials was insignificant. The electrodes were

Fig. 1. Schematic drawing of cell 1 for the Faradaic efficiency 
studies: 1, ceramic specimen with applied electrodes; 2, high- 
temperature sealant; 3, YSZ tube; 4, metallic construction; 5, 
valve; 6, furnace; 7, thermocouple; 8, high-porosity ceramic 
insertions; 9, valve for blowing through before starting measure
ments.

Fig. 2. Schematic drawing of cell 2 for the Faradaic efficiency 
studies: 1, ceramic specimen with applied electrodes; 2, high- 
temperature sealant; 3, YSZ tube; 4, metallic construction; 5, 
valve; 6, furnace; 7, thermocouple; 8, high-porosity ceramic 
insertions; 9, valves to pass oxygen through the cell before starting 
measurements; 10, dense alumina tube.

prepared from highly dispersed platinum applied 
onto both surfaces of the specimen and annealed at 
1070-1130 К during 3-8  h. In some cases, the 
electrodes consisted of two layers: the first was 
comprised of the La06Srn4Mn06Ni()4O3 (LSMN) 
manganite-nickelate, and the second of dispersed 
platinum was deposited onto the LSMN layer. We 
tested such electrode design according to the results 
of refs. [3,4]. The details of the LSMN solid-state 
synthesis and electrode material preparation have 
been reported elsewhere [24,27]. Both the cells 
presented in Fig. 1 and Fig. 2 were connected to a 
standard water-column manometer.

In the measurement course, a direct current was 
passed through the cell to pump oxygen into the 
internal volume. The current value was kept constant 
with an accuracy of 0.2%. The measured quantities 
were as follows: increments of pressure and volume 
as a function of time, the voltage between the 
electrodes, atmospheric pressure, temperatures of the
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heated and cold parts of the device. The oxygen flux 
density j j t )  (mol s_l cm 2) pumped through the 
specimen is defined by the equation:

m = s ~ ( i)

where S (cm') is the electrode area, v0 (mol) is the 
amount of oxygen pumped into the cell, and t is time 
after starting the measurement cycle. The quantity v() 
was calculated from the water-column manometer 
reading with consideration of atmospheric pressure 
and temperature of the system. The measurements 
were performed at temperatures from 720 to 820 К 

k and the direct current densities up to 20 mA cm -2.
-ЛЪе measurement cycle time was varied from 1 to 20 

h, whereas the difference of total pressures at the 
electrodes was from 0 to 4X 103 Pa.

The oxygen ion transference is proportional to the 
ratio between oxygen flux and total electrical current 
through the cell [28]:

t =-
4 F S - j a(t) 

№ (2)

where /  is the intensity of the direct current.
Hereafter, the cells shown in Fig. 1 and Fig. 2 are 

referred to as cell 1 and cell 2, respectively. The 
difference between them is as follows. Atmospheric 
air was blown through cell 1 before each measure
ment cycle. In the course of the experiment, pumping 
oxygen into the cell results in increasing oxygen 
partial pressure at the anode. One could neglect or 
take into account such effect in case of ideal gas 
mixing, but this would require excessively low 
current densities. The deviations from ideal gas 
mixing are expected to result in uncertainty of 
oxygen chemical potential at the anode. Due to this, 
a correct determination of the oxygen ion transfer
ence number in air is possible only in the initial stage 
of the experiment, while oxygen pressures at the 
electrodes are sufficiently close to each other. In this 
case, a linear relationship between the charge passed 
through the specimen and the amount of oxygen is 
observed:

4F  ■ i ' J t )  =  ta ■ Q(t) =

t ~  1 

- v j l № (3)

where Q(t) is the total charge passed between 
electrodes at the instant т.

In the present work, the oxygen ion transference 
numbers in the initial stage of the Faradaic efficiency 
measurement were calculated by the linear fitting 
model:

4F  ■ i' J t ) =  A  + ta ■ Q (t ) (4)

where A and ta are the regression parameters (A~0). 
As a rule, the parameter A which is determined by 
the experimental error, was statistically insignificant. 
Each set of the experimental values for the fitting 
was selected subject to the condition t —»0 in order to 
provide a maximum adequacy of the model.

