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Exploratory synthesis plays an important role in the quest to discover new

materials. There are very few structurally characterized alkali metal containing

bismuth vanadates. Hybridization of the 6s and 6p orbitals of Bi3+ and the resulting

lone electron pair yields some very interesting stereochemistry and steric related

properties. Some of those properties include ferroelectricity, ferroelasticity,

electronic and ionic conduction, superconductivity, nonlinear optical capabilities

and selective catalysis.

Systematic exploration of the Na-Bi-V ternary system produced a new

phase of NaBi3V2O10. This material crystallizes in the P 1 space group and the

reported oxygen ion conductivity is apparently due to the presence of interstitial

oxygen rather than oxygen vacancies.

Stabilization of the tetragonal scheelite phase of BiVO4 has been achieved

by the substitution of a M2+ for Bi3+. This has not been accomplished previously by

a
M2+ cation substitution. The compound Cao.29Bio.71VO3.855 crystallizes in the P4

space group.



An investigation of the K-Bi-V ternary system resulted in the discovery of a

new potassium vanadate. KioBi4V4O21 crystallizes in the P6 space group with a

equal to 10.205(2)A and c equal to 7.669(2)A.

Other new compounds prepared, for which structures have not been

determined are a-Na3BiV2O8, (3-Na3BiV2O8, K8Bi5V5O24, Rb2BiVO5, a rubidium

compound with a 3:3:2 stoichiometric ratio of Rb:Bi:V, a rubidium compound with

2:1:1, a sodium compound with 2:1:1 and a lithium compound with a 1:1:1

stoichiometric ratio of Li:Bi:V.
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SYNTHESIS AND STRUCTURAL DETERMINATION OF
ALKALI AND ALKALINE EARTH METAL CONTAINING

BISMUTH VANADATES

Chapter 1

Introduction

1.1. Exploratory Synthesis

Exploratory synthesis in solid-state chemistry, in its pure form is the search

for new materials with no preconceived notions about composition, structure or

properties. It provides a means to push the boundaries established by the present

knowledge base, to escape the intellectual confines of synthetic systematic thinking

and to discover the unexpected.

It is essential to pursue the question "what if'. Before Einstein's theory of

relativity, some physicists believed the laws of Newton described all there was to

know regarding the field of physics. It is intellectually arrogant to assume that we

have nothing more to discover. Our present knowledge base cannot predict the

new, exciting materials with spectacular new properties that are awaiting discovery.

High temperature superconductors and materials exhibiting negative

thermal expansion are two examples of properties that were not predicted, but

instead stumbled upon through exploratory synthesis. The rational approach of

developing new materials by design is an essential part of solid-state materials
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research. As exploratory synthesis broadens our knowledge base, expands the

structural catalog and improves our understanding of complex systems, our

methodology for designing new materials blossoms.

New materials may require special synthesis techniques. Complex

structures, both in three-dimensional framework and element composition need to

be attempted. Many spectacular new materials are waiting to be uncovered and

their properties will have a profound impact on science and technology.

When new discoveries are made, they will be exploited to the fullest

through systematic and applied studies. The goal is to make useful, inexpensive,

nontoxic and easy to manufacture materials. This research project explores oxides

containing bismuth, vanadium and alkali metals.

1.2. Intrigue of Bismuth Compounds

1.2.1. Lone Pair Electron Steric Effect

Bi3+ has an electronic configuration of [Xe]4f145d106s2. The 6s2 electrons

are commonly referred to as the lone pair electrons. Hybridization of the 6s and 6p

orbitals, and the resulting lone electron pair yields some very interesting

stereochemistry and steric related properties.

Bismuth environments commonly have seven-fold coordination with some

long and some short bonds due to the stereoactive lone pair of electrons. These

arrangements are found in solid-state materials and organometallics (1).
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One common environment is the distorted monocapped trigonal prism or

distorted monocapped octahedron (Figure 1.1). In this coordination strong bonds

occur opposite to weak bonds and four intermediate bonds are found in the

equatorial plane (2).

a

0 Bismuth

Oxygen

Figure 1.1. Distorted Monocapped Trigonal Prism Coordination for Bismuth

Two common bismuth-oxygen chains are known. The environment for the

formation of (BiO2)_ (3) chains is depicted in Figure 1.2. A graphic representation

of the very common
(Bi2O2)2+ sheets of the Aurivilluis phases (4) can be found in

Figure 1.3.
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Bi 0 0

Figure 1.2. (Bi02)- Chain Configuration for Bismuth

Bi
0 0

Figure 1.3. (Bi202)2, Chain Configuration for Bismuth

Bi3+ compounds normally contain two, three or four short bonds that are

never opposite one another. In BiCu2AsO6 (5) an unusual five short bonds to

bismuth is observed. This highly unusual arrangement is depicted in figure 1.4.

Hybridization of the 6s and 6p orbitals is required for lone pair

stereochemistry. As covalency of the bonds increases, the lone pair influence on
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coordination tends to disappear (6). Non-distorted polyhedron are a result of this

increase in covalency.

0 Bismuth

* Oxygen

Figure 1.4. Unusual Five Short and Two Long Coordination for Bismuth

1.2.2. Ferroelectric and Ferroelastic Properties

Ferroelectric materials contain oriented or aligned dipoles within the

structure. Multiple domains with distinct directions '.Jr dipole alignments are

common. Applying an electric field to these materials can change the net

polarization due to a shift in dipole direction orientation (7). Materials exhibiting

this behavior must be in a space group that lacks an inversion center (8) and must

contain a cation capable of undergoing significant displacement. Many Aurivilluis

phases, Bi2An_1BnO3+3, are ferroelectrics (9).

Ferroelastic materials contain a net spontaneous strain that is altered by

applying a mechanical stress (10,11). BiVO4 undergoes a ferroelastic transition at

255°C that is associated with the monoclinic to tetragonal scheelite transformation
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(12). It has been proposed that ferroelastic ability is intimately connected to

displacement ability of Bi3+ cations due to the lone pair electron steric effect.

1.2.3. Conductivity

Many bismuth oxides are good oxygen ion conductors. This was first

reported for 6-Bi203 (13). The high oxygen ion conductivity has been explained by

lone pair electron stereochemistry. The highly polarizable bismuth cation network

can accommodate oxygen disordering within the structure and thus promote

oxygen ion mobility (14).

Additional examples of oxygen ion conductors within the bismuth oxides

include the entire BiMeVOX family (15), variants of Bi23M4044.5 where M can be

phosphorus or vanadium (16) and NaBi3V2O10, addressed in Chapter 2. Oxide ion

conductors have numerous applications in solid-state electrochemical devices, from

oxygen sensors to fuel cell electrodes (17).

Electrical conductivity based on electron charge carriers is also known for

bismuth oxides. For example, semiconductor behavior has been observed for

(CdBi)(V0.5Sb1.5)07, (CdBi)(Rh0.5Sb1.5)07, (CdBi)(VW)07 and (CdBi)(RhW)07

(18).

Two compounds, RbBiNb2O7 and CsBiNb2O7 were found to be poor

electronic and oxide ion conductors, but very good proton conductors (19).

Treating both RbBiNb2O7 and CsBiNb2O7 with aqueous nitric acid promoted an
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exchange of alkali metal ions for protons upon dehydration. The resulting

dehydration product HBiNb2O7 is a very good proton conductor.

