
This is a repository copy of BiVO4 based high k microwave dielectric materials: a review.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/136747/

Version: Accepted Version

Article:

Zhou, D., Pang, L.X., Wang, D.W. et al. (1 more author) (2018) BiVO4 based high k 
microwave dielectric materials: a review. Journal of Materials Chemistry C, 6 (35). pp. 
9290-9313. ISSN 2050-7526 

https://doi.org/10.1039/c8tc02260g

© The Royal Society of Chemistry 2018. This is an author produced version of a paper 
subsequently published in Journal of Materials Chemistry C. Uploaded in accordance with 
the publisher's self-archiving policy.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


1 

 

BiVO4 based high k microwave dielectric 

materials: a review 

Di ZhouЫa,b, Li-Xia PangЫa,c, Da-Wei Wanga, & Ian M. Reaney*a 

aDepartment of Materials Science and Engineering, University of Sheffield, S1 3JD, 

UK 

bElectronic Materials Research Laboratory, Key Laboratory of the Ministry of 

Education & International Center for Dielectric Research, School of Electronic and 

Information Engineering, Xi’an Jiaotong University, Xi'an 710049, China 

cMicro-optoelectronic Systems δaboratories, Xi’an Technological University, Xi’an 

710032, Shaanxi, China 

 

 

 

 

 

 

 

 

 

                                                             

Corresponding author E-mail address: zhoudi1220@gmail.com (Di Zhou) & i.m.reaney@sheffield.ac.uk (Ian M. 
Reaney) 
‡These authors contributed equally to this work. 



2 

 

Outline: 

BiVO4 based high k microwave dielectric materials: a review ..................................... 1 

Abstract ...................................................................................................................... 3 

1. Introduction ............................................................................................................ 4 

2. Crystal chemistry, synthesis and phase transitions of pure BiVO4 ........................ 7 

2.1 Orthorhombic phase (Pucherite) ....................................................................... 7 

2.2 Zircon phase (Dreyerite) ................................................................................... 8 

2.3 Scheelite monoclinic phase (Clinobisvanite) ................................................... 9 

2.4 Scheelite tetragonal phase .............................................................................. 10 

2.5 Phase transitions between the polymorphs ..................................................... 11 

3. Crystal structures and dielectric properties of modified BiVO4 materials ........... 11 

3.1 A site substitution type ................................................................................... 13 

3.2 B site substitution type ................................................................................... 18 

3.3 A and B site complex substitution and defect types ....................................... 20 

γ.4 A site defect type (f1/3A3+
2/3B6+O4) ............................................................... 30 

3.5 Composite ceramics ........................................................................................ 31 

4. Summary and future work .................................................................................... 34 

5. Acknowledgements .............................................................................................. 35 

6. References ............................................................................................................ 37 

Table Captions: ........................................................................................................ 48 

Figure Captions: ....................................................................................................... 52 

 



3 

 

Abstract 

BiVO4 material has attracted much attention in recent years due to its active 

photocatalytic properties under visible light, bright yellow color as a nontoxic 

pigment, and its high relative permittivity (r) and Qf (quality factor, Q × resonant 

frequency, f) as a potential microwave dielectric ceramic. In this review, we introduce 

the origin, synthesis, crystal structure and phase transitions of the four polymorphic 

phases of BiVO4: orthorhombic (pucherite), zircon (dreyerite), scheelite monoclinic 

(clinobisvanite) and scheelite tetragonal. We then precis recent studies on doped 

BiVO4 ceramics in terms of A site, B site and A/B site complex substitutions. Low 

sintering temperature (< 800 oC) and high r values could be obtained in some solid 

solution ceramics and near zero temperature coefficient of resonant frequency (TCF/kf) 

values could be achieved in layered or granulated particles composite ceramics. 

Besides, a series of temperature stable high r microwave dielectric ceramics can also 

be obtained in many co-fired composite ceramics, such as BiVO4-TiO2, 

BiVO4-TiO2-Bi2Ti4O11. The high r, high Qf value, low sintering temperature and 

chemical compatibility with some base metals, suggest that BiVO4-based materials 

are strong candidates for both LTCC and other microwave devices applications in 

current 4G and future 5G technologies. 
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1. Introduction 

The natural mineral BiVO4 crystallizes in an orthorhombic structure (pucherite) with 

a density 6.63 g/cm3.1-3 The first attempt to synthesize BiVO4 using a precipitation 

method from Na3VO4 and Bi(NO3)3 led to formation of a zircon-type tetragonal 

BiVO4 with cell parameter a = 7.290 Å, c = 6.444 Å and a density 6.25 g/cm3.4 The 

zircon-structured BiVO4 transformed irreversibly to monoclinic scheelite structure 

(fergusonite) when heated above 400 oC. Monoclinic BiVO4 with a density ~ 6.98 

g/cm3 was first synthesized by Roth and Waring in 1963 using a solid state reaction 

between Bi2O3 and V2O5 at > 700 oC. It melts congruently at about 940 oC.5 Roth and 

Waring also found that pucherite BiVO4 transformed to monoclinic when heated up to 

500 oC. Considering the difference in the densities of the three polymorphs, Roth and 

Waring hypothesized that pucherite BiVO4 might in reality be an intermediate 

pressure mineral formed within the earth’s crust and hence could not be synthesized 

in the laboratory at ambient pressure. 

In 1974, Dudnik et al.6 first reported that monoclinic BiVO4 single crystal 

underwent a ferroelastic phase transition at about 230 oC. At the same time, Bierlein 

and Sleight,7 using in-situ optical and XRD techniques, found that the room 

temperature monoclinic BiVO4 phase had a body-centered monoclinic structure with 

space group I2/a which transformed to an ideal scheelite structure with space group 

I41/a at 255 ± 2 oC. Bierlein and Sleight claimed that the monoclinic to scheelite 

transition was displacive and therefore could not be suppressed by quenching. It was 

noted that the ferroelastic transition occurred either as a function of temperature or 

external pressure and was considered second order. Subsequent studies of phase 

transition in BiVO4
8,9 using in-situ Raman spectroscopy,10,11 transmission electron 
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microscopy,12 in-situ birefringence,13 and Brillouin spectroscopy14 provided a 

consistent set of descriptive parameters for the transition, in which the lone-electron 

pair on the Bi3+ ion was thought to play a prominent role. Although there has been no 

direct application based on its ferroelasticity, BiVO4 has been widely studied and used 

as a photocatalyst, for pigments and as a dielectric.15-17 

Monoclinic BiVO4 has a band gap ~ 2.4 eV and was first found to be a 

photocatalyst for solar oxidation by Kudo et al. in 199815 as it exhibits strong 

photocatalytic activities for O2 evolution from aqueous silver nitrate solutions under 

visible light irradiation. Subsequently, BiVO4 attracted much attention for 

suspension-type photocatalysts for water oxidation, photo-degradation of organic 

compounds,18-21 and electrodes for use as photoanodes for photo-electrochemical cells. 

For this application, efforts were made to modify the powder morphology, 

construction of composite structures, doping, and pairing with oxygen evolution 

catalysts to further improve the photocatalytic activity of BiVO4 powders. 

BiVO4 is also widely used as a yellow ceramic to which human eyes are quite 

sensitive. They replaced, early commercial yellow pigments based on lead and 

cadmium oxides which were hazardous to the environment. After American registered 

BiVO4 as color index (C. I.) -184, many companies produced a series of BiVO4 based 

yellow pigments16,17,22-24 doped with Mo or W. BiVO4 pigments are usually produced 

through a two-stage process in which BiVO4 precipitates are synthesized by a soft 

chemical method and then calcined at higher temperature. 

Microwave dielectric ceramics have been widely used in dielectric resonator, filter 

and substrates applications25-27 for which high permittivity (ir) is often required to 

reduce device volume. In 2000, Valant and Suvorov28 first reported the microwave 

dielectric properties of BiVO4 ceramic with оr ~ 68, quality factor (reciprocal of 
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dielectric loss × frequency, Qf) ~ 6,500 GHz, and temperature coefficient of resonant 

frequency (TCF) ~ − 260 ppm/oC, measured at a frequency of 5 GHz. However, they 

found that BiVO4 reacted with silver at its sintering temperature to form Bi3AgV2O10, 

prohibiting its use in low temperature co-fired ceramic (LTCC) applications. 

Subsequently, the microwave dielectric properties with of BiVO4, Qf ~ 8,000 GHz, ir 

~ 68, and TCF ~ − 243 ppm/°C were confirmed by Wee et al.29 and it was used to 

lower the densification temperature of ZnNb2O6 ceramic from 1200 oC to about 

925°C. However, in general, a large –ve TCF along with its poor compatibility with 

Ag internal electrodes limits the application of BiVO4 in LTCC technology despite the 

attraction of an intrinsically low sintering temperature (820 oC).30,31. In 2010, 

(Li 0.5Bi0.5)MoO4 was reported to form a full solid solution with BiVO4
32 accompanied 

by lowering of the sintering temperature to < 660 oC. Some compositions within the 

solid solution (Li0.5xBi1-0.5x)(MoxV1-x)O4 densified well and were chemically 

compatible with both aluminum and copper and had a less -ve TCF than BiVO4. This 

result suggested that BiVO4 could act as a base for the development of low sintering 

temperature MW dielectrics. Besides, the mobile communication technology has been 

driven by the 5G instead of the current 3G / 4G. In the future 5G technology with 

wide bandwidth, small time delay and fast transmission speed will be required to meet 

the demands of wirelessly connected devices in the ‘Internet of Things’ (IoT). 5G 

technology will eventually utilize high frequencies (> 24 GHz) in the so-called mm 

wave regime (ir < 10) but will initially use lower frequencies (e.g. 3 to 6 GHz) which 

require higher ir, typically from 20 to 60 to decrease device volume. The large r of 

BiVO4 based materials suggests they might be better suited to wireless 

communication devices rather than as resonators for which lower r is required. 

Irrespective of the frequencies used and the r required, microwave dielectrics require 
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high Qf and near-zero TCF. 

In this contribution, we critically review the current state of the art in the 

development of BiVO4 based compositions for potential use in RF applications in the 

context of current (4G) and future (5G) technology. This is particularly relevant as 

telecommunication moves in the next 10-20 years from cm to mm wave applications. 