Cell 2 was aimed to provide a definite and 
constant oxygen chemical potential at the anode 
during relatively long periods. Before the measure
ment cycle is started, the cell was subjected to 
passing pure oxygen through internal volume in 
order to displace nitrogen. Owing to this, one can 
determine oxygen chemical potential inside the tube 
as a function of time. The permeation fluxes at 
oxygen/atmospheric air gradients and temperature of 
720-800 К determined using cell 2 under the 
condition 7 = 0 for 50-100 h, were found to be 
negligible.

When using cell 2, a change in oxygen partial 
pressure at the anode during the measurement cycle 
was less than 3% in comparison with starting oxygen 
pressure. This permits us to calculate the oxygen ion 
transference number as follows:

4 F ■ v J  t )
t o = — r------- (5)

I
For cell 2, the results of the ion transference 

number calculations according to Eq. (4) and Eq. (5) 
are sufficiently close to each other (see below).

Both described techniques to study Faradaic ef
ficiency were verified using dense ceramic specimens 
of Zr(l 90Y0,10O j 95 with platinum electrodes. Within 
the limits of experimental error, the oxygen ion 
transference numbers of YSZ were calculated to be 
equal to 1.00 as one should expect. The estimated 
experimental error of the YSZ transference number 
measurement does not exceed 0.03 (Table 4). The 
linear dependence Eq. (4) is observed for the
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Table 4
Oxygen ion transference numbers of Zr„ ,„,Y(I ,„0, „  calculated using Eq. (4)

Cell Г, К r„ i, mA cm U, mV cr n p 2, bar

1 1073 1.02+0.03 102 1140-1175 0.21 -0.21
973 1.02±0.03 64 1190-1260 0.21 -0.21

2 1073 1.01+0.03 108 1070-1140 0.21 -1 .0

Zr0 yoY(l 100 , 95 ceramics over all the experiment 
course.

3. Results and discussion

According to the results of XRD studies, forma
tion of the tetragonal "y-Bi4V20 ,, phase is charac
teristic of all the ceramic materials chosen for the 
investigation (Table 2). No additional reflections 
were observed in the XRD patterns of B iC ll. For 
other ceramics, XRD analysis demonstrated a pres
ence of small phase impurities of LaV04 for the 
BiC21, BiNC22 and BiN22 specimens and, in addi
tion, NiO for BiN22. The intensities of the strongest 
reflections of the LaV04 and NiO phases did not 
exceed 4% of the intensity of the 100% peak of the 
bismuth vanadate phase. The parameters of the 
tetragonal unit cell of the "у-phase were calculated to 
vary in the range of a, =0.393-0.395 nm and c =  
1.542-1.552 nm. Additions of lanthanum and copper 
result in increasing unit cell volume (Table 3). Thus, 
the solid solubility of lanthanum in the bismuth 
sublattice of stabilized "у-В14У20 , , can be estimated 
to correspond to the approximate values of 0 < х <  
0.15. However, more detailed studies are required in 
order to determine the exact upper limit of this 
range.

Temperature dependence of electrical conductivity 
of the Bi2_vLarV1_ CuvNi.Os 5_8 ceramics is 
shown in Fig. 3. One should note that the con
ductivity of all the studied materials at temperatures 
below 800 К is considerably lower in comparison 
with one of BICUVOX.IO [1,10]. Increasing content 
of either lanthanum or transition metals leads to 
decreasing conductivity in the sequence B iC ll>  
BiC21>BiN22>BiNC22. Such results are in excel
lent agreement with the literature data [10,14,15]. 
Indeed, substitution of bismuth with lead as well as 
double substitution of vanadium with nickel and

loVr, ^ 1
Fig. 3. Temperature dependence of the electrical conductivity of 
Bi, .L a ^ , . 5_й ceramics in air: (1) B iC ll; (2)
BiC21; (3) BiNC22; (4) BiN22.

copper have been ascertained to result in decreasing 
conductivity as compared to the parent BICUVOX 
compounds [10]. An analogous effect has been 
observed when dopant concentration in the vanadium 
sublattice increases [14,15].