Perhaps the most interesting type of conductivity among bismuth containing

compounds is superconductivity. Two major categories of bismuth

superconductors are currently known. One set involves only Bi3+ cations, such as

Bi2Cr2Ca2Cu3O10 (20). In this and related superconductors, the bismuth

stereochemistry plays not active role in the expression of superconductivity.

The second category of bismuth compounds exhibiting superconductivity

are a mixed bismuth valent variety. In these systems superconductivity is

associtated with the presence of both Bi3+ and Bis+ (21). Phases within the

Ba(Pb,Bi)03 (22) and (Ba,K)Bi03 (23) families are especially known for their

superconductivity. Some compounds in the (Ba,K)BiO3 system have reached Tc's

of 34 K (24).

1.2.4. Optical Properties

Bi3+ is an attractive activator for luminescent materials (25-34). Its use has

been widely studied and luminescence has been found to depend on the bismuth

environment. UV emission is achieved from Bi3+ doped LaGaO3 and Bi3+ doped

La2SO2 while red emission occurs for Bi3+ doped BaSO4 and the compound

Bi4Ge3O12. Bi4Ge3O12 is well established in luminescent applications. Bismuth

oxyhalides have been investigated as light-sensitive layers for silver-free film

development (35).
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Some bismuth compounds exhibit nonlinear optics capabilities. These

materials can produce a phase change or frequency conversion to laser light.

Bi2WO6 was found to be a reasonably second harmonic generator (36) and

BiCa9V7O28 has proven to be a second harmonic generator with three times the

intensity of KH2PO4 (37), one of the more common doubling crystals used today.

Applications in the area of nonlinear optics include fiber optic communications,

optical couplers, optical modulators and optical switches.

The monoclinic phase of BiVO4 has been examined for its acoustooptical

parameters (38) and its bright yellow-orange color makes it useful as a pigment

(39).

1.2.5. Catalytic Properties

Many bismuth molybdates are used as oxidation catalysts for organic

compounds such as butene, propene, carbon monoxide and methanol (40-42).

Despite the disagreements regarding multiple features of these bismuth molybdates,

the necessity for an efficient oxygen diffusion mechanism has surfaced. Bi3+ cation

lone pair electron stereochemistry allows for polyhedron displacements, which

enhances oxygen mobility within the structure.
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1.3. Brief History of Bismuth Compounds in the Sleight Group

New bismuth containing compounds in the Sleight group have been

obtained through exploratory synthesis and through designed synthesis. Table 1.1

lists the characterized compounds, their synthesis approach and the year of

publication.

All high temperature superconducting oxides within the copper oxide

superconducting family contain Cu02 sheets. These sheets must be sufficiently

oxidized or reduced for the compound to exhibit superconductivity. T,, the

temperature where superconductivity is first observed, has been found to be

correlated to the degree of oxidation or reduction of the Cu02 sheets and the

number of Cu02 sheets. In 1990, Huang and Sleight obtained and characterized the

new compound Nd1.7Bi011Sr0.9Ca0.3Cu2O6 (43). Despite containing Cu02 sheets,

this compound was determined to be nonsuperconducting.

Another property driven quest involved the oxyhalides. Oxyhalides

tend to have interesting optical properties. BiOBr can luminesce with excitation

from X-rays, UV light or cathode rays if doped with an appropriate rare earth

activator (44-49). BiOCI has been investigated as the light-sensitive layer in

photographic imaging (35).

Two new bismuth containing oxychlorides were characterized, BiSr3O3CI3

and BiCa3O3CI3 (50). Both are unique among bismuth oxyhalides in that the three-

dimensional network contains oxygen and chlorine sites in one layer.
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Table 1.1. Bismuth Containing Compounds Discovered by the Sleight Group

Compound Synthesis Method Year of Publication

Nd 1.7B io.1 Sro.9C ao.3Cu206 Designed 1990

BiSr3O3CI3, BiCa3O3CI3 Designed 1991

BiSr2V3O11 Exploratory 1992

BiMg2VO6 Exploratory 1992

KBiO3 Designed 1992

BiMg2PO6, BiMg2AsO6 Designed 1993

Na2Bi3+4Bi5+AuO11 Exploratory 1993

BiCa4V3O13 Exploratory 1993

BiBa2V3O11 Exploratory 1994

BiBa2V2PO11 Designed 1994

Lao.26Bio.7400H Exploratory 1994

HBi3(CrO4)203 Exploratory 1994

Bi204 Exploratory 1995

Bi 12.7Co0.3O 19.35 Designed 1995

LiBiO3 Designed 1996

MgBi2O6, ZnBi2O6 Exploratory 1997

BiCa2VO6 Exploratory 1998

Bi1.74Ti2O6.62 Exploratory 1998

RBi2O4NO3 Exploratory 1998
R = Rare Earth Elements

BiCu2VO6 Designed 1998

AgBiO3 Exploratory 1998

Hf1_XBiXO2_X12, Zrl-,,Bi.02-,i2 Designed 1998

Sr,,Na1_2,,BiO3 nH2O Exploratory 1999

Ba,,Na1.2i,BiO3nH2O Exploratory 1999

BiCu2AsO6 Designed 1999

BiCdVO5, BiCdVO6 Exploratory 2000

BiCa2AsO6 Designed 2000

Bi2CaV2O9 Exploratory 2000

Bi3Ca9V 11O41 Exploratory 2000

Ca1.29Bio.14VO4 Designed 2000

ACa9(V04)7
A = Bi or Rare Earth Element

NaBiO3, AgBiO3

Exploratory,Designed

Designed

2001

2001
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Huang and Sleight synthesized two new compounds, BiSr2V3O11 and

BiBaV3O11, containing two distinct vanadium groups, the orthovanadate group

(V04) and the pyrovanadate group (V207) (51). Phosphorus substitution for one

vanadium in the barium system provided the compound BiBa2V2PO11 (6). The

phosphorus was found to have no preference for the ortho or pyro environments.

Another difference between the barium system and the strontium system was the

disappearance of the stereoactive lone pair electrons on Bi3+. This disappearance

accounts to the fact that the barium system can have Bi replaced by In or any rare

earth cation whereas in the strontium system this replacement is not possible.

Exploratory synthesis within the Bi-V-Me, Me being any cation, ternary

system yielded the compound BiMg2VO6 (52). The structure exhibits a very

unusual five-fold Mg05 coordination. This magnesium coordination had been

previously reported in both magnesium arsenates (53) and magnesium phosphates

(54). Characterization of BiMg2VO6led to the systematic design of the

isostructural compounds BiMgPO6 and BiMg2VO6.

Bi3+, in a solid-state material, is simple to obtain. Bi5+ is more difficult due

to instability. Bismuth mixed valent superconductors drove a design-oriented

search for new materials within the alkali metal-bismuth oxide system. A

collection of Bi5+ compounds were developed using electrodeposition and

hydrothermal techniques.

The first crystals of KBiO3 were grown and characterized (55), LiBiO3, the

only missing member of the AM5+03 family (A= Li, Na, K and M = Nb, Ta, Sb,
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Bi) was obtained (56). MgBi2O6 and ZnBi2O6, both Bi5+ compounds, were the first

bismuth oxides ever to be reported with the trirutile-type structure (57).

Multiple valence bismuth materials were discovered.
Na2Bi43+Bi5+AuO11

(58) was unusual because gold oxides are rare due to gold's inert chemical

behavior. This compound was the first mixed valent bismuth material to contain

completely distinct crystallographic sites for the Bi3+ and Bi5+ cations.

