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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,X and Qf (quality factor,Q x resonant
frequency, f) as a potential microwave dielectric ceramic.ifréview, we introduce

the origin, synthesis, crystal structure and phase transitions of the four polyenorph
phases of BiV@ orthorhombic (pucherite), zircon (dreyerite), scheelite monoclinic
(clinobisvanite) and scheelite tetragondle then precis recent studies on doped
BiVO4 ceramics in terms of A site, B site and A/B site complex substitutlans.
sintering temperature (< 80C) and higher values could be obtained in some solid
solution ceramics and near zero temperature coefficient of resonant frequency)(TCF/
values could be achieved in layered or granulated particles composite ceramics.
Besides, a series of temperature stable highicrowave dielectric ceramics can also

be obtained in many co-fired composite ceramics, such as BN®,
BiVO4-TiO2-Bi2Ti4O11. The higher, high Qf value, low sintering temperature and
chemical compatibility with some base metalsggest that BiV@based materials

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

current 4G and future 5G technologies.



1. Introduction

The natural mineral BiV@crystallizes in an orthorhombic structure (pucherite) with
a density 6.63 g/chi The first attempt to synthesize BiV@sing a precipitation
method from N&v/Os4 and Bi(NQ)s led to formation of a zircon-type tetragonal
BiVO4 with cell parameter a = 7.290 A, ¢ = 6.444 A and a density 6.25§/€he
zircon-structured BiV® transforned irreversibly to monoclinic scheelite structure
(fergusonite) when heated above 4@ Monoclinic BiVOs with a density ~ 6.98
glen?® was first synthesized by Roth and Waring in 1963 using a solid state reaction
betweerBi-Os and \.Os at > 700°C. It melts congruently at about 920.> Roth and
Waring also found that pucherite BiM@ansformed to monoclinic when heated up to
500°C. Considering the difference in the densities of the three polymorphs, Roth and
Waring hypothesized that pucherite Bi¥@night in reality be an intermediate
pressure mineral formed within the eastlerust and hence could not be synthesized
in thelaboratory at ambient pressure.

In 1974, Dudnik et &. first reported that monoclinic BiVQsingle crystal
underwent a ferroelastic phase transition at about’@3@t the same time, Bierlein
and Sleight, using in-situ optical and XRD techniques, found that the room
temperature monoclinic BiV phase had a body-centered monoclinic structure with
space group I2/a which transformed to an ideal scheelite structure with space group
l4./a at 255 2 °C. Bierlein and Sleight claimed that the monoclinic to scheelite
transition was displacive and therefore could m® 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 BiVO®® using in-situ Raman spectroscopy!! transmission electron



microscopy:? in-situ birefringencé?® and Brillouin spectroscopy provided a
consistent set of descriptive parameters for the transition, in which the lone-electron
pair on the Bi* ion was thought to play a prominent role. Although there has been no
direct application based on its ferroelasticity, BiMtas been widely studied and used
asa photocatalyst, for pigments and as a dielectrié.

Monoclinic BiVOs has a band gap ~ 2.4 eV and was first found to be a
photocatalyst for solar oxidation by Kudo et al. in 1998& it exhibits strong
photocatalytic activities for ©evolution from aqueous silver nitrate solutions under
visible light irradiation. Subsequently, BiV\Oattracted much attention for
suspension-type photocatalysts for water oxidation, photo-degradation of organic
compounds®2! and electrodes for use as photoanodes for photo-electrochemical cells.
For this application, efforts were mad® modify the powder morphology,
construction of composite structures, doping, and pairing with oxygen evolution
catalysts to further improve the photocatalytic activity of Bi\fowders.

BiVOs is also widely used as a yellow ceramecwhich 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
BiVOg4 as color index@. I.) -184, many companies produced a series of Biv&ased
yellow pigment$®172224 doped with Mo or W. BiV@ pigments are usually produced
through a two-stage process in which BiVfrecipitates are synthesized aysoft
chemical method and then calcined at kBigbmperature.

Microwave dielectric ceramics have been widely used in dielectric resonator, filter
and substrates applicatiéh$’ for which high permittivity ) is often required to
reduce device volume. In 2000, Valant and Suv&rdivst reported the microwave

dielectric properties of BiV@ ceramic wither ~ 68, quality factor (reciprocal of



dielectric loss x frequenc®f) ~ 6,500 GHz, and temperature coefficient of resonant
frequency (TCF) — 260 ppm{C, measured at a frequency of 5 GHz. However, they
found that BiVQ reacted with silver at its sintering temperatioréorm BisAgV 2010,
prohibiting its use in low temperature co-fired ceramic (LTCC) applications.
Subsequently, the microwave dielectric properties with of Bi\@ ~ 8,000 GHz, &

~ 68, and TCF ~— 243 ppm/°C were confirmed by Wee ef%nd it was used to
lower the densification temperature of Zni ceramic from 1200°C to about
925°C. However, in general, a largee TCF along with its poor compatibility with

Ag internal electrodes limits the application of Biyi@ LTCC technology despite the
attraction of an intrinsically low sintering temperature (8Z0).2°3% In 2010,
(LiosBios)M0Oas was reported to form a full solid solution with Bi¥®accompanied

by lowering of the sintering temperature to < 660 Some compositions within the
solid solution (LsBi1-059(MoxV1x)Os densified well and were chemically
compatible with both aluminum and copper and had a less -ve TCF than.BiN©
result suggested that Bi\d@ould 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 demandsf wirelessly connected devices in the ‘Internet of Things’ (IoT). 5G
technology will eventually utilize high frequencies (> 24 GHz) in the so-called mm
wave regimed < 10) but will initially use lower frequencies (e.g. 3 to 6 GHz) which
require higheeg;, typically from 20to 60 to decrease device voluméhellarge & of
BiVOs based materials suggests they might be better suited to wireless
communication devices rather than as resonators for whichrlewis required.
Irrespective of the frequencies used andethrequired, microwave dielectrics reqair
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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 BiV@based compositiorfer potential use in RF applications in the
context of current (4G) and future (5G) technolo@kis 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 Biv@ummarizing 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 BiVQ 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 gicas shown in Fig. ¥3" The
structure of pucherite BiVDwas first studied by DeJong and Delange in 1986
determined by Qurashi and Barrfésysing visually estimated intensities for three
principal zones and Buerger procession photographs for data collection. The pucherite
BiVOg structure has a space group Pnca (No. 60) with a = 5.332(5) A, b = 5.060(5) A
and ¢ = 12.020(5) A. The crystal structure (Figurésljomposed of V@tetrahedra

and BiG dodecahedra chains, in which slightly distordl tetrahedra (two pairs of



bond lengths (1.679(6) A and 1.803(7) A) share one edge with thetBa@gulated
dodecahedr. BiOg dodecahedra share edges with neighboring dodecahedra forming
infinite chains. However, attempts to synthesize pucherite by Roth and Yadrtg

the formation of the monoclinic scheelite phase of Bi\&Dd they suggested that
pucherite BiVQ 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 propertieB.ue to the limited resource in nature, the microwave
dielectric properties of pucherite Bi\i@aterials are likely to remain unknown in the

near future.
2.2 Zircon phase (Dreyerite)

Zircon-structured BiVQ@ also exists in nature as dreyerite named after Gerhard
Dreyer, who first discovered the mineral near Kaiserlautern (Germany) where it
occurs in rhyolitic tuffs® The crystal structure of dreyerite BiVelongs to a
tetragonal zircon family with space group/#md, cell parameters a = 7.303 (3) A
and ¢ = 6.584(3) A and a calculated density ~ 6.13 3ef*° This structure is
composed of slightly distorted Bi@lodecahedra (two Bi-O distances, 2.4142 A and
2.5489 A) and regulavO4 tetrahedron (V-O distance ~1.7026 A) as shown in Fig. 2.
In the laboratory, zircon-structured BiMQs synthesizedby mixing NHsVO3 or
sodium meta vanadate and Bi(}5H-O solutions at room temperature.
Zircon-structured BiVQ@ has a band gap 2.9 eV in the ultraviolet regigtf!
Zircon-structured BiV@ irreversibly transforms to monoclinic scheelite at 670-770

K,**? a transition that is accelerated through mechanical grirfdigny zircon
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structured materials have been reported with good microwave dielectric properties,
such as LnV®@ (Ln = Nd, Sm etc.). Hence, the zircon Biy@ight be promising for

microwave dielectric applications but its structural instability remains a problem.

