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Dielectric behavior, band gap, in situ X-ray diffraction,
Raman and infrared study on (1 2 x)BiVO4–
x(Li0.5Bi0.5)MoO4 solid solution
Di Zhou,*a Li-Xia Pang,b Wei-Guo Qu,c Clive A. Randall,d Jing Guo,a Ze-Ming Qi,d
Tao Shaoc and Xi Yaoa
The phase transition in the (1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4 solid solution was first confirmed by the in situ
X-ray diffraction method. The merging of the (2 0 0) and (0 2 0) diffraction peaks in the X-ray diffraction
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data, and the overlapping of the ds(VO4) and das(VO4) modes for Raman and Infrared spectra of x = 0.06
sample were observed at 110–115 uC. The splitting of infrared bands at around 325 cm21 for x = 0.125
sample was revealed at 210 uC. The dielectric permittivity peaks as a function of temperature can be
observed at high frequencies (.10 kHz), which is corresponding to the ferroelastic phase transition. In the
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monoclinic solid solution region, the band gaps were found to lie between 2.2–2.35 eV a range of interest
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as photo-catalytic materials.

I. Introduction
Recently BiVO4 material has attracted attention for its
ferroelasticity, dielectricity at high frequency, ion conductivity
and photocatalytic properties,1–6 which might make it useful
for wide applications in gas sensors, microwave resonator
devices, wastewater treatment, and water splitting. These
properties strongly depend on its crystal structure. The natural
BiVO4 mineral crystallizes in an orthorhombic structure (with
space group Pnca) taking on a brown color and this form has
not been prepared by normal laboratory routes of ceramic
synthesis such as precipitation or solid state reaction
methods.5,7 The experimentally synthesized BiVO4 usually
has three different structures, namely the zircon tetragonal
structure (light yellow color with space group I41/amd), the
scheelite monoclinic structure (yellow color with space group
I41/a) and tetragonal structure (yellow color with space group
I2/a).5 It is known that both the orthorhombic and zircon
tetragonal phases irreversibly transform to the scheelite
monoclinic phase at about 400–500 uC.7 The scheelite
monoclinic phase reversibly transforms to the scheelite
tetragonal phase at about 255 uC, which has been noted to
a
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be a second order ferroelastic phase transition.8,9 The BiVO4
material can be synthesized from a variety of approaches
including solid state reaction method, aqueous solution
precipitation method, and hydrothermal method.10–12 The
crystal structure, particle shape and size are dependent on the
processing conditions.
The scheelite monoclinic BiVO4 powder showed high
activity for photocatalytic O2 evolution under visible-light
irradiation, while the photocatalytic activity of zircon the
tetragonal and scheelite tetragonal BiVO4 are small in
comparison.6,13 Furthermore, the monoclinic BiVO4 was
reported to possess high performance microwave dielectric
properties with er = 68, and a Qf = 6500–8000 GHz, yTCF =
2243–2260 ppm uC21, and can be sintered temperature below
900 uC,14,15 which indicates that it might also be a dielectric
for embedded passives in low temperature co-fired ceramics
(LTCC) technology. Recently, we considered compositional
modifications to this basic material16,17 with acceptor donor
co-doping such as (Li0.5Bi0.5)2+ complex ions and Mo6+ ion
have been employed together to substitute for the Bi3+ and V5+
in BiVO4. It was found that the phase transition temperature
from scheelite monoclinic to tetragonal structure was dependent on the substitution content and can be modified to
become below room temperature. To study the phase transition in the (1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4 system in more
detail, in situ XRD, Raman and Infrared (IR) reflectivity spectra
methods were employed in the present work. The compositional dependence of band gap across the solid solution (0.0 ¡
x ¡ 1.0) was also investigated.
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II. Experimental
The ceramic samples were prepared via the solid state reaction
method as reported in our previous work.16 The in situ XRD
was performed in the temperature range from room temperature to 250 uC using a XRD with Cu-Ka radiation (XRD-7000,
Shimadzu, Kyoto, Japan). Prior to examination the sintered
pellets were crushed in a mortar and pestle to powder.
Diffraction patterns were obtained between 15–65u 2h at a step
size of 0.02u. To obtain the dielectric characteristics at low
frequencies, the monolithic ceramic samples supplied with Au
electrodes were measured in the frequency range 100 Hz–1
MHz using HP 4284 device. The in situ Raman spectra were
measured using Raman spectrometer (LabRAM HR800,
HORIBA Jobin Yvon, France). The room temperature and in
situ IR reflectivity spectra were measured using a Bruker IFS
66v FTIR spectrometer on Infrared beamline station (U4) at
National Synchrotron Radiation Lab. (NSRL), China. Linear
optical absorption spectra were measured by JASCO V-570 UVVis spectrometer at room temperature.

