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In the present study, sol-gel citrate route was utilized to synthesize BIALVOX (BiyAl\V1_xOs55_x_s) in
the composition range 0 < x < 0.20. Powder X-ray diffraction and simultaneous thermogravimetric and
differential thermal analyses confirmed that the calcination of BIALVOX xerogels is fully completed at
around 500 °C after 3 h of thermal treatment. It has been found that the stabilization of highly conducting
v-phase takes place for x>0.10. AC impedance spectroscopic investigation suggested that the charge
accumulation at grain boundaries is more pronounced as compared to that at grain interiors. However,

g(g_vg;ds: the maximum electrical conductivity (7.73 x 10> Scm~!) was noticed for BIALVOX.13 at 300°C. The
PXRD temperature dependence of dielectric permittivity was also reported.

Thermal decomposition
AC impedance
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1. Introduction

BIMEVOX family of oxide-ion conductors has received much
attention in recent years due to their promising applications
in many practical solid devices. This family which is derived
from a layered Aurivillius BigV,0q7 by partial substitution of
vanadium with a metal (Bi;Me}t"V1_4Os5_(5_n)/2) exhibits the
highest conductivity at moderate temperature [1-5]. The struc-
ture of the parent compound may be viewed as an intergrowth
of alternating (VO350 5)%~ anion deficient perovskite-like sheets
and (Bi,0,)2* layers when the c-axis is traversed, where O rep-
resents on oxide-ion vacancy. The high temperature phase is
v-BizV,011, which has a good ionic conductivity above 567 °C
[1] and crystallizes in the tetragonal I4/mmm space group with
the a-parameter close to that of the perovskite a~3.90A [6]. The
disordering of oxide-ion vacancies in the perovskite-like sheets
as a result of substitution of vanadium with aliovalent cations
is responsible for stabilization of y-BIMEVOX to room tempera-
ture. Among the members of the BIMEVOX family, the BICUVOX.10
(BizCug.1Vp90s35) showed the highest conductivity at around
300°C[2,3].

On one hand most of the BIMEVOXes were readily prepared by
the conventional solid state reaction of their parent oxide powders
at high temperature. Since very rare studies employed alternative
low temperature routes in synthesis of some BIMEVOXes [7-11],
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the first aim of this paper reported here is to employ the sol-gel
citrate route for synthesis of a new member of this family, with
general formula BiyAlxV;_4x0s55_,_s (BIALVOX) for the composi-
tion range 0 <x < 0.20. On other hand, AC impedance spectroscopy
has become a powerful tool for the investigation of the electrical
response of fast oxide-ion conducting solids. AC impedance data,
performed over a wide frequency range, can be separated into two
components; real or resistive part and imaginary or reactive part
which are usually represented by a Nyquist diagram (or Cole-Cole
plot) in terms of any of the four possible complex formalisms, the
permittivity (&*), the impedance (Z*), the admittance (Y*), the elec-
tric modulus (M*), and dielectric loss (tan ) which are correlated
to each other as follows [12]:
8// M// Z/ Y/

tan § = —

g M 7Y M

The inter-particle interactions such as grain and grain bound-
ary effects are easily determined with the help of the complex
impedance formalism. The Bouwkamp’s formalism of impedance
[13] is given by:

R =y 2)

2 (@)= T RB Gy

where R is the intercept of the curve at high frequency with real
axis. The parameters Y and n are extracted by theoretical fitting of
data.

It is worthwhile to note that detailed information on AC
impedance behaviour in BIMEVOXes is rare. Therefore, the second
aim of this paper will focus on the impedance spectroscopic inves-
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Fig. 1. TGA-DTA curves of BIALVOX xerogels for various compositions: (a)
BIALVOX.05 and (b) BIALVOX.13.

tigations on the BIALVOX system in order to correlate the structural
and electrical properties.

2. Experimental

Analytical grade Bi(NOs3 );-5H,0, NH4VO3 and Al(NO3 )3-9H, O were used as start-
ing materials. Stock solutions of the starting materials (1 M) were prepared by
dissolving an accurately weighed amount of corresponding material in deionized
water. Stock solution of citric acid (2 M) used as complexant agent was also prepared.
Another solution containing NH3 (2 M) was used to adjust the pH of sol mixture. The
starting material solutions were mixed in a molar ratio of 2:x:(1 — x) =Bi3*: A3*:V>*.
Citric acid solution was then added to each mixture to form the complexation solu-
tion. The ratio of citric acid to total metal ions was set at 1.5:1. The pH of resulting
solutions was then adjusted to ~7 by the addition of ammonia solution. The solu-
tion was heated at 80°C under vigorous stirring for 1h to form a transparent gel.
The xerogel (precursor metal complex) was then obtained by drying the resulting
gel on air at 90°C for 24 h.