2.3 Scheelite monoclinic phase (Clinobisvanite)

Clinobisvanite BiVQ was first discoveed from a pegmatite near Yinnietharra
Station** It usually occurs as an accessory mineral in pegmatites formed by the
oxidation other bismuth minerals. Clinobisvanite BiM® synthesized by heating
mixture of BkOs and WOs above 700°C (Roth and Waring, 196Band with a =
5.186 A, b = 11.692 A, ¢ = 5.084 A afid= 89.62. In 1979, large crystals of
clinobisvanite BiVQ were grown by the Czochralski method under 1 atrfhasiing
O2 by Sleight et af> Clinobisvanite BiVQ was found has a slightly distorted
scheelite structure with a space group 1112/b with a = 5.1956(1) A, b = 5.0935(1) A, ¢
=11.7045(2) A angt = 90.383(1). In the monoclinic scheelite structure, the V cation
is tetrahedrally coordinated to oxygen with two different bond lengths (1.7010 A and
1.7604 A and the Bi cation is coordinated to eight oxygens with four different bond
lengths from eight different Vtetrahedra as shown in Fig. 3. The monoclinic
scheelite BiVQ is ferroelastic at room temperature and reversibly transforms to
paraeleastic BiV@with a standard tetragonal scheelite structure (space greiap 14
under high temperature (2%% or high pressuré*® Sleight et af® pointed out that
this phase transition may be driven by the lone-péit &ition due to the recovery of
the distorted dodecahedron during the phase transition and to a lesser e the
tetrahedra. In addition to high temperature solid state synthesis, monoclinic scheelite
BiVO4 may also be prepared by an alkoxide method at 460Mnong all the four

polymorphs, clinobisvanite BiVs 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 BiV©phase.

2.4 Schedlite tetragonal phase

Scheelite tetragonal BiVQOs not a stable compound and there is no reportitthat
exists in any natural minerals. Since the discovery of the phase transition from
monoclinic to tetragonal scheelite in Bi¥Qhere has been great interest in the crystal
structure of tetragonal scheelite Bi¥.On 1979 Pinczuk et af.found that this phase
transitionis induced by high pressufe 1.4 GPa) at room temperature. The crystal
structure was resolved by Mariathasan et®al.at 1.6 and 4.3 GPa at 28 as
belonging to a standard scheelite structure (space grafag)l4vith a = 5.105(1) A, b
= 5.105(1) A and ¢ = 11.577(1) A as shown in Fig. 4. They confirmed that the
high-pressure structure is the saasdhe high temperature BiV{phase (above 255
°C). The VO 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 BiMi@as also reported to be
synthesized by stirring the mixture of Bi(M@ and NaVOas solutions with pH
adjused using a NaCOs; or NaHCQ solution®! Although it has similar band gap
(2.34 eV) to that of monoclinic scheelite BiY@2.41 eV), it does rtopromote
photocatalytic @ evolution. The tetragonal scheelite Bi¥@ynthesized by soft
chemical method is stable in water but transforms to monoclinic in nitric acid.
However, scheelite tetragonal BiV@eramic is unstable at high temperature and
cannot be used independentlyamicrowave dielectric material until such time as

future dopant strategies resolve this issue.

10



2.5 Phase transitions between the polymor phs

Zircon BiVOs was found to irreversibly transform to scheelite monoclinic phase
when annea&d above 300°C but mechanical grinding may also induce the phase
transition at room temperatui&*>>! Natural pucherite BiV@transforms to a pure
scheelite monoclinic phase when heated above°60énd cooled room temperature
in a sealed Pt tube (Roth and Wafitfy but has never been synthesized in the
laboratory. From 420 to 50T, pucherite BiVQ@Qcoexists with the tetragonal scheelite
phase and becassingle phase only above 580.2337* Scheelite tetragonal BiVO
is thus considered metastable and readily transforms to the monoclinic phase in acid
solutions>®* The scheelite monoclinic to tetragonal Bi¥Phase transition is second
order at 25%C accompanied by recovery of the distorted Eil0decahedra and VO
tetrahedrato regular polyhedral. This transition may also be induced by external
pressuré>>* The phase transition sequence of the four polymorphs of BigO
presented in Fig. 5The complex phase transitions between the four polymorphs of
BiVOg4, suggest that scheelite monoclinic Biy@ay be a superior potential MW

material due to its structural stability.

3. Crystal structures and dielectric properties of

modified BiVOs materials

Recent progressn the improvement of sintering and microwave dielectric
properties of BiVQ ceramics through A or B site substitutions have suggested that
they may be strong candidates for dielectric resonators and as low temperature

cofired ceramics (LTCCY>®>®’ Dielectric properties of single crystal BiMO
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obtained from melting BOs and \.Os, were first reported by Dudnik et al. in 1974.

A twin domain structurés observedn polarizing microscpy which may be removed

by applied stress and heating to 280 An inflection was observed at 280 in g vs.

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

ferroelastic phase transition. Bierlein and Sleighonfirmed that the scheelite

monoclinic to tetragonal BiV®phase transition is second order at 255%€ 2ising

in-situ optical microscopy and XRD and additionally suggested that it is displacive.
LTCC technology requires materials with 4@, < 100, Qf > 5,000 GHz, TCF < %

15 ppm?C 2231 Many lowe, materials for LTCC technology have been developed and

several are commercially available through companies such as Ferro and Bapont.

However, materials witlay above 70 are rare. The BaRExOs-TiO2 (RE = La, Nd

and Sm) family of MW dielectric ceramics hase 70 but sinter at > 1200 5061 |f

its sintering temperature is lowered to ~ 9Q0by glass fritsgr decreases to <70 and

Qf deteriora¢sto < 5,000 GHz. The CalG-0-Ln20s-TiO family of MW dielectrics

has a high sintering temperature but IQ#f> SomePb-based temperature stable MW

dielectrics also exhibit large buf? due to their toxicity have been gradually phased

out. As reported by Roth and Warfrand confirmed by Bierlein and SleighBiVO4

melts congruently at 94%C, lower than the melting point of silver (96C) which

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

reported that although BiV{possessed attractive microwave dielectric properties, it

reacted seriously with silver at its sintering temperature forndinggV20O10, as

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

BiVO4 reacts with silver, its low sintering temperature, highand Qf are still

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

reported thaf the introduction of 10 mol. %_{0.sBio.5s\M0Os into BiVO4 lowered its
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sintering temperature to > 668G with an increase ig andQf to 81 and 8,000 GHz,
respectively. BiVQ-(Lio.sBio.s)M0oO4 ceramics are chemically compatible wihand

Cu but not Ag electrodes. Subsequently, a series of modifications of Big@mics
using solid solution or composite approaches increasétprovedQf and modified
TCF>2>°78485 |n the following section, the phase evolution, crystal structure and
microwave dielectric properties of Bi\\Onodifications are discussed and put into

wider context.