In order to calculate activation energy for electri
cal conductivity, we used the standard Arrhenius 
model [18,29]:

& — ~ j  ’ exP l  — /гг J (6'

where cr is the specific electrical conductivity, A 0 is
the pre-exponential factor, and Ea is the activation 
energy. Regression parameters obtained by fitting of 
the experimental data are listed in Table 5. For the j 
BiNC22 and BiN22 ceramics, the temperature de
pendence of the conductivity expressed in the Ar-
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Table 5
Regression parameters'' of temperature dependence of electrical conductivity for the B i, ,La V,_,_ Cu.Ni O, ,_ s ceramics in air

Abbreviation Г, К kJ/mol 1п(Д„) (S/cm) P

B iC ll 470-615 56±8 15±2 0.9996
615-915 76±3 19.1 ±0.5 0.9972

BiC21 470-625 57±3 13.8±0.7 0.9992
625-930 81 ±3 18.7±0.5 0.9974

BiNC22 560-910 82 ± 1 17.4±0.2 0.9997
BiN22 500-910 82.6±0.4 18.14±0.07 0.9999

is the activation energy for electrical conductivity, 
p is the correlation coefficient of the regression model Eq. (6).

rhenius coordinates is close to linear over all the 
temperature range studied. The activation energy of 
these oxides was calculated to be 82-83 kJ/mol 
which corresponds closely with the Ea values of 
B iC ll and BiC21 in the high-temperature range 
(620-930 K). At temperatures below 620 K, the 
activation energy for electrical conductivity of the 
B iC ll and BiC21 ceramics is about 56 kJ/mol.

The results of IR absorption studies of 
Bi2_vLavV,_v_.CuvN i.0 5 5_R are presented in Fig. 4 
and Table 6. Taking into account the data of refs. 
[30,31], the first strong doublet located above 690 
cm 1 can be related to the stretching vibration of the 
(B i,La)-0 axial bonds. Here, the IR absorption at 
769-778 cm 1 is attributed to the bonds incorporat
ing oxygen of the (Bi,La)20 2 sheets. Oxygen sites in 
the (Bi,La)20 ,  sheets is fully occupied and coordi
nated to bismuth [16]. A direct relationship between 
this stretching mode and the unit cell volume re
ported in refs. [32,33] is observed in this case (Table 
3 and Table 6). The second high-frequency band 
(694-727 cm ’) could be related to the bonds 
involving oxygen of the distorted perovskite layers. 
Lastly, the infrared absorption in the range of 383- 
393 cm 1 can be attributed to the stretching or 
bending vibration of the V -0  bonds. A rein
forcement of the energy of these bonds is expected to 
affect the oxygen conduction, because ion transport 
in the BIMEVOX phases occurs probably via oxygen 
vacancy channels formed by the distorted V 0 4 and 
V 0 6 polyhedra [16,34]. Correspondingly, increasing 
vibration frequency of the third band in the sequence 
BiCll<BiC21 <BiNC22<BiN22 is associated with 
decreasing conductivity.

Table 7 lists the oxygen ion transference number 
values determined by cells 1 and 2 in the initial stage

| 40

v (cm )

Fig. 4. IR absorption spectra of B i,_ ,L arV,_ C u ,N i.055_s at 
298 К: (1) B iC ll; (2) BiC21; (3) BiNC22; (4) BiN22.

of the measurement. These quantities correspond to 
the minimum oxygen partial pressure gradient and 
the gradient of 0.21 bar/1 bar, respectively. Such 
difference in the oxygen pressure gradients has no
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Table 6
Infrared absorbtion frequencies of B U ^L a/V ,^  . _Cu,Ni_0, ,._s