A mixed valent bismuth oxide Bi3+Bi5+04 was classified and found to also

contain distinct Bi3+ and Bi5+ crystallographic sites. This compound was stumbled

on during syntheses of Lao.26Bi0.7400H (59) and HBi3(CrO4)2O3. Lanthanum

bismuth oxyhydroxides are the first example of complete substitution of OH on the

halide site for a PbFCl-type structure.

Sillenite-type materials, Bi12MO20, are of interest for their optical and

piezoelectric properties. Mary , Mackay, Nguyen and Sleight obtained the first

single crystals of any cobalt sillenite phase with the growth of Bi12.7Coo.3O19.35 (60).

The structural characterization of this material provided insight into the y-Bi203

proposed sillenite phase Bi12.3O19.5 (61).

In 1998 a new family of rare earth bismuth oxynitrates was obtained from

low temperature hydrothermal synthesis (62). Eight members of the RBi2O4NO3, R

= Y, Sm, Eu, Gd, TB, Dy, Er, Yb, were isolate and characterized.

While looking for interesting ferroelectric and nonlinear optics properties

within the BiA2MO6 (A = divalent cation, M= pentavalent cation) system,

BiCu2AsO6 (63) and BiCuVO6 (64) were discovered. BiCu2AsO6 contains
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unusually short bismuth to oxygen bond distances. BiCu2VO6 is different from

other BiA2MO6 members because its V04 tetrahedron do not lie on any symmetry

element. The tetrahedra do not point in directions along any of the unit cell axes.

Radosovljevic, Evans and Sleight synthesized and characterized the first

ever pyrochlore-type bismuth titanate (65). Bi1.74Ti2O6.62 deviates from the ideal

A23+M24+O7 formula but still maintains the pyrochlore-type structure. In this

material, the bismuth displaces off the three-fold site to create a better environment

for the lone pair electrons.

Sometimes the motivation for exploring a specific binary or ternary system

can simply be the lack of published structures within that system. Solid solutions

of Hfl_,Bi,,O2_,12 and Zrl_XBi, 02_,j2 were explored by Sorokina and Sleight with the

goal of finding new materials (66). For the hafnium solid solution x ranges from

0.40 to 0.75 with the single phase Bi2Hf2O7 resulting from calcinations at 700°C for

any value of x. The zirconium system formed solid solutions with x varying form

0.50 to 0.75. No single-phase product resulted from this sample exploration.

Bi2Hf2O7 was characterized and found to generate a second harmonic signal, much

like the isostructural Bi2Sn2O7 (67).

Bismuth and calcium complex oxides have been of interest in the Sleight

group since the discovery of BiCa9V7O28 (68). BiCa9V7O28 has a second harmonic

signal three times that of KH2PO4 (69) and large crystals can be grown (70) making

this material a possible NLO device.
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Other calcium containing bismuth oxides have been characterized. Huang

and Sleight isolated BiCa4V3O13 (8) in 1993. In 1998 Radosovljevic, Evans and

Sleight obtained BiCa2VO6 (71). BiCa2AsO6 and Bi2CaV2O9 (72) were

characterized in 2000. BiCa4V3O13, BiCa9V7O28 and Bi2CaV2O9 all contained

disordered Bi/Ca sites and BiCaVO6 and BiCaAsO6 both generated second

harmonic signals.

Kumada, Kinomura and Sleight explored the solid solutions SrNai_

2i,BiO3nH2O and Ba,tNa1_2,BiO3nH2O (73). Both systems involve mixed valent

bismuth due to the replacement of Na' by Sr2+ or Bat+. The strontium system could

maintain an x concentration of 0.48. The barium system was capable of forming

single-phase products throughout the x = 0.11 to x = 0.36 range. The product

formed was dependent on reaction time. Another unexpected phenomena with

these structures was in their comparative unit cell dimensions. The strontium

compound crystallized in a larger unit cell than any of the barium materials. The

larger cation size of barium is not great enough to counteract the higher
Bi3+

concentration found in the strontium system.

Two new bismuth cadmium vanadates were discovered in 2000, BiCdVO5

and BiCd2VO6 (72). Also discovered in 2000 was the Bi3Ca9V11O41 (74)

compound. This material was originally identified as a contaminant phase in

attempts to grow BiCa9V7O28. Bi3Ca9V11O41 contains three distinct vanadium

environments. The orthovanadate, V04, and pyrovandate, V207, are quite

common. The third environment involves a pair of edge sharing V05 square
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pyramids each sharing a corner with a VO4 tetrahedron, creating the unique V4O14

polyhedron arrangement. This arrangement has never previously been reported.

Revisiting known structure and locating new phases is quite common.

Ilmenite-type structures were obtained as new phases of AgBiO3 (75) and NaBiO3

(76). A second phase of BiMgVO6 has also been determined and structurally

characterized (72).

1.4. Systems Investigated

The motivation for the research project described in this thesis is

exploratory synthesis of alkali metal containing bismuth vanadates. Very few

alkali metal containing bismuth vanadates are reported in the literature. Three

alkali doped Bi4V2O11 phases are known, Lio.2Bi4Vt.8O1o.6 (77),

Bi4.10V1.80Ko.10O1o.7o and Bi4V1.9oKo.1oO1o.so (78). Two phases for NaBi3V2O1o have

been reported (79,80). The three remaining materials reported in the literature all

contain potassium; NaK2Bi2(VO4)3, K3Bi2(VO4)3 (81) and Ko.2Bi1.45V8O16 (82).

There are currently no reported rubidium bismuth vanadates.

The systems investigated in this project and the phases obtained are

summarized in Table 1.2. Ternary phase diagrams for each of the alkali metals are

depicted in Figures 1.5 - 1.8. Compounds residing on the edges of the diagrams

are not included for clarity of the figure.
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Table 1.2. Investigated Systemsa

Alkali Metal Bismuth Vanadium
Ratio Ratio Ratio
Li, 1 1 1

Li, 3 3 2

Li, 1 1 2

Na, 1 1 2

Na, 1 2 1

Na, 1 3 2

Na, 2 1 2

Na, 2 2 1

Na, 1 4 3

Na, 2 1 1

Na, 3 1 2

Na, 1 2 2

Na, 1, 1 1

K, 2 1 1

K,8 5 5

Rb, 3 3 2

Rb, 1 1 1

Rb, 2 1 1

Predominate Phase

BiVO4, unknown phase
Bi8V2O17
BiVO4
BiVO4

Multiphase powder XRD pattern
NaBi3V2O10
NaBi3V2O10
NaBi3V2O10

BiVO4
NaBi3V2O10, Na3BiV2Os,

unknown phase
Na3BiV2O8

unknown phase
Multiphase powder XRD pattern

K10Bi4V4O21
K8Bi5V5O24

Bi 12.38V 0.62021.02,

unknown phase
Bi203

unknown phase

aOutcome compounds in bold represent potential new species
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Chapter 4 follows the synthesis and structural determination of a new

potassium bismuth vanadate. Single crystals of this new compound were grown

from an intimate 2:1:1 mixture of K:Bi:V from the K2CO3-Bi2O3-V2O5 trinary

system.