3.1 A site substitution type

3.1.1 Lanthanum series substitution (Bi1xLNx)VO4 (Ln = Lanthanum

andY)

Among all the lanthanides, Bahas the largest ionic radius (1.16 A for CN = 8)
closest to that of B#* (1.17 A).56 Hence, L&' is the most promising substituent for
Bi** in BiVO4. Lanthanum orthovanadate was reported to crystallize in two
polymorphs, monazite-type monoclinic and zircon-type tetragonal phases with the
latter is metastabl®:"* In the study of Kwolek et al? (BixLai-x)VO4 materials were
obtained via a microwave-assisted hydrothermal route. The monoclinicsBAf€on
and monazite phases coexistgd = 0.07, which indicated that La does not substitute
for Bi in monoclinic BiVQ: during hydrothermal processing. However, in Kwolek et
al.’s work,’? all the (BikLai-x)VO4 materials were synthesized at < 3D with no
further high temperature treatments.

Dragomir et al® found that forx > 0.08 in the (BixNdx)VO4 solid solution, peaks
from a secondary zircon-type (Nd,Bi)M@hase are present in XRD traces, Fig. 7

For < 0.05, no peaks of zircon-type (Nd,Bi)VQ: phase were observed and further
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sumised that Nd cannot occupy the Bi site in monoclinic BiM@m 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’&lconcluded that a composite region of
monoclinic BiVQ: and Bp.4dNdos51VOs exists for 0<x<0.51 and a zircon-type
(Nd,Bi)VOs4 solid solutionis formed for0.51<x<1, and therefore Nd stabilizes the
zircon-type BiVQ phase. However, no dielectric properties were reported.

In the (Bi-«Ce)VOs systemi* weak peaks of zircon-type phase existed in XRD
patterns of powders with x = 0.1 calcined 4 h at 85(ut disappeared in samples
sintered 2 h at 780C, 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)VOy solid solution formed forx<0.1, a composite region containing both
monoclinic (Bb.oCe.1))VOs and zircon-type (Bi«Cen.e)VOs for 0.1<x<0.6 and a
zircon-type (Bi,Ce)VQ@ solid solution for0.6<x<1. However, EXAFS data were not
available to support the conclusion that Ce can enter the Bi site in monoclinia.BiVO
If Ce only enters the Bi site of the zircon phase, i.e. as(Bb.1)VOs sample is a
composite of BiVQ and (Bb.4«Cene)VOs, then the phase transition temperature of
(Bio.osCe.1)VOssample should be the sarageBiVOa4 (~ 255°C). Our data however,
revealed (Fig. 9)that the phase transition temperature ofo (B 1)VO4 from
thermal expansion data is ~ 180, a result which, if correct, overturns the above
assumption and supports a gegdé¢vel 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.

& of the (Bi-xCe)VOa ceramics decreased almost linearly with the increase in x

while Qf increased. The microwave dielectric properties of zircon-structured £eVO
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were reported by Zuo et &lwith & ~ 12.3,Qf ~ 41,460 GHz, and TCF —~ 34.4
ppmPC. Zircon-structured (BixCen.s)VOs has TCF = + 173 ppA€ and thus there

are two possibilities to design temperature stable microwave dielectrics:
(Bio.sCen.7)VO4-(Bio.sCen.s)VOs composites (monoclinic and tetragonal phases) and
(Bi1xCe&)VOa4 solid solutions.

In the work of Neves et af® (Bi1xCe)VOa4 films showed a red shift of the optical
band edge and a decrease of the reflectance #x@eentration increases which
may also relate to the substitution of Ce for Bi in the monoclinic scheelite structure. In
the work of Xu et al’’ 8 mol. %La®*, Ce*, GF*, Yb*', EL**, HO**, Nd#* and Sri*
ions were substituted for Bi in BiVAO From their XRD data, only Gd and YB*
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 BiV@lattice.

In the contribution of Wang et &, Dy** enteed the BF* site and composites of
monoclinic scheelite and zircon phases were obtained in theD¥B)VO4 system
prepared via solid state reaction method in the range<0.2, as shown in Fig. 10
The data from Wang et al. contradicted results frorm oBa.1)VO4, which indicates
that it becomes difficult for smaller Ln ions (1.027 A for®Hyto occupy the A site in
BiVO4. Pure zircon solid solution was reporteddan when x>0.3. Wang et al. also
studied the (BisMo.5)VO4 (M = La, Sm, Nd, Gd, Eu, and Y) compositions and only
zircon solid solutions were formed after calcinations at ®50vhich 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

smalker ionic radius (1.019 fand in many systems it replaces or substitutes for Ln
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ions. As shown in Figll, (BiixYx)VOs4 ceramics are composed of monoclinic
scheelite BiVQ and tetragonal zircon-type @ o04)VOs phases for x < 0.4.80
Hence, there is no evidence that Y enters the A site of monoclinicaBiWW®note that
high temperature promotes the formation of the zircon-type phase 1Y BVOa4
ceramics (0.10 < x < 0.65) and its concentratiorwas higher in sintered than calcined
samples. Fok > 0.4, a zircon-type solid solution was formed and cell parameters
decreased linearly with Y concentration. Pure YWas& ~ 11, Qf ~ 28,600 GHz,
TCF ~- 61.3 ppmIC and sinters at > 155C, as shown in Fig. 12. Hence, both end
members in the (BikYx)VOas system have negative TCF. Similar to the {Bie)VOa4
system, Bi also plays an important rateTCF of the (BixYx)VOa zircon-type solid
solution. With increase of Bi concentration in zircon (Bi,YW®@eramics, TCF
shifted from negative to positive, leading to two temperature stable compasitions
(Bio.s1Y 0.19VO4 composite ceramic sintered at 810 (e ~ 45,Qf ~ 14,000 GHz and
TCF + 10 ppnfIC) anda (Bio.2Y0.8)VOs4 solid solution sintered at 10P& (er ~ 16.3,
Qf ~ 31,100 GHz and TCF=11.9 ppmiC), as shown in Fig. 12.

Although only limited data on the (BiAx)VO4 systems have been reported, a
rough phase composition diagram (room temperature) efABjVOa4 ceramics as a
function of A ionic radiugs shown in Fig. 138 Among the lanthanides, although
La®>* has a similar ionic radius to Bf, LaVOs prepared via solid state synthesis
densifies at ~ 850C and crystallizes in a monoclinic monazite structure with=a
14.2,Qf = 48197 GHz and TCF — 37.9 ppm/°C. In addition, Wang et Alreported
that a zircon solid solution formed for (BLap.5)VO4 at 850°C.

Based on the existing evidence, five possible distinct regions are proposed to exist
in the BIVOQy-LnVO4 system As the ionic radius of the Ln ion decreases, it becomes

more difficult to retain a monoclinic BiVEOsolid solution and easier to form LnYO
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zircon solid solutions. A schematic of the trenth phase compositions are
summarized in Fig. 13 based on the available experimental data. All zircon-structured
LnVO4 ceramics haveve TCF. Bi substitution increasesshifting TCF positive.
Hence, in BiVQ-LnVO4 ceramics, we anticipate two compositions with near-zero
TCF: a (Ln,Bi)VO4 solid solution and BiVO4-(Ln,Bi)VO4 composite, as illustrated

in Fig. 13. For monoclinic (Bi,Ln)V® solid solution region, a maximury is
achieved at the phase boundary composition. For lanthanides with ionic radius smaller
than N&*, & of monoclinic BiVQ-LnVO4 ceramics decreases linearly with increase

of Ln concentration with compositions exhibiti@§>5,000 GHz.