The xerogels were thoroughly mixed in an agate mortar for further homoge-
nization and thereafter calcinated in a muffle furnace at 650 °C for 3 h. The BINAVOX
powders were pelletized into a cylinderical shape with constant dimensions (24 mm
in diameter x 1 mm in thickness) under isostatic pressure of 510 MPa (Spectralab
SL-89). The pellets were then sintered on air at 800 °C for 5 h.

The thermal decomposition of the xerogel was investigated by simultaneous
thermogravimetric analysis and differential thermal analysis (TGA-DTA) using a
Perkin Elmer thermal analyzer up to 1000°C at a heating rate of 10°C min~' with
an air flow rate of 30 ml min~'. a-Alumina was used as a reference material.

The thermal decomposition of xerogel was also followed by powder X-ray
diffraction data. The PXRD patterns were recorded for xerogel powders calcinated
at different temperatures using a Rigaku/Max-B X-ray diffractometer employing Ni-
filtered CuKa radiation (A =1.54060 A) operated with Bragg-Brentano geometry in
the range 5° < 260 <90° with an increment of 0.05° at scantime of 0.6 s/increment.

PXRD analyses were also employed to characterize the phase structure of
BIALVOX system at room temperature as a function of composition. The PXRD pat-

Fig. 2. PXRD patterns of BIALVOX.10 xerogel calcinated at different temperatures
for 3h.

terns were collected for various compositions after calcination at 650 °C for 3 h. The
unit cell dimensions were refined on POWDERX software program.

AC impedance measurements were carried out on a Solarton 1260 impedance
analyzer operated in the frequency range of 5Hz-6.5 MHz with an AC signal of
~50mV. The sintered pellets were made conducting by applying chemically pure
silver paste, used as electrodes on both flat surfaces of the pellets and were re-
sintered at 700 °C for 5 h. The experiments were run in air in the temperature range
of 200-840°C with an increment of 20°C.

3. Results and discussion
3.1. Structural characterization

TGA-DTA curves for xerogels are presented in Fig. 1, which
exhibit a broad endothermic peak around ~100°C and an exother-
mic peak started from ~190 and extending up to ~420°C. The
TGA curves show two steps in the total weight loss. The first
step in the TGA curves starts from room temperature to ~115°C
with weight loss of ~7.5%. This corresponds to the endother-
mic peak in DTA curves and is attributed to the loss of residual
ammonia and water as well as the elimination of free ammonium
citrate [14,15]. The major weight loss in the second step (~34%)
occurs from ~190 to ~420°C and correlates with the exothermic
peak in DTA curves. The temperature region of the second step
can be recognized into two subregions according to the type of
decomposition process. The first subregion extending from ~190
to ~225°C, corresponding to the sharp exothermic peak, is due to
the partial decomposition of the precursor metal complex, while
the final one extending up to ~420°C is mainly associated with
the decarbonization reaction of residual citrate which is usually
accompanied with an exothermic curvature [16,17]. It is worth-
while to point that the heat flow per unit mass associated with
the sharp exothermic peak in DTA curves decreases significantly
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Fig. 3. PXRD patterns of BIALVOX system for various compositions after calcinations at 650°C for 3 h.

with increasing Al content in the xerogels (e.g. from —277.3]g~!
for x=0.05 to —195.9] g~ for x=0.13). This trend in the heat flow
suggests that the stability of the precursor metal complex against
the thermal decomposition increases with increasing dopant con-
centration.

Furthermore, the DTA curves exhibit small endothermic effects
at temperatures above 456°C, corresponding to no mass loss,
which can be assigned to phase transition changes occurring in
BIMEVOX materials [18,19]. However, single endothermic peaks
noticed at 482 °C for BIALVOX.05 (Fig. 2a), respectively, are corre-
lated with 3 — <y transition, while those noticed for BIALVOX.13
(Fig. 2b) at 535°C, respectively, are attributed to the occurrence
of an order-disorder, y' — <y transition. The heat flow per unit
mass due to 3 — -y and y' — <y transitions in the BIALVOX system
is found to be relatively higher than that reported for the BIH-
FVOX system [19]. This can be correlated with the fact that the
phase stability is decreased with increasing ionic radius of dopant
cation.