Continuing work within the alkali metal containing bismuth vanadates as

well as recommendations for future work and concluding remarks are examined in

Chapter 5.
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Chapter 2

Structure of a-NaBi3V2O10 and Implications
for Ionic Conductivity

2.1. Introduction

In 1998, Sinclair and co-workers reported the preparation of a new oxide

ion conductor NaBi3V2O10 (1). The crystal structure of (3-NaBi3V2010, solved by

neutron diffraction, was found to be isostructural to Pb2Bi2V2O10 with a PI triclinic

space group (2). A second phase, a-NaBi3V2O10 , with a P 1 triclinic space group

was reported by Porob and Guru Row in 2000 (3). The second phase structure was

determined based on powder X-ray diffraction data. All previous studies maintain

that single crystal growth was not possible and that oxide ion conductivity is most

likely due to oxygen deficiency in the structure.

2.2. Experimental

Single crystals were first obtained from a 3:3:2 stoichiometric mixture of

Na:V:Bi from NaNO3 (Spectrum), V205 (Johnson Matthey) and Bi203 (Alpha

Aesar). The reagents were ground for twenty minutes in an agate mortar and

heated in a Lindberg furnace, at 800°C for 15 hours. The sample was cooled at a

rate of 5°C/min. All crystals were yellow but two different shapes were apparent
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under a microscope. Some crystals were shaped like very fat needles while others

had a more equal three-dimensional appearance.

A similar powder X-ray diffraction pattern and two-phase crystals were

obtained from a 2:2:1 stoichiometric ratio of Na:V:Bi from NaNO3 (Spectrum),

V205 (Johnson Matthey) and Bi203 (Alfa Aesar). Wavelength dispersive electron

microprobe analysis with a beam current of 48.5 nA, an accelerating voltage of 15

kV and a 5 4m beam diameter, of both samples indicated the presence of two

phases NaBi3V2O10 and Na3BiV2O8 (4).

Multiple syntheses using 1:2:3 stoichiometric ratios for Na:V:Bi were

attempted. All attempts resulted in a two-phase product. An increase in the

NaBi3V2O10 to Na3BiV2O8 ratio was enhanced using Na2CO3 (Aldrich) in the place

of NaNO3 (Spectrum). Syntheses between 700°C and 775°C produced a highly

complex multi-phase product containing NaBi3V2O10, Na3BiV2O8 and the

contaminants previously addresed in the literature (1,2,3). Slow cooling enhanced

crystallite size, but made differentiation of the two products more difficult.

Single phase, polycrystalline NaBi3V2O10 was prepared from a 1:2:3

stoichiometric ratio of Na:V:Bi from Na2CO3 (Aldrich), V205 (Johnson Matthey)

and Bi203 (Alpha Aesar). These reagents were ground for twenty minutes with an

agate mortar and pestle, and heated in air at 625°C for 24 hours. The material was

then reground and heated for another 15 hours at 625°C.

Heating temperature and time of calcination had a significant impact on the

single-phase nature of the product. Temperatures below 600°C and above 675°C



29

produced multiphase products. The multiphase powders were a pale green-maize

color and many contained small amounts of bismuth metal. Some samples

calcinated above 675°C contained both brown and dark purple particulates.

Samples that did not contain brown or purple components could be reground,

reheated to 625°C for 24 hours and reground and reheated at 625°C for another 15

hours to achieve single phase NaBi3V2O10.

To achieve single phase NaBi3V2O10 with one heating, it was necessary to

calcinate at 625°C for 8 days. Using a two-step heat-and-grind process was more

efficient and more reliable. Shortened calcination times, less than 24 hours

followed by 15 hours, reduced the single-phase nature of the polycrystalline

product. Single phase, polycrystalline NaBi3V2O10 was pale yellow.

Powder X-ray diffraction was used to monitor the content of the obtained

products. Patterns were recorded from a Siemens D5000 powder diffractometer

with a Kevex detector, CuKa radiation (7. = 1.5418 A) and vertical Soller slits.

Single crystal X-ray diffraction data were collected at room temperature on

a Rigaku AFC6R diffractometer with monochromatic MoKa radiation (? = 0.71069

A). No decay was noted during data collection. The observed intensities were

corrected for Lorentz polarization and absorption. Data reduction was carried out

using a local program, capable of creating a data file containing the crystal

dependent direction cosines of the diffracted and reverse incident beam, for

purposes of correction of absorption anisotropy problems. Correction for the

effects of absorption anisotropy was carried out using the program SORTAV (5), as
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programmed in the software collection WINGX V 1.64.02 (6). Structure solution

was carried out using Patterson Map interpretation as programmed in SHELXS-90

and refined using full-matrix least-squares refinement on F2 using the program

SHELXL-97 (7). Details of the single crystal data collection are given in Table

2.1.

Powder neutron diffraction data were collecteu on BT-1 at the NIST Center

for Neutron Research using a wavelength of 1.5402 A. Structural refinements were

carried out using the GSAS software package (8). Both LeBail and Reitveld

refinements were completed using the single crystal structural solution as the initial

model. The peaks were fit using T.H.C. psuedo-Voigt profiles (9). Details of the

neutron data collection are given in Table 2.2.
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Table 2.1. Crystallographic Data for NaBi3V2O10 Single Crystal X-ray Diffraction

radiation source
radiation
X (A)
0 range (deg)
hkl regions
crystal size (mm)
color
formula
fw
density (g/cm3)
absorption correction
absorption coefficient (mm-1)

refinement method
extinction coefficient
space group
a (A)
b (A)
C (A)
a (deg)
(3 (deg)
y (deg)
V(A)
z
no. of measured reflections
no. of independent reflections
no. of reflections I > 26(I)
no. of refined parameters
Rl (%)
wR2 (%)
goodness of fit

Rigaku AFC6R
Mo Ka
0.71069, graphite monochrometer
3.12-35.07
-8-8,0-11,-11-10
0.25, 0.20, 0.15
pale yellow
N a0.96 B 13.04 V 2 010.04

919.79
6.408
Psi-scans & symmetry equivalents
57.92
full-matrix least squares on F2
0.004(1)
P1
5.538(5)
7.058(4)
7.120(7)
107.66(6)
112.21(8)
95.65(7)
238.2(3)
1

2246
2092 (Rint= 6.36)
1286
75

6.31
14.91
1.077
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Table 2.2. Crystallographic Data for NaBi3V2O10 Neutron Powder Study

radiation source
radiation
?, (A)
data collection range (20, deg)
step scan increment (20, deg)
step scan time (s)
color
formula
fw
density (g/cm3)
space group
profile function
a (A)
b (A)
C (A)
a (deg)
1i (deg)
y (deg)
V(A)
z
no. of data points
no. of contributing reflections
no. of structural parameters
no. of profile parameters

x2
RWp(%)

Rp(%)

BT-1 at NIST
neutron
1.5402
3.000 - 168.000
0.05
300
yellow
Na0.96B13.04V2O10.04

919.79
6.465

P1
pseudo-voigt (T.H.C.)
5.5363(1)
7.0628(2)
7.1418(2)
107.882(2)
112.046(2)
95.549(2)
239.123(6)
1

2599
932
64
10

2.415
5.49
4.30

2.3. Structural Analysis

a-NaBi3V2O10 crystallizes in space group P 1 (No. 2) with one molecular unit

per unit cell. Lattice parameters for both single crystal and neutron powder

analyses can be found in Table 2.3.
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Table 2.3. Comparison of Lattice Parameters for NaBi3V2O10

Parameter Single Crystal X-Ray Powder Neutron
a (A) 5.538(5) 5.5363(1)
b (A) 7.058(4) 7.0628 (2)
c (A) 7.120(7) 7.1418(2)

Alpha (°) 107.66(6) 107.882(2)
Beta (°) 112.21(8) 112.046(2)

Gamma (°) 95.65(7) 95.549(2)

The bismuth positions were determined using a Patterson, heavy-atom,

approach. Subsequent least-squares refinements and fourier map analyses were

used to determine vanadium and oxygen positions. Two p.: 71ems arose with the

first attempts at structure determination. First, no apparent sodium site was

identified. Second, the remaining residuals from the electron density maps were on

the order of magnitude 3/4 of that of an oxygen.

