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In the present work, a novel (1-x)BiVO4-xLa2/3MoO4 scheelite related solid solution ceramics were prepared via
solid state reaction method. As revealed by X-ray diﬀraction data, the crystal structure changed continuously
from monoclinic to tetragonal phase at x = 0.10 and then the tetragonal solid solution was kept in a wide
composition range up to x = 0.70. Both the Raman and far infrared spectra supported this phenomenon. When x
value reached 0.9, the ceramic sample was found to composed of both scheelite tetragonal and monoclinic La2/
3MoO4 phases. Large microwave permittivity value between 68 ± 0.2–73 ± 0.3 can be achieved in compositions with 0.02 ≤ x ≤ 0.10 with high Qf value about 10,000 ± 500 GHz. This series of solid solution ceramics
might be candidate for both dielectric resonator and low temperature co-ﬁred ceramic technology.

1. Introduction
BiVO4 has attracted much attention in the recent decades due to its
multifunctional applications for pigment, photocatalyst, dielectric materials [1–4]. BiVO4 materials have four diﬀerent polymorphs. In natural mineral Pucherite, BiVO4 crystallized in a orthorhombic structure
with a space group number Pnca, which has not been synthesized in
laboratory by now [5]. The monoclinic scheelite structured BiVO4
ceramic can be easily synthesized via solid state reaction method with a
calcination and sintering temperature about 600 °C and 820 °C, respectively [6,7]. Besides, this monoclinic BiVO4 was found to follow a
second order ferroelastic reversible phase transition to a standard tetragonal scheelite phase under high temperature (255 °C) or high pressure (15 kbar) [8,9]. Soft chemical methods, such as hydrothermal,
coprecipitation, usually lead to formation of tetragonal zircon and
scheelite types BiVO4 powders. Both of them can irreversibly transform
to monoclinic scheelite structured BiVO4 after calcination at high
temperature (above 300 °C) [10–12].
Compared with the widely used TiO2 photocatalyst, monoclinic
BiVO4 has a small bandwidth about ∼2.4 eV (corresponding to visible
light region) and it has been proved to possess photocatalytic activity
for O2 evolution from aqueous silver nitrate solutions under visible light
⁎

irradiation [1,12]. Besides, BiVO4 can also be employed for decomposition for some environmental disruptions, such as Methylene Blue,
Methyl Orange, etc [13,14]. BiVO4 also takes on ferroelasticity at room
temperature [15]. However, there has been no application developed
based on this property. In 2000, the microwave dielectric properties of
BiVO4 ceramic were ﬁrst reported by Valant and Suvorov [6] with a low
sintering temperature about 820 °C, a permittivity ∼68, quality factor
Qf ∼8000 GHz and temperature coeﬃcient of resonant frequency TCF ∼−260 ppm/°C, which were further conﬁrmed by Wee el al.’s work
in 2004 [16]. Its high permittivity, Qf value and low sintering temperature make it a candidate for dielectric resonator and low temperature co-ﬁred ceramic technology applications [17,18]. Based on a
series of our work, it was found that the ferroelastic phase transition
temperature of BiVO4 (255 °C) could be lowered to room temperature
or even below zero by formation of scheelite solid solution using Fe3+,
Mo6+ and W6+ to substitute for V5+ at B site [19–22]. Usually 10 mol.
% substitution can lead the packing factor to a maximum value, which
means the maximum of internal pressure, and it was believed to act
similar to the external pressure and cause the phase transition to tetragonal phase. When the phase transition temperature was lowered to
room temperature, microwave permittivity can achieve a peak value
above 75 with a high Qf value about 10,000 GHz (the highest Qf
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Fig 1. X-ray diﬀraction patterns of (1-x)BiVO4-xLa2/3MoO4 (0.0 ≤ x ≤ 1.0) ceramics calcined at diﬀerent temperatures (a) and cell parameters as a function of x value (b).

