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Abstract

Doping BisV;3Cu20j97 with niobium has led to the formation of the BisV;3Cup>_NbOjg 743y solid solution. X-ray
diffraction and thermal analysis have shown that only the compound with x = 0.05 presents a tetragonal symmetry with a 7’
polymorph while the other compositions are of § polymorph. The influence of sintering temperature on the microstructure of the
samples was investigated by the scanning electron microscopy (SEM). The ceramics sintered at temperatures higher than 820 °C
present micro-craks. The evolution of the electrical conductivity with temperature and the degree of substitution has been
investigated by impedance spectroscopy. Among all compositions studied the sample with x = 0.05 presents the highest value of the

conductivity.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Since the discovery of the ferroelectricity in the
Aurivillius compounds, after three years of the prepara-
tion of the first phase of the family [1], several
laboratories throughout the world have been interested
in these new materials [2-7]. Therefore, more than 70
new products have been synthesized and their ferro-
electric properties studied. The structure of these
phases consist of alternating (Bi,0,)*" layers and
(A,_1B,05,+1)°~ groupments with perovskite-like sheets,
built from edge-sharing octahedral. Generally, they
obey the following formula: (BiO»)(A,—iB,03,+1)
where A4 is a mono, di or trivalent ion and B a cation
with average size and could be iron, aluminium,
tungsten, etc., and n represents the number of perovs-
kite-slabs.
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The Aurivillius phases with higher n values are
electrical insulators, and no publication dealing with
the oxygen ionic conductivity has been reported in the
literature, besides that published by Kendall et al. in
1994 [8] and which has been disputed thereafter by
Snedden et al. [9]. This feature is due to the intolerance
of this kind of Aurivillius phases to oxide ion vacancies.
By contrast, the Bi;V,0;;, compound with n =1 and
which was first reported in 1986 by Russian researchers
[10], presents 0.5 vacancies in the anionic sublattice,
leading to an important ionic conductivity at a relatively
low temperature [l11]. This phase exists in three
polymorphs ¢, f and y. The «-BiyV,0y, (orthorhombic)
exists between the room temperature and 450 °C. The f8
variety (orthorhombic) is stable between 450 and 580 °C;
and beyond this temperature we find the y polymorph
(tetragonal). The y-BiyV,0q; is characterized by a large
disorder of oxygen atoms of the (VO; 5)*~ blocks which
is responsible for the high ionic conductivity (0.2Scm™!
at 600 °C [11]) (Table 1).
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Table 1
Values of sintered density, relative density and grain size at different
sintering temperatures

x Sintering Density® (z/cm®)  Relative Grain size
temperature (from mass and  density (%) (pm)
°O) sizes)

0.05 780 6.43+0.05 82.4 6-10
800 6.55+0.05 84 8-12
830 6.45+0.05 82.7 16-22

0.10 780 6.47+0.05 82.8 5-8
800 6.57+0.05 84.2 10-12
830 6.41+0.05 82.3 15-20

0.15 780 6.44+0.05 82.6 7-10
800 6.51+0.05 83.7 10-12
830 6.46+0.05 82.9 15-21

“The listed values of density represent average values of density
measured on two pellets.

Abraham et al. have succeeded in 1990 to stabilize the
y polymorph by doping Bi4V,O;; with copper leading to
a new series of solid solutions known under the acronym
BIMEVOX and formulated BisV,_, .M, O;;_s[12]. Since
then intensive studies of other BIMEVOX materials
have been carried out [13-26] and have demonstrated
their technological interest as separator of oxygen from
air [27] and as cathode in primary lithium batteries: For
instance Bi,V,0,; react with 28 lithium ions per formula
and develop a high theoretical specific energy of
840 Whkg ! [28]. Also, it has been established that the
best conductivities is always obtained when 10% of V>
in the native phase, Bi4V,0,;, has been substituted by
10% of the metal independently of its oxidation state
and its nature [29]. Some other works have focused on
BiyV, gMoy1M'(1011_5 solid solutions (M is a divalent
element and M’ is tetra or pentavalent cations) with the
aim of an enhancement of the ionic conductivity by
some ‘‘synergic effect” [30-32]. So, we have recently
reported detailed study of materials obtained by double
substitution of V>* by copper and cobalt in the limit of
10% [32] and we have found that the electrical
performances have been improved. However, it is
worthwhile to point out that the effect of the double
substitution on the electrical properties is diverse. If
Vannier et al. have not observed any improvement in the
oxide anion conductivity in the case of materials with M
and M =Cu®", Ni*" and Zn?" [30], Paydar, in
contrast, has recently reported an increase of the ionic
conductivity of the compound with M = Cu’" and
M =Ti*" [31].