Oxide v, c m "1

B iC ll 778 722 - 383
BiC21 778 727 - 384
BiNC22 774 727 - 389
BiN22 769 694 429 393

effect on the transference numbers. The values are 
0.89-0.93 for the B iC ll ceramics and 0.65-0.75 for 
BiC21 in the studied temperature range. Such results 
are consistent with the literature data [2-4,19]. No 
influence of the manganite-nickelate underlayers on 
the transference numbers was regularly observed. As 
one could expect, the ta values which represent the 
ratio between ionic and electronic conductivity, are 
independent of the current density. Within the ex
perimental error limits, the ion transference numbers 
were constant over all of the measurement course 
regardless of oxygen pressure variations. For exam

ple, Table 8 and Table 9 present the results of the 
Faradaic efficiency measurements of different dura
tion. The experimental error of the t0 determination 
by this method can be estimated as ±0.04. Thus, 
increasing lanthanum content was ascertained to 
decrease oxygen ionic conductivity and to increase 
electronic conductivity.

The dilatometric curves of the 
B i,_ tLavV,_v_.Cu N i .0 ,5_8 ceramics can be ap
proximated by two straight segments with a break at 
570-580 К (Fig. 5). The mean thermal expansion 
coefficients (TECs) were calculated from the di
latometric data to be in the range (13.5-15.5)X 10 6 
К Г 1 at 300-570 К and (14.8-18.6)X Ю 'л К 1 at 
higher temperatures (Table 3). Increasing dopant 
content results in decreasing thermal expansion. 
Therefore, one should note a correlation between the 
ionic conductivity and thermal expansion which is 
characteristic of oxygen ion-conducting materials 
[20,22,25,35]. According to the phenomenological

Table 7
Oxygen ion transference numbers” of the Bi,_,La,V, _ Cu N i.O ,, й ceramics in the initial stage of the Faradaic efficiency measurements

Electrolyte Electrodes Cell Experimental conditions 

T, К  U, mV p . , bar p •>, bar i, mA/cm"

t„ P

B iC ll Pt 1 781 560 0.21 0.21 4.45 0.91±0.05 0.9992
LSMN + Pt 1 743 1940 0.21 0.21 17.6 0.92 ±0.03 0.9998
Pt 2 743 590 0.21 -1 .0 6.13 0.90±0.04 0.9996

BiC21 Pt 2 743 730 0.21 -1 .0 1.72 0.67±0.01 0.9999
743 1720 0.21 -1 .0 7.90 0.66±0.05 0.9984
743 4960 0.21 -1 .0 17.5 0.73±0.03 0.9994

“The transference numbers and their errors were calculated using Eq. (4), p is the correlation coefficient of the linear regression model Eq. 
(4).

Table 8
Oxygen ion transference numbers'’ of the BiC21 membrane with Pt-electrodes determined by the Faradaic efficiency measurement using cell 
2 at 743 ±2  К and current density of 1.72 mA/cnT

Time after starting experiment, h Experimental conditions 

U, mV p r  kPa p ,,k P a

0.16 0.68 728 20.58 98.02
1.23 0.65 732 20.58 98.08
5.27 0.61 731 20.61 98.42

15.58 0.64 806 20.75 99.44
16.45 0.65 832 20.75 99.49
17.47 0.66 885 20.75 99.55
18.28 0.65 916 20.75 99.58

“The transference numbers were calculated using Eq. (5).
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Oxygen ion transference numbers'1 of the B iC ll ceramics determined by the Faradaic efficiency measurement using cell 1

Electrodes Time after starting experiment, h Experimental conditions 

T, K ( + 1K ) U, mV />,, kPa i, m A/cm ‘

Pt 0.42 0.91 781 558 20.64 4.45
1.33 0.89 556 20.64 4.45
1.68 0.93 560 20.64 4.45
2.82 0.92 563 20.65 4.45
3.05 0.91 563 20.65 4.45
3.70 0.90 563 20.65 4.45
4.27 0.93 571 20.65 4.47
5.23 0.92 575 20.66 A M

LSMN + Pt 0.10 0.91 743 1938 20.97 17.6
0.32 0.90 1940 20.97 17.6
0.48 0.92 1940 20.97 17.6
0.67 0.92 1946 20.97 17.6
0.88 0.90 1943 20.97 17.6

“The transference numbers were calculated using Eq. (5).
The oxygen partial pressure at the anode is indeterminate increasing with time in the range of 0.21 to 1.0 bar.