This revolution will require new materials including much lower loss dielectrics for 

LTCC technology that can operate at >10 GHz. The review will consider A site 

substitution, A site defect type, B site substitution, A/B site complex substitutions and 

composite ceramics of the three polymorphs of BiVO4, summarizing how these 

modifications improve microwave dielectric properties for future RF applications. 

2. Crystal chemistry, synthesis and phase transitions 

of pure BiVO4 

2.1 Orthorhombic phase (Pucherite) 

Pucherite BiVO4 was named after the actual Puchermine shaft in the Schneeberg 

District of Saxony, Germany, where the first specimens were found. It has a yellow 

brown color with a calculated density ~ 6.69 g/cm3 as shown in Fig. 1.35-37 The 

structure of pucherite BiVO4 was first studied by DeJong and Delange in 19361 and 

determined by Qurashi and Barnes,2,3 using visually estimated intensities for three 

principal zones and Buerger procession photographs for data collection. The pucherite 

BiVO4 structure has a space group Pnca (No. 60) with a = 5.332(5) Å, b = 5.060(5) Å 

and c = 12.020(5) Å. The crystal structure (Figure 1) is composed of VO4 tetrahedra 

and BiO8 dodecahedra chains, in which slightly distorted VO4 tetrahedra (two pairs of 
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bond lengths (1.679(6) Å and 1.803(7) Å) share one edge with the BiO8 triangulated 

dodecahedra. BiO8 dodecahedra share edges with neighboring dodecahedra forming 

infinite chains. However, attempts to synthesize pucherite by Roth and Waring4 led to 

the formation of the monoclinic scheelite phase of BiVO4 and they suggested that 

pucherite BiVO4 is metastable and only forms under slightly reducing conditions. 

Moreover, common minor impurities of other phases often co-exist in pucherite 

BiVO4 which also affect its stability with respect to scheelite. Nonetheless, pucherite 

BiVO4 has not to date been synthesized in the laboratory and thus there has been no 

report of its dielectric properties. Due to the limited resource in nature, the microwave 

dielectric properties of pucherite BiVO4 materials are likely to remain unknown in the 

near future. 

2.2 Zircon phase (Dreyerite) 

Zircon-structured BiVO4 also exists in nature as dreyerite named after Gerhard 

Dreyer, who first discovered the mineral near Kaiserlautern (Germany) where it 

occurs in rhyolitic tuffs.38 The crystal structure of dreyerite BiVO4 belongs to a 

tetragonal zircon family with space group I41/amd, cell parameters a = 7.303 (3) Å 

and c = 6.584(3) Å and a calculated density ~ 6.13 g/cm3.15,39,40 This structure is 

composed of slightly distorted BiO8 dodecahedra (two Bi-O distances, 2.4142 Å and 

2.5489 Å) and regular VO4 tetrahedron (V-O distance ~1.7026 Å) as shown in Fig. 2. 

In the laboratory, zircon-structured BiVO4 is synthesized by mixing NH4VO3 or 

sodium meta vanadate and Bi(NO3)3*5H2O solutions at room temperature. 

Zircon-structured BiVO4 has a band gap 2.9 eV in the ultraviolet region.5,39-41 

Zircon-structured BiVO4 irreversibly transforms to monoclinic scheelite at 670-770 

K,4,42 a transition that is accelerated through mechanical grinding.43 Many zircon 
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structured materials have been reported with good microwave dielectric properties, 

such as LnVO4 (Ln = Nd, Sm etc.). Hence, the zircon BiVO4 might be promising for 

microwave dielectric applications but its structural instability remains a problem.  

2.3 Scheelite monoclinic phase (Clinobisvanite) 

Clinobisvanite BiVO4 was first discovered from a pegmatite near Yinnietharra 

Station.44 It usually occurs as an accessory mineral in pegmatites formed by the 

oxidation other bismuth minerals. Clinobisvanite BiVO4 is synthesized by heating 

mixture of Bi2O3 and V2O5 above 700 oC (Roth and Waring, 19634) and with a = 

5.186 Å, b = 11.692 Å, c = 5.084 Å and く = 89.61o. In 1979, large crystals of 

clinobisvanite BiVO4 were grown by the Czochralski method under 1 atm of flowing 

O2 by Sleight et al.45 Clinobisvanite BiVO4 was found has a slightly distorted 

scheelite structure with a space group I112/b with a = 5.1956(1) Å, b = 5.0935(1) Å, c 

= 11.7045(2) Å and け = 90.383(1) o. In the monoclinic scheelite structure, the V cation 

is tetrahedrally coordinated to oxygen with two different bond lengths (1.7010 Å and 

1.7604 Å) and the Bi cation is coordinated to eight oxygens with four different bond 

lengths from eight different VO4 tetrahedra as shown in Fig. 3. The monoclinic 

scheelite BiVO4 is ferroelastic at room temperature and reversibly transforms to 

paraeleastic BiVO4 with a standard tetragonal scheelite structure (space group I41/a) 

under high temperature (255oC) or high pressure.46-48 Sleight et al.45 pointed out that 

this phase transition may be driven by the lone-pair Bi3+ cation due to the recovery of 

the distorted dodecahedron during the phase transition and to a lesser extent the VO4 

tetrahedra. In addition to high temperature solid state synthesis, monoclinic scheelite 

BiVO4 may also be prepared by an alkoxide method at 400 K.49 Among all the four 

polymorphs, clinobisvanite BiVO4 is the most stable and the only one that possesses 
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good microwave dielectric properties. Discussions in this review will mainly focus on 

modifications of clinobisvanite BiVO4 phase. 

2.4 Scheelite tetragonal phase 

Scheelite tetragonal BiVO4 is not a stable compound and there is no report that it 

exists in any natural minerals. Since the discovery of the phase transition from 

monoclinic to tetragonal scheelite in BiVO4, there has been great interest in the crystal 

structure of tetragonal scheelite BiVO4. In 1979 Pinczuk et al.11 found that this phase 

transition is induced by high pressure (> 1.4 GPa) at room temperature. The crystal 

structure was resolved by Mariathasan et al.46,50 at 1.6 and 4.3 GPa at 23 oC as 

belonging to a standard scheelite structure (space group I41/az) with a = 5.105(1) Å, b 

= 5.105(1) Å and c = 11.577(1) Å as shown in Fig. 4. They confirmed that the 

high-pressure structure is the same as the high temperature BiVO4 phase (above 255 

oC). The V-O tetrahedron remains rigid with no significant change in size at high 

pressure and the consequent Bi-O polyhedral compression is mainly responsible for 

the reduction of cell volume. Tetragonal scheelite BiVO4 was also reported to be 

synthesized by stirring the mixture of Bi(NO3)3 and Na3VO4 solutions with pH 

adjusted using a Na2CO3 or NaHCO3 solution.51 Although it has similar band gap 

(2.34 eV) to that of monoclinic scheelite BiVO4 (2.41 eV), it does not promote 

photocatalytic O2 evolution. The tetragonal scheelite BiVO4 synthesized by soft 

chemical method is stable in water but transforms to monoclinic in nitric acid. 

However, scheelite tetragonal BiVO4 ceramic is unstable at high temperature and 

cannot be used independently as a microwave dielectric material until such time as 

future dopant strategies resolve this issue. 
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2.5 Phase transitions between the polymorphs 

Zircon BiVO4 was found to irreversibly transform to scheelite monoclinic phase 

when annealed above 300 oC but mechanical grinding may also induce the phase 

transition at room temperature.39-43,51 Natural pucherite BiVO4 transforms to a pure 

scheelite monoclinic phase when heated above 500 oC and cooled room temperature 

in a sealed Pt tube (Roth and Waring4,52) but has never been synthesized in the 

laboratory. From 420 to 500 oC, pucherite BiVO4 coexists with the tetragonal scheelite 

phase and becomes single phase only above 500 oC.2,3,37,54 Scheelite tetragonal BiVO4 

is thus considered metastable and readily transforms to the monoclinic phase in acid 

solutions.53 The scheelite monoclinic to tetragonal BiVO4 phase transition is second 

order at 255 oC accompanied by recovery of the distorted BiO8 dodecahedra and VO4 

tetrahedra to regular polyhedral. This transition may also be induced by external 

pressure.53,54 The phase transition sequence of the four polymorphs of BiVO4 is 

presented in Fig. 5. The complex phase transitions between the four polymorphs of 

BiVO4, suggest that scheelite monoclinic BiVO4 may be a superior potential MW 

material due to its structural stability. 

3. Crystal structures and dielectric properties of 

modified BiVO4 materials 

Recent progress in the improvement of sintering and microwave dielectric 

properties of BiVO4 ceramics through A or B site substitutions have suggested that 

they may be strong candidates for dielectric resonators and as low temperature 

co-fired ceramics (LTCC).32,55-57 Dielectric properties of single crystal BiVO4, 
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obtained from melting Bi2O3 and V2O5, were first reported by Dudnik et al. in 1974.6 

A twin domain structure is observed in polarizing microscopy which may be removed 

by applied stress and heating to 230 oC. An inflection was observed at 230 oC in r vs. 

temperature in the frequency range 1.5 MHz ~ 10 MHz which was attributed to a 

ferroelastic phase transition. Bierlein and Sleight7 confirmed that the scheelite 

monoclinic to tetragonal BiVO4 phase transition is second order at 255 ± 2 oC using 

in-situ optical microscopy and XRD and additionally suggested that it is displacive. 