The thermal decomposition of BIALVOX xerogels has been fur-
ther examined by powder X-ray diffraction data. The PXRD patterns
of BIALVOX.10 xerogel calcinated at different temperatures are
presented in Fig. 2. The PXRD pattern becomes more obvious
as the calcination temperature increases. This can be attributed
to the partial decomposition of citrate precursor. At 400°C, the
broad diffraction peaks exhibit [4/mmm symmetry, characteristic
to the tetragonal phase. This is in perfect agreement with TGA-DTA
results. It can be seen that the broadening of the peaks gradually
decreases with increasing temperature, signifying the increase in
crystalline particles with increasing temperature [20]. However,
the temperature around 500 °C can be considered quite sufficient
to achieve the fully tetragonal crystalline structure, as clearly evi-
denced by the appearance of smooth diffraction pattern at this
temperature.

PXRD patterns of BIALVOX system for various compositions cal-
cinated at 650°C are exhibited in Fig. 3. The - and y-phases can
obviously be distinguished by PXRD in the 26 range ~31-33°. The
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Table 1
Refined unit cell dimensions for different compositions of the BIALVOX system.
X a(A) b (A) c(A) V(A3) Phase model
0.05 5.521 5.544 15.369 470.42 B
0.07 5.533 5.547 15.416 473.14 B
0.10 3911 - 15.420 235.86 Y
0.13 3.918 - 15.423 236.75 Y
0.15 3.921 - 15.425 237.15 v
0.20 3.920 - 15.527 237.06 Y

orthorhombic 3-phase is described by the presence of a doublet
sublattice peak ascribed as (02 0) and (2 00) at 26 ~32°, while the
tetragonal y-phase is assigned to a singlet sublattice peak (110)
at 20~32.5° [18,21,22]. Accordingly, compositions with x <0.07
belong to 3-type with space group, Aba2. However, the stabilization
of tetragonal y-phase takes place for compositions x >0.10. Con-
trary to what have been noticed for y-BICEVOX [22], the diffraction
peaks for y-BIALVOX at 260 ~ 54.5-60° could effectively be indexed
as (133),(491) and (404), which suggest the higher tetragonal
symmetry in Al-substituted system.

Table 1 summarizes the unit cell dimensions evaluated by the
refinement of the whole diffraction profile. It is interesting to
point that the refinement has been performed using the mean
orthorhombic cell [23]. Generally, the c-axis dimension gradually
increases as Al-concentration increases. This increasing trend in the
c-dimension correlates with the substitution of V>* with smaller
effective ionic radius (0.54A) by the larger AI3* (0.68A) in the
BisV, 011 lattice structure [24].

3.2. ACimpedance spectroscopy

The complex impedance data for BIALVOX.13 taken at differ-
ent temperatures are shown in Fig. 4. It can be noted that below
~460°C, two semicircular arcs are obviously observed; a large arc
which is usually situated in the high-frequency region, is assigned
to the grain interior contribution, while the low-frequency arc rep-
resents the small contribution of grain boundaries. There is also
an additional contribution from the electrode-electrolyte interface,
typified in the existence of an inclined spur at the lowest frequen-
cies which has been entirely extracted from the impedance data in
order to investigate the impedance response of the only BIALVOX
electrolyte. Above ~460 °C, the semicircular arcs disappear rapidly
with increasing temperature and the impedance data are seen as
the inclined spur at an angle of ~50°, due to the limited experimen-
tal frequency range employed and to the fast increase in the time
constant of impedance response with increasing temperature.

According to the brick layer model [25-27], the impedance
response of BIALVOX electrolyte is modeled as a series association
of parallel (Rg—CPEg) and (Rg,~CPEgy, ) circuits for grain interior and
grain boundary contributions, respectively. The constant phase ele-
ment (CPE;) is defined by two characteristic parameters; the factor
B and n (—1<n<1)according to the relation:

Y(w) = B(jo)" (3)

The impedance spectra were fitted by a non-linear least-squares
using Zview software. x2 and WSS methods were taken into
account to test the validity of fitting procedure. Total resistance (R;)
of the material is a sum of the grain and grain boundary resistances:

Rt = Rg + Rgb (4)

where Rg and Ry, can be obtained from the intercept of the grain and
grain boundary arcs, respectively, with the resistive part of complex
impedance plot (Z'-axis). The capacitances (C;) and relaxation times
(t;) are computed using Egs. (5) and (6):

G = [Bi RN (5)

Fig. 4. Complex impedance plots for BIALVOX.13 at different temperatures.

