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A microwave-assisted method for the preparation of substituted bismuth vanadates has
been described. The method consists of starting with the respective oxides mixed in
stoichiometric proportions and exposing the mixture to microwaves. Substitution takes place
at the vanadium sites and it has been possible to prepare Agt-, Mn*t-, Ga3*-, Y3*-, and
Ce“t-substituted compounds with up to 10% substitution. Mn*"- and Ag"-substituted
compounds are found to exhibit better oxygen ion conductivities than any reported so far in

the literature.

I. Introduction

Oxide ion electrolytes are of great importance due to
their promising applications in solid oxide fuel cells,
water-vapor electrolyzers, and oxygen sensors. Though
stabilized zirconias are known to be good oxide ion
conductors, the operating temperatures are high (=950
K).I This necessitates the development of new materials
possessing high oxygen ion conductivity at lower tem-
peratures.? To synthesize such compounds, various
chemical strategies have been adopted in the literature.?
One of them has been to engineer three-dimensional
oxide materials that can support a high concentration
of disordered oxygen ion vacancies in the oxygen sub-
lattice. BayInOs, which is a perovskite-related brown-
millerite, typifies this class of materials.3 An oxide of
the formula BisV,011, which belongs to the Aurivillius
layered-perovskite family, has been reported to be a
good oxide ion conductor in its high-temperature y-phase*
(Figure 1). It is found that substitution of aliovalent
cations in a-bismuth vanadate (orthorhombic structure)
stabilize the high-temperature y-Bi,V,0;; (tetragonal)
phase. These tetragonal bismuth vanadates exhibit
high oxide ion conductivity (around 770 K), especially
if the substituent is copper or titanium.> A large
number of cations such as Lit, Zr4t, Mg?*, AI¥T, Ni2*,
Pb2*, Co?*, and Nb%" have been substituted for vana-
dium in o-BisV2011 structure in order to stabilize the
high-temperature y-phase at room temperature.5” These
metal-substituted bismuth vanadate samples are des-
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Figure 1. Structure of y-BisV,01; phase.

ignated by the acronym BIMEVOX.8 The conventional
ceramic method of synthesizing these complex oxides
is both tedious and time-consuming owing to the low
diffusion rates involved in the solid-state reactions.>®
For example, the Pb-substituted sample required a
stepwise heating schedule of about 24 h.° Li- and Ti-
substituted compounds were prepared by heating ap-
propriate amounts of constituent oxides at 923 K for 24
h with intermittent cooling and grinding.>1% Microwave
irradiation has been known to provide an alternate and
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Figure 2. X-ray diffractograms of the microwave prepared
stabilized bismuth vanadate phases (BisV1sMo2011-5, Where
M = Ce, Ga, Mn, Ag, and Y).

Table 1. Lattice Parameters and Conductivity of the
Microwave-Prepared BIMEVOX Compounds

composition x a @A) @A) o(at573K)(Scm?)
BisV1gCUo20107° 0.3 3.920 15.340 4.55 x 1076
BisV18Zno20107 0.3 3.930 15.380 8.16 x 1076
Bi4V1,8Ti0,2010,9 0.1 3.934 15.320 1.44 x 1073
BisV1sMnp20107 0.3 3.906 15.409 7.46 x 107°
BisV1.8Agd0.20106 0.4 3.924 15.221 3.06 x 1075
BisV18Gap20108 0.2 3.918 15.401 1.52 x 10°°
BisV18Y020108 0.2 3.947 15.279 4.78 x 1077
BisV18Cep20109 0.1 3.912 15.299 3.32 x 1077

a The accuracy of lattice parameters is 0.001 A. P Reported in
the literature.

facile route for reactions in solid state.}'~15 Microwave-
induced reactions are generally very fast and often occur
at lower temperatures than the corresponding reactions
in conventional heating procedures. This has been
reported earlier in several cases such as the preparation
of SiC,1® todorokite, bixbyte and cryptomelane,!’ etc.
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Figure 3. Powder X-ray diffraction patterns of Mn-substi-
tuted bismuth vanadate phases, indicating clearly that 10%
dopant concentration is necessary for the complete stabiliza-
tion of y phase.
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Figure 4. X-ray diffractograms of (a) microwave-prepared and
(b) conventionally prepared Mn-substituted y-bismuth vana-
date phases (the good agreement is evident).