T, К

Fig. 5. Temperature dependence of the relative elongation of 
Bi2_,La,V,_,_rCulNirO ,5_s ceramics in air: (1) B iC ll; (2) 
BiC21; (3) BiNC22; (4) BiN22.

theory of ionic transport [35], a relationship between 
TEC and ionic conductivity is caused by increasing 
mobility of point defects responsible for the ionic 
transport with the thermal expansion of the crystal. 
Analogous correlations have been observed earlier

for B i(Pb,Y )0,5+s fluorite-type solid solutions [22]
and SrCoO, 8-based perovskites [20,25].

4. Conclusions

1. Formation of solid solutions with the tetragonal 
7-Bi4V20,,-type structure has been estimated in 
the system Bi2_lLavV0 9()_.Cu0 1HNi_05 5_s (г = 
0-0.10) to be in the range of 0 ^ л ^ 0 .1 5 . Tem
perature of sintering gas-tight ceramics increases 
with increasing lanthanum concentration.

2. Doping by either lanthanum or nickel leads to 
decreasing ionic conductivity and thermal expan
sion of the Bi2_vLaxV,_v__Cuy0 5 5_s (лг = 0.10- 
0.20; у = 0-0.10; г = 0-0.20) ceramics, whereas 
the unit cell volume increases with the dopant 
content. The thermal expansion coefficients of the 
ceramics are (13.5-15.5)X 10~6 К 1 in the tem
perature range of 300-570 К and (14.8-18.6) X 
10 6 К Г 1 at 580-1050 K.

3. Infrared absorption spectroscopic data on 
Bi2_vLatV,^v_,Cuv0 5 5_s have been found to 
correlate well with the results of studying con
ductivity and crystal structure. This allows us to 
use IR spectroscopy in order to estimate a charac
ter of ionic conductivity variations within a 
concentration range of forming solid solution of 
the same structure.
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4. Oxygen ion transference numbers of 
Bi2_,.La,.V0 90Cu0 ]H0 55_S (л= 0.10-0.20) have 
been determined by Faradaic efficiency studies at 
720-800 К in the oxygen partial pressure range 
of 0.21-1.0 bar to lie from 0.65 to 0.95. Doping 
by lanthanum results in increasing electronic 
conductivity. Oxygen permeation fluxes have 
been observed to be negligible in the studied 
temperature range.

5. A new experimental arrangement to study 
Faradaic efficiency for oxygen ionic conductors 
has been suggested and verified using the 
Zr0 90Y() k)0 ,  95 dense ceramic samples.

References

[1] F. Abraham, J.C. Boivin, G. Mairesse, G. Nowogrocki, Solid 
State Ionics 40-41 (1990) 934.

[2] T. Iharada, A. Hammouche, J. Fouletier, M. Kleitz, J.C. 
Boivin, G. Mairesse, Solid State Ionics 48 (1991) 257.

[3] G. Mairesse, J.C. Boivin, G. Lagrange, P. Cocolios, Interna
tional Patent Application PCT WO 94/06544, 1994.

[4] G. Mairesse, J.C. Boivin, G. Lagrange, P. Cocolios, Interna
tional Patent Application PCT WO 94/06545, 1994.

[5] M.F. Carolan, P.N. Dyer, S.M. Fine, A. Makitka, R.E. 
Richards, L.E. Schaffer, US Patent 5,332,597, 1994.

[6] F. Krok, W. Bogusz, W. Jakubowski, J.R. Dygas, D. Ban- 
gobango. Solid State Ionics 70-71 (1994) 211.

[7] Y.L. Yang, L. Qiu, W.T.A. Harrison, R. Christoffersen, A.J. 
Jacobson, J. Mater. Chem. 7 (1997) 243.

[8] F. Abraham, M.F. Debreuille-Gresse, G. Mairesse, G. 
Nowogrocki, Solid State Ionics 28-30 (1988) 529.

[9] C.K. Lee, D.C. Sinclair, A.R. West, Solid State Ionics 62 
(1993) 193.

[10] R.N.Vanier, G. Mairesse, F. Abraham, G. Nowogrocki, Solid 
State Ionics 70-71 (1994) 248.