_ 1
27Tfmax,i

(6)

Ti

where finax i is the applied frequency in Hz at the maximum of either
grain or grain boundary arcs. The equivalent circuit parameters
estimated from the complex impedance data presented in Fig. 5
are summarized in Table 2. They have been determined as a func-
tion of temperature. On increasing the temperature, both Rg and
Rgp, decrease exponentially in the behaviour similar to the vari-
ation of R; with temperature. This is attributed to the thermally
activated conduction processes expected with BIALVOX system.
In most cases, at ambient temperature, the values of Rg are much
larger than that of Ry, indicating that the contribution of the grain
interior to the total ionic conduction is much more pronounced
compared to that of grain boundaries [28,29], due to which the
oxide-ion vacancies become more mobile in the grain boundaries.
It is found that the frequency at arc maxima shifts towards a high-
frequency side which can also be confirmed by the variation of 7
and g, as a function of temperature. Furthermore, the values of
Cgp are higher than that of Cg by nearly two orders of magnitude
at the same temperature. Moreover, the increase in Cgp, value with
increasing temperature generally suggests that the charge carrier
accumulation at grain boundaries is more pronounced as compared
to that at the grain interiors.
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Table 2

Values of the equivalent circuit parameters deduced from the impedance spectra for BIALVOX.13 at various temperatures.
T(°C) Rg (kS2) Cg (F) T (S) Rgp (kS2) Cgp (F) Tgp (S) R (kS2) X2 WSS
220 552.90 1.10x 10-12 6.07 x 107 265.80 7.94 x 10°1 2.11x 107 818.70 1.5%x 1073 0.174
260 276.55 1.85x 10712 5.13x 1077 135.49 1.36x 10710 1.84x 107> 400.04 13x1073 0.158
280 210.01 2.24 x 1012 4.71x 1077 91.21 1.68 x 10-10 1.53 x 10—> 301.22 1.7 x 1073 0.166
320 91.58 5.69 x 10-12 4.21x 1077 38.01 2.76 x 10-10 1.05x 10> 129.59 1.3x1073 0.127
360 44.70 8.10x 1012 3.62x 1077 19.37 447 x 10710 8.66 x 1076 64.07 1.6x10°3 0.139
400 18.95 1.61x 10 3.05x 1077 9.41 7.35x 1010 6.92 x 106 28.36 1.5x 1073 0.161

Fig. 5. Temperature dependence of electrical conductivity for BIALVOX system vs.
composition.

The electrical conductivity was deduced from the ACimpedance
data as follows:

()6

where L is the distance between the electrodes with flat surface
area of A. Temperature dependence of electrical conductivity was
presented in the form of logoT vs. 1000/T, following Arrhenius
dependence:

—AE,
oT=A exp( T ) (8)

Fig. 5 shows the temperature dependence of electrical con-
ductivity of the BIALVOX system for various compositions. For
compositions with x < 0.07, where the 3-polymorph is stabilized at
room temperature, the variation of conductivity with temperature
exhibits an abrupt change in the plot (non-Arrhenius behaviours)
at temperatures corresponding to the endothermic peaks detected
in DTA curves. Thus, these plots can be visualized as two obvious
domains, located in low and high temperature regions, assigned to
the conductivity behaviour of B- and y-phases, respectively.

For compositions 0.10<x>0.15 with stabilized tetragonal
phase, there is a subtle change in the Arrhenius plots, which is
associated with the y" — -y transition [18,23]. It is also interesting
to note that such subtle change, resulting from a rapid disorder-
ing of oxygen atoms in the perovskite-like sheets becomes discrete
on increasing dopant concentration, so that two linear domains
assigned to the y'- and y-phases could not be recognized. There is
merely a point in the Arrhenius plot at which the activation energy
changes [30-32] e.g. at 520 °C which was exhibited by BIALVOX.20.