Also, products of good structural uniformity are obtained
in microwave reactions.213 Preparation of bismuth and
lead vanadates by using microwaves has been earlier
reported from this laboratory.’® We have now examined
the possibility of preparing stabilized bismuth vanadate
phases by a microwave method. In the present work,
we have employed aliovalent substitution of V°' in
BisV2011 with 10% Mn#t+, Ce**, Gad*, Y3*, and Ag™ ions.
Substitution of these ions has not been examined
earlier. In this paper we report a successful preparation
of stabilized y-phase of substituted bismuth vanadates.
The microwave synthesis of BIMEVOX compounds is
accomplished in just 15 min.

I1. Experimental Section

Appropriate amounts of oxide constituents (Bi»Os, V20s,
MnO,, CeO,, Ga,0s, Y203, and Ag.0) were thoroughly mixed
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Figure 5. Simulated X-ray diffraction patterns of ordered and
disordered Mn substituted bismuth vanadate phases.
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Figure 6. Infrared spectra of microwave-prepared BisV1sMo2-
O11-5 (M = Ce, Ga, Mn, Ag, and Y) phases. The IR spectrum
of the parent bismuth vanadate phase is given for comparison.

and pelletized. Pellets were made by applying an uniaxial
pressure of 5 tons without using any binder. The pellets were
placed in silica crucibles and irradiated with microwaves for
about 10—15 min in a domestic microwave oven at a power
level of 980 W as described earlier. The pellets turned red-
hot within 2—3 min of microwave exposure. By a few trial
experiments, it was found that a 15 min exposure was enough
to ensure the completion of the reaction. The maximum
temperature reached by the reaction mixtures were recorded
in some of the preparations. Temperatures were measured
by interrupting microwave irradiation and inserting a ther-
mocouple into the charge. Details have been discussed
elsewhere.1® After 15 min of irradiation, the crucible was
taken out of the oven and the samples were allowed to cool in
air. The products were characterized by X-ray diffraction
(XRD) (Philips X-ray diffractometer, model PW 1050/70),
differential scanning calorimetry (DSC) (Perkin-Elmer DSC
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Figure 7. Time—temperature profile for the microwave
heating pattern of V,0Os.
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Figure 8. DSC thermograms of the microwave-prepared
substituted y-bismuth vanadate phases (no structural transi-
tion is observed, indicating that the materials are already
stabilized in the high-temperature phase). The DSC trace of
low-temperature o-BisV,01; phase is also given for comparison.

2), Fourier transform infrared spectroscopy (FTIR) (Bio-Rad
FTIR spectrometer), and electron paramagnetic resonance
spectroscopy (EPR) (X-band EPR spectrometer; Varian model).
Some of the substituted vanadate samples were also prepared
by a conventional method (by heating the reactants in an
electric furnace to 923 K for 24 h and then at 973 K for 8 h
with intermittent grindings) for comparison. The conductivity
measurements were carried out on sintered pellets (sintering
was carried out in air at 973 K for 4 h). The flat surfaces of
these pellets were coated with gold for electrical contacts. A
two-probe conductivity cell has been used for impedance
measurements. Impedance data on various substituted vana-
dates in the frequency range 100 Hz—1 MHz were obtained
at 573 K employing a HP 4192 A LF—impedance analyzer.
The temperature of the cell was controlled to within +1 K.
The DC conductivity values for the stabilized bismuth vana-
dates were obtained from impedance plots.

I11. Results and Discussion

XRD patterns of the microwave-prepared BIMEVOX
compounds are presented in Figure 2. The XRD mea-
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Figure 9. Typical impedance plots for the substituted bismuth vanadates at 573 K.

surements reveal that all the substituted products are
stabilized in the high-temperature y-phase (tetragonal)
of bismuth vanadate. The calculated lattice parameters
of the stabilized phases match well with the reported
values (Table 1).51019 At the 5% doping level (Mng -
doped BIMEVOX), the structure of the resulting product
is shown in Figure 3, which reveals clearly that the
phase is orthorhombic. It was found that the dopant
concentration should be 10% or more for the complete
stabilization of the structure of the y-phase (Figure 3).
An examination of the XRD patterns of microwave and
conventional preparation (Figure 4) reveals excellent
comparison in peak positions for the case of Mn**-doped
samples. However, the (006) peak (and a few others)
exhibit a significantly higher intensity in microwave-
prepared samples than in the conventionally prepared
compounds. This is thought to be due to better ordering

of both V5" and Mn** ions in the (006) plane.?® The
better ordering could be a consequence of the lower
temperature of the microwave reaction (886 K) com-
pared to the temperature in conventional preparation
(temperatures exceeding 923 K).5> This aspect of influ-
ence of the ordering of V>* and Mn** ions in the (006)
plane has been examined by generating powder XRD
profiles of the ordered and disordered phases of the 10%
Mn-doped BIMEVOX using the Theo package of the
STOE diffraction system (Figure 5). In the ordered
phase, vanadium atom occupies 2b site with site sym-
metry 4/mmm,1° which is the center of inversion in the
space group 14/mmm, whereas bismuth atom is present
at 4e site with a 4mm symmetry. The simulated
pattern for the ordered phase shows a more intense
(006) peak when compared to that of the disordered
phase. The simulated pattern for this ordered phase