Additional electron microprobe analysis of crystals, from the same batch as

the one for which X-ray data were collected on, indicated that sodium was present.

Occupancy refinement of the Bi 2 position, anisotropic displacement parameters for

the Bi 2 position and the similar size of Na" and Bi3+ ions (10) all pointed toward

the possibility of a shared site. This was confirmed by a large lowering of the R

value as well as improvement in the anisotropic displacement parameters. (At the

time this structure was being solved, the paper by Porob and Guru Row had not yet

been published.) Shared sites are not uncommon for Na" and Bi3+ cations, such as

in the scheelite Na0.5Bi0.5MoO4 (11) and the defect pyrochlore NaBi2Ta5O16 (12).
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Axial photographs using the Rigaku AFC6R system were obtained to

provide insight into the large residuals. At first the crystal appeared to have a

supercell. Another axial photograph, taken over a longer period of time, showed

that the observed reflections of weaker intensity could not be explained as

superstructure reflections. Instead, these reflections of weaker intensity appeared to

be due to a satellite crystal. Close analysis of the strongest deviating reflections did

indeed suggest the presence of a satellite crystal. Nineteen reflections were

removed from the data refinement, and an overall improvement in the structure

solution was obtained.

All atomic site occupancies were refined and found to be 1.0 with the Bi 2 /

Na 1 site refining to a 52:48 ratio of bismuth to sodium. Atomic positions and

occupancy data for the single crystal structural solution and displacement

parameters can be found in Table 2.4 and 2.5.

Table 2.4. Single Crystal Atom Parameters for NaBi3V2O10

Atom x y z Occupancy
Bi 1 0.0838(1) 0.7574(1) 0.5283(1) 1.000

Bi 2 0.3134(2) 0.3822(2) 0.2103(2) 0.523(6)

Na 1 0.3134(2) 0.3822(2) 0.2103(2) 0.476(6)

V 0.3446(6) 0.8440(4) 0.1446(4) 1.000

O1 0.159(3) 0.690(2) 0.217(2) 1.000

O 2 0.147(3) 0.803(2) 0.875(2) 1.000

O 3 0.252(3) 0.500(2) 0.527(2) 1.000

04 0.566(3) 0.895(2) 0.693(2) 1.000

05 0.380(3) 0.235(2) 0.833(3) 1.000
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Table 2.5. Single Crystal Displacement Parametersa for NaBi3V2O10

Atom Ueq Ull U22 U33 U12 U13 U23
Bi 1 13(1) 14(1) 13(1) 13(1) 4(1) 6(1) 5(1)

Bi 2 14(1) 12(1) 16(1) 13(1) 2(1) 5(1) 4(1)

Na 1 14(1) 12(1) 16(1) 13(1) 2(1) 5(1) 4(1)

V 13(1) 10(1) 18(1) 7(1) -2(1) 2(1) 2(1)

01 15(2) 18(5) 19(5) 13(4) 0(4) 13(4) 5(4)

02 20(3) 18(6) 35(6) 8(4) 2(5) 5(4) 11(4)

03 20(3) 7(5) 27(7) 29(7) 4(5) 8(5) 16(5)

04 22(3) 13(6) 25(7) 23(6) -2(5) 5(5) 8(5)

05 27(3) 21(7) 30(8) 34(8) 15(6) 11(7) 15(6)

a All values represent displacement parameters multiplied by 1000

Due to the transparency of vanadium to neutron radiation the vanadium

parameters determined in the single crystal system were fixed for the neutron

refinement. Background, zero, lattice parameters, atomic positions, atomic

occupancies and atomic displacement parameters were all refined. The Bi/Na site

was found to have a 52:48, bismuth to sodium, occupancy. All other sites were

found to be fully occupied. Atom positions and occupancies for the neutron

solution and displacement parameters can be found in Table 2.6 and 2.7. The

observed and calculated diffraction patterns are shown in Figure 2.1.



36

Table 2.6. Powder Neutron Atom Parameters for NaBi3V2O10

Atom X y z Occupancy

Bi 1 0.0816(6) 0.7598(4) 0.5288(5) 1.0000

Bi 2 0.3091(8) 0.3794(7) 0.2004(8) 0.521(1)

Na 1 0.3091(8) 0.3794(7) 0.2004(8) 0.479(1)

Va 0.3446 0.8440 0.1446 1.000

O1 0.1562(9) 0.6926(6) 0.2170(7) 1.000

O 2 0.1460(9) 0.8043(7) 0.8800(7) 1.000

O 3 0.2552(9) 0.4988(6) 0.5333(7) 1.000

O 4 0.5660(9) 0.8970(6) 0.6949(7) 1.000

O 5 0.377(1) 0.2362(8) 0.8333(9) 1.000

aFixed at values obtained from single crystal analysis

Table 2.7. Powder Neutron Displacement Parametersa for NaBi3V2O10

Atom Ueq U l l U22 U33 U12 U13 U23

Bi 1 18 26(2) 14(2) 14(2) 4(1) 8(1) 7(1)

Bi 2 30 20(3) 29(2) 37(3) 7(2) 18(2) 12(2)

Na 1 30 20(3) 29(2) 37(3) 7(2) 18(2) 12(2)

Vb 13 10 18 7 -2 2 2

O 1 23 32(3) 24(3) 14(3) 0(2) 18(2) 2(2)

02 26 22(3) 32(3) 11(2) -6(2) -4(2) 12(2)

03 29 13(2) 21(3) 45(3) 0(2) 11(2) 15(2)

04 24 27(3) 13(2) 24(3) -2(2) 7(2) 2(2)

05 39 27(3) 43(3) 38(3) 13(2) 12(3) 16(3)

'All values represent displacement parameters multiplied by 1000
bFixed at values obtained from single crystal analysis
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Figure 2.1. Observed, Calculated and Difference Profiles for NaBi3V2O10

140.0

The three dimensional framework of NaBi3V2O10 can be described as

groupings of edge sharing Bi/NaO6 and Bi06 octahedron perpetuating up and down

the a axis, connected by corner sharing V04 tetrahedron along the b and c axis

directions. Figure 2.2 depicts the NaBi3V2O10 structure with only the V04

tetrahedron included. Figure 2.3 includes all polyhedron.
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b

C

V04 Bi 0 Bi / Na 0 0

Figure 2.2. Crystal Structure of NaBi3VZO10 with V04 Tetrahedron



/

V04

Figure 2.3. Crystal Structure of NaBi3V2010 with all Polyhedron
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Two Bi06, bismuth site one, octahedron share an 0 3 to 0 3 edge to form a Bi2010

dimeric unit. Each dimeric unit is connected to additional dimeric units in the a, b

and c axis directions by corner sharing V04 tetrahedron. Figure 2.4 depicts the

Bi2010 dimeric unit. This is not the standard bismuth-oxygen unit, but has been

observed in BiNiOPO4 (13) and BiCoPO4 (14).