Since no particular rule explaining the diverse in the
results has been pointed out, we have undertaken the
study of doubly substitution of vanadium in BiyV,Oy;
by mixture of two metals M = Cu®" and M’ = Nb°" in
the limit of 10%. We have chosen the niobium owing to
the important conductivity of BisVigNby-,Oq; at

relatively moderate temperature ~2.5x 1072Q 'cm™!

at 550 °C, in spite of its orthorhombic symmetry [33].

Hence, the purpose of this paper is to investigate the
effect of such double substitution on the physical
properties of the prepared ceramics.

2. Experimental

Different compositions of Bi4V1_gCUO'2,beXOI 1+3x/2
solid solutions, x =0.05, 0.1 and 0.15 have been
prepared by conventional solid-state reaction between
the corresponding reagent grade oxides. The weighted
powders were thoroughly homogenized and grinded in
agate mortar, then baked in a furnace at 800 °C for 24 h
and slowly cooled to room temperature. Several thermal
treatments with intermediate regrinding were necessary
to obtain pure microcrystalline powders. The powder
samples were characterized by X-ray diffraction using
an XPERT MPD Philips diffractometer with CuKo
radiation. The patterns were recorded between 10° and
60° (20), with a step of 0.02° (20) and counting time of
4s per step.

Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) experiments were carried out
between 25 and 800 °C on all the samples using an AT
1500 analyzer at a heating rate of 10°Cmin~'. About
20 mg of sample was used for each run.

For the shrinkage studies the powder obtained were
milled for 2h with zirconia ball (20 mm diameter) to
reduce the mean particle size. After milling, the powder
was sieved with 100 and 25um sieves. The fraction
below 25 pum was put in the form of cylindrical pellets,
about 6 mm diameters and 2mm thickness, by soft
uniaxial hand pressing (0.5 tonne/cm?). The pellets were
sintered, in air, according to the following conditions:

e pellets were introduced into the furnace, the tem-
perature of which has been first stabilized at the
sintering temperature 7T;

e the samples were held at T for 30 min and quenched
from that temperature.

For scanning electron microscopy observations, the
faces of the sintered pellets were polished with SiC paper
(2404000 grit) and cleaned with acetone. Microstruc-
tural observations were performed on polished samples
using a Jeol 5500 scanning electron microscope. Grain
boundaries were revealed by thermal etching for 20 min
at 50 °C below the sintering temperature. The polished
surfaces were coated with a carbon thin film.

The sample conductivity was determined by ac
impedance spectroscopy in the frequency range
0.01-1 MHz using a Solartron SI 1260 Impedance Gain
Phase Analyser. The amplitude of the ac signal applied
across the sample was 50mV. Measurements were
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performed on sintered pellets at 800 °C for 10 h (relative
density ~84%). Pt electrodes were deposited on both
flat surfaces of the pellets. For each data point, the
measurements were made under dry air from 120 to
680°C, after a 30min stabilisation time. The experi-
mental impedance spectra were simulated by equivalent
circuits composed of resistances and constant phase
elements (CPE). Values of circuit parameters were
determined by non-linear least-square fitting using the
Zview software.

3. Result and discussion
3.1. X-ray characterization and thermal analysis

The X-ray diffraction patterns, at room temperature,
of different compositions, with x = 0.05, 0.10 and 0.15
are given in Fig. 1. The solid solution is fully formed for
all the compositions. However, the only sample that
present a tetragonal symmetry is with x = 0.05. The X-
ray diffraction patterns of the materials with x = 0.10
and 0.15 are characterized by the presence of a narrow
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Fig. 1. X-ray diffraction patterns of BisV; sCug > Nb,O10.7+ 31/

doublet at about 32°, ascribed to (020) and (200)
reflections which are characteristic of the f-BisV,0y;
form. Therefore, these rates of substitution do not
stabilize the tetragonal form. This result is different
from what we have observed for BisV;3Cug-_,
C0,01 1342 solid solution, in which all the composi-
tions present a tetragonal structure, but it is in agree-
ment with a beta form obtained for neighbouring
compound free of copper (BisV;gNbg-O;1) [33]. The
amount of vacancies created in the anionic sublattice
seems to plays an important role in stabilizing the high
temperature form of BiyV,0y;.