III. Results and discussions
Fig. 1 shows the in situ X-ray diffraction data, cell parameter a
and b of (1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4 sample with x = 0.06
recorded in the temperature range 25–250 uC. It is seen that
the crystal structure continuously changed from the monoclinic to tetragonal structure as the temperature increased
from 25 uC to around 110 uC, along with the characteristic
merging of (2 0 0) and (0 2 0) peaks into one. This is direct
evidence for the ferroelastic phase transition in (1 2 x)BiVO4–
x(Li0.5Bi0.5)MoO4 system. As seen from Fig. 1 (b), during the
phase transition the cell parameter a decreased while b
increased and these became equal to each other about
5.128 Å at a temperature 110 uC, which means the tetragonal
phase formation. When the temperature is increased further,
the cell parameter a (=b) increased almost linearly and is
consistent with thermal expansion, which is also similar to the
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results of pure tetragonal scheelite BiVO4 materials measured
above 255 uC by David and Wood.9
The dielectric permittivity at frequencies 100 Hz, 1 kHz, 10
kHz, 100 kHz, 1 MHz and microwave region of x = 0.0, x =
0.098 and x = 0.10 samples as a function of temperature (70
uC–350 uC for x = 0.0 sample, 250 uC–180 uC for x = 0.098
sample and 2100 uC–160 uC for x = 0.10 sample) are shown in
Fig. 2. The temperature dependence of the permittivity of
BiVO4 was first reported by Dudnik et al.18 in single crystals
prepared by the spontaneous crystallization from the melt.
However, only an inflection at about 230 uC in the temperature
dependence of permittivity was found at frequency 1.5 MHz
and up to 10 MHz, which was caused by the ferroelastic phase
transition. According to the classic Lyddane–Sachs–Teller
relation,19 softening of a transverse optical mode increases
the relative permittivity. Hence, a maximum value of relative
permittivity as a function of temperature should be observed
in BiVO4 sample at the ferroelastic phase transition temperature. As shown in Fig. 2(a), the permittivity increased sharply
with the temperature at low frequencies 100 Hz and 1 kHz
when temperature was above 100 uC. When the frequency
increased to 10 kHz, an inflection could be observed at around
255 uC, which agrees with Dudnik et al.’s report.18 With the
further increase of frequency to 100 kHz and 1 MHz, the
permittivity peaks versus temperature could be observed
clearly due to the relative stable permittivity at high
temperatures (above the phase transition temperature). As it
was shown in our previous report,17 the phase transition
temperature could be lowered to around room temperature
when the substitution amount of (Li0.5Bi0.5)MoO4 increased to
9.8 mol%. As seen from Fig. 2 (b) and (c), the permittivity
peaks were observed only at high frequency 1 MHz and the
phase transition temperature was around 50 uC for x = 0.098
and x = 0.10 samples, which is in accordance with the result at
microwave region. The dielectric permittivity and dielectric
loss of x = 0.0, x = 0.098, and x = 0.10 samples as a function of
frequency (100 Hz–1 MHz) are presented in Fig. 2 (d). It is seen
that all the dielectric permittivity decreased with the frequency
and this might be caused by the conduction or relaxation at

Fig. 1 In situ XRD data (a) and cell parameters (b) of (1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4 (x = 0.06) sample in the temperature range 25–250 uC.
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Fig. 2 Dielectric permittivity and dielectric loss at frequencies 100 Hz, 1 kHz, 10 kHz, 100 kHz, 1 MHz and microwave region of x = 0.0 (a), x = 0.098 (b), and x = 0.10 (c)
as a function of temperature (data at 3.6 GHz for x = 0.098 sample from ref. 21), and as a function of frequency (d) (100 Hz–1 MHz).