3.1.2 Other trivalent species:Fe*, In*, Sc* and Ga®*

Agunaou et af®studied the substitution of &dfor Bi** in the @ixGdi—)VO4
prepared viaa coeprecipitation route. A zircon-type solid solution was formed in the
range 0<x<0.3 and a scheelite solid solution (presumably tetragonal) was formed in
the range 0.3<x<0.64. However, no further compositions with x >0.64 were studied.
Yeom et af°employed Electron Paramagnetic Resonance JEPBonfirm thatGd*
substitutes for Bi" in monoclinic BiVQ but no further data on the ceramics was
reported. Yin et af® studied the composite of ABs-BiVO4 by usinga soft chemical
approach with composites sintered at 300When theln/Bi ratio was less than unity
only monoclinic BiVQ, phase was detected using XRD, as shown in Fig. 14, which
indicated that monoclinic (Bi,In)V©solid solution might be formed over a wide
compositiorl range Fe* has an ionic radius of 0.78 A (CN = 8) and 0.49A (CN = 4)
and prefers to reside on the B site in B our previous work on (BkFe)VOs (x
< 0.40¥" for x < 0.08, no secondary phases were revealetRD patterns but for x >

0.08 peaks of FeVO phase were observed. However, the phase transition
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temperatures were independent of Fe content aP@5%s shown in Fig. 15, which
indicated that Fe did not occupy the A site in monoclinic BiVRure FeVQ@ was
found to crystallize in a triclinic structure with space group numbef®rlwhich Fe
is 6-coordinatedit was concluded tha&&e** with CN = 8 is too small to substitute for

Bi®* in BiVO..

3.2 B site substitution type

3.2.1 Single pentavalent ions substitutions (Nb°*, Ta®*, Sb>" and P°*)

The ionic radius of ¥ in monoclinic BiVQ is 0.355 A with CN = 4. Both BiNbD

and BiTaQ crystallize in an orthorhombic structure, in which Nb and Ta prefer to be
in 6-rather than 4 coordinaf®d® polyhedra due to their large radius (0.48 @\ =

4). This preference poses potential limitations and the ability of Nb and Ta to
substitute for V in monoclinic BiV@ In the study of Monfort et al, 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, suggestingb may enter the V site in monoclinic Bi\An addition, Zhao

et al® pointed out that Nb substitution for V is thermodynamically feasible but
broadly speaking its solid solubility in monoclinic Bi¥@ unknown. Kumari et &f
prepared a series of Bi{WTa)Os and Bi(Vi«Px)Os samples via solid state reaction
method and found that only mixed phases were observed, implgtigand P*
cannot occupy the V site in monoclinic BivCHowever, Loiudice et & reported

the substitution of SB for V®* in monoclinic BiVQ lattice by both structural
characterization and first principles calculations but irrespective of the solidlgglubi
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of single pentavalent ions tleshave been no reports of their effect on the microwave

dielectric properties of BiV@ceramics.

3.2.2 Complex pentavalent ions substitutions (FeysM 023), (INy3M 023),

(ScusM 023), (GaysM o0z3) and (GeyzM 0112)

The Bi(Fa/;sM023)04 phase was first synthesized by Sleight and Jeitschko in’1974
and was the first example aftrivalent cation on the tetrahedral sites of the CaWwO
type tetragonal scheelite structure, in which Fe®d MoQ tetrahedra are ordered.
Similarly, an ordered scheelite structure also formed in Biffda23)Os,
Bi(In1/3Mo02/3)0s and Bi(SeisM023)04, whereas compounds with Al and Cr as the
trivalent species are unstable in ambient condititfissince the latter favor CN4
rather than CN= 6 coordination. We note that Bi(@gMo01/2)O4 has not been studied
but may form the ordered scheelite structure si@eehas a similar effective ionic
radius (0.39 A) irCN = 4 to \P* and M&".

Given the above knowledge of crystal chemistry of complex pentavalent site
compounds, it is reasonable to propose that/4¥ess), (InysMozs3), (SasMo2s),
(GausMozz) and (GeoMoiz) substitute for V' in BiVOsa. Only the
XBi(Fe1/sM02/3)04—(1-X)BiVO4 (0.0 < x < 1.0) system has been studied to date>® 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 IBUt(fex<0.90, a
composite region containing scheelite tetragonal and scheelite-distorted
Bi(FewsMo023)O4 type monoclinic phases was revealed. Finally, a BiHe2/3)Oa
type monoclinic solid solutn 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 bebow +
ppmPC to above + 12 pprC, related to monoclinic and tetragonal phases,
respectively. As x increases from 0 to 0.10, the phase transition temperature decreases
linearly from 255°C to ~— 9 °C, similar to the trend of dvs. external pressure
reported by Hazen and Mariathadérkig. 18. The continuous phase transition
induced by substitution of (FeMo23) 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.

& 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.& = 74.8,Qf = 11,500 GHz, accompanied by a TCF = +20 gandver 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 thaMQix),
(ScyaMo2s3), (GaysMo23) and (Ger2Moasz) substitution for V in BiVQ will give rise

to similar trends as for the xBi([7éM02/3)Os—(1-x)BiVO4 system.

3.3 A and B site complex substitution and defect types

3.3.1 (A*B™) complex substitutions

A*B™04 (A = Li, Na, K and Ag; B = F, CI, B, | and Re) compounds also crystallize in
the scheelite tetragonal structure suggesting th&B’*) complex substitutions on

both A and B sites in BiV®Omight lead tca solid solution. However, to date there are
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no reports on any M’*04-BiVO4 compositions. Typically, 8704 (A = Li, Na and

K; B = F, Cl, Br and I) compounds have larger cell parameters than Bavi0
therefore the formation od mixture of two scheelite phases is a strong possibility
even if the processing difficulties associated with different melting temperatures
(BiVO4, 920°C) and, e.g., Nal©X(300°C) can be overcome. However, the possibility
of using AB"*0Os compounds as sintering aids to further reduce the processing

temperatures of scheelite structured compounds perhaps should be explored.

3.3.2 (A**B®") complex substitutions (A = Ca, Ba, Sr, Cd, Pb,
(LiosBios), (NaosBios), (KosBios), (AgosBios), (LiosLnos), (NaosL nos);

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, CayW&'° The scheelite structuris adaptable
with bivalent ions, such as €a B&*, SP* and Cd*, occupying the A site and
hexavalent species, such as %dnV®* and CF*, the B-site. Most of AMo® and
AWO4 ceramics possess lapbetween 7 ~ 17Qf > 30,000 GHz and negative TCF ~

— 60 ppm/°C.1011%3 Hence, they are compatible with Bi¥®@eramics. In 2006, Yao
and Yé% reported a complete scheelite solid solution foxBGa)(V1xM0x)Oas. The
phase transition from monoclinic to tetragonal occurred at x = 0.1, similar to
xBi(Fe1sM02/3)04—(1-x)BiVO4 discussed abov¥. However, Yao and Y&* did not
study in detail compositions with x<0.1. Sameera éf%atonfirmed the findings of
Yao and Y& who later reported that 50 mol.% of CaW@th BiVO4 resulted in
formation of scheelite tetragonal solid solution. Sameera &Y albsequently

confirmed the formation of a scheelite tetragonal solid solution in
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(BixCax)(VxWi1x)Os (0.2<x<0.8). The microwave dielectric properties of the
(BixCaux)(VxW1—)04(0.1<x<0.5) ceramics were studied by Ding and Biar2013
who reported wither ~ 22.1,Qf ~ 16,730 GHz (f = 8.08GHz) and TCF2.4 ppm?C
for x = 0.3 sintered 2 h at 95C. Although both of the end members possess negative
TCF, near zero TCks achieved within the solid solution due to the phase transition
from monoclinic to tetragonal scheelite.
A=(LiosBios), (NaosBios), (KosBios), (AgosBios), (LiosLnos), (NaosL hos); B=Mo,
W, Cr