LTCC technology requires materials with 10 ≤ 計r ≤ 100, Qf > 5,000 GHz, TCF < ± 

15 ppm/oC.30,31 Many low 計r materials for LTCC technology have been developed and 

several are commercially available through companies such as Ferro and Dupont.58,59 

However, materials with оr above 70 are rare. The BaO–RE2O3–TiO2 (RE = La, Nd 

and Sm) family of MW dielectric ceramics have r > 70 but sinter at > 1200 oC.60,61 If 

its sintering temperature is lowered to ~ 900 oC by glass frits, r decreases to <70 and 

Qf deteriorates to < 5,000 GHz. The CaO-Li 2O-Ln2O3-TiO2 family of MW dielectrics 

has a high sintering temperature but low Qf.62 Some Pb-based temperature stable MW 

dielectrics also exhibit large r but63 due to their toxicity have been gradually phased 

out. As reported by Roth and Waring4 and confirmed by Bierlein and Sleight,7 BiVO4 

melts congruently at 940 oC, lower than the melting point of silver (961 oC) which 

suggest it may be viable for LTCC technology. However, Valant and Suvorov28 

reported that although BiVO4 possessed attractive microwave dielectric properties, it 

reacted seriously with silver at its sintering temperature forming Bi3AgV2O10, as 

shown in Fig. 6 and was thus unsuitable for LTCC applications. However, although 

BiVO4 reacts with silver, its low sintering temperature, high r and Qf are still 

attractive if the poor compatibility with Ag electrodes can be solved. In 2010, we 

reported that32 the introduction of 10 mol. % (Li 0.5Bi0.5)MoO4 into BiVO4 lowered its 
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sintering temperature to > 660 oC with an increase in r and Qf to 81 and 8,000 GHz, 

respectively. BiVO4-(Li 0.5Bi0.5)MoO4 ceramics are chemically compatible with Al  and 

Cu but not Ag electrodes. Subsequently, a series of modifications of BiVO4 ceramics 

using solid solution or composite approaches increased r, improved Qf and modified 

TCF.55-57,64,65 In the following section, the phase evolution, crystal structure and 

microwave dielectric properties of BiVO4 modifications are discussed and put into 

wider context. 

3.1 A site substitution type 

3.1.1 Lanthanum series substitution (Bi1-xLnx)VO4 (Ln = Lanthanum 

and Y) 

Among all the lanthanides, La3+ has the largest ionic radius (1.16 Å for CN = 8) 

closest to that of Bi3+ (1.17 Å).66 Hence, La3+ is the most promising substituent for 

Bi3+ in BiVO4. Lanthanum orthovanadate was reported to crystallize in two 

polymorphs, monazite-type monoclinic and zircon-type tetragonal phases with the 

latter is metastable.67-71 In the study of Kwolek et al.,72 (BixLa1-x)VO4 materials were 

obtained via a microwave-assisted hydrothermal route. The monoclinic BiVO4, zircon 

and monazite phases coexisted at x = 0.07, which indicated that La does not substitute 

for Bi in monoclinic BiVO4 during hydrothermal processing. However, in Kwolek et 

al.’s work,72 all the (BixLa1-x)VO4 materials were synthesized at < 300 oC with no 

further high temperature treatments. 

Dragomir et al.73 found that for x > 0.08 in the (Bi1-xNdx)VO4 solid solution, peaks 

from a secondary zircon-type (Nd,Bi)VO4 phase are present in XRD traces, Fig. 7. 

For ≤ 0.05, no peaks of zircon-type (Nd,Bi)VO4 phase were observed and further 
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surmised that Nd cannot occupy the Bi site in monoclinic BiVO4 from Extended 

X-ray Absorption Fine Structure (EXAFS) data, from which large differences in the 

neighboring environment of Bi and Nd ions were detected. 

Based on their study, Dragomir et al.73 concluded that a composite region of 

monoclinic BiVO4 and Bi0.49Nd0.51VO4 exists for 0<x<0.51 and a zircon-type 

(Nd,Bi)VO4 solid solution is formed for 0.51≤x≤1, and therefore Nd stabilizes the 

zircon-type BiVO4 phase. However, no dielectric properties were reported. 

In the (Bi1-xCex)VO4 system74 weak peaks of zircon-type phase existed in XRD 

patterns of powders with x = 0.1 calcined 4 h at 650 oC but disappeared in samples 

sintered 2 h at 780 oC, as shown in Fig. 8. Similarly, the heat treatment temperature 

effects the phase equilibrium for 0.1<x<0.6, as shown in Fig. 8. Finally, a monoclinic 

(Bi,Ce)VO4 solid solution formed for x≤0.1, a composite region containing both 

monoclinic (Bi0.9Ce0.1)VO4 and zircon-type (Bi0.4Ce0.6)VO4 for 0.1<x≤0.6 and a 

zircon-type (Bi,Ce)VO4 solid solution for 0.6<x≤1. However, EXAFS data were not 

available to support the conclusion that Ce can enter the Bi site in monoclinic BiVO4. 

If Ce only enters the Bi site of the zircon phase, i.e. a (Bi0.9Ce0.1)VO4 sample is a 

composite of BiVO4 and (Bi0.4Ce0.6)VO4, then the phase transition temperature of 

(Bi0.9Ce0.1)VO4 sample should be the same as BiVO4 (~ 255 oC). Our data however, 

revealed (Fig. 9), that the phase transition temperature of (Bi0.9Ce0.1)VO4 from 

thermal expansion data is ~ 160 oC, a result which, if correct, overturns the above 

assumption and supports a greater level of solid solubility of Ce for Bi in monoclinic 

BiVO4. We note however, that the ferroelastic transition is susceptible to external 

stress which may influence its onset temperature.  

r of the (Bi1-xCex)VO4 ceramics decreased almost linearly with the increase in x 

while Qf increased. The microwave dielectric properties of zircon-structured CeVO4 
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were reported by Zuo et al.75 with r ~ 12.3, Qf ~ 41,460 GHz, and TCF ~ − 34.4 

ppm/oC. Zircon-structured (Bi0.4Ce0.6)VO4 has TCF = + 173 ppm/oC and thus there 

are two possibilities to design temperature stable microwave dielectrics: 

(Bi0.9Ce0.1)VO4-(Bi0.4Ce0.6)VO4 composites (monoclinic and tetragonal phases) and 

(Bi1-xCex)VO4 solid solutions. 

In the work of Neves et al.,76 (Bi1-xCex)VO4 films showed a red shift of the optical 

band edge and a decrease of the reflectance as Ce3+ concentration increases which 

may also relate to the substitution of Ce for Bi in the monoclinic scheelite structure. In 

the work of Xu et al.,77 8 mol. % La3+, Ce3+, Gd3+, Yb3+, Eu3+, Ho3+, Nd3+ and Sm3+ 

ions were substituted for Bi in BiVO4. From their XRD data, only Gd3+ and Yb3+ 

doped samples show peaks from secondary phases but changes of the cell parameters 

in the doped samples, not considered by the authors should have indicated 

unambiguous evidence of solid solution and they incorrectly concluded that RE ions 

do not enter the BiVO4 lattice. 

In the contribution of Wang et al.78, Dy3+ entered the Bi3+ site and composites of 

monoclinic scheelite and zircon phases were obtained in the (Bi1-xDyx)VO4 system 

prepared via solid state reaction method in the range 0.1≤x≤0.β, as shown in Fig. 10. 

The data from Wang et al. contradicted results from (Bi0.9Ce0.1)VO4, which indicates 

that it becomes difficult for smaller Ln ions (1.027 Å for Dy3+) to occupy the A site in 

BiVO4. Pure zircon solid solution was reported to form when x≥0.γ. Wang et al. also 

studied the (Bi0.5M0.5)VO4 (M = La, Sm, Nd, Gd, Eu, and Y) compositions and only 

zircon solid solutions were formed after calcinations at 850 oC, which means that Ln 

rich compositions prefer to crystallize in the zircon phase. 

Y has the similar physical and chemical properties to the lanthanides but with a 

smaller ionic radius (1.019 Å) and in many systems it replaces or substitutes for Ln 
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ions. As shown in Fig. 11, (Bi1-xYx)VO4 ceramics are composed of monoclinic 

scheelite BiVO4 and tetragonal zircon-type (Bi0.6Y0.4)VO4 phases for x < 0.4.79,80 

Hence, there is no evidence that Y enters the A site of monoclinic BiVO4. We note that 

high temperature promotes the formation of the zircon-type phase in (Bi1-xYx)VO4 

ceramics (0.10 ≤ x ≤ 0.65) and its concentration was higher in sintered than calcined 

samples. For x ≥ 0.4, a zircon-type solid solution was formed and cell parameters 

decreased linearly with Y concentration. Pure YVO4 has r ~ 11, Qf ~ 28,600 GHz, 

TCF ~ − 61.3 ppm/oC and sinters at > 1550 oC, as shown in Fig. 12. Hence, both end 

members in the (Bi1-xYx)VO4 system have negative TCF. Similar to the (Bi1-xCex)VO4 

system, Bi also plays an important role in TCF of the (Bi1-xYx)VO4 zircon-type solid 

solution. With increase of Bi concentration in zircon (Bi,Y)VO4 ceramics, TCF 

shifted from negative to positive, leading to two temperature stable compositions: 

(Bi0.81Y0.19)VO4 composite ceramic sintered at 870 oC (оr ~ 45, Qf ~ 14,000 GHz and 

TCF + 10 ppm/oC) and a (Bi0.2Y0.8)VO4 solid solution sintered at 1075 oC (оr ~ 16.3, 

Qf ~ 31,100 GHz and TCF ~ – 11.9 ppm/oC), as shown in Fig. 12.  

Although only limited data on the (Bi1-xAx)VO4 systems have been reported, a 

rough phase composition diagram (room temperature) of (Bi1-xAx)VO4 ceramics as a 

function of A ionic radius is shown in Fig. 13.61-83 Among the lanthanides, although 

La3+ has a similar ionic radius to Bi3+, LaVO4 prepared via solid state synthesis 

densifies at ~ 850 oC and crystallizes in a monoclinic monazite structure with a ir = 

14.2, Qf = 48197 GHz and TCF = − 37.9 ppm/°C. In addition, Wang et al.78 reported 

that a zircon solid solution formed for (Bi0.5La0.5)VO4 at 850 oC. 

Based on the existing evidence, five possible distinct regions are proposed to exist 

in the BiVO4-LnVO4 system. As the ionic radius of the Ln ion decreases, it becomes 

more difficult to retain a monoclinic BiVO4 solid solution and easier to form LnVO4 
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zircon solid solutions. A schematic of the trends in phase compositions are 

summarized in Fig. 13 based on the available experimental data. All zircon-structured 

LnVO4 ceramics have –ve TCF. Bi substitution increasesr shifting TCF positive. 

Hence, in BiVO4-LnVO4 ceramics, we anticipate two compositions with near-zero 

TCF: a (Ln,Bi)VO4 solid solution and a BiVO4-(Ln,Bi)VO4 composite, as illustrated 

in Fig. 13. For monoclinic (Bi,Ln)VO4 solid solution region, a maximum r is 

achieved at the phase boundary composition. For lanthanides with ionic radius smaller 

than Nd3+, r of monoclinic BiVO4-LnVO4 ceramics decreases linearly with increase 

of Ln concentration with compositions exhibiting Qf>5,000 GHz. 