low frequency, which resulted in the covering of ferroelastic
phase transition peak of permittivity at low frequencies.
The in situ Raman spectra of (1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4
(x = 0.06) sample in the temperature range 27–160 uC are
presented in Fig. 3. In the spectrum recorded at 27 uC, the
strongest band near 812.1 cm21 is assigned to vs(VO4) (Ag),
and a weak shoulder at about 716 cm21 is assigned to vas(VO4)
(Bg). The weak mode at around 867.5 cm21 is assigned to
vs(MoO4) and the band for vas(MoO4) might be covered by
vs(VO4) mode near 812.1 cm21. The ds(VO4) (Bg) and das(VO4)
(Ag) modes are near 357.2 and 327.4 cm21, respectively, and
external modes (rotation/translation) occur near 203.7 cm21
and 115.3 cm21, respectively. The weak band at 374.7 cm21 is
assigned to the bending mode of molybdenum anion d(MoO4).
All the assignments correspond well with the literature
results.17,20–22 It is seen that with the increase of temperature,
all the Raman peaks broaden due to increase of the average
bond length and widening of the distribution of average bonds
length and angles, which reflects the increase of the degree of
disordering of the crystal structure. The strongest band
slightly red-shifted from 812.1 cm21 at 27 uC to 806.2 cm21
at 160 uC and this might be caused by the bond expansion and
weakening. The remarkable difference of the Raman spectra at
different temperatures is the merging of the ds(VO4) and
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Fig. 3 In situ Raman spectra of (1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4 (x = 0.06) sample
in the temperature range 27–160 uC.
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Fig. 4 Room temperature infrared spectra of (1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4 (0.0 ¡ x ¡ 1.0) ceramics (a) and in situ infrared spectra of x = 0.06 sample (b) and x =
0.125 sample (c) in the temperature range 2183–+180 uC.

das(VO4) modes at 357.2 and 327.4 cm21, respectively. As the
temperature increased from 27 uC to about 115 uC, the
different length l1 and l2 of V–O bonds came closer and finally
became equal to each other and this results in the overlapping
of ds(VO4) and das(VO4) modes.
The room temperature infrared (IR) spectra of (1 2
x)BiVO4–x(Li0.5Bi0.5)MoO4 (0.0 ¡ x ¡ 1.0) ceramics are shown
in Fig. 4(a). With the x value increased, it can be seen that the
two bands at 309.1 cm21 and 357.2 cm21, which are assigned
to das(VO4) mode and the ds(VO4) respectively, moved closer to
each other and finally merged into one band at around x =
0.10. This is similar to the Raman analysis above and also
supports the compositional phase transition at room temperature. In pure BiVO4 sample, at least four sharp IR modes
are observed in the range ,200 cm21. These sharp IR peaks
gradually overlapped as the x value increased and cannot be
distinguished from each other. This might be caused by the
continuous structural change from the monoclinic to the
tetragonal scheelite phase. The in situ infrared spectra of x =
0.06 and x = 0.125 samples in the temperature range +38–+180
uC and 2183–+27 uC, respectively, is shown in Fig. 4(b) and (c).
The x = 0.125 sample belong to tetragonal phase at room
temperature and there are only four IR peaks observed in the
range below 450 cm21. In crystals the phase transition
happens at definite temperature. Respectively, the sharp
splitting should be observed in IR spectra at the transition
temperature. In Fig. 4c, the transition is detected sharply at
210 uC. Meanwhile, for x = 0.06 sample there are at least three
peaks that can be observed and separated from each other in
the range below 200 cm21. The phase transition temperature
of x = 0.06 sample were determined to be around 110 uC from
in situ XRD analysis as discussed above. From the in situ
infrared spectra the merging of the das(VO4) and the ds(VO4)
modes can be observed at about 115 uC. All the results can be
related to the monoclinic-tetragonal scheelite phase transition.
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The optical absorption property of a semiconductor, which
is relevant to the electronic structure feature, is recognized as
the key factor in determining its photocatalytic activity.23,24 As
x value increases, the color of samples becomes lighter and
lighter from vivid-yellow for pure BiVO4 to the pale-yellow for
pure (Li0.5Bi0.5)MoO4. The UV-vis diffuse reflectance spectra of
(1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4 samples are shown in Fig. 5(a).
All the samples (x ¡ 0.25) show strong absorption in visible
light region in addition to that in the UV light region. The
band gap absorption edge of pure BiVO4 lies between 500–550
nm, which is similar to the literature’s reports. With the
increase of x value, the band gap absorption edge of (1 2
x)BiVO4–x(Li0.5Bi0.5)MoO4 (x ¡ 0.25) samples have a red-shift
to between 550–600 nm. As a crystalline semiconductor, the
optical absorption near the band edge follows the formula:25
ahn = A(hn 2 Eg)