Most of (A'0.sB3*0.5X%" 04 (A" = Li, Na, K, Rb, Cs and Ag; B Bi*" and Lr#*; X =
Mo®*, W8* and CF*) materials crystallize in the scheelite tetragonal or related ordered
structures and some possess good microwave dielectric properties (see T8 1).
Among them, the (NasLnosX®"Os ceramics have similar microwave dielectric
properties to AMo@and AWQ ceramics, while the (I%.sB%%0.5)X%*04 ceramics have
a—-ve TCF withe, > 2011315Hence, some are good candidates to substituBivVO,
to modify its microwave dielectric properties. For the compositional series
(1-X)BiVO4-x(Li0.5Bi0.5)M00O4,3? (Lio sBio.s)M0oO4 ceramic sinters at 55 with e ~
44.4,Qf ~ 3,200 GHz, and TCF ~ + 245 pp@/£23 A scheelite monoclinic solid
solution forms for0<x<0.10 and a scheelite tetragonal solid solution for 0.1<x<1.0.3?
As x increased in the (1-x)BiV4X(LiosBios)M0Os series, the cell parameter a
decreased and b increased, becoming equal at x = 0.10 with the ¢ 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 radiu$*ahMo
comparison with V. A comparison of cell parameters between the
(1-x)BiVOs-x(Lio.sBio.s)M00O4 and BiVQ, as a function of X, temperature and pressure

is presentedh Fig. 20. Thancrease 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 25% for BiVOs to near room temperature for x = 0.1. In this
system, the phase transition from monoclinic to tetragonal phase were first
observed?* from microwave dielectric spectroscopy, as shown in Fig. 21. According
to the classic Lyddan&achTeller relationt?® 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 peadsaire 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. !23as 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 A bending mode of the vanadate anégfvO4) and the anti-symmetricB
bending mode of the vanadate antagVO4) at 357.2 and 327.4 chrespectively
merged into one mode gradually at the phase transition temperature becalise the
andi. of V-O bond lengths approach and finally became equal. Merging of reflection
peaks are also observediimsitu far infrared spectroscopy, as shown in Fig. 23&but
of this systemis dominated by overlapping external modes below 206 miated
with Bi®*, Hence, it is difficult to accurately determine the intrinsias a function of
temperature.

A maximum value ofer is obtained at the phase boundary (x = 0.1) which is
attributed to the minimum cell volume. The trenc:iis almost inverse to that of cell

volume vs. composition because molecular polarization is determined by the cell
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volume and ionic polarizabilityQf 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 &t @bd 85°C
are used to calculate TCF. Hence, if a phase transition temperature € >e8krge
—ve TCFis obtained. Whe phase transition temperature is <°€5 a large +ve TCF
is obtained. For samples in which the phase transition temperature lies between 25 ~
85°C, the resonant frequency is nonlinear and large deviations in TCF are observed.
Similar results were further obtained f@i-x)BiVOs-X(NaosBios)MoOs and
(1-X)BiVO 4-X(Ago sBio.s)M0Q4 systems>%4 For some other end member with ordered
or modified structures rather than tetragonal scheelite, such @8Bik)MoOs and
(Lio.sLao.s)M0oO4 which crystallize in an A site ordered monoclinic phase and an
orthorhombic structure with a Pbca space group, respeciivélysimilar phase
transition are also obtained within a limited solid solubility. For example, for
(1-x)BiVO4-x(Ko.5Bio.s)M0O4 ceramics) the phase diagram can be separated into at
least six regions below the melting point, as shown in Fig.R&gion |, scheelite
monoclinic phase (BiV®type) from 0< x < 0.1; Region Il, scheelite tetragonal phase
(BiVO4 type) for 0.£x<0.19 Region III, two scheelite tetragonal phases (0-BiVO
and t-(KBiy2MoOs type) for 0.1< x < 0.82; Region 1V, scheelite tetragonal phase
solid solution from 0.8X x <0.85 ((KBi)2M00O4 type); Region V, composite phase
from 0.85 <x < 0.88 ((KBix/2Mo0O:s type tetragonal and monoclinic phases) and VI,
scheelite monoclinic phase ((KBpMoOs type) from 0.91< x < 1.0. Hence, itis
concluded that provided one end memi§arpsA3*05)B8* 04, has a scheelite related

structure, the substituent ions may reside within BiVdtice 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 (LiLaysMoOs is orthorhombict®2133Lj rare earth double molybdates readily
form solid solution with monoclinic BiV@Q Sameera et &f° synthesized
(Lio.sxlao.sBi1-x)(MoxV1-x)Os compositions by solid state reaction fronx& < 0.5
and a complete scheelite solid solution Vfasned. Although they didn’t give the
precise phase boundary composition between monoclinic and tetragonal phases, the
monoclinic solid solubility is expected at ~¥®with a classic scheelite solid solution
for 0.1<x<0.5. However, un-doped (Li,La)sM0oO4 crystallizes in an orthorhombic
structure. Hence, there should lkelimited region for scheelite solid solution.
Subsequently, Sameera et #l. reported other similar systems such as
(Lio.1LNno.1Bio.g)(M00.2V0.8)Os (LN = La, Pr, Sm, Gd, Tb, Dy, Y, Yb ardi) and found
that a scheelite solid solutiors formed forLn = La, Pr, Sm, and Gd, and that cell
volume decreasewith the decrease in rare earth ionic radius. When ionic radius
decreases to 1.04 A fam = Tb, zircon asa secondary phasas revealed from the
XRD data shown in Fig. 25, which indicates that srhallions have a tendency to
prefer theLnVVOg4 zircon rather than scheelite phase.

For the (Lb.sLnos)WOs system, compositions with ionic radius large thar’*Gd
crystallize in the scheelite structure but onlyy@Smy s)WO4 and (Lb.sNdo.s)WO4sare
reported as microwave dielectri8:12113413¢hen et al*1%" studied the microwave
dielectric properties of (1-x)BiVEX(Li0.5Smy.5)M0oO4 and
(1-x)BiVO4-X(Li0.sNdo.5)M0O4 systems and obtained > 75 andQf > 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*8%"04 ceramics with good microwave dielectric
properties, this series of materials are promising candidates to form solid solution
with BiVO4 ceramics. A phase composition diagram as a function of A-site ionic
radius for AMoQ phases is shown in Fig. 26. For almost all the reported
AZ*B8*04-BiVO4 ceramics>1%81% 10 mol. % A*B%*04 substitution induces the
phase transition from monoclinic Bi\\@o tetragonal. However, there is no other
notable relation. For A-site ions with radii in the range 1.045 ~ 1.225 A (e.g.
(LiosBiog)?*, C&*, (NasBio.s)?*, (AgosBios)?*), the other end members with formula,
A2"MoOQs, crystallize ina tetragonal scheelite structure and have comparable cell
parameters with undoped BiMOThis leads to a whole range scheelite solid solutions
which are monoclinic when the Bi\{Oconcentration is > 90% and which are
tetragonal when the BiVOconcentration is < 90%. For {Bios)?" complex ions
with average radius ~ 1.34 A, only 20 % scheelite solid solubility was obtained and
there are six phase regions revealed by XRD. Even in the undiépesio.s)M0oO4
ceramics, the tetragonal scheelite structure does not form and an A site ordered
monoclinic structure is preferred. Although BaMp@lso crystallizes in tetragonal
scheelite phas€? the large ionic radius at A site may give rise to a more complicated
phase assemblage. As with La)¥@scussed in chapter 3.1.1, theo@Liao.s)M0oO4in
a unique orthorhombic structure with Pbca symmetry and this may lead to four phase
regions as illustrated in Fig. 26Except for (LbsLaos)MoOs4, almost all
(LiosLno.s)MoO4 ceramics prepared via solid state reaction crystallizet@tragonal
scheelite structure. However, there is no evidence that B{li@sLno.s)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-(LiosLnos)MoOs (L n# La) ceramics decrease with the decrease ofl(hi.s)
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(Ln # La) ionic radius. In the (bisLnos) (Ln # La) rich region, zircon LnV@phaséas
detected by the XRD. Hence, in thed$lino.s) (Ln # La) rich region there may be at