The variations of the unit cell parameters and the
volume as a function of the niobium content are
reported in Fig. 2. When the fraction of Nb> " increases,
a progressive increase of these parameters is observed.
This trend is different from what it is expected if we take
into account only the larger effective ionic radius of
Cu’>" (0.74A) compared with Nb>" (0.64A) [34].
However, it could be explained by the predominance
of the decrease of oxygen vacancies in the Nb
substituted phases. Actually, there is competition
between oxygen vacancies that tend to increase the unit
cell volume when x increases and the difference of the
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Fig. 2. Evolution with x of the lattice parameters and the cell volume
of Bi4V1_gCUn»2,XNbem>7+3X,'2 solid solution.
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Fig. 3. DTA thermograms for BisV;3Cug>_NbOjg7+3y2 solid
solution.

effective ionic radius of Cu?>" and Nb> ", which behaves
in the opposite direction. Nevertheless, in our case the
volume increase induced by 3x/2 atoms of oxygen that
fill the 3x/2 vacancies in the anionic sublattice is
predominant.

The DTA thermograms recorded for three samples
with x = 0.05, 0.10 and 0.15 are presented in Fig. 3. As it
can be seen, only one endothermic peak was observed
on heating for materials with x = 0.10 and 0.15, while
no thermal effect has been detected for the compound
with x = 0.05. The peaks observed for the two first
materials are assigned to f—7y transition. The o—f
transition appears to be suppressed. The absence of any
peak in the trace of the sample with x = 0.05 confirms
its tetragonal symmetry and is in good agreement with
the above X-ray results.

The TG traces (not represented here) show no weight
loss in all the studied temperature range.

3.2. Sintering behaviour and characterization of the
microstructure

The temperature dependence of the shrinkage for
BisV; 3Cug>_\Nb,Ojg 7+ 35> ceramics is represented in
Fig. 4. The shrinkage starts for all compositions at
about 600 °C. After this temperature, the three samples
exhibit almost the same temperature evolution until
800°C. At this temperature the shrinkage reaches a
value of 7.5% for x =0.05 and 0.15, and 9% for
x =0.10. The curves remain practically constant after
that temperature till 820°C. A slight increase of the
volume of the disk is then observed after 820 °C.

The influence of sintering time on the ceramics
shrinkage has also been studied at two sintering
temperatures 800 °C (Fig. 5) and 830°C (Fig. 6). At
800 °C the shrinkage is almost complete in 10 h while its
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Fig. 4. Temperature dependence of the shrinkage of BisV;g.
Cug2xNb,O10.7+ 32 solid solution
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Fig. 5. Influence of sintering time on the shrinkage of ceramics of
Bi4V1_gCU()_2,bexo1()_7+3X//2 solid solution at 800 °C.

ends practically in 1h at 830°C. After 2h we observe
here also an increase of the volume of the disk.

A study of the microstructure was carried out with
scanning electron microscopy to clarify the origin of the
increase of the volume of our materials sintered at
temperatures higher than 820 °C. Since the increase of
the ceramic shrinkage could be due to the quenching of
the samples, the pellets used for the microscopy
observations were slowly cooled to room temperature
from the sintering temperature. All the compositions
were found to have an identical morphology with clearly
seen grain boundary. Typical scanning electron micro-
graphs of BisVi3Cug Nbgy 101955 sample sintered at
two temperatures 800 and 830 °C for 10h is depicted in
Fig. 7. The ceramic sintered at 800°C shows inter-
mediate grain sizes ~8-12pum with a residual porosity,
along grain boundaries (Fig. 7a). The grain size
increases when increasing the sintering temperature
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Fig. 6. Influence of sintering time on the shrinkage of ceramics of
Bi4V1_gCll0_2,bex010_7+3X/2 solid solution at 830 °C.
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Fig. 7. SEM micrographs of Bi;V|¢Cug Nbg; Oy sintered during
10h at 800°C (a) and 830°C (b). (micro-craks are indicated by
arrows).