0 Bismuth

Oxygen

Figure 2.4. Bi2010 Dimeric Unit

2.4. Comparison of the a-NaBi3V2O10 Structure with that in the Literature

A comparison of the structure obtained with that previously reported (3)

was impeded by the fact that the previous report used a nonstandard triclinic crystal

setting. Lepage, a program within the WINGX suite (6) was used to obtain the

lattice transformation matrix and the atom parameter transformation matrix (Figure

2.5). The transformation was calculated by hand and verified by comparing the X-

ray powder patterns, using PowderCell (15), of the system before and after the

conversion.
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Tlattice =

0 0 -1

0 1 0
1 0 1

Tatoms =

1 0 1

0 1 0

-1 0 0

Figure 2.5. Transformation Matrixes Used for Conversion of Reported Structure

For a direct comparison of the newly transformed system with the structure

we determined, it was necessary to translate the published system so both structures

were defined by the same origin. The transformed and translated atomic positions

and the method of translation can be found in Table 2.8.

Table 2.8. Transformed and Translated Published Atomic Positions

Atom x y z method
New
Label

Bi 1 0.0816 0.7586 0.5264 0, +'h, +'/z Bi 1

Bi 2 0.3168 0.3792 0.2070 Inv, Inv +'h, Inv +'/2 Bi2
Na 1 0.3168 0.3792 0.2070 Inv, Inv +'h, Inv +'/2 Na 1

V 0.3458 0.8474 0.1444 0, +'/z, +'h V
01 0.2372 0.4850 0.5458 + 1, +'h, +'h 03
02 0.5891 0.9004 0.7175 +1,+'/z,+'h 04
03 0.4014 0.2451 0.8238 1- #, 1 - (# +'/2), 2 - (# +'h) 05
04 0.1779 0.6698 0.2334 Inv, Inv +'h, Inv +'/2 01
05 0.1504 0.7881 0.8645 0, +'/z, +'h 02

The published positions were relabeled for direct comparison with our structure.

Table 2.9 shows the atomic parameters for the published system, the single crystal

solved system and the neutron refinement structure solution.
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Table 2.9. Comparison of Atomic Positions for NaBi3V2O10

Atom Data Type x y z

Bi 1 Published 0.082(1) 0.759(1) 0.526(5)
Single Crystal 0.0838(1) 0.7574(1) 0.5283(1)

Neutron 0.0816(6) 0.7598(4) 0.5288(5)
Bi 2 / Na Published 0.3168(5) 0.379(2) 0.2070(2)

Single Crystal 0.3134(2) 0.3822(2) 0.2103(2)
Neutron 0.3091(8) 0.3794(7) 0.2004(8)

V Published 0.346(1) 0.847(3) 0.1444(3)
Single Crystal 0.3446(6) 0.8440(4) 0.1446(4)

Neutron 0.3446(6) 0.8440(4) 0.1446(4)
01 Published 04 0.178(3) 0.7(2) 0.233(3)

Single Crystal 0.159(3) 0.690(2) 0.217(2)
Neutron 0.1562(9) 0.6926(6) 0.2170(7)

02 Published 05 0.150(2) 0.79(1) 0.86(2)
Single Crystal 0.147(3) 0.803(2) 0.875(2)

Neutron 0.1460(9) 0.8043(7) 0.8800(7)
03 Published 01 0.24(2) 0.48(2) 0.546(4)

Single Crystal 0.252(3) 0.500(2) 0.527(2)
Neutron 0.2552(9) 0.4988(6) 0.5333(7)

04 Published 02 0.59(1) 0.900(9) 0.718(5)
Single Crystal 0.566(3) 0.895(2) 0.693(2)

Neutron 0.5660(9) 0.8970(6) 0.6949(7)
05 Published 03 0.401(3) 0.245(4) 0.82(6)

Single Crystal 0.380(3) 0.235(2) 0.833(3)
Neutron 0.377(1) 0.2362(8) 0.8333(9)

ATOMS (16) was used to determine the difference in atomic positions, in

Angstroms, for both the single crystal system and the reported system compared to

the neutron data solution (Table 2.10). All three refinements give very similar

positional parameters for the cations, and there is also good agreement between

oxygen parameters obtained from single crystal X-ray diffraction data and neutron

diffraction data. However, there is poor agreement between our results and the

reported results for the oxygen positions. This difference is as great as 0.24 A.



43

This of course results in very different bond lengths and calculated valences (17). A

comparison of these bond distances and valence values is shown in Table 2.11.

Table 2.10. Difference Comparison of Atomic Positions for NaBi3V2010

Atom
Single Crystal vs. Neutron
Difference in Position (A)

Published vs. Neutron
Difference in Position (A)

Bi 1 0.0005 0.0003
Bi 2 / Na 0.0610 0.0507

V 0.0000 0.0249
01 0.0252 0.2420
02 0.0366 0.1441

03 0.0454 0.1934
04 0.0003 0.1560
05 0.0003 0.1842

The reported structure gives a very distorted V04 tetrahedron with V-0

distances varying from 1.56 to 1.88 A, whereas we find a much more regular V04

tetrahedron with V-O distances varying from 1.65 to 1.74 A. Valences calculated

for our refined structure are generally closer to expected values with the exception

of the site occupied by both bismuth and sodium. Good agreement is not expected

in this situation because local relaxation is expected to give somewhat different

bond lengths depending on whether sodium or bismuth actually occupies the site.
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Table 2.11. Bond Distances and Valence for Neutron Solutiona

Atoms
Bond Length

(A)
Bond Valence Bond Valence Totals

Bi 1 - 0 1 2.331(6) 0.527
2.25(2) 0.642

Bi 1 - 0 2 2.311(5) 0.556
2.23(3) 0.694

Bi l - 0 3 2.163(6) 0.830
2.11(3) 0.935

Bi 1 - 0 3 2.287(5) 0.592
2.20(4) 0.743

Bi 1 -04 2.438(6) 0.396
2.54(3) 0.298

Bi 1 -05 2.876(6) 0.121 Total Bi(1) = 3.022
2.88(4) 0.119 3.431

Bi 2 / Na - 0 1 2.429(7) 0.404 / 0.184
2.23(3) 0.691 / 0.315

Bi 2 / Na - 0 2 2.487(7) 0.346 / 0.157
2.51(3) 0.317/0.144

Bi 2 / Na - 0 3 2.408(8) 0.427 / 0.194
2.50(2) 0.326/0.148

Bi 2 / Na - 0 3 2.308(6) 0.562/ 0.256 Total Bi only = 2.414
2.31(4) 0.558 / 0.254

0.474 / 0.216 Total Na only =
Bi 2 / Na - 0 4 2.370(6) 1.099

2.25(3) 0.652/0.297

Bi 2 / Na - 0 5 2.689(7) 0.200 / 0.091 Mean Sumb = 1.783
2.82(3) 0.139/0.063 1.952

V - 0 1 1.738(4) 1.186
1.87(3) 0.821

V-02 1.711(4) 1.296
1.76(3) 1.120

V-04 1.738(4) 1.195
1.66(3) 1.444

V-05 1.655(5) 1.472 Total V = 5.149
1.56(4) 1.903 5.288

aValues in italics are from reference 3
bMean Bond Valence Sum calculated as weighted average of 0.52 occupancy of Bi
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The most important discrepancy between our results and those reported is

with the occupation parameters for the oxygen atoms. We find that all five oxygen

sites are fully occupied. The reported structure claims that one site (0 1 in Table

2.9. or 0 3 in their paper) is only 90% occupied. Porob and Guru Row suggest that

the high oxygen ion conductivity is related to this partial occupancy (3). All three

refinements, and electron microprobe data, of a-NaBi3V2O10 agree that the Bi:Na

ratio on the Bi/Na site is not 1.0. Instead this site is bismuth rich by a small but

significant amount. The reported structure gives this Bi:Na ratio as 56:44.