least three regions: (@.4Lnos)M0oOs tetragonal phase; (b6Lnos)MoOs + zircon

LnVO4 phase and zircon LnVf3 BiVOs-rich scheelite phase. Due to the absence of
reported data, these parts are left blank in Fig. 26. In all BAM®@004 ceramics,

when the A site ions are larger than 1.04 A (faysLios), the phase transition from
monoclinic BiVOy to tetragonal scheelite phase usually leads to a maxignabthe

phase boundary due to the achievemena ofinimum 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 polarizatittgominates the trend & which
decreases linearly as a function of Ln cont€ftof the BiVQy rich scheelite solid
solutions are expected to be > 5,000 GHz, especially for B&aMoQ,
BiVOs-(N&a.sBio.s)M00Os, and BiVQ-(Ago.sBios)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
BiVOas-(Lio.sLno.s)MoOs (LN # La) ceramics, poo®f results. Generally, it is difficult

to obtain near-zero TCF in simple solid solutions or composite in the
(A1"A2")B®*04-BiVO, family. Only layered or large particle composites are effective
due to inter-diffusion. According to our recent restitsi!® most (Na.sLno.s\MoO4
ceramics possess similarand TCF to that of AMo®@(A = Ca, Sr, Ba) withQf>

20,000 GHz. Although no work has been carried out to date, we speculate based on
generic trends that (N&_.no.s)MoO4 ceramics might provide near-zero TCF in BivO
tetragonal regions with promisin@f. 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. Bivi-CaMo(Q,, BiVOs-CaW(Q,, BiVO4-(Nao.sLnos)MoOs due to the large +ve
TCF in the Bi-rich tetragonal scheelite phase, which is similar to trends within the

BiVOs-LnVO4 system, as discussed in chapter 3.1.1.

3.33(A¥B™) (A=Ln, Y, Scetc.; B=Nb, Ta, Sb, Pand (TizW12)>)

complex substitutions

Although these complex systems have the same valence on both A andaB site
BiVOy4, 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
orthoniobatesl.nNbOa. This class of oxides underg®a reversible ferroelastic phase
transition from the fergusonite structure (monoclinic, C2/ca tetragonal scheelite
structure (tetragonal, 1) at high temperature between 480 ~°86@epending on
ionic radiust***4which is similar to that of monoclinic BiV@ In addition, similar
mation and annihilation of ferroelastic domains with pressure and temperature have
been observed in BiVQOand LnNbQ.1*° However, Raman scattering has shown that
the phase transition in BiVs related to an optic soft mode whasin LaNbQ, its
origin differs4® In 2017,we studied the phase evolution and microwave dielectric
properties of (1-x)BiV@-xLaNbQy (0.0<x<1.0) ceramics.}*’ A monoclinic scheelite
solid solution was obtained f0xx<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
LaNbQOs-type and LasNbOz 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 f010.08 sintered at 68
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but merged into a single peak at a higher sintering temperature®€7Ife 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 stabiliQfafver a wide
range, 20 ~ 140C. The slight change in the value of x for the monoclinic/tetragonal
phase boundary (x = 0.08 in case of LaMpGmpared with Mo substitution on B
site (x = 0.1)is attributed to the larger ionic radius of Nlwith respect tavio®*. To
date, this is the only case, in whialferroelastic fergusonite phase was used to form a
solid solution with BiVQ but other rare earth niobates such as NdNo@ SmNb@)
are expected to have a similar effect on structure and properties. The complex
substitution of both A and B* for Bi** and \?* in BiVO4 needs to be studied further
but the preliminary results discussed above on simpteaAd B* substitutions point
towards potential key aspects for design strategies for complex substitution.

Another group of tetragonal scheelite RegWo5)Os (Re = Pr, Nd, Sm, Gd, Tb,
Dy, and Y) was reported by Sebastian et al. in 26®8lsually Ti prefers to be 6
coordinated in complex oxides and it is rareéhat occupies the B site in tH&O4
tetrahedra in the scheelite structure. Moreover, Be{Vd.s)Os ceramics have: = 20

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

3.3.4 (A*B*) (A =Zr, Hf, U; B = Ge) complex substitutions

ZrGeQy is the first reported &AB*'Os type scheelite materi&t® It may be
synthesized via solid state reaction but soft chemical methods lead to the formation of
zircon type ZrGe@ which transforms to scheelite above 1280°°°2In Cheng el
al.’s work,’®® two high-pressure phases of ZrGeQ@ergusonite (isomorphic to
LnNbOs) and an un-known monoclinic structure were reported, the schematic of
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phase transitions between these four polymorphs is given in2BigHfGeQ,
ThGeQ and GeUQ@ were also reported to possess tetragonal scheelite
structuret®*1>*Given the same crystal structure and similar cell parameters with that
of BiVO4, the (1-x)BiVQ-xA*'B**04 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 (@uzA* 2385 04)

The only defects that occur in large concentrations in the scheelite structure are A
cation vacancies. Such defect phases are representedx@adVO, where @ is a
vacarty on the A site. The maximum valuexf 1/3 with the scheelite structunas
found for Lays®1sMoOs. If quencled from high temperatuté®'®” vacancies are
randomly distributed but if cooled slowly, become ordered in a similar manner to
LnzsMoOs and BpsMo04.1%810As summarized by Sleight and LiAtt, there are
three different types of order reported as shown in Fig. 30, which give rise to unique
distortions of the Mo®@tetrahedra. Since quenching suppresses tetrahedral distortion,
the formation of a solid solution withstable scheelite structure may also give rise to
the same phenomenon..&b13Mo004 has been shown to forra scheelite solid
solution with BiVQ, but only within a limited rang®? In addition, defect
concentrations may also be modified by forming solid solutionse®AsMoO4 with
(A*0.5LNo.s)M00O4 or A2*MoQ4 systems.

In previous work®® the full compositional range 0B%2sM004—(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: |, scheelite monoclinic phase

region with 0.0< x < 0.1; 1l, scheelite tetragonal phase region with 0X.<0.5; I,
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an ordered scheelite phase region with<036< 0.7 and 1V, a composite phase region
with 0.7 < x < 1.0 (ordered scheelite and monoclinic/81004 phase).s of the
XBi2sM004—(1-x)BiVO4 ceramics reaches a maximum of ~ 75, lower than that in
non-defective BiVQ-(Ao.sBio.s)M0O4 type, at x = 0.1 witlQf ~ 8,000 GHz. However,
er decreased with further increase ob/81004concentration an€f deteriorated in
mixed phase regions.

A series of the (1-x)BiV@xLazsM0O4 ceramics were prepared via solid solution
reaction method in our previous wdfk.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
Lax;sM0Os phases was observed. All ceramics deedibelow 800 °C68 > & > 73
was achieved in compositions with<x0.10 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-LnzsMoOas ceramics® and it seems that A site defects decreaséthout

improving Qf.
3.5 Composite ceramics

TCF is an important physical parameter for microwave dielectric ceramics. Most
microwave dielectric ceramics with log (below 20) possessre TCF while most
high &r (> 40) possess +ve TCEX3Rutile TiO,, perovskite CaTi@and SrTiQ are
three archetype ceramics with high high Qf values and large positive TCF
valuest®®-1¥However, highs microwave dielectric ceramics with large negative TCF

are rare and all -ve TCF materials witl200 ppm7C are also listed in Table®173
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Among them, BiVQ is attractive due to its higQf and low sintering temperature. In
applications, near zero TG required to keep the electronic devices work normally
in a wide environmental temperature rang@%°C ~ + 85°C). Usually there are two
effective methods to modify the TCH: solid solution orii) composite ceramics.
Solid solutions have been discussed in detail in previous sections and in this chapter,
composites with BiV@are discussed.
BiVO4-TiO2 system