660–900 °C for 4 h. The calcined powders were ball milled for 5 h with
a running speed at 200 rpm to obtain ﬁne powders. Then the powders
were pressed into cylinders (10 mm in diameter and 4–5 mm in height)
in a steel die with 5 wt.% PVA binder addition under a uniaxial pressure
of 100 MPa. Samples were sintered in the temperature range from
700 °C to 950 °C for 2 h in the air. Room temperature X-ray diﬀraction
(XRD) was performed using a XRD with Cu Kα radiation (Rigaku D/
MAX-2400 X-ray diﬀractometry, Tokyo, Japan). Prior to examination
sintered pellets were crushed in a mortar and pestle to powder.
Diﬀraction pattern was obtained between 2θ of 10–60° at a step size of
0.02°. To examine the grain morphology, as-ﬁred and fractured surfaces
was measured by scanning electron microscopy (SEM) (JSM-6460,
JEOL, Tokyo, Japan). The room temperature infrared reﬂectivity
spectra were measured using a Bruker IFS 66 v FTIR spectrometer on
Infrared beamline station (U4) at National Synchrotron Radiation Lab.
(NSRL), China. Dielectric properties at microwave frequency were
measured with the TE01δ dielectric resonator method with a network
analyzer (HP 8720 Network Analyzer, Hewlett-Packard) and a temperature chamber (Delta 9023, Delta Design, Poway, CA). The temperature coeﬃcient of resonant frequency TCF (τf) was calculated with
the following formula:

Fig. 2. Room temperature Raman spectra of the (1-x)BiVO4-xLa2/3MoO4 (0.0 ≤ x ≤ 0.5)
ceramics sintered at their optimal temperatures.

TCF (τf ) =

value ∼13,500 GHz was obtained in the xBi(Fe1/3Mo2/3)O4–(1-x)BiVO4
solid solution ceramic at x = 0.02). In our recent work [23], complex
substitutions of La3+ and Nb5+ on A and B sites, respectively, can
further improve the temperature dependence of Qf values. In the present work, a series of (1-x)BiVO4-xLa2/3MoO4 materials with A site
defects were designed and prepared via solid state reaction method. The
phase composition, evolution and its relation with microwave dielectric
properties were studied in detail.

fT − fT0
fT0 × (T − T0)

× 106
(1)

where: fT and fT0 were the TE01δ resonant frequencies at temperature T
and T0, respectively.
3. Results and discussions
X-ray diﬀraction patterns of the (1-x)BiVO4-xLa2/3MoO4
(0.0 ≤ x ≤ 1.0) ceramics calcined at diﬀerent temperatures and cell
parameters as a function of x value are presented in Fig. 1. It is seen that
the scheelite structured solid solution was formed through the composition 0.0 ≤ x < 0.90. As x value increased from 0.00 to 0.10, the a
and b parameters became closer and closer and ﬁnally became equal to
each other at x = 0.10, along with the almost linear decrease of γ angle
from 90.35° to 90° as shown in Fig. 1b, which means that the crystal
structure changed continuously from monoclinic to tetragonal scheelite
structure. In a wide range 0.1 < x < 0.9, a standard tetragonal
scheelite solid solution was formed, in which the Bi3+ and La3+ randomly occupied the 8-coordinated A site, while the V5+ and Mo6+
randomly occupied the 4-coordinated B site. The A site vacancy density

2. Experimental
Proportionate amounts of reagent-grade starting materials of Bi2O3
(particle size 1–3 μm), V2O5 (particle size 1–2 μm), MoO3 (particle size
3–5 μm) and La2O3 (particle size 1–3 μm) (> 99%, Sinopharm
Chemical Reagent Co., Ltd, Shanghai, China) were measured according
to
the
stoichiometric
formulation
(1-x)BiVO4-xLa2/3MoO4
(0.0 ≤ x ≤ 1.0). Powders were mixed and milled for 4 h using a planetary mill (Nanjing Machine Factory, Nanjing, China) by setting the
running speed at 150 rpm with the zirconia balls (2 mm in diameter) as
milling media. The powder mixture was then dried and calcined at
1536
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Fig. 3. SEM images of the as-ﬁred and fractured
surfaces (inset) of (1-x)BiVO4-xLa2/3MoO4 (a) for
x = 0.06 sintered at 740 °C/2 h, (b) for x = 0.08
sintered at 740 °C/2 h, (c) for x = 0.10 sintered at
780 °C/2 h, (d) for x = 0.30 sintered at 720 °C/2 h,
and (e) for x = 0.50 sintered at 720 °C/2 h.