3.1.2 Other trivalent species:Fe3+, In3+, Sc3+ and Ga3+ 

Agunaou et al.84 studied the substitution of Gd3+ for Bi3+ in the (BixGd1−x)VO4 

prepared via a co-precipitation route. A zircon-type solid solution was formed in the 

range 0≤x≤0.γ and a scheelite solid solution (presumably tetragonal) was formed in 

the range 0.γ≤x≤0.64. However, no further compositions with x >0.64 were studied. 

Yeom et al.85 employed Electron Paramagnetic Resonance (EPR) to confirm that Gd3+ 

substitutes for Bi3+ in monoclinic BiVO4 but no further data on the ceramics was 

reported. Yin et al.86 studied the composite of In2O3-BiVO4 by using a soft chemical 

approach with composites sintered at 500 oC. When the In/Bi ratio was less than unity, 

only monoclinic BiVO4 phase was detected using XRD, as shown in Fig. 14, which 

indicated that monoclinic (Bi,In)VO4 solid solution might be formed over a wide 

compositional range. Fe3+ has an ionic radius of 0.78 Å (CN = 8) and 0.49Å (CN = 4) 

and prefers to reside on the B site in BiVO4. In our previous work on (Bi1-xFex)VO4 (x 

≤ 0.40)87 for x ≤ 0.08, no secondary phases were revealed in XRD patterns but for x > 

0.08 peaks of FeVO4 phase were observed. However, the phase transition 
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temperatures were independent of Fe content at 255 oC, as shown in Fig. 15, which 

indicated that Fe did not occupy the A site in monoclinic BiVO4. Pure FeVO4 was 

found to crystallize in a triclinic structure with space group number P-1,88 in which Fe 

is 6-coordinated. It was concluded that Fe3+ with CN = 8 is too small to substitute for 

Bi3+ in BiVO4. 

3.2 B site substitution type 

3.2.1 Single pentavalent ions substitutions (Nb5+, Ta5+, Sb5+ and P5+) 

The ionic radius of V5+ in monoclinic BiVO4 is 0.355 Å with CN = 4. Both BiNbO4 

and BiTaO4 crystallize in an orthorhombic structure, in which Nb and Ta prefer to be 

in 6-rather than 4 coordinated89,90 polyhedra due to their large radius (0.48 for CN = 

4). This preference poses potential limitations and the ability of Nb and Ta to 

substitute for V in monoclinic BiVO4. In the study of Monfort et al.,91 Nb-modified 

BiVO4 films were prepared via a sol-gel technique, XRD patterns from which 

suggested that Nb doping leads to merging of (200) and (020) peaks, which is 

strongly related with the transition from the monoclinic to tetragonal scheelite 

structure, suggesting Nb may enter the V site in monoclinic BiVO4. In addition, Zhao 

et al.92 pointed out that Nb substitution for V is thermodynamically feasible but 

broadly speaking its solid solubility in monoclinic BiVO4 is unknown. Kumari et al.93 

prepared a series of Bi(V1-xTax)O4 and Bi(V1-xPx)O4 samples via solid state reaction 

method and found that only mixed phases were observed, implying Ta5+ and P5+ 

cannot occupy the V site in monoclinic BiVO4. However, Loiudice et al.94 reported 

the substitution of Sb5+ for V5+ in monoclinic BiVO4 lattice by both structural 

characterization and first principles calculations but irrespective of the solid solubili ty 
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of single pentavalent ions there have been no reports of their effect on the microwave 

dielectric properties of BiVO4 ceramics. 

3.2.2 Complex pentavalent ions substitutions (Fe1/3Mo2/3), (In1/3Mo2/3), 

(Sc1/3Mo2/3), (Ga1/3Mo2/3) and (Ge1/2Mo1/2) 

The Bi(Fe1/3Mo2/3)O4 phase was first synthesized by Sleight and Jeitschko in 197495 

and was the first example of a trivalent cation on the tetrahedral sites of the CaWO4 

type tetragonal scheelite structure, in which FeO4 and MoO4 tetrahedra are ordered. 

Similarly, an ordered scheelite structure also formed in Bi(Ga1/3Mo2/3)O4, 

Bi(In1/3Mo2/3)O4 and Bi(Sc1/3Mo2/3)O4, whereas compounds with Al and Cr as the 

trivalent species are unstable in ambient conditions95-98 since the latter favor CN4 

rather than CN = 6 coordination. We note that Bi(Ge1/2Mo1/2)O4 has not been studied 

but may form the ordered scheelite structure since Ge has a similar effective ionic 

radius (0.39 Å) in CN = 4 to V5+ and Mo6+. 

Given the above knowledge of crystal chemistry of complex pentavalent site 

compounds, it is reasonable to propose that (Fe1/3Mo2/3), (In1/3Mo2/3), (Sc1/3Mo2/3), 

(Ga1/3Mo2/3) and (Ge1/2Mo1/2) substitute for V5+ in BiVO4. Only the 

xBi(Fe1/3Mo2/3)O4–(1-x)BiVO4 (0.0 ≤ x ≤ 1.0) system has been studied to date.56 For 

0.0≤ x<0.10, a scheelite monoclinic solid solution formed, as shown in Fig. 16. As x 

increased to 0.70, a scheelite tetragonal solid solution is stable but for 0.70≤x<0.90, a 

composite region containing scheelite tetragonal and scheelite-distorted 

Bi(Fe1/3Mo2/3)O4 type monoclinic phases was revealed. Finally, a Bi(Fe1/3Mo2/3)O4 

type monoclinic solid solution is formed in the range 0.90 ≤ x ≤ 1.00. The phase 

transition temperatures from scheelite monoclinic to tetragonal structure for x ≤ 1.0 

samples are easily obtained from the thermal expansion data as shown in Fig. 17 in 
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which there is a sudden increase of thermal expansion coefficient from below + 5 

ppm/oC to above + 12 ppm/oC, related to monoclinic and tetragonal phases, 

respectively. As x increases from 0 to 0.10, the phase transition temperature decreases 

linearly from 255 oC to ~ − 9 oC, similar to the trend of TC vs. external pressure 

reported by Hazen and Mariathasan,46 Fig. 18. The continuous phase transition 

induced by substitution of (Fe1/3Mo2/3) for V is attributed to the increase in internal 

pressure due to the increase in atomic packing factor within the monoclinic phase 

region, which is related to the minimum cell parameter at x = 0.1.  

r and Qf reached maximum values of 74.8 and 11,600 GHz, respectively, at the 

phase boundary composition x = 0.1 which we propose is related to the minimum cell 

volume and maximum atomic packing factor at this point in the compositional series, 

Fig. 19. r = 74.8, Qf = 11,500 GHz, accompanied by a TCF = +20 ppm/oC over a 

wide temperature range may also be obtained for composite ceramic sample made 

from mixture of granulated powders, which is promising for microwave device 

applications. 

Based on the similar ordered crystal structures, we postulate that (In1/3Mo2/3), 

(Sc1/3Mo2/3), (Ga1/3Mo2/3) and (Ge1/2Mo1/2) substitution for V in BiVO4 will give rise 

to similar trends as for the xBi(Fe1/3Mo2/3)O4–(1-x)BiVO4 system. 

3.3 A and B site complex substitution and defect types 

3.3.1 (A+B7+) complex substitutions 

A+B7+O4 (A = Li, Na, K and Ag; B = F, Cl, B, I and Re) compounds also crystallize in 

the scheelite tetragonal structure suggesting that (A+B7+) complex substitutions on 

both A and B sites in BiVO4 might lead to a solid solution. However, to date there are 
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no reports on any A+B7+O4-BiVO4 compositions. Typically, A+B7+O4 (A = Li, Na and 

K; B = F, Cl, Br and I) compounds have larger cell parameters than BiVO4 and 

therefore the formation of a mixture of two scheelite phases is a strong possibility 

even if the processing difficulties associated with different melting temperatures 

(BiVO4, 920 oC) and, e.g., NaIO4 (300 oC) can be overcome. However, the possibility 

of using A+B7+O4 compounds as sintering aids to further reduce the processing 

temperatures of scheelite structured compounds perhaps should be explored. 

3.3.2 (A2+B6+) complex substitutions (A = Ca, Ba, Sr, Cd, Pb, 

(Li0.5Bi0.5), (Na0.5Bi0.5), (K0.5Bi0.5), (Ag0.5Bi0.5), (Li0.5Ln0.5), (Na0.5Ln0.5); 

B = Mo, W, Cr) 

A = Ca, Ba, Sr, Cd, Pb etc.; B = Mo, W, Cr. 

The scheelite structure was named after the chemist Carl Wilhelm Scheele, who first 

discovered the mineral scheelite, CaWO4.99,100 The scheelite structure is adaptable 

with bivalent ions, such as Ca2+, Ba2+, Sr2+ and Cd2+, occupying the A site and 

hexavalent species, such as Mo6+, W6+ and Cr6+, the B-site. Most of AMoO4 and 

AWO4 ceramics possess low r between 7 ~ 17, Qf > 30,000 GHz and negative TCF ~ 

− 60 ppm/°C.101-103 Hence, they are compatible with BiVO4 ceramics. In 2006, Yao 

and Ye104 reported a complete scheelite solid solution for (CaxBi1-x)(V1-xMox)O4. The 

phase transition from monoclinic to tetragonal occurred at x = 0.1, similar to 

xBi(Fe1/3Mo2/3)O4–(1-x)BiVO4 discussed above.56 However, Yao and Ye104 did not 

study in detail compositions with x<0.1. Sameera et al.105 confirmed the findings of 

Yao and Ye106 who later reported that 50 mol.% of CaWO4 with BiVO4 resulted in 

formation of scheelite tetragonal solid solution. Sameera et al.107 subsequently 

confirmed the formation of a scheelite tetragonal solid solution in 
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(BixCa1-x)(VxW1−x)O4 (0.β≤x≤0.8). The microwave dielectric properties of the 

(BixCa1-x)(VxW1−x)O4 (0.1≤x≤0.5) ceramics were studied by Ding and Bian in 2013108 

who reported with 計r ~ 22.1, Qf ~ 16,730 GHz (f = 8.08GHz) and TCF = −2.4 ppm/oC 

for x = 0.3 sintered 2 h at 950 oC. Although both of the end members possess negative 

TCF, near zero TCF is achieved within the solid solution due to the phase transition 

from monoclinic to tetragonal scheelite. 