Electron microprobe data identifies a ratio of 53:47 and both X-ray and neutron

data find 52:48. This agreement between both occupancy refinements is good

evidence that there are no vacancies on the Bi / Na site.

The oxygen conductivity in a-NaBi3V2O10 is likely due to a small

concentration of oxygen interstitials given by the formula Nao.96Bi3.04V2010.04

Assuming that all the interstitial oxygen occupies one general position site, this

would mean searching for a site only 2% occupied. There is no possibility that

such a small amount of interstitial oxygen could be found with current x-ray and

neutron data.
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Chapter 3

Structure of a Calcium Substituted Scheelite BiVO4 Phase

3.1. Introduction

Scheelite, ABO4, structures are commonly known for their mixed ionic and

electric conductivity (1,2) and their ability to function as oxidative catalysts (3,4).

BiVO4 is a compound of this group that has been heavily explored. BiVO4 is found

in the scheelite, I 41/a (No. 88) space group at temperatures above 255°C and in the

monoclinic I 2/b (No. 15) space group below 255°C (5). BiVO4 occurs naturally as

the mineral pucherite and can be prepared in the laboratory only in the tetragonal

zircon or more stable monoclinic structure (5). The transition from the tetragonal

space group to the monoclinic space group is reversible (6).

In 1994, a German research team discovered that the monoclinic structural

phase of BiVO4 could be doped up to 7% with calcium. They noted very little

change in the lattice parameters but did no further investigation into the crystal

structure (7).

The high temperature tetragonal phase of BiVO4 has been stabilized at

standard temperature by the substitution of Mo6+ for V5+ (8). For the first time M2+

substitution for Bi3+ in the tetragonal phase of BiVO4 has been achieved. The

monoclinic to tetragonal structural transition has been shown to be possible by the

substitution of calcium for bismuth to form a new compound with the formula
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Ca0.29Bi0.71VO3.855. This calcium doped scheelite phase has recently been

determined to be an oxide ion conductor comparable to that of yttria stabilized

zironia (9).

3.2. Experimental

Single crystals were obtained, by serendipity, from an 8:5:5 stoichiometric

mixture of K:V:Bi from K2CO3 (Mallinckrodt), NH4VO3 (Alpha Aesar) and Bi203

(Cerac). (The K2CO3 reagent, by use of powder X-ray diffraction, was later found

to contain a CaCO3 contaminant) The reagents were ground for fifteen minutes in

an agate mortar and heated in a Lindberg furnace for four cycles with ten-minute

grinds between each cycle. The calcinations cycles can be found in Table 3.1. The

final calcinations cycle was quenched from 534°C to room temperature.

Table 3.1. Calcination Cycles for Single Crystal Growth

Plateau Temperature Holding Time Cooling Rate
Cycle

°(°C) (Hours) C/min)(

Cycle 1 500 22 5

Cycle 2 700 18 5

Cycle 3 700 18 5

Cycle 4 900 72 0.03

Very small, pale yellow and pale green, crystallites were obtained. Powder

X-ray diffraction indicated a multiphase product and the resulting pattern did not
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give any matches with the Siemens D5000 database. Patterns were recorded from a

Siemens D5000 powder diffractometer with a Kevex detector, CuKa radiation

( = 1.5418 A) and vertical Soller slits.

A 0.10 by 0.10 by 0.08 mm, pale yellow, crystal was mounted onto a glass

fiber with epoxy. Single crystal X-ray diffraction data were collected at room

temperature on a Rigaku AFC6R diffractometer with monochromatic MoKa

radiation (k = 0.71069 A). No decay was noted during data collection. The initial

data processing and an absorption correction, by Psi-scans, to the full data set were

applied using the programs from the TEXSAN crystallographic software package

(10). Structure solution was carried out using Patterson Map interpretation as

programmed in SHELXS-97 (11) and refined using full-matrix least-squares

refinement on F2 using the program SHELXL-97 incorporated in the WINGX suite

(12). Details of the single crystal data collection are given in Table 3.2.

Qualitative wavelength dispersive electron microprobe analysis with a beam

current of 49.65 nA, an accelerating voltage of 15.16 kV and a 5 µm beam diameter

was performed on the crystallite used to obtain single crystal X-ray data and also

on multiple crystallites from the sample (13). The majority of crystallites contained

potassium while a minority contained calcium. The crystallite used to collect

single crystal X-ray diffraction data contained calcium and no significant amount of

potassium.
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3.3 Structural Analysis

Cao.29B471V03.855 crystallizes in the tetragonal space group P4 (No. 81)

with four molecular units per unit cell. Lattice parameters can be found in

Table 3.2.

Table 3.2. Crystallographic Data for Ca0.29Bi0.71VO3.855

radiation source
radiation
k (A)
0 range (deg)
hkl regions
crystal size (mm)
color
formula
fw
density (g/cm3)
absorption correction
absorption coefficient (mm 1)
refinement method
extinction coefficient
space group

0

a (A)
C (A)
V (A3)
z

no. of measured reflections
no. of independent reflections
no. of reflections I > 2a(I)
no. of refined parameters
R1 (%)
wR2 (%)
goodness of fit

Rigaku AFC6R
Mo Ka
0.71069, graphite monochrometer
1.74-27.49
-1 - 6, -1 - 6, -1 - 15
0.10, 0.10, 0.08
pale yellow
Ca0.29B10.71 VO3.855

272.62
5.132
Psi-scans & symmetry equivalents
30.918
full-matrix least squares on F2
0.032(7)

P4
5.121(5)
11.701(5)
306.9(4)
4
708
590 (R;,,t= 11.56)
275
58
7.20
13.65
1.506
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The space group was determined from merging statistics of the Laue

symmetries, systematic absences and systematic structure solution attempts using

SIR92 (14). A partial list of reflections violating the body-centered condition are

displayed in Table 3.3.

Table 3.3. Reflections Violating Body-Centered Condition

h k 1 F2 Sigma
-1 0 0 242.74 10.43

-1 0 2 313.29 14.43

-1 0 4 183.54 8.51

-1 1 -1 111.70 6.99

-1 2 0 233.92 10.99

-1 2 2 115.88 7.53

0 -1 0 533.64 24.18

0 -1 2 675.22 30.78

0 -1 4 256.90 12.26

0 1 0 550.18 24.55

0 1 2 829.80 35.36
0 1 4 159.49 7.93

1 0 0 239.03 10.46

1 0 2 365.69 17.04

1 0 4 223.09 10.38

1 2 0 238.53 7.47

1 2 2 148.60 8.16

2 1 0 182.40 6.34
2 -1 2 123.33 8.20

2 1 0 186.74 5.30

The bismuth positions were determined using a Patterson, heavy-atom,

approach. Subsequent least-squares refinements and Fourier map analyses were

used to determine the vanadium and oxygen positions. Potassium positions could

not be located.
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Electron microprobe data revealed the presence of calcium and the absence

of potassium in the single crystal used to collect X-ray diffraction data. Specific

calcium sites were not apparent in the structure solution. The ionic radii of
Bi3+

and Ca2+ being very similar (1.17 vs 1.12 A for 8 fold coordination)(15) and

reported disorder of both Bi3+ and Ca2+ on the same site in BiCa9V7O28 (16) and

BiCa4V3O12 (17) suggested a shared site might be possible for the new compound

Cao.29Bio.71VO3.855. The bismuth/calcium disorder was modeled by placing both

atom types on each site and refining occupancies. The necessary constraints were

introduced on positional and displacement parameters for these sites. Two of the

three bismuth sites were found to contain significant amounts of calcium.

