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Ceramic solid solutions (Bi1−yLay)4(V1−xZrx)2O11−z with x = 0–0.05, y = 0–0.16 have been prepared by
the solid state reaction method. The samples were studied by differential thermal analysis, X-ray diffraction,
dielectric spectroscopy, and impedance methods. The concentration and temperature stabilization regions of the
polymorphous α-, β-, γ’-, γ-modifications have been determined. The effects observed in dielectric properties,
conductivity, and impedance data confirmed the influence both of intrinsic oxygen vacancies and those “pinned”
at ferroelectric domain boundaries on the temperature hysteresis of α–β phase transition and their contribution
to mechanism of oxygen ion transport.

PACS numbers: 64.60.−i, 72.20.−i, 77.22.Ch, 77.22.Gm

1. Introduction

Oxides on the base of bismuth vanadate Bi4V2O11−y

reveal the highest ionic conductivity among other oxides.
So, they are intensively studied as promising for pure oxy-
gen generation [1, 2]. The parent bismuth vanadate com-
pound undergoes phase transitions between α and β poly-
morphous modifications at approximately 700 K and be-
tween β- and tetragonal γ-phase at approximately 850 K
[3–5]. Composition modifications by substitution of dif-
ferent valency cations for V5+ and/or Bi3+ cations were
aimed at and succeeded in the stabilization of the tetrag-
onal structure phase at the room temperature [6–19].
However, the poor thermodynamic stability of these ox-
ides in reducing atmospheres hinders their real applica-
tions and comprises the main task to be solved. In this
work, phase transitions and properties of ceramic solid
solutions (Bi1−yLay)4(V1−xZrx)2O11−z with x, y < 0.2,
have been studied. By introduction of La3+ and Zr4+
cations, we intended to improve the thermodynamic sta-
bility of bismuth vanadate-based compositions.

2. Experimental procedure

Ceramic solid solutions (Bi1−yLay)4(V1−xZrx)2O11−z

with x = 0, 0.05, y = 0.0–0.16 were prepared by the solid
state reaction method, starting from the preliminary
dried oxides Bi2O3,V2O5, La2O3, ZrO2 of high purity
(> 99.9%). Pressed pellets were calcined at 773–953 K
(30 h), sintered at 1073 K (10 h), and slowly cooled.
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The samples were analyzed using the X-ray diffraction
(DRON-3M, Cu Kα radiation), differential thermal anal-
ysis (DTA) (MOM Q-1500 D), dielectric spectroscopy,
and impedance methods (Agilent 4284 A LCR meter,
1 V) in the temperature range from 300 to 950 K and fre-
quencies from 100 Hz to 1 MHz. Smaller flat surfaces of
the samples used in electrical measurements were coated
with Pt-containing paste and fired at 973 K.

3. Results and discussion

According to X-ray diffraction data, solid solutions
based on Bi4V2O11−z are formed at y ≤ 0.08 for x = 0.0
and at y ≤ 0.16 for x = 0.05 (Fig. 1). In compositions
with x = 0.05, y > 0.08, small peaks of admixture phases
appear.

The monoclinic α-phase exists at y ≤ 0.05 when
x = 0.0 and only in the composition with y = 0.0 when
x = 0.05. Transformation from orthorhombic β-phase to
the tetragonal ordered γ′-phase takes place at y ≈ 0.11,
x = 0.05 (inset in Fig. 1, Fig. 2). At the room tem-
perature, an increase in a, b, c unit cell parameters and
the unit cell volume V is observed in the range of con-
centrations 0 ≤ y ≤ 0.06. In compositions with higher
y values, parameter a increases slightly, parameter b de-
creases slightly, while parameters c and V do not change
with increasing concentration of La3+ cations. These re-
sults are consistent with the data obtained earlier for Zr-
or La-doped bismuth vanadate solid solutions [6, 9, 10,
13–19].

The formation of solid solutions is supported by the
DTA data (Fig. 3). Namely, shift of the DTA peaks con-
firms the influence of cation substitutions on tempera-
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Fig. 1. The X-ray diffraction patterns of the
(Bi1−yLay)4(V0.95Zr0.05)2O11−z ceramics with y = 0.0.
In inset, parts of the X-ray diffraction patterns for
ceramics with y = 0.0 (1), 0.02 (2), 0.04 (3), 0.06 (4),
0.08 (5), 0.10 (6), 0.12 (7) are depicted.