A=(Li0.5Bi0.5), (Na0.5Bi0.5), (K0.5Bi0.5), (Ag0.5Bi0.5), (Li0.5Ln0.5), (Na0.5Ln0.5); B=Mo, 

W, Cr 

Most of (A+
0.5B3+

0.5)X6+O4 (A+ = Li, Na, K, Rb, Cs and Ag; B = Bi3+ and Ln3+; X = 

Mo6+, W6+ and Cr6+) materials crystallize in the scheelite tetragonal or related ordered 

structures and some possess good microwave dielectric properties (see Table 1).109-122 

Among them, the (Na+0.5Ln0.5)X6+O4 ceramics have similar microwave dielectric 

properties to AMoO4 and AWO4 ceramics, while the (Li+
0.5B3+

0.5)X6+O4 ceramics have 

a –ve TCF with r > 20.113-115 Hence, some are good candidates to substitute in BiVO4 

to modify its microwave dielectric properties. For the compositional series 

(1-x)BiVO4-x(Li 0.5Bi0.5)MoO4,32 (Li0.5Bi0.5)MoO4 ceramic sinters at 550 oC with оr ~ 

44.4, Qf ~ 3,200 GHz, and TCF ~ + 245 ppm/oC.123 A scheelite monoclinic solid 

solution forms for 0≤x≤0.10 and a scheelite tetragonal solid solution for 0.1<x≤1.0.32 

As x increased in the (1-x)BiVO4-x(Li 0.5Bi0.5)MoO4 series, the cell parameter a 

decreased and b increased, becoming equal at x = 0.10 with the c axis decreasing 

monotonously. This resulted in a minimum cell volume at x = 0.1, as shown in Fig. 20. 

When x > 0.1, both a and c increased linearly due to the larger ionic radius of Mo6+ in 

comparison with V5+. A comparison of cell parameters between the 

(1-x)BiVO4-x(Li 0.5Bi0.5)MoO4 and BiVO4 as a function of x, temperature and pressure 

is presented in Fig. 20. The increase in “internal pressure” caused by substitution by a 
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B-site ion of larger radius results in a similar effect on the crystal structure as the 

application of external pressure and temperature. The net result is lowering of the 

phase transition from 255 oC for BiVO4 to near room temperature for x = 0.1. In this 

system, the phase transition from monoclinic to tetragonal phase were first 

observed124 from microwave dielectric spectroscopy, as shown in Fig. 21. According 

to the classic Lyddane–Sach–Teller relation,125 there is usually a maximum value of 

permittivity observed at the ferroelastic phase transition temperature if there is a 

coupling to an optic mode, as is the case here. In fact, this method only works at very 

high frequency (above 1 MHz) in this system and the peaks in r are usually obscured 

due to the high conductivity at low frequency. In-situ XRD, Raman and Far infrared 

reflection spectroscopy can also be employed to determine the phase transition 

temperature. As shown in Fig. 22 and Fig. 23,126 as temperature increased, 

characteristic XRD peaks (200) and (020) merge into one peak gradually, caused by 

convergence of a and b lattice parameters in monoclinic structure. Similarly, the 

symmetric Ag bending mode of the vanadate anion hs(VO4) and the anti-symmetric Bg 

bending mode of the vanadate anion has(VO4) at 357.2 and 327.4 cm-1, respectively, 

merged into one mode gradually at the phase transition temperature because the そ1 

and そ2 of V-O bond lengths approach and finally became equal. Merging of reflection 

peaks are also observed in in-situ far infrared spectroscopy, as shown in Fig. 23 but r 

of this system is dominated by overlapping external modes below 200 cm-1 related 

with Bi3+. Hence, it is difficult to accurately determine the intrinsic r as a function of 

temperature. 

A maximum value of r is obtained at the phase boundary (x = 0.1) which is 

attributed to the minimum cell volume. The trend in r is almost inverse to that of cell 

volume vs. composition because molecular polarization is determined by the cell 
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volume and ionic polarizability. Qf remains high (> 8,000 GHz) in the monoclinic 

solid solution region and then decreases with composition in the tetragonal phase 

region, consistent with larger atomic packing factor within the monoclinic structure 

than the tetragonal. Third, TCF values were affected dramatically by the phase 

transition temperature. Conventionally, the resonant frequencies at 25 oC and 85 oC 

are used to calculate TCF. Hence, if a phase transition temperature is > 85 oC, a large 

–ve TCF is obtained. When a phase transition temperature is < 25 oC, a large +ve TCF 

is obtained. For samples in which the phase transition temperature lies between 25 ~ 

85 oC, the resonant frequency is nonlinear and large deviations in TCF are observed.  

Similar results were further obtained for (1-x)BiVO4-x(Na0.5Bi0.5)MoO4 and 

(1-x)BiVO4-x(Ag0.5Bi0.5)MoO4 systems.55,64 For some other end member with ordered 

or modified structures rather than tetragonal scheelite, such as (K0.5Bi0.5)MoO4 and 

(Li 0.5La0.5)MoO4 which crystallize in an A site ordered monoclinic phase and an 

orthorhombic structure with a Pbca space group, respectively,127-131 similar phase 

transition are also obtained within a limited solid solubility. For example, for 

(1-x)BiVO4-x(K0.5Bi0.5)MoO4 ceramics,57 the phase diagram can be separated into at 

least six regions below the melting point, as shown in Fig. 24: Region I, scheelite 

monoclinic phase (BiVO4 type) from 0 ≤ x < 0.1; Region II, scheelite tetragonal phase 

(BiVO4 type) for 0.1≤x<0.19; Region III, two scheelite tetragonal phases (o-BiVO4 

and t-(KBi)1/2MoO4 type) for 0.1 ≤ x < 0.82; Region IV, scheelite tetragonal phase 

solid solution from 0.82 ≤ x ≤0.85 ((KBi)1/2MoO4 type); Region V, composite phase 

from 0.85 < x < 0.88 ((KBi)1/2MoO4 type tetragonal and monoclinic phases) and VI, 

scheelite monoclinic phase ((KBi)1/2MoO4 type) from 0.91 ≤ x ≤ 1.0. Hence, it is 

concluded that provided one end member, (A+
0.5A3+

0.5)B6+O4, has a scheelite related 

structure, the substituent ions may reside within BiVO4 lattice and form a solid 
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solution, in which the monoclinic to tetragonal phase occurs at a composition with 

minimum cell parameters and largest atomic packing factor. 

All Li rare earth double molybdates crystallize in a classic scheelite structure 

except (LiLa)0.5MoO4 is orthorhombic.132,133 Li  rare earth double molybdates readily 

form solid solution with monoclinic BiVO4. Sameera et al.130 synthesized 

(Li 0.5xLa0.5xBi1-x)(MoxV1-x)O4 compositions by solid state reaction from 0 ≤ x ≤ 0.5 

and a complete scheelite solid solution was formed. Although they didn’t give the 

precise phase boundary composition between monoclinic and tetragonal phases, the 

monoclinic solid solubility is expected at ~10 % with a classic scheelite solid solution 

for 0.1≤x≤0.5. However, un-doped (Li,La)0.5MoO4 crystallizes in an orthorhombic 

structure. Hence, there should be a limited region for scheelite solid solution. 

Subsequently, Sameera et al.131 reported other similar systems such as 

(Li 0.1Ln0.1Bi0.8)(Mo0.2V0.8)O4 (Ln = La, Pr, Sm, Gd, Tb, Dy, Y, Yb and Lu) and found 

that a scheelite solid solution is formed for Ln = La, Pr, Sm, and Gd, and that cell 

volume decreases with the decrease in rare earth ionic radius. When ionic radius 

decreases to 1.04 Å for Ln = Tb, zircon as a secondary phase as revealed from the 

XRD data shown in Fig. 25, which indicates that small Ln ions have a tendency to 

prefer the LnVO4 zircon rather than scheelite phase. 

For the (Li0.5Ln0.5)WO4 system, compositions with ionic radius large than Gd3+ 

crystallize in the scheelite structure but only (Li0.5Sm0.5)WO4 and (Li0.5Nd0.5)WO4 are 

reported as microwave dielectrics.120,121,134,135 Chen et al.136,137 studied the microwave 

dielectric properties of (1-x)BiVO4-x(Li 0.5Sm0.5)MoO4 and 

(1-x)BiVO4-x(Li 0.5Nd0.5)MoO4 systems and obtained r > 75 and Qf > 6,000 GHz. 

However, there was no discussion of the large non-linear deviation of resonant 

frequency as a function of temperature. 
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Due to the existence of many A2+B6+O4 ceramics with good microwave dielectric 

properties, this series of materials are promising candidates to form solid solutions 

with BiVO4 ceramics. A phase composition diagram as a function of A-site ionic 

radius for AMoO4 phases is shown in Fig. 26. For almost all the reported 

A2+B6+O4-BiVO4 ceramics,55,108,138 10 mol. % A2+B6+O4 substitution induces the 

phase transition from monoclinic BiVO4 to tetragonal. However, there is no other 

notable relation. For A-site ions with radii in the range 1.045 ~ 1.225 Å (e.g. 