(19) Abraham, F.; Debreuille-Gresse, M. F.; Mairesse, G.; Nowo-
grocki, G. Solid State lonics 1988, 28—30, 529.
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has 1(002) < 1(006). In the disordered phase both V and
Bi are removed from their respective sites to 8h and
16m, 4e, respectively. However, one set of Bi atoms
upon disordering retains the 4e positions, thus making
1(002) > 1(006). Indeed, by moving Bi from 4e to 320
site a significant reduction in 1(002) has been observed.
Therefore this analysis suggests the requirement of
further modifications of the structural model proposed
by Abraham et al. Nevertheless, the origin of higher
intensities of (006) (and other higher angle) reflections
in the XRD of microwave-prepared samples appears to
be very much related to the disordering of V" and Mn**.
The infrared spectra of the microwave-prepared Bl-
MEVOX compounds are given in Figure 6. The IR
spectrum of the orthorhombic BisV201; (o-phase) ex-
hibits sharp features, all of which compare well with
the literature reports.51° Substituted compounds show
a broadening of the otherwise sharp features. However,
this is consistent with the expected changes in the local
structures and environments of the perovskite layers
in the tetragonal phase. Electron paramagnetic reso-
nance (EPR) measurements on the substituted bismuth
vanadates showed the presence of only a very weak
resonance (at very high gains) due to V4*, indicating
that there can be only insignificant amount of V4*
present in these samples. The fast rates of microwave-
induced reactions seem to effectively prevent any reduc-
tion of V5" to 4+,

Although V,0s and Bi,O3 are the major reactants in
the microwave preparation, only V,0s is the dominant
microwave susceptor. The time—temperature (t—T)
profile of the reactions is therefore dominated by the
microwave heating of V,0s. The t—T plot of pure V,05
is shown in Figure 7 for the purpose of illustration. It
was found that the maximum temperatures recorded
during the reaction were 823 and 886 K, respectively,
during the preparation of pure BisV20:; and Mng -
BisV18011. Some of these reactions could have reached
completion in well under 15 min but we made no efforts
to quantify these times for the reaction. The DSC
thermograms of the doped samples do not exhibit the
endothermic feature (Figure 8) corresponding to the a
— B transformation of the parent BisV.01:.* This
clearly establishes the stabilization of the tetragonal
phase. In conventional methods of preparation a S-phase
(which is also tetragonal) stabilization is often noted®®
and a high-temperature thermal transition from j to y
(at 723 K) has been reported. However, in the present
microwave procedure, we have achieved a single-step
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stabilization of the y-phase (we do not observe any
thermal events up to 850 K even in DTA measure-
ments). This was possible due to the rapid reaction
rates involved in the present procedure. Stabilized
bismuth vanadates (y-phases) are expected to show high
oxide ion conductivity and indeed in our preliminary
electrical measurements it was found that the substi-
tuted compounds exhibit much higher ionic conductivity
than the parent a-BisV20;;. Typical impedance plots
obtained at 573 K are shown in Figure 9 for all the
compounds synthesized in this work. Conductivities
were calculated from the Z' versus Z" plots after
semicircular curve-fitting.2! It is interesting to note that
two of the BIMEVOX compounds prepared in the
present work, namely, BisV1sMng20109 and BigVig-
Ago.20106, exhibit much higher oxide ion conductivity
at 573 K compared to the Cu- and Zn-substituted
analogues®>10 (see Table 1). The conductivities of these
materials are found to be even higher than those of the
Ti-substitued compound, hitherto reported to have the
highest oxide ion conductivity at 573K.510 Y3 and
Ce**-substituted BIMEVOX compounds exhibit lower
conductivities. Indeed it is very interestingly the lowest
for the Ce*"-substituted compound. Further detailed
measurements on the transport behavior of these ma-
terials are in progress.

1V. Conclusions

Thus, a simple, fast, single-step method is made
possible for the preparation of BIMEVOX-type com-
pounds by the use of microwaves. The method is quite
general and it yields products of good crystallinity and
phase purity. Also the microwave-prepared Mn**- and
Agt-substituted BIMEVOX compounds are found to
exhibit very high oxide ion conductivity as compared to
the other reported compounds of this family.
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