According to Lv’s report on BbOs-TiO2-V20s ternary diagram’*1"three single
phase compounds, BV:TiOs25 BisVisTiosO1085 and BisVsTiOzs exist in the
Bi-Os-TiO2>-V20s ternary system but no single-phase compounds are reported in the
V20s5-TiO2 and TiQ-BiVO4 binary systems, Fig. 33. This indicates that sTeihd
BiVO4 phases do not react with each other and ceooldxist. Furthermore, the
absence of single phase compounds in the-BiWO4 binary system suggests that
immiscible composites may be fabricated. Ji@s been reported to haste= 100 and
Qf ~ 14,000 GHz but TCF > + 400 pdi@/%In previous work.’® the chemical
compatibility between BiV@and TiQ was confirmed by XRD and EDS analysis
Fig. 34. Almost all thg1-x)BiVO4-xTiO2 (x = 0.4, 0.50, 0.55 and 0.60) densify<
900°C. If the sintering temperature is increased, composite samplesnrateased
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/C for pure BiVQ to + 46 ppnfIC at x = 0.6.
Nearzero TCF { 8 ppm?C) was achieved in compositions with x = 0.55. However,
Qf did not increase linearly with the concentration of JliBirst, 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 1I{CuaNbzis)xO2 (er ~ 95, Qf ~ 35,000 GHz,

TCF ~ + 400 ppmC)*’” with low sintering temperatures were chosen to replace pure
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TiO2 with Bi(Fe,Mo,V)Q» and (Na,Bi)(Mo,V)Q serie§®>°® replacing BiVQ. In
addition, nano-sized Ti¥O(20 nm) particles were also utilized. However, none of
these modifications increased Qf which remained between 9,000 ~ 1&[330
possibly due to the difference in the sintering temperature of the end members.
Nonetheless, excellent microwave dielectric properties with-a86, Qf ~ 9,500 GHz

and near-zero TCF ~ 8 ppmfC were obtained in the 0.45BiV@.55TiO, ceramics
sintered 2 h at 90CC.

BiVO4-TiO2-Bi2Ti4011 system

In the BbOs-TiO2 binary systempBi>Ti4O11 is the last binary single compound in
TiO2-rich region and co-fires with Ti®© UndopedBi,TisO11ceramic was reported to
possess & = 53.2, Qf ~ 4,500 GHz (at 5 GHz), and TCF 550 ppmfC.1"° Hence,
temperature stable microwave dielectric ceramics, 0.9290i@B1BpOs, composed

of TiO2 and BpTisO11, possess high ~ 80, high Q (1800 at 5 GHz) and TCF ~ +21
ppm/°C1’® Therefore, based on the discussion above, a series of temperature stable
microwave dielectric ceramics might be achievable in the BiViO2-Bi2TisO11
ternary system along the tie line, (0.88FH@12BkTis011)-(0.45BiVOs-0.55TiOy)
shown in Fig. 33. Improvemenits processing this system might also increase Qf.
BiVO4-CaTiOs and BiVO4-SrTiOssystem

According to simple mixing rules, either 24.5 mol. % Cal@®17.8 mol. % SrTi@

in a composite with BiV® 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, SiBi4O15 and CaBiTi4O15, were detected in the

ceramics, leading to poQ)f.
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4. Summary and future work

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

1. Monoclinic BiVQy has an unusual scheelite structure which transforms to standard
tetragonal scheelite structure at 285 under external pressure (16 kbar) or through
equivalent internal pressure caused by B-site substitution. The solid solubility of
monoclinic BiVQy can be extended to 10 mol.% by the stoichiometric substitution of
(A*Ln®*") and MJ™ on the A and B siteesulting ina transition toa tetragonal phase.

Only La or Ce of the Ln ions can occupy Bié*site of monoclinic BiVQ, confirmed

by the shift in the phase transition temperature recorded through anomalies in thermal
expansion. However, thelis no evidence thah single substitution on the A site
results ina phase transition t@ tetragonal phase. All monoclinic BiV/Osolid
solutions irrespective of the A/B site substituents posadesver phase transition
temperature than that of pure Bi¥Y(@55°C).

2. Some techniques are ideal at determining the phase transition in monoclinic BiVO
solid solutions. Within-situ XRD, merging of characteristic XRD peaks, to attain
equal a and b cell parameters, accompanied by transformation of the gamma angle to
9(° 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 BQ 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 abo& ppmfC and + 14
ppmPC, respectively) can also be used to determine the phase transition temperature.
Finally, according to LST relatiom peak value of;will occur at the phase transition

temperature.
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3. The presence of a peak valuedh the BiVQs solid solution ceramics at the phase
transition allows substitutions, such as (A)MoOs to optimize properties g(
increases from 68 to 81) by lowering the transformation to room temperature. The
peak in g occurs in BiVQ-(LiosBios)M0Os ceramics for example, because a
minimum value of cell volumés achieved at the phase boundaryis determined by

cell volume and molecular polarizability, hence if the polarizability of substitution
ionsis smaller than that of Bi, &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 highe&®f (~ 13,000 GHz) was obtained in
0.02Bi(Fa/sM02/3)04-0.98BiVOs ceramics sintered at 82G with agr ~ 74.8. Due to

the existence of phase transition, however, temperature stable ceramic cannot be
achieved in solid solutions. Phase transition temperatures abd@:18&d to a large

—-ve TCF ¢ 200 ppm{C, monoclini¢ but below room temperature a large +ve TCF (+
200 ppm?C, tetragonal) between 25 ~ 85. 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 TiO
(TCF = + 400 ppnmiC) permit the design of composite ceramics with BiV@range

of temperature stable microwave dielectric ceramics suitable for LTCC applications
are also predicted in the BiV102-Bi2Ti4O11 System.

4. To date, all the studies on the modification of Bi\@®ramics 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 ¥YOs and MoQ powders are partially water soluble, the

BiVO4-(A*Bi)MoO4 materials might be suitable for cold sinterffiyCold-sintered

35



temperature stable bleBiosM0Os-LioMoOs composite ceramics hea already been
reported® and thus BiVQ@ 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*0sA%05B0Os (AT = Li, Na, K and Ag; A" = Ln and Bi; B = Mo and W) ceramics
Table 2 Microwave dielectric ceramics with large permittivity and TCF (both negative

and positive) values

48



Table 1 Sintering temperatures and microwave dielectric properties of the

(A*05A%05)BOs (A* = Li, Na, K and Ag; & = Ln and Bi; B = Mo and W) ceramics

ST, Oxf  TCF
Composition Ra(Ad) Rs(R) (°C) & (GHz) (ppmPC) Ref.
(Lio.sYbo.s)M0O4 0.9525 041 820 16.3 6,350 +53 111

(Lio.sEro.5)M0O4 0962 041 800 18.6 10,650 +186 111
(LiosY0.5M0Os 09695 041 780 18.8 10,400 +193 111
(LiosGths)M0Os4  0.9865 0.41 750 195 3,940 +209 111
(LiosSms)MoOs4  0.9995 041 640 199 4570 +231 111
(LiosNdos)MoOs4  1.0145 041 660 20.3 3,000 +235 111
(Lio.sCen.5)M0O4 1.0315 0.41 580 20.6 1990 +228 111

(LiosBio.s)M0O4 1.045 041 560 41.7 3,200 +240 112

(NaosBiogMoOs  1.175 0.41 590 34.4 12,300 +43 112
(NapsLaoyMoOs 1.17 041 740 11 25050 -59 113
(NaosNdosMoOs  1.1445 0.41 760 10.5 19,605 -—49 115
(NapsCas)MoOs  1.1615 0.41 780 11.2 19,365 —44 115
(AgosBiosMoOs  1.225 0.41 690 30.4 12,600 +57 112
**(K 0sBiogM0oOs 1.225 041 690 30.4 12,600 +57 112
*(LiosBios) WO,  1.045 0.42 740 27.2 17,000 -56 116
(NaosBios) WOs  1.175 0.42 720 25.7 17,500 -18 117
*(AgosBiogWOs 1.225 0.42 580 359 13,000 -69 118
*(LiosYosWO,  0.9695 0.42 900 14.8 9,550 +64 119
*(LiosYbos)WO,  0.9525 0.42 900 19.7 8,720 +45 119