(Li 0.5Bi0.5)2+, Ca2+, (Na0.5Bi0.5)2+, (Ag0.5Bi0.5)2+), the other end members with formula, 

A2+MoO4, crystallize in a tetragonal scheelite structure and have comparable cell 

parameters with undoped BiVO4. This leads to a whole range scheelite solid solutions 

which are monoclinic when the BiVO4 concentration is > 90% and which are 

tetragonal when the BiVO4 concentration is < 90%. For (K0.5Bi0.5)2+ complex ions 

with average radius ~ 1.34 Å, only 20 % scheelite solid solubility was obtained and 

there are six phase regions revealed by XRD. Even in the undoped (K0.5Bi0.5)MoO4 

ceramics, the tetragonal scheelite structure does not form and an A site ordered 

monoclinic structure is preferred. Although BaMoO4 also crystallizes in tetragonal 

scheelite phase,139 the large ionic radius at A site may give rise to a more complicated 

phase assemblage. As with LaVO4 discussed in chapter 3.1.1, the (Li0.5La0.5)MoO4 in 

a unique orthorhombic structure with Pbca symmetry and this may lead to four phase 

regions as illustrated in Fig. 26. Except for (Li0.5La0.5)MoO4, almost all 

(Li 0.5Ln0.5)MoO4 ceramics prepared via solid state reaction crystallize in a tetragonal 

scheelite structure. However, there is no evidence that BiVO4-(Li 0.5Ln0.5)MoO4 (Ln ≠ 

La) ceramics form solid solutions across the whole composition range. On the 

contrary, there is compelling evidence that scheelite solid solubility in 

BiVO4-(Li 0.5Ln0.5)MoO4 (L n ≠ La) ceramics decrease with the decrease of (Li0.5Ln0.5) 
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(Ln ≠ La) ionic radius. In the (Li0.5Ln0.5) (Ln ≠ La) rich region, zircon LnVO4 phase is 

detected by the XRD. Hence, in the (Li0.5Ln0.5) (Ln ≠ La) rich region there may be at 

least three regions: (Li0.5Ln0.5)MoO4 tetragonal phase; (Li0.5Ln0.5)MoO4 + zircon 

LnVO4 phase and zircon LnVO4 + BiVO4-rich scheelite phase. Due to the absence of 

reported data, these parts are left blank in Fig. 26. In all BiVO4-AMoO4 ceramics, 

when the A site ions are larger than 1.04 Å (for Li0.5La0.5), the phase transition from 

monoclinic BiVO4 to tetragonal scheelite phase usually leads to a maximum r at the 

phase boundary due to the achievement of a minimum value of cell volume which 

decreases linearly in the single phase regions. When the A site ionic radius decreases 

below that of La, the decrease in ionic polarizability140 dominates the trend in r which 

decreases linearly as a function of Ln content. Qf of the BiVO4 rich scheelite solid 

solutions are expected to be > 5,000 GHz, especially for BiVO4-CaMoO4, 

BiVO4-(Na0.5Bi0.5)MoO4, and BiVO4-(Ag0.5Bi0.5)MoO4 ceramics, for which 8,000 

GHz can be obtained across the whole composition range. However, due to the phase 

assemblage and large difference in sintering temperatures between these phases in the 

BiVO4-(Li 0.5Ln0.5)MoO4 (Ln ≠ La) ceramics, poor Qf results. Generally, it is difficult 

to obtain near-zero TCF in simple solid solutions or composite in the 

(A1
+A2

3+)B6+O4-BiVO4 family. Only layered or large particle composites are effective 

due to inter-diffusion. According to our recent results,113-115 most (Na0.5Ln0.5)MoO4 

ceramics possess similar r and TCF to that of AMoO4 (A = Ca, Sr, Ba) with Qf> 

20,000 GHz. Although no work has been carried out to date, we speculate based on 

generic trends that (Na0.5Ln0.5)MoO4 ceramics might provide near-zero TCF in BiVO4 

tetragonal regions with promising Qf. Solid solutions are one of the most important 

methods to design temperature stable microwave dielectric ceramics using two end 

members with opposite TCF. However, even though the two end members possess 
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–ve TCF, a series temperature stable microwave dielectric ceramics can be achieved, 

e.g. BiVO4-CaMoO4, BiVO4-CaWO4, BiVO4-(Na0.5Ln0.5)MoO4 due to the large +ve 

TCF in the Bi-rich tetragonal scheelite phase, which is similar to trends within the 

BiVO4-LnVO4 system, as discussed in chapter 3.1.1. 

3.3.3 (A3+B5+) (A = Ln, Y , Sc etc.; B = Nb, Ta, Sb, P and (Ti1/2W1/2)5+) 

complex substitutions 

Although these complex systems have the same valence on both A and B site as 

BiVO4, only limited efforts have been made to study their influence on the structure 

and properties. The most studied are isovalent dopants based on the rare-earth 

orthoniobates, LnNbO4. This class of oxides undergoes a reversible ferroelastic phase 

transition from the fergusonite structure (monoclinic, C2/c) to a tetragonal scheelite 

structure (tetragonal, I41/a) at high temperature between 480 ~ 860oC depending on 

ionic radius,141-144 which is similar to that of monoclinic BiVO4. In addition, similar 

motion and annihilation of ferroelastic domains with pressure and temperature have 

been observed in BiVO4 and LnNbO4.145 However, Raman scattering has shown that 

the phase transition in BiVO4 is related to an optic soft mode where as in LaNbO4 its 

origin differs.146 In 2017, we studied the phase evolution and microwave dielectric 

properties of (1-x)BiVO4–xLaNbO4 (0.0≤x≤1.0) ceramics.147 A monoclinic scheelite 

solid solution was obtained for 0≤x≤0.08 and a tetragonal solid solution was obtained 

for 0.08<x<0.7, as shown in Fig. 27. At x>0.7, tetragonal scheelite, monoclinic 

LaNbO4-type and La1/3NbO3 phases co-existed. A significant difference from the 

discussion presented in Chapter 3.3.2 is that in the monoclinic solid solution, high 

temperature accelerates the formation of the tetragonal phase, Fig. 28. The 

characteristic peaks of (200) and (020) remained split for x = 0.08 sintered at 680 oC 
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but merged into a single peak at a higher sintering temperature ~ 710 oC. The changes 

in the structure as a function of sintering temperature most likely relate to the rate 

diffusion and / or solid solubility of Nb in the V tetrahedral network. It also worth 

noting that Nb substitution for V improved the temperature stability of Qf over a wide 

range, 20 ~ 140 oC. The slight change in the value of x for the monoclinic/tetragonal 

phase boundary (x = 0.08 in case of LaNbO4) compared with Mo substitution on B 

site (x = 0.1) is attributed to the larger ionic radius of Nb5+ with respect to Mo6+. To 

date, this is the only case, in which a ferroelastic fergusonite phase was used to form a 

solid solution with BiVO4 but other rare earth niobates such as NdNbO4 and SmNbO4, 

are expected to have a similar effect on structure and properties. The complex 

substitution of both A3+ and B5+ for Bi3+ and V5+ in BiVO4 needs to be studied further 

but the preliminary results discussed above on simple A3+ and B5+ substitutions point 

towards potential key aspects for design strategies for complex substitution. 

Another group of tetragonal scheelite Re(Ti0.5W0.5)O4 (Re = Pr, Nd, Sm, Gd, Tb, 

Dy, and Y) was reported by Sebastian et al. in 2003.148 Usually Ti prefers to be 6 

coordinated in complex oxides and it is rare it that occupies the B site in the BO4 

tetrahedra in the scheelite structure. Moreover, Re(Ti0.5W0.5)O4 ceramics have r = 20 

with Qf > 6,000 GHz and this might be useful substituents into BiVO4. 

3.3.4 (A4+B4+) (A = Zr, Hf, U; B = Ge) complex substitutions 

ZrGeO4 is the first reported A4+B4+O4 type scheelite material.149 It may be 

synthesized via solid state reaction but soft chemical methods lead to the formation of 

zircon type ZrGeO4, which transforms to scheelite above 1180 oC.150-152 In Cheng el 

al.’s work,153 two high-pressure phases of ZrGeO4, fergusonite (isomorphic to 

LnNbO4) and an un-known monoclinic structure were reported, the schematic of 
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phase transitions between these four polymorphs is given in Fig. 29. HfGeO4, 

ThGeO4 and GeUO4 were also reported to possess a tetragonal scheelite 

structure.154,155 Given the same crystal structure and similar cell parameters with that 

of BiVO4, the (1-x)BiVO4-xA4+B4+O4 system might have potential for interesting 

structure-property relations within the solid solution but to date, there have been no 

reports on these compositions. 

3.4 A site defect type (f1/3A3+
2/3B6+O4) 

The only defects that occur in large concentrations in the scheelite structure are A 

cation vacancies. Such defect phases are represented as A1-xfxMO4 where f is a 

vacancy on the A site. The maximum value of x = 1/3 with the scheelite structure was 

found for La2/3f1/3MoO4. If quenched from high temperature156,157 vacancies are 

randomly distributed but if cooled slowly, become ordered in a similar manner to 

Ln2/3MoO4 and Bi2/3MoO4.158-160 As summarized by Sleight and Linn,161 there are 

three different types of order reported as shown in Fig. 30, which give rise to unique 

distortions of the MoO4 tetrahedra. Since quenching suppresses tetrahedral distortion, 

the formation of a solid solution with a stable scheelite structure may also give rise to 

the same phenomenon. A2/3f1/3MoO4 has been shown to form a scheelite solid 

solution with BiVO4 but only within a limited range.162 In addition, defect 

concentrations may also be modified by forming solid solutions of A2/3f1/3MoO4 with 

(A+
0.5Ln0.5)MoO4 or A2+MoO4 systems. 

In previous work,163 the full compositional range of xBi2/3MoO4–(1-x)BiVO4 (0.0 ≤ 

x ≤ 1.0) was prepared via the solid state reaction method. The phase diagram is 

separated into at least four regions as shown in Fig. 31: I, scheelite monoclinic phase 

region with 0.0 ≤ x ≤ 0.1; II, scheelite tetragonal phase region with 0.1 < x < 0.5; III, 
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an ordered scheelite phase region with 0.5 ≤ x < 0.7 and IV, a composite phase region 

with 0.7 ≤ x < 1.0 (ordered scheelite and monoclinic Bi2/3MoO4 phase). r of the 

xBi2/3MoO4–(1-x)BiVO4 ceramics reaches a maximum of ~ 75, lower than that in 

non-defective BiVO4-(A0.5Bi0.5)MoO4 type, at x = 0.1 with Qf ~ 8,000 GHz. However, 

r decreased with further increase of Bi2/3MoO4 concentration and Qf deteriorated in 

mixed phase regions. 

A series of the (1-x)BiVO4-xLa2/3MoO4 ceramics were prepared via solid solution 

reaction method in our previous work.164 As shown in Fig. 32, as x increased from 0 

to 0.1, the crystal structure changed continuously from a monoclinic to a tetragonal 

scheelite structure. When x increased to 0.9, co-existence of tetragonal scheelite and 

La2/3MoO4 phases was observed. All ceramics densified below 800 °C. 68 ≥ r ≥ 73 

was achieved in compositions with x ≤ 0.10 with Qf~10,000 GHz. However, the 

phase transition between monoclinic and tetragonal scheelite structures resulted in 

large negative/positive TCF. Similar results were also obtained in other 

BiVO4-Ln2/3MoO4 ceramics165 and it seems that A site defects decreaser without 

improving Qf. 