of [VO4] tetrahedron, respectively. The other modes below 250 cm−1
belong to the external ones caused by rotation/translation vibrations of
A site cations. It is clearly seen that as x value increased from 0.02 to
0.10, the bending and anti-bending of [BO4] tetrahedron modes became
closer and closer to each other and merged into one mode at x = 0.10,
which also reﬂected the phase transition from monoclinic to tetragonal
scheelite structure. The new mode at about 860 ± 0.5 cm−1 was assigned to stretching of MoO4 tetrahedron and it intensity increased with
the content of La2/3MoO4.
SEM micrographs of as-ﬁred and fractured surfaces demonstrate the
microstructure of the BiVO4-xLa2/3MoO4 ceramics (x = 0.06, 0.08,
0.10, and 0.30) sintered at their own optimal sintering temperatures as
shown in Fig. 3. Dense and homogeneous microstructures with almost
no pores could be revealed in all compositions. The grain size seems to
increase ﬁrst from 1 ∼ 3 μm at x = 0.02 to around 2–6 μm at x = 0.06,
and then decrease slightly to around 1–2 μm at x = 0.10. Densiﬁcation
of pure BiVO4 and La2/3MoO4 are 820 °C and 930 °C, respectively.
Hence, it is evident that formation of solid solution eﬀectively lowered
the sintering temperatures of ceramic samples and the similar phenomena were also observed in many other solid solution ceramic systems, such as Bi(Sb1-xTax)O4, x(Ag0.5Bi0.5)MoO4-(1-x)BiVO4 and
(NaxAg2-x)MoO4 etc [28–30]. Both the as-ﬁred and fractured surfaces
gave the consistent results on the grain sizes.
Room temperature microwave dielectric properties of (1-x)BiVO4xLa2/3MoO4 (0.0 ≤ x ≤ 1.0) ceramics as a function of x value are
presented in Fig. 4 (The resonant frequencies diﬀer with permittivity
and are about 4.52 GHz for x = 0.02, 4.43 GHz for x = 0.04, 4.38 GHz
for x = 0.06, 4.30 GHz for x = 0.08, 3.92 GHz for x = 0.10, 5.52 GHz
for x = 0.30, 6.59 GHz for x = 0.50, 7.55 GHz for x = 0.70 and
8.88 GHz for x = 0.90). It is seen that permittivity increased ﬁrst from
68 ± 0.2 at x = 0 to the maximum value 75 ± 0.3 at x = 0.10 and
then decreased linearly to 15.6 ± 0.2 at x = 0.90. Qf values were
found to possess the similar change trend and high values above
8000 ± 300 GHz were obtained in the compositions at x = 0.10. The

Fig. 4. Room temperature microwave dielectric properties of (1-x)BiVO4-xLa2/3MoO4
(0.0 ≤ x ≤ 1.0) ceramics as a function of x value.

is below 30% and it does not bring much inﬂuence on the crystal
structure. When x > 0.90, a composite region consisted of the tetragonal scheelite and La2/3MoO4 phases was observed. Pure La2/3MoO4
crystallized in a A site defect ordered monoclinic structure. As reported
by Brixnerl et al. [24], a A site defect disordered scheelite structure can
be obtained from quenched sample of La2/3MoO4 from high temperature. It is evident that natural cooling (cooling rate above 10° per
minute) employed here only lead to disordered phase.
Room temperature Raman spectra of the (1-x)BiVO4-xLa2/3MoO4
(0.0 ≤ x ≤ 0.5) ceramics sintered at their optimal temperatures are
shown in Fig. 2. For x = 0.02 sample, the strongest mode at
810 ± 0.5 cm−1 and it shoulder mode at 706 ± 0.5 cm−1 were assigned to the symmetric and asymmetric VeO stretching modes, respectively [25–27]. The two modes at 323 ± 0.5 cm−1 and
365 ± 0.5 cm−1 belong to symmetric and asymmetric bending modes
1537
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Temperature dependence of microwave relative permittivity and Qf
values of (1-x)BiVO4-xLa2/3MoO4 (x = 0.02, 0.06, 0.10 and 0.30) in
temperature range 20–140 °C are shown in Fig. 5. Due to the classic
Lyddane–Sach–Teller relation, a dielectric peak is expected at ferroelastic phase transition temperature here [31]. It is seen that relative
permittivity of x = 0.02 sample increased linearly in temperature
20–140 °C and there is no dielectric peak vs. temperature observed,
which indicates that phase transition temperature of this composition is
above 140 °C. According to our previous study [20], phase transition
temperature decreases linearly with x value within 0.10. For x = 0.06
sample, a dielectric peak is clearly observed at about 98 °C and this is
strong evidence for the ferroelastic phase transition. The largest deviation of permittivity of x = 0.06 is about +370 ± 20 ppm/°C,
which means that TCF value is about −185 ± 10 ppm/°C. With the
further increase of x value, the phase transition temperatures were
lowered to below room temperature and the relative permittivity was
found to decrease linearly with temperature, which resulted in positive
TCF values. Qf values of all these compositions were found decreased
with temperature. It is found that temperature dependence of Qf values
seems to be improved by the addition of La2/3MoO4, which is similar to
the (1-x)BiVO4-xLaNbO4 system.
To further study the intrinsic microwave dielectric properties, the IR
reﬂectivity spectra of (1-x)BiVO4-xLa2/3MoO4 ceramics were analyzed
using a classical harmonic oscillator model as follows:

ωpj2

n

ε * (ω) = ε∞ +

∑

ωoj2
j=1

− ω 2 − jγj ω

(2)

where ε*(ω) is complex dielectric function; ε∞ is the dielectric constant
caused by the electronic polarization at high frequencies; γj, ωoj, and
ωpj are the damping factor, the transverse frequency, and plasma frequency of the j-th Lorentz oscillator, respectively; and n is the number
of transverse phonon modes. The complex reﬂectivity R(ω) can be
written as:

Fig. 5. Microwave relative permittivity (a) and Qf values (b) of (1-x)BiVO4-xLa2/3MoO4
(x = 0.02, 0.06, 0.10 and 0.30) as a function of temperature (20–140 °C).

R (ω) =

1−

ε *(ω)

1+

ε *(ω)

2

(3)

The ﬁtted IR reﬂectivity values were shown in Fig. 6, and the
complex permittivities are shown in Fig. 7. It is seen that all the calculated relative permittivity and dielectric loss values are almost equal
to the measured ones using TE01δ method, which implies that majority
of the dielectric contribution for this system at microwave region was
attributed to the absorptions of structural phonon oscillation at infrared
region and very little contribution from defect phonon scattering.
However, the ﬁtted imaginary parts of permittivity are also quite similar to the measured value, which means that the measured dielectric
loss almost touched the bottom limit obtained from ﬁtting and there is
no much room for further improvement of Qf values of this system.

4. Conclusions

Fig. 6. Measured and calculated infrared reﬂectivity spectra of the (1-x)BiVO4-xLa2/
3MoO4 (x = 0.02, 0.06, 0.10, 0.30, 0.50 and 0.90) ceramics (solid line for ﬁtting values
and circle for measured values).

In the present work, a series of the (1-x)BiVO4-xLa2/3MoO4 ceramics
were prepared via solid solution reaction method. As x value increased
from 0 to 0.1, crystal structure changed continuously from a monoclinic
scheelite structure to a tetragonal scheelite structure. When x increased
to 0.9, co-existing of both tetragonal scheelite and La2/3MoO4 phases
were revealed. All the ceramics can be well densiﬁed below 800 °C.
Large microwave permittivity value between 68 ± 0.2–73 ± 0.3 can
be achieved in compositions with x ≤ 0.10 with high Qf value about
10,000 ± 500 GHz. However, the phase transition between monoclinic and tetragonal scheelite structures resulted in large negative/
positive TCF values. This system might be candidate for dielectric resonator and low temperature co-ﬁred ceramics technology applications.

results are similar to another A site defect scheelite solid solution (1-x)
BiVO4-xBi2/3MoO4 in our previous work. The largest permittivity was
believed to result from phase transition and the minimum value of cell
volume at x = 0.10. Although pure La2/3MoO4 possesses a high Qf
value ∼60,000 GHz, in the tetragonal scheelite solid solution and
mixture phases region (x > 0.10), Qf value decreased sharply with
increase in content of La2/3MoO4. This might be attributed to the increase of defects at grain boundaries caused by co-existing of two
phases.
1538
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Fig. 7. The complex dielectric spectra of (1x)BiVO4-xLa2/3MoO4 (x = 0.02, 0.06, 0.10,
0.30, 0.50 and 0.90) ceramics (circles are
experimental at microwave region and solid
lines represent the ﬁts of IR spectra).
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