(1)

where the a, n, Eg and A are absorption coefficient, light
frequency, band gap energy and a constant, respectively. The
energy of the band gap could be thus obtained from the plots
of (ahn)2 versus photo energy (hn). The calculated band gap
energies of (1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4 as a function of x
value are shown in Fig. 5(b). The band gap energy of pure
BiVO4 was 2.35eV, which is similar to the reported value, and
the other end member (Li0.5Bi0.5)MoO4’s band gap energy was
first reported here with a value about 2.87 eV, which is slightly
smaller than the values of 3.1 eV for (Na0.5Bi0.5)MoO4 and 3.0
eV for (Ag0.5Bi0.5)MoO4 with the same scheelite tetragonal
structure.26 For the whole (1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4 (0.0
¡ x ¡ 1.0) system, the band gap energy is not proportional to
composition, but reached a minimum value about 2.2 eV in
the range 0.06 ¡ x ¡ 0.25. In fact for most of the systems, the
band gap variation with composition deviates from linearity
but in a nonlinear manner, the so-called bowing effect, which
can be described in by a second order equation as following:27,28
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Fig. 5 UV-Vis diffuse reflectance spectra (x ¡ 0.25) (a) and band gap energy variation as a function of x value (b) in (1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4 solid solution
ceramics.

Eg(x) = Eg(A) + (1 2 x)Eg(B) 2 bx(1 2 x)

(2)

where: Eg(A) and Eg(B) correspond to the band gap of the end
member A and B, respectively. The parameter b is the optical
bowing parameter, which is influenced by atomic size
difference, chemical ionicity mismatch and atomic level
heterogeneity and clustering etc.29–31 The observed nonlinearity in band gap of (1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4 samples are
fitted to eqn (2), yielding a small value for the bowing
parameter b of 1.37 eV. In fact the fitting is not as good as the
situations in pure semiconductors and simple oxides systems,
such as III–V alloys, ZnO–CrO etc.32,33 This might be caused by
the complex phase transition and cell parameter variation
trend in (1 2 x)BiVO4–x(Li0.5Bi0.5)MoO4 system as reported in
our previous work.17 It is found that the phase changes
gradually from monoclinic BiVO4 type to the tetragonal
(Li0.5Bi0.5)MoO4 type and the phase boundary is at around x
= 0.098. The cell parameters and volume approximately follows
the Vegard’s law in both monoclinic and tetragonal solid
solution regions, respectively, while the cell volume changes in
a ‘‘V’’ shape versus the x value and a minimum value can be
reached at the phase boundary. Hence, the bowing effect of
the band gap variation was employed separately in both the
monoclinic and tetragonal solid solution regions. The fitted
values agree well with the measured values as shown by the
dash line in Fig. 5(b). Compared with the traditional photocatalyst material TiO2 with band gap energy of 3.2 eV, which
responds to UV light which occupies only 4% of the whole
solar energy, the monoclinic BiVO4 has been recently
recognized as a strong photo-catalyst for water splitting and
pollutant decomposing under visible light irradiation,13 which
accounts for 43% of the whole solar energy. The formation of
the monoclinic solid solution in (1 2 x)BiVO4–
x(Li0.5Bi0.5)MoO4 system with 0 , x ¡ 0.098 extended possible
band gap to the range 2.2–2.35 eV, that can help to utilize
more solar energy.34 This system might be useful for new
photo-catalyst materials.

IV. Conclusions
The ferroelastic phase transition in (1 2 x)BiVO4–
x(Li0.5Bi0.5)MoO4 system was confirmed and studied by the
in situ XRD, Raman and IR reflectivity spectra methods. For x =
0.06 sample, the merging of (2 0 0) and (0 2 0) peaks for XRD
data at 110 uC, and the overlapping of the ds(VO4) and das(VO4)
modes at about 115 uC for Raman and infrared spectra both
correspond to the phase transition, which is along with the
recovery of the distorted VO4 tetrahedron. The characteristic
change of IR reflectivity spectra during phase transition can
also be observed at about 210 uC for x = 0.125 sample. From
the UV-vis diffuse reflectance spectra analysis, it can be
concluded that the monoclinic solid solution in (1 2 x)BiVO4–
x(Li0.5Bi0.5)MoO4 with 0 , x ¡ 0.098 has extended the band
gap to a variable range 2.2–2.35 eV and this system might be
useful as photo-catalytic materials for water splitting.
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