The activation energy was computed from Eq. (8) using a lin-
ear least-squares fitting in the temperature ranges 200-460 and

Fig. 6. Low temperature conductivity and activation energy for BIALVOX system vs.
composition.

560-800 °C for low and high temperature activation energies (AEyt
and AEyr), respectively. The variation in low temperature conduc-
tivity (0300) and low temperature activation energy as a function
of Al concentration is presented in Fig. 6. It is observed that the
low temperature activation energy shows a gradual decrease with

Fig. 7. High temperature conductivity and activation energy for BIALVOX system
Vs. composition.
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Table 3

Comparison of the low temperature conductivity for BIALVOX.13 with those reported for some important BIMEVOXes.
BIMEVOX ME T(°C) Phase Conductivity (Scm~1) Ref.
BIALVOX.13 AR* 300 Y 7.73 x 107> In this work
BICUVOX.05 Cu?* 300 B 1.2x10°° [2]
BICUVOX.10 Cu?* 237 v ~1x10-3 [3]
BICDVOX.10 cd? 300 v 1.17 x 10-° [18]
BILAVOX.10 La3* 300 v 14x104 [34]
BIGDVOX.10 Gd3* 300 B 2.27 x 1074 [35]
BICEVOX.15 Ce** 320 v 1.90 x 10-> [22]
BIHFVOX.15 Hf% 340 v 1.48 x 105 [19]

Fig. 8. Temperature dependence of dielectric permittivity for BIALVOX system vs.
composition. Inset shows the variation in dielectric peak width as a function of x.

increasing Al content up to x=0.13 as a minimum is observed
(~0.42eV) which couples with a maximum in the conductivity
taken at 300°C (0300 ~7.73 x 107> Scm~1). The initial decrease in
AE; T with increasing value of x until the minimum at x=0.13 is
due to the increase in vacancy concentration in equatorial planes
of the perovskite-like sheets. A sudden increase in AE;t as well
as the decrease in low temperature conductivity as a function of
Al concentration beyond x=0.13, are correlated with defect trap-
ping effects which have a negative contribution to the magnitude
of conductivity. It is worthwhile to mention that an increase in
vanadium reduction, the defect trapping effects are increased, lead-
ing to lower overall conductivities and higher activation energies
[33]. Table 3 compares the maximum conductivity for BIALVOX.13
at 300°C with those reported for some important BIMEVOXes at
lower temperatures. It can be noted that the maximum conduc-
tivity exhibited BIMEVOXes depends on neither the effective ionic
radius nor the charge of dopant metal ion. Study of the defect struc-
ture in y-phase [36,37] has shown that the conduction mechanism
in such systems is influenced by two factors. The first factor is
the maximum vacancy concentration in the equatorial planes of
vanadate layers. The second one is the capability of vanadate struc-
ture to form a five-coordinate intermediate due to the fast vacancy
exchange and polarization of 6s2Bi lone pairs. Contrary to what
have been reported for most BIMEVOXes [2,22,31,32], the high tem-
perature conductivity (ogpg) does not show an exponential decay
with increasing value of x (Fig. 7 ). Instead, it exhibits a maximum
conductivity for x=0.13 (og9p ~0.143Scm~! and AEyr ~0.36eV).

The dielectric permittivity of the BIALVOX system was obtained
using the relation below:

€6.5 MHz = (%) (%) 9

where C;, is the value of capacitance, corresponding to the real part
of complex impedance, measured at 6.5 MHz and &, is a permittivity
of vacuum (~8.854 x 10~14 Fcm~1). The temperature dependence
of dielectric permittivity of the BIALVOX system for various com-
position is represented as (log ¢ vs. T) plot as shown in Fig. 8. It is
observed that the dielectric permittivity generally increases with
increasing temperature, reaches a maximum, corresponding to the
phase change and then decreases. It is also found that the broad-
ening of dielectric peaks for compositions with stabilized y-phase
increases with increasing value of x.

4. Conclusions

In the present work, standard sol-gel citrate method has been
employed for synthesis of the BIALVOX oxide-ion conductor. The
structural characterization elucidated that the xerogels with differ-
ent compositions were entirely calcinated at temperatures around
500°C. AC impedance spectroscopy gave detailed information on
electrical conductivity and dielectric permittivity. In general, the
BIALVOX system exhibited considerable features, comparable to
other studied BIMEVOXes.
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