(Lio.5Smy.s)WO4 0.9995 042 800 17 5,792  +87 120
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(Lio.sNdo.s)WO4 1.0145 042 775 16.1 4,210 +162 121

(NaosBios)(Moos 1.175 0.415 720 28.9 14,000 -6

Wo.5)O4 117
(AgosBios)(Moos 1.225 0.415 580 26.3 10,000 +20

Wo.5)O4 122

* marked crystallizes in wolframite structure; **{¥Bio.s)M0Os crystallizes in A site

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

and positive) values

Compositions  S.T. (°C) Permittivity Qf(GHz) TCF (ppm?C) Ref.
BiVO4 820 68 8,000 260 28,29
Bi2Ti4Owu1 1100 47 4,800 540 170
(Liz2lni)TiOs 1300 80 3,100 310 171
B-BiTaOs 1300 53 12,070 -200 172
BaNkOs (Hex) 1050 42 4,000 -800 173
TiO2 1350 100 >20,000 +400 166
CaTi®s 1350 168 >10,000 +800 167-169
SrTiOs 1350 280 3,000 +1200 167-169
(Sr,Ba)Ti 1350 >300 <2,000 >1200 179
*Ag(Nb,Ta)O; 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 orthorhothtfic

Fig. 2 a) Crystal structure of tetragonal zircon phase of Bi%®

Fig. 3 Crystal structure of monoclinic scheelite phase of B¥N/&

Fig. 4 Crystal structure of tetragonal scheelite phase of B¢

Fig. 5 Phase transition diagram of the four polymorphs of BfV&p34.39-42,46,534

Fig. 6 SEM micrographs of bismuth vanadates after firing with 20 wt. % of silver for
5 h at 750C: a) BiVOs; b) BisV2011 and c¢) BiV2017) and 85C°C: d) Bi2V2023 and €)
Bi12V0.6010.5).2

Fig. 7 X-ray diffraction patterns of Nd-doped Bi¥Y@amples with the nominal
stoichiometry NgBi1.\VO4 ceramic$®

Fig. 8 a) X-ray diffraction data for (BiCe)VOas (x = 0.1, 0.2, 0.25, 0.3, 0.4 and 0.6)
ceramics and b) pseudo phase diagram of the B@&/Q; system (* = scheelite
monoclinic phase; and ¥ = zircon type tetragonal phase)’*

Fig. 9 Thermal expansion data of theo@e.1)VO4 ceramic* (*:unpublished data)

Fig. 10 X-ray diffraction patterns of (BiDyx)VO4 and BpsMosVO4 (M = La, Sm,
Nd, Gd, Eu, Y38

Fig. 11 a) XRD patterns of (BixYx)VOs4 ceramics and b) phase diagram of the
BiVO4-YVO4 binary system (Cell parameters a and b of Bi\a@ 5.1 A and 5.2 A
respectively while cell parameters a/b of zircon phase is about a = b = 7°£3 A)

Fig. 12 a)&, Qf, TCF and sintering temperature of the1(Bx)VO4 ceramics as a
function of x and b) range ef obtained from infrared fitting-%°

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

(Bi1-xAx)VO4 system as a function of A ionic radtt&®
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Fig. 14 XRD patterns of BiV® In.Oz and InO3/BiVO4 composites with different
molar ratio$*®

Fig. 15 Thermal expansion curves of the:(Bie)VO4 (x = 0.06, 0.08, 0.10 and 0.20)
ceramics as a function of temperattire

Fig. 16 Cell parameters and phase compositions of the xBNfee/3)O4-(1-x)BiVO4
systeni®

Fig. 17 Thermal expansion data of the xBi(f02/3)O4-(1-x)BiVO4 (x = 0.0, 0.01,
0.02, and 0.04) as a function of temperature

Fig. 18 Ferroelastic phase transition (monoclinic to tetragonal structure) temperature
of the xBi(Fa/3M02/3)Os-(1-X)BiVO4 ceramics (0.0 < x < 0.10) as a function of x and

for pure BiVQ as a function of pressuf&®

Fig. 19 Room temperature microwave dielectric properties of the
XBi(Fer/sM02/3)04-(1-X)BiVO4 ceramics (0 < x < 1)°°

Fig. 20 Cell parameters and volume of Bi¥@s a function of temperature and
pressure and ofl-x)BiVOs-x(Lio.sBio.s)M0Os ceramics as a function of at room
temperaturé 6124

Fig. 21 a)r and b)Qf of (1-x)BiVOs-x(Lio.5Bio.5)M0oO4 ceramics from 10420 K)124

Fig. 22 a) In-situ XRD, b) cell parameters and c) Raman spectra of
(1-X)BiVO4—X(Li0.5Bio.5M0Os (x = 0.06) from 27160°C12

Fig. 23 a) Room temperature infrared spectra of (1-x)BiQio.sBio.s)M0Os
(0.0<x <1.0) ceramics, b) in situ infrared spectraxcf 0.06 and ck = 0.125 from
—-183 to + 180°C.1%¢

Fig. 24 Cell parameters, a and b, of tetragonal phases in (1-x}Bi{9.sBio.s)M0O4
ceramics as a function ofX.

Fig. 25 XRD patterns of thél-x)BiVOas-X(Lio.sLao.s)M0O4 ceramics (0< x < 0.5)
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calcined at a) 808C and b) 0.8BiV@-0.2(Lio.sLNo.5)M0oO4 (Ln = La, Pr, Sm, Gd, Tb,

Dy, Y, Yb and Lu) ceramics sintered at S80R'30131

Fig. 26 Schematic room temperature phase composition diagram of the
BiVO4-AM00O4 systems as a function of A site ionic radius.

Fig. 27 a) XRD patterns of thg1-x)BiVOs-xLaNbOs ceramic sintered at different
temperatures and b) schematic of the ABOheelite structure (release of distorted
tetrahedra in the inséfy

Fig. 28 XRD patterns of thél-x)BiVOs-xLaNbOs ceramics sintered at different
temperature§’

Fig. 29 Schematic of phase transitions between the zircon, scheelite, fergusonite, and
monoclinic phases of ZrGe@naterialst>®

Fig. 30 a) Ideal AMQ@ scheelite structure compared to three different A site ordered
A213M00; structures: b} azsMoOsa, ¢) ElesMoOs and d) BiisMoOs (Projections are

half unit cells along the ¢ axis of the ideal scheelite structtire)

Fig. 31 a) X-ray diraction patterns for xBeMoOs+(1-x)BiVO4 (0.0 < x < 1.0)
ceramics sintered atfterent temperatures. In b) the merging of (101) and (011), (200)
and (020) is marked by dashed lines) and the super-latficaation peaks were
marked. c) shows the tetragonal scheelite phase, *>BY004 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 af BiVO
(top) and Bi;sMoO4 (bottom) with only half the unit cell shown in the ab-platie.

Fig. 32 a) X-ray diffraction patterns of (1-x)BiV@Laz3sMoOs (0.0 <x <1.0)
ceramics calcined at different temperatures and b) cell parameters as a function of x
valuel®

Fig. 33 a) Schematic of phase diagram of thgOBiTiO>-V.0s binary system after
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Touboul and Lv’s reports!’#1”> and b) a promising region for temperature stable
microwave dielectric<®

Fig. 34 Back-scattered electron images ofdhasfired and b) fractured surfaces of
the 0.45BiVQ-0.55TiQ: ceramics sintered 2 h at 89C (The associated energy

dispersive X-ray spectrum is insertéé.
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