3.5 Composite ceramics 

TCF is an important physical parameter for microwave dielectric ceramics. Most 

microwave dielectric ceramics with low r (below 20) possess -ve TCF while most 

high r (> 40) possess +ve TCF.26,30,31 Rutile TiO2, perovskite CaTiO3 and SrTiO3 are 

three archetype ceramics with highr, high Qf values and large positive TCF 

values.166-169 However, high r microwave dielectric ceramics with large negative TCF 

are rare and all -ve TCF materials with − 200 ppm/oC are also listed in Table 2.170-173 



32 

 

Among them, BiVO4 is attractive due to its high Qf and low sintering temperature. In 

applications, near zero TCF is required to keep the electronic devices work normally 

in a wide environmental temperature range (− 25 oC ~ + 85 oC). Usually there are two 

effective methods to modify the TCF: i) solid solution or ii)  composite ceramics. 

Solid solutions have been discussed in detail in previous sections and in this chapter, 

composites with BiVO4 are discussed. 

BiVO4-TiO2 system 

According to δv’s report on Bi2O3-TiO2-V2O5 ternary diagram,174,175 three single 

phase compounds, Bi17V2TiO32.5, Bi4V1.5Ti0.5O10.85 and Bi13V5TiO34 exist in the 

Bi2O3–TiO2–V2O5 ternary system but no single-phase compounds are reported in the 

V2O5-TiO2 and TiO2-BiVO4 binary systems, Fig. 33. This indicates that TiO2 and 

BiVO4 phases do not react with each other and could co-exist. Furthermore, the 

absence of single phase compounds in the TiO2-BiVO4 binary system suggests that 

immiscible composites may be fabricated. TiO2 has been reported to have 計r = 100 and 

Qf ~ 14,000 GHz but TCF > + 400 ppm/oC.166 In previous work,176 the chemical 

compatibility between BiVO4 and TiO2 was confirmed by XRD and EDS analysis, 

Fig. 34. Almost all the (1-x)BiVO4-xTiO2 (x = 0.4, 0.50, 0.55 and 0.60) densify at ≤ 

900 oC. If the sintering temperature is increased, composite samples melt. оr increased 

linearly from 68.5 at x = 0.0 to 87.7 at x = 0.6, accompanied by a commensurate 

increase in TCF from – 260 ppm/oC for pure BiVO4 to + 46 ppm/oC at x = 0.6. 

Near-zero TCF (– 8 ppm/oC) was achieved in compositions with x = 0.55. However, 

Qf did not increase linearly with the concentration of TiO2. First, Qf increased to 

~12,290 GHz at x = 0.4 but then decreased to 9,500 GHz at x = 0.55. Therefore, a 

series of modified rutile structured Ti1-x(Cu1/4Nb3/4)xO2 (計r ~ 95, Qf ~ 35,000 GHz, 

TCF ~ + 400 ppm/oC)177 with low sintering temperatures were chosen to replace pure 
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TiO2 with Bi(Fe,Mo,V)O4 and (Na,Bi)(Mo,V)O4 series55,56 replacing BiVO4. In 

addition, nano-sized TiO2 (20 nm) particles were also utilized. However, none of 

these modifications increased Qf which remained between 9,000 ~ 12,330 GHz, 

possibly due to the difference in the sintering temperature of the end members. 

Nonetheless, excellent microwave dielectric properties with a 計r ~ 86, Qf ~ 9,500 GHz 

and near-zero TCF ~ − 8 ppm/oC were obtained in the 0.45BiVO4-0.55TiO2 ceramics 

sintered 2 h at 900 oC. 

BiVO4-TiO2-Bi2Ti4O11 system 

In the Bi2O3-TiO2 binary system, Bi2Ti4O11 is the last binary single compound in 

TiO2-rich region and co-fires with TiO2. Undoped Bi2Ti4O11 ceramic was reported to 

possess a оr = 53.2, Qf ~ 4,500 GHz (at 5 GHz), and TCF = − 550 ppm/oC.170 Hence, 

temperature stable microwave dielectric ceramics, 0.919TiO2-0.081Bi2O3, composed 

of TiO2 and Bi2Ti4O11, possess high 計r ~ 80, high Q (1800 at 5 GHz) and TCF ~ +21 

ppm/°C.178 Therefore, based on the discussion above, a series of temperature stable 

microwave dielectric ceramics might be achievable in the BiVO4-TiO2-Bi2Ti4O11 

ternary system along the tie line, (0.88TiO2-0.12Bi2Ti4O11)-(0.45BiVO4-0.55TiO2) 

shown in Fig. 33. Improvements in processing this system might also increase Qf. 

BiVO4-CaTiO3 and BiVO4-SrTiO3 system 

According to simple mixing rules, either 24.5 mol. % CaTiO3 or 17.8 mol. % SrTiO3 

in a composite with BiVO4 shifts TCF to near zero. However, according to our 

unpublished data on these two system, secondary phases containing Bi, (Ca,Sr) and Ti, 

probably the Aurivillius phases, SrBi4Ti4O15 and CaBi4Ti4O15, were detected in the 

ceramics, leading to poor Qf.  
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4. Summary and future work 

Some key conclusions can be drawn from the work presented in this review: 

1. Monoclinic BiVO4 has an unusual scheelite structure which transforms to standard 

tetragonal scheelite structure at 255 oC, under external pressure (16 kbar) or through 

equivalent internal pressure caused by B-site substitution. The solid solubility of 

monoclinic BiVO4 can be extended to 10 mol.% by the stoichiometric substitution of 

(A+Ln3+) and Mo6+ on the A and B site, resulting in a transition to a tetragonal phase. 

Only La or Ce of the Ln ions can occupy the Bi3+site of monoclinic BiVO4, confirmed 

by the shift in the phase transition temperature recorded through anomalies in thermal 

expansion. However, there is no evidence that a single substitution on the A site 

results in a phase transition to a tetragonal phase. All monoclinic BiVO4 solid 

solutions irrespective of the A/B site substituents possess a lower phase transition 

temperature than that of pure BiVO4 (255 oC). 

2. Some techniques are ideal at determining the phase transition in monoclinic BiVO4 

solid solutions. With in-situ XRD, merging of characteristic XRD peaks, to attain 

equal a and b cell parameters, accompanied by transformation of the gamma angle to 

90o are key metrics that define the onset of the phase transition. Similarly, merging of 

some characteristic vibration modes at the phase transition, caused by the relaxation 

of distorted BO4 tetrahedra to give two equal BO bond lengths can be observed using 

in-situ Raman and infrared spectra. Sudden changes in the thermal expansion 

coefficient (monoclinic and tetragonal scheelite are about + 5 ppm/oC and + 14 

ppm/oC, respectively) can also be used to determine the phase transition temperature. 

Finally, according to LST relation, a peak value of r will occur at the phase transition 

temperature. 
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3. The presence of a peak value of r in the BiVO4 solid solution ceramics at the phase 

transition allows substitutions, such as (ALn3+)MoO4 to optimize properties (r 

increases from 68 to 81) by lowering the transformation to room temperature. The 

peak in r occurs in BiVO4-(Li 0.5Bi0.5)MoO4 ceramics for example, because a 

minimum value of cell volume is achieved at the phase boundary. r is determined by 

cell volume and molecular polarizability, hence if the polarizability of substitution 

ions is smaller than that of Bi3+, r might decrease linearly with decreasing Bi content. 

Qf often reach a maximum value in phase boundary compositions because the atomic 

packing factor is optimized. The highest Qf (~ 13,000 GHz) was obtained in 

0.02Bi(Fe1/3Mo2/3)O4–0.98BiVO4 ceramics sintered at 820 oC with a r ~ 74.8. Due to 

the existence of phase transition, however, temperature stable ceramic cannot be 

achieved in solid solutions. Phase transition temperatures above 85 oC lead to a large 

–ve TCF (− 200 ppm/oC, monoclinic) but below room temperature a large +ve TCF (+ 

200 ppm/oC, tetragonal) between 25 ~ 85 oC. However, layered or granulated particles 

composites containing two compositions with negative and positive TCF values, 

respectively, may achieve temperature stable composite ceramics with high 

permittivity. Compatible compositions with large +ve TCF end members such as TiO2 

(TCF = + 400 ppm/oC) permit the design of composite ceramics with BiVO4. A range 

of temperature stable microwave dielectric ceramics suitable for LTCC applications 

are also predicted in the BiVO4-TiO2-Bi2Ti4O11 system.  

4. To date, all the studies on the modification of BiVO4 ceramics have been limited to 

BiVO4-ABO4 binary systems. Since scheelite is an adaptable structure-type, novel 

microwave dielectric properties might be achieved in ternary or quaternary systems. 

Since both V2O5 and MoO3 powders are partially water soluble, the 

BiVO4-(A+Bi)MoO4 materials might be suitable for cold sintering.181 Cold-sintered 
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temperature stable Na0.5Bi0.5MoO4-Li 2MoO4 composite ceramics have already been 

reported182 and thus BiVO4 based materials might be promising candidates for 

fabrication using sustainable and green synthesis methods. 
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Table Captions: 

Table 1 Sintering temperatures and microwave dielectric properties of the 

(A+
0.5A3+

0.5)BO4 (A+ = Li, Na, K and Ag; A3+ = Ln and Bi; B = Mo and W) ceramics  

Table 2 Microwave dielectric ceramics with large permittivity and TCF (both negative 

and positive) values 
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Table 1 Sintering temperatures and microwave dielectric properties of the 

(A+
0.5A3+

0.5)BO4 (A+ = Li, Na, K and Ag; A3+ = Ln and Bi; B = Mo and W) ceramics  

Composition 

 

RA(Å) 

 

RB(Å) 

S.T. 

(oC) ir 

Q×f 

(GHz) 

TCF 

(ppm/oC) Ref. 