and is ranging between 15 and 20um (Fig. 5b). In
addition to the increase of the grain size we observe also
micro-cracks (indicated by the arrow). These micro-
cracks have been previously observed in other BIME-

VOX compounds and have been attributed to the
anisotropy of the BIMEVOX materials [27,32,35].
Therefore, the increase of the volume of the pellets
seems to be a consequence of the presence of these
micro-cracks. This feature concerns not only the
substituted phases but also the parent compound
Bi4V,0;, since they appear clearly on the scanning
electron micrographs of unetched ceramics sintered at
797°C for more than 36h in the Prasad’s et al.
publication dealing with grain size effect on the
dielectric properties of ferroelectric BigV,Oq [36]. The
use of conventional synthesis and milling results, in most
times, in materials with low density associated to micro-
crack. So, alternative chemical synthesis routes such as
co-precipitation or sol-gel process, which are expected
to reduce the particle size, could suppress this anom-
alous microstructure.

3.3. Electrical conductivity

To evaluate the reproducibility of the conductivity
measurements, two pellets with similar size parameters
and weights were used for each composition; and no
significant difference was observed between the conduc-
tivity values obtained for the two pellets (less than 3%).

Typical Nyquist plots obtained for medium (248 °C)
and high temperatures (680 °C) are reported on Fig. 8a.
At 248 °C the impedance spectra is characterised by two
asymmetric arcs at high frequencies and a straight line at
low frequencies. The mean value of the capacitance is
about 8 x 107'"'F, which is usually found for bulk
response [37]. The second semicircle is assigned to the
grain boundary contribution while the straight line is
characteristic of the interfacial processes at the blocking
electrodes.

For high temperatures, the electrolyte and electrode
contributions to the cell impedance were deconvoluted
as shown in Fig. 6b. In the limit of high frequency
(>15kHz), the total impedance was typically ohmic or
purely inductive, with a real value R,pmc, corresponding
to the sample resistance and the connecting wires
impedance. The remaining impedance Zijerface Was
taken to be the impedance of the electrodes reactions.
When the temperature increases the high frequencies
semi-circles disappears and the double layer contribu-
tion becomes more visible.

The logarithmic plots of the electrical conductivity as
a function of the reciprocal temperature obtained
between 140 and 680 °C are shown in Fig. 9. For the
materials with x = 0.10 and 0.15 only one transition is
observed: at about 460 °C for the compound with x =
0.10 and at 480°C for that with x=0.15. This
discontinuity is assigned to the f—y transition. How-
ever, the conductivity curve of the compound with x =
0.05 is characterized by a curvature around 480 °C,
while no thermal effect is observed by DTA analysis.
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Fig. 9. Temperature dependence of the electrical conductivity of
BisV, 3Cup - Nb,Ojg.7+ 342 solid solution.

Therefore, the low temperature form with tetragonal
symmetry is not a 7y polymorph but a 9y one,

characterized by a relatively high activation energy

~0.65¢eV instead of 0.20-0.40eV generally found for y
phases. At high temperatures all the samples present
almost the same conductivity values and the activation
energies are also similar ~0.21eV. The conductivity
reaches 1071 Q~'em ™! at 600 °C for x = 0.05. However,
at temperatures below 450°C the effect of dopant
concentration is apparent and the compound with x =
0.05 (y’ phase) presents the highest conductivity. More-
over, the conductivity performances of this compound
(x = 0.05) are slightly higher than those observed for
BiyV, §Cug 017 (relative density ~83%) but compar-
able to those found for dense BiyV| 3Cug -0, (relative
density =96%) [38]. The same behaviour was
also observed for BiyV,O;; doubly substituted by
Cu® -Ti*" [31].

4. Conclusions

DOpil’lg with I\Ib5+ in the Bi4V1.8CUQ.2010_7 com-
pound leads to the stabilization of the tetragonal )’
polymorph for x =0.05, while the S polymorph is
observed for x = 0.10 and 0.15. The ceramics sintered at
830°C for 10h present micro-cracks, which can be
attributed to the anisotropy of the BIMEVOX com-
pounds. The electrical conductivity has been slightly
improved compared with the BisV;gCuy,0197, com-
pound with similar relative density. However, the
highest value of conductivity is observed in the
compound with x = 0.05 rather than x = 0.10 such as
previously observed.
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