[11] E. Pemot, M. Anne, M. Bacmann, P. Strobel, J. Fouletier, 
R.N. Vannier, G. Mairesse, F. Abraham, G. Nowogrocki, 
Solid State Ionics 70-71 (1994) 259.

[12] A.J. Francklin, A.V. Chadwick, J.W. Couves, Solid State 
Ionics 70-71 (1994) 215.

[13] O. Joubert, A. Jouanneaux, M. Ganne, R.N. Vanier, G. 
Mairesse, Solid State Ionics 73 (1994) 309.

[14] S. Lazure, R.N. Vanier, G. Nowogrocki, G. Mairesse, C. 
Muller, M. Anne, P. Strobel, J. Mater. Chem. 5 (1995) 1395.

[15] S. Lazure, Ch. Vemochet, R.N. Vanier, G. Nowogrocki, G. 
Mairesse, Solid State Ionics 90 (1996) 117.

[16] I. Abrahams, F. Krok, J.A.G. Nelstrop, Solid State Ionics 90 
(1996) 57.

[17] P. Fabry, M. Kleitz, C. Deportes, J. Solid State Chem. 5 
(1972) 1.

[18] V.N. Chebotin, Chemical Diffusion in Solids, Nauka, Mos
cow, 1989 (in Russian).

[19] Y.L. Yang, L. Qiu, A.J. Jacobson, J. Mater. Chem. 7 (1997) 
937.

[20] VV. Kharton, E.N. Naumovich, A.V. Nikolaev, W . Astashko, 
A.A. Vecher, Russ. J. Electrochem. 29 (1993) 1039.

[21] W  Kharton, E.N. Naumovich, A.A. Vecher, A.V. Nikolaev, 
J. Solid State Chem. 120 (1995) 128.

[22] E.N. Naumovich, S.A. Skilkov, VV. Kharton, A.A. Tonoyan, 
A.A. Vecher, Russ. J. Electrochem. 30 (1994) 642.

[23] A.V. Kovalevsky, W . Kharton, E.N. Naumovich, Inorg. 
Mater. 32 (1996) 1230.

[24] VV. Kharton, A.V. Nikolaev, E.N. Naumovich, A.A. Vecher, 
Solid State Ionics 81 (1995) 201.

[25] W  Kharton, Li Shuangbao, A.V. Kovalevsky, E.N. 
Naumovich, Solid State Ionics 96 (1997) 141.

[26] W . Kharton, E.N. Naumovich, W . Samokhval, Solid State 
Ionics 99 (1997) 269.

[27] Yu.S. Gaiduk, W . Kharton, E.N. Naumovich, VV. Samokhv
al, Inorg. Mater. 30 (1994) 759.

[28] R. Haase, Thermodynamik der Irreversiblen Prozesse, Dr. 
Dietrich Steinkopff Verlag, Darmstadt, Germany, 1963 (in 
German).

[29] H. Rickert, Electrochemistry of Solids, Springer-Verlag, 
Berlin, 1982.

[30] K.K. Singh, P. Ganguly, J.B. Goodenough, J. Solid State 
Chem. 52 (1984) 254.

[31] G. Demazeau, S.-H. Byeon, J.-M. Dance, J.-H. Choy, M. 
Pouchard, P. Hagenmuller, Eur. J. Solid State Inorg. Chem. 
29 (1992) 283.

[32] A.E. Lavat, E.J. Baran, R. Saez-Puche, A. Salinas-Sanchez, 
M.J. Martin-Llorente, Vibrat. Spectr. 3 (1992) 291.

[33] A.E. Lavat, E.J. Baran, R. Saez-Puche, J. Hemandes-Velasco 
J. Mater. Sci. Lett. 15 (1996) 1152.

[34] M. Huve, R.N. Vannier, G. Nowogrocki, G. Mairesse, G.V. 
Tendeloo, J. Mater. Chem. 6 (1996) 1339.

[35] V.N. Chebotin, Physical Chemistry of Solids, Khimiya, 
Moscow, 1982 (in Russian).