Fig. 2. Concentration dependences of the unit cell pa-
rameters a, b, c for (Bi1−yLay)4(V0.95Zr0.05)2O11−z

ceramics.

tures of phase transitions in solid solutions. According
to DTA data, the presence of α–β and β–γ′ reversible
phase transitions is typical of the compositions studied
(Fig. 3). In the DTA curves for the parent compound
Bi4V2O11−z, the first-order phase transitions are clearly
seen. With increasing y value, temperature of α–β phase
transition decreases sharply from 633 K to < 290 K,
while the temperature of the β–γ transition decreases
from 807 K (y = 0.0) to 687 K (y = 0.10). Broadening of
the β–γ phase transitions is typical of the compositions
with y > 0.08. It is worse noting that the temperature
hysteresis of β–γ phase transition increases from 36 K
(y = 0.0) to 60 K (y = 0.08), always remaining smaller
than the temperature hysteresis of α–β transition both
in the samples with x, y = 0.0 (84 K) and with x = 0.05,
y = 0.0 (98 K). It is believed that the main cause of such

large temperature hysteresis of the α–β phase transition
may be connected with the oxygen vacancies ordering–
disordering in vanadium layers of the crystal structure
and their “pinning” at the ferroelectric domain walls as
well [18]. Samples with x > 0.1 which according to the
X-ray data, have the ordered tetragonal γ′-structure at
the room temperature are characterized by the reversible
γ′–γ “order–disorder” phase transition at approximately
700 K.

Fig. 3. DTA data for (Bi1−yLay)4(V0.95Zr0.05)2O11−z

ceramics solid solutions with y = 0.0 (1, 1′), 0.02 (2, 2′),
0.04 (3, 3’), 0.06 (4, 4′), 0.08 (5, 5′) measured on heating
(1–5) and cooling (1′–5′).

In the dielectric permittivity ε(t) and dielectric loss
tan δ(t) versus temperature plots, peaks, corresponding
to ferroelectric-paraelectric α–β phase transition, were
observed only for the samples with x ≤ 0.05, y ≤ 0.05
[14] (Fig. 4a, c, Fig. 5). Additionally, the effect of low
temperature dielectric relaxation that is typical for ionic
conductors was revealed in the orthorhombic β-phase ce-
ramics (Fig. 4). In the σ(1/T ) curves, anomalies, cor-
responding to both α–β and β–γ phase transitions were
also observed (Fig. 4b, d).

At the room temperature, the σ value of samples with
y = 0 (α-phase) is higher by one order of magnitude
than that of samples with y = 0.1 (ordered γ′-phase),
though at 900 K, the σ value of samples which all have
a disordered γ-phase structure changes by less than a
half of an order of magnitude in the same concentration
range.

This behavior may be indicative of the additional con-
tribution of the ionic transport provided by the oxygen
vacancies “pinned” at ferroelectric domain walls (or twin
walls [20, 21]) to the common mechanism of fast ionic
migration through vacant positions in the oxygen sublat-
tice [22, 23] in the temperature domain of ferroelectric
α-phase stability.

The impedance Z ′′(Z ′) plots and tan δ(f) spectra of
both α- and β-phase compositions give additional sup-
port to these ideas. In the impedance Z ′′/Z ′(f) plots



22 E.D. Politova et al.

Fig. 4. Dielectric permittivity (a,c) and con-
ductivity (b,d) versus temperature curves for
(Bi1−yLay)4(V0.95Zr0.05)2O11−z ceramic solid solu-
tions with y = 0.0 measured on cooling and heating
at frequencies of 100 Hz (1), 300 Hz (2), 1 kHz (3),
3 kHz (4), 10 kHz (5), 30 kHz (6), 100 kHz (7),
300 kHz (8), 1 MHz (9).

Fig. 5. Dielectric permittivity (solid) and dielec-
tric loss (dash) versus temperature curves for
(Bi1−yLay)4(V0.95Zr0.05)2O11−z ceramic solid solutions
with y = 0.0 (1), 0.02 (2), 0.04 (3), 0.06 (4), 0.08 (5)
measured on heating at the frequency of f = 100 kHz.

pronounced semicircles were observed for both α- and
β-phase compositions in the high frequency range at
temperatures < 625 K (Fig. 6). The analysis of the
impedance spectra obtained showed that deconvolution
of grain–bulk and grain–boundary contributions from the
total resistance was not possible. Additionally, two di-
electric relaxation processes were revealed in dielectric
loss versus frequency plots. Pronounced peaks were re-
vealed in tan δ(f) plots at low and high frequencies, their
frequency positions being dependent on the oxide com-
positions and measuring temperatures. At temperatures
higher than ≈ 575 K, the contribution from charge trans-

Fig. 6. Impedance Z′′(Z′) plots for
(Bi1−yLay)4(V0.95Zr0.05)2O11−z ceramic solid solu-
tions with y = 0.0 and y = 0.06 measured at 450 K
(top) and 625 K (bottom).

port across the electrolyte–electrode interface is clearly
seen in the low frequency parts of the Z ′′(Z ′) plots
(Fig. 6, bottom).

4. Conclusions

The concentration and temperature stability regions
of monoclinic α-, orthorhombic β- and tetragonal γ- and
γ′-polymorph modifications were determined for ceramic
solid solutions (Bi1−yLay)4(V1−xZrx)2O11−z with x = 0
and 0.05, y = 0.0–0.16. The first-order α–β and β–γ re-
versible phase transitions were revealed in DTA curves,
conductivity, dielectric permittivity and dielectric loss
temperature dependences. The effects observed indicate
that the crystal structure defects, such as intrinsic oxy-
gen vacancies in the oxygen sublattice and those pinned
at the domain/twin walls influence phase transitions and
contribute to the mechanism of fast oxygen ion migra-
tion.
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