(Li 0.5Yb0.5)MoO4 0.9525 0.41 820 16.3 6,350 +53 111 

(Li 0.5Er0.5)MoO4 0.962 0.41 800 18.6 10,650 +186 111 

(Li 0.5Y0.5)MoO4 0.9695 0.41 780 18.8 10,400 +193 111 

(Li 0.5Gd0.5)MoO4 0.9865 0.41 750 19.5 3,940 +209 111 

(Li 0.5Sm0.5)MoO4 0.9995 0.41 640 19.9 4,570 +231 111 

(Li 0.5Nd0.5)MoO4 1.0145 0.41 660 20.3 3,000 +235 111 

(Li 0.5Ce0.5)MoO4 1.0315 0.41 580 20.6 1,990 +228 111 

(Li 0.5Bi0.5)MoO4 1.045 0.41 560 41.7 3,200 +240 112 

(Na0.5Bi0.5)MoO4 1.175 0.41 590 34.4 12,300 +43 112 

(Na0.5La0.5)MoO4 1.17 0.41 740 11 25,050 −59 113 

(Na0.5Nd0.5)MoO4 1.1445 0.41 760 10.5 19,605 −49 115 

(Na0.5Ce0.5)MoO4 1.1615 0.41 780 11.2 19,365 −44 115 

(Ag0.5Bi0.5)MoO4 1.225 0.41 690 30.4 12,600 +57 112 

**(K 0.5Bi0.5)MoO4 1.225 0.41 690 30.4 12,600 +57 112 

*(Li 0.5Bi0.5) WO4 1.045 0.42 740 27.2 17,000 −56 116 

(Na0.5Bi0.5) WO4 1.175 0.42 720 25.7 17,500 -18 117 

*(Ag0.5Bi0.5)WO4 1.225 0.42 580 35.9 13,000 -69 118 

*(Li 0.5Y0.5)WO4 0.9695 0.42 900 14.8 9,550 +64 119 

*(Li 0.5Yb0.5)WO4 0.9525 0.42 900 19.7 8,720 +45 119 

(Li 0.5Sm0.5)WO4 0.9995 0.42 800 17 5,792 +87 120 
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* marked crystallizes in wolframite structure; **(K0.5Bi0.5)MoO4 crystallizes in A site 

ordered structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Li 0.5Nd0.5)WO4 1.0145 0.42 775 16.1 4,210 +162 121 

(Na0.5Bi0.5)(Mo0.5

W0.5)O4 

1.175 0.415 720 28.9 14,000 -6 

117 

(Ag0.5Bi0.5)(Mo0.5

W0.5)O4 

1.225 0.415 580 26.3 10,000 +20 

122 
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Table 2 Microwave dielectric ceramics with large permittivity and TCF (both negative 

and positive) values 

Compositions S. T. (oC) Permittivity Qf (GHz) TCF (ppm/oC) Ref. 

BiVO4 820 68 8,000 –260 28,29 

Bi2Ti4O11 1100 47 4,800 –540 170 

(Li 1/2Ln1/2)TiO3 1300 80 3,100 –310 171 

く-BiTaO4 1300 53 12,070 –200 172 

BaNb2O6 (Hex) 1050 42 4,000 –800 173 

TiO2 1350 100 >20,000 +400 166 

CaTiO3 1350 168 >10,000 +800 167-169 

SrTiO3 1350 280 3,000 +1200 167-169 

(Sr,Ba)TiO3 1350 >300 <2,000 >1200 179 

*Ag(Nb,Ta)O3 1250 >300 <800 —— 180 

*Due to the phase transition, TCF varies through large +/− values. 
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Figure Captions: 

Fig. 1 a) Schematic of crystal structures of the orthorhombic33,34 

Fig. 2 a) Crystal structure of tetragonal zircon phase of BiVO4
33-36 

Fig. 3 Crystal structure of monoclinic scheelite phase of BiVO4
33,34 

Fig. 4 Crystal structure of tetragonal scheelite phase of BiVO4.33,34 

Fig. 5 Phase transition diagram of the four polymorphs of BiVO4
2-4,33,34,39-42,46,51-54

 

Fig. 6 SEM micrographs of bismuth vanadates after firing with 20 wt. % of silver for 

5 h at 750 oC: a) BiVO4; b) Bi4V2O11 and c) Bi8V2O17) and 850 oC: d) Bi12V2O23 and e) 

Bi12V0.6O19.5).28 

Fig. 7 X-ray diffraction patterns of Nd-doped BiVO4 samples with the nominal 

stoichiometry NdyBi1-yVO4 ceramics73 

Fig. 8 a) X-ray diffraction data for (Bi1-xCex)VO4 (x = 0.1, 0.2, 0.25, 0.3, 0.4 and 0.6) 

ceramics and b) pseudo phase diagram of the BiVO4-CeVO4 system (* = scheelite 

monoclinic phase; andﾔ = zircon type tetragonal phase)74 

Fig. 9 Thermal expansion data of the (Bi0.9Ce0.1)VO4 ceramic* (*:unpublished data) 

Fig. 10 X-ray diffraction patterns of (Bi1-xDyx)VO4 and Bi0.5M0.5VO4 (M = La, Sm, 

Nd, Gd, Eu, Y)78 

Fig. 11 a) XRD patterns of (Bi1-xYx)VO4 ceramics and b) phase diagram of the 

BiVO4-YVO4 binary system (Cell parameters a and b of BiVO4 are 5.1 Å and 5.2 Å, 

respectively while cell parameters a/b of zircon phase is about a = b = 7.13 Å)79,80 

Fig. 12 a) r, Qf, TCF and sintering temperature of the (Bi1-xYx)VO4 ceramics as a 

function of x and b) range of r obtained from infrared fitting79,80 

Fig. 13 Schematic of phase composition diagram (room temperature) for the 

(Bi1-xAx)VO4 system as a function of A ionic radius61-83 
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Fig. 14 XRD patterns of BiVO4, In2O3 and In2O3/BiVO4 composites with different 

molar ratios86 

Fig. 15 Thermal expansion curves of the (Bi1-xFex)VO4 (x = 0.06, 0.08, 0.10 and 0.20) 

ceramics as a function of temperature87 

Fig. 16 Cell parameters and phase compositions of the xBi(Fe1/3Mo2/3)O4-(1-x)BiVO4 

system56 

Fig. 17 Thermal expansion data of the xBi(Fe1/3Mo2/3)O4-(1-x)BiVO4 (x = 0.0, 0.01, 

0.02, and 0.04) as a function of temperature56 

Fig. 18 Ferroelastic phase transition (monoclinic to tetragonal structure) temperature 

of the xBi(Fe1/3Mo2/3)O4-(1-x)BiVO4 ceramics (0.0 ≤ x ≤ 0.10) as a function of x and 

for pure BiVO4 as a function of pressure46,56 

Fig. 19 Room temperature microwave dielectric properties of the 

xBi(Fe1/3Mo2/3)O4-(1-x)BiVO4 ceramics (0 ≤ x ≤ 1)56 

Fig. 20 Cell parameters and volume of BiVO4 as a function of temperature and 

pressure and of (1-x)BiVO4-x(Li 0.5Bi0.5)MoO4 ceramics as a function of x at room 

temperature32,46,124 

Fig. 21 a) ir and b) Qf of (1-x)BiVO4-x(Li 0.5Bi0.5)MoO4 ceramics from 10–420 K).124 

Fig. 22 a) In-situ XRD, b) cell parameters and c) Raman spectra of 

(1-x)BiVO4–x(Li 0.5Bi0.5)MoO4 (x = 0.06) from 27–160 oC126 

Fig. 23 a) Room temperature infrared spectra of (1-x)BiVO4–x(Li 0.5Bi0.5)MoO4 

(0.0≤x ≤1.0) ceramics, b) in situ infrared spectra of x = 0.06 and c) x = 0.125 from 

−183 to + 180 oC.126 

Fig. 24 Cell parameters, a and b, of tetragonal phases in (1-x)BiVO4-x(K0.5Bi0.5)MoO4 

ceramics as a function of x.57 

Fig. 25 XRD patterns of the (1-x)BiVO4-x(Li 0.5La0.5)MoO4 ceramics (0 ≤ x ≤ 0.5) 
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calcined at a) 800 oC and b) 0.8BiVO4-0.2(Li0.5Ln0.5)MoO4 (Ln = La, Pr, Sm, Gd, Tb, 

Dy, Y, Yb and Lu) ceramics sintered at 850 oC.130,131 

Fig. 26 Schematic room temperature phase composition diagram of the 

BiVO4-AMoO4 systems as a function of A site ionic radius. 

Fig. 27 a) XRD patterns of the (1-x)BiVO4-xLaNbO4 ceramic sintered at different 

temperatures and b) schematic of the ABO4 scheelite structure (release of distorted 

tetrahedra in the inset)147 

Fig. 28 XRD patterns of the (1-x)BiVO4-xLaNbO4 ceramics sintered at different 

temperatures147 

Fig. 29 Schematic of phase transitions between the zircon, scheelite, fergusonite, and 

monoclinic phases of ZrGeO4 materials.153 

Fig. 30 a) Ideal AMO4 scheelite structure compared to three different A site ordered 

A2/3MoO4 structures: b) La2/3MoO4, c) Eu2/3MoO4 and d) Bi2/3MoO4 (Projections are 

half unit cells along the c axis of the ideal scheelite structure) 161 

Fig. 31 a) X-ray diff raction patterns for xBi2/3MoO4–(1−x)BiVO4 (0.0 ≤ x ≤ 1.0) 

ceramics sintered at different temperatures. In b) the merging of (101) and (011), (200) 

and (020) is marked by dashed lines) and the super-lattice diff raction peaks were 

marked. c) shows the ﾖ: tetragonal scheelite phase, *: Bi2/3MoO4 monoclinic phases. d) 

reveals the cell parameters of scheelite phase as a function of x value (the four regions 

were distinguished by the cell parameters) and e) is a schematic structure of BiVO4 

(top) and Bi2/3MoO4 (bottom) with only half the unit cell shown in the ab-plane.163 

Fig. 32 a) X-ray diffraction patterns of (1-x)BiVO4-xLa2/3MoO4 (0.0 ≤x ≤1.0) 

ceramics calcined at different temperatures and b) cell parameters as a function of x 

value.164 

Fig. 33 a) Schematic of phase diagram of the Bi2O3–TiO2–V2O5 binary system after 
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Touboul and δv’s reports174,175 and b) a promising region for temperature stable 

microwave dielectrics176 

Fig. 34 Back-scattered electron images of the a) as-fired and b) fractured surfaces of 

the 0.45BiVO4-0.55TiO2 ceramics sintered 2 h at 890 oC (The associated energy 

dispersive X-ray spectrum is inserted).176 