All remaining atomic site occupancies and anisotropic displacement

parameters were refined. All atom sites were found to be fully occupied, excluding

O 1, which was refined to have an occupancy of 0.92 from the original 1.00.

Atomic positions, occupancy data and displacement parameters can be found in

Table 3.4 and 3.5.
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Table 3.4. Atom Parameters for Ca0.29Bi0.71VO3.sss

Atom x y z Occupancy
Bi 1 1.0000 1.0000 0.0000 0.732(3)

Ca 1 1.0000 1.0000 0.0000 0.268(3)

Bi 2 0.5000 0.5000 0.5000 1.00000

Bi 3 1.0000 0.5000 0.2501(5) 0.576(8)

Ca 2 1.0000 0.5000 0.2501(5) 0.424(8)

V 1 0.5000 0.5000 0.0000 1.00000

V 2 0.0000 0.0000 0.5000 1.00000

V 3 0.5000 0.0000 0.249(1) 1.00000

O 1 0.132(5) 0.237(5) -0.578(2) 0.92(4)

O 2 0.360(5) -0.248(4) 0.328(2) 1.00000

O 3 0.252(5) 0.142(6) 0.167(2) 1.00000

O 4 0.738(9) 1.379(6) 0.069(2) 1.00000

Table 3.5. Displacement Parametersa for Ca0.29Bioa1VO3.sss

Atom Ueq Ull U22 U33 U12 U13 U23

Bi 1 23(1) 21(2) 21(2) 26(2) 0 0 0

Ca 1 23(1) 21(2) 21(2) 26(2) 0 0 0

Bi 2 35(1) 32(2) 32(2) 40(2) 0 0 0

Bi 3 16(1) 15(2) 14(2) 19(2) -6(204) 0 0

Ca 2 16(1) 15(2) 14(2) 19(2) -6(204) 0 0

V 1 10(3) 15(4) 15(4) 5(5) 0 0 0

V 2 48(8) 60(12) 60(12) 22(10) 0 0 0

V 3 9(2) 16(5) 9(5) 1(3) -2(5) 0 0

O 1 15(5) 16(13) 28(15) 0(9) -11(13) -1(9) 8(9)

02 14(6) 22(15) 4(11) 15(12) -6(12) -4(11) 9(9)

03 27(7) 20(14) 45(17) 17(13) 26(13) -17(9) -7(13)

04 9(14) 24(40) 47(18) 8(13) -9(21) 8(18) -28(12)

aAll values represent displacement parameters multiplied by 1000
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All bismuth and bismuth/calcium sites have an 8-fold coordination with

oxygen while the vanadium sites have 4 coordinate V04 tetrahedron. Figure 3.1

depicts the Cao.29Bii) 71 VO3 85; structure with only the V04 tetrahedron included.

V04 Bi 0 Bi / Ca 0

Figure 3.1. Crystal Structure of Cap, ,UBiI, 7, VO, RSS with VOA Tetrahedron
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The three dimensional framework of Cao.29Bio.71VO3.s55 can be described as

interpenetrating rings of edge sharing Bi08, or Bi/CaO8, polyhedron with V04

tetrahedron bridging the centers of each ring. Figure 3.2 depicts this three-

dimensional polyhedron network.

3.4. Discussion

The monoclinic to tetragonal structural transition of BiVO4 was shown to be

possible, for the first time, by the substitution of Ca2+ for Bi3+. Table 3.6 shows the

lattice parameters for tetragonal, scheelite, BiVO4 and the new species

Cao.29Bio.71VO3.s55 The calcium substituted compound data was at room

temperature while the unsubstituted compound data were obtained at 293°C. Very

little changes to the lattice parameters occur due to the calcium substitution. The

calcium doped monoclinic BiVO4 phase also maintained the original lattice

parameters (7). Figure 3.3 depicts the tetragonal crystal structure of BiVO4.

Table 3.6. Lattice Parameter Comparison of BiVO4a and Cao.29Bio.71VO3.s55

Compound Space Group a (A) c (A) V (A )
BiVO4 I41/a 5.1470(4) 11.721(1) 310.5(3)

Cao.29Bio.71VO3.s55 P 4 5.121(5) 11.701(5) 306.9(4)

aBiVO4 values obtain from reference 5
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V04 Bi 0 Bi / Ca Rings 0

Figure 3.2. Three Dimensional Polyhedron Ring Network of Cao.29Biv71 VO3 855
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C

Bismuth Vanadium Oxygen 0

Figure 3.3. Tetragonal Scheelite Crystal Structure of BiVO4

The substitution of Ca2+ for Bi3+ results in a reduction of net cation charge.

Color indicates no oxidation of Bi3+ or reduction of V'+. Thus, to maintain charge

balance with Bi3+, Cat+, V5+ and 02- it is necessary for the structure of

Cap.29BiO).7IVO3.855 to have oxygen vacancies. This vacancy is largely accounted for

in the occupancy refinement of 0 1, which would give (Ca,Bi)V03.92. The

displacement parameters of V 2 and Bi 2, which are connected to the partially
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occupied 0 1 site, are expected to be higher than those of the other sites. This is

indeed true in our structure solution. The Cao.29B4) 7l VO3.g55 structure with the 0

site is clearly depicted in Figure 3.4.

C

Figure 3.4. Ca().2gBi() 71 VO3_855 Structure with Oxygen

Oxygen with Vacancies

Vacancies Depicted
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The substitution of calcium for bismuth reduces the symmetry of the crystal

structure. We believe a reasonable explanation for this decrease in symmetry is

due to the partial ordering of the Bi/Ca sites and the disorder :=f the oxygen

positions. Bond length and bond valence (18) values can be found in Table 3.7.

The discrepancies between the bond valence sums and the expected values, are

illustrative of the limits of current bond valence programs for representing local

relaxation for mixed atom sites, and are suggestive of the oxygen disorder we

believe to be present.

Electron diffraction was performed on the powder samples. No appearance

of a superstructure was found. This result is in agreement with the search for a

superstructure performed by X-ray diffraction techniques on the single crystal.

Further studies are necessary to confirm the precise structure of

Ca0.29Bi0.71VO3.855 A structurally analogous cadmium substituted tetragonal

BiVO4 system is currently under investigation. Once a precise structural

determination is achieved models to explain the high oxide ion conductivity (8)

can be explored.
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Table 3.7. Bond Distances and Bond Valence for Cao.29Bio.71VOs.855

Atoms #
Bond Length

(A)
Bond Valence Bond Valence

Totals

Bi 1 / Ca 1 - 0 3 4 2.45(2) 0.382 / 0.271 Sum All Bi = 2.900
Bi 1 / Ca 1 - 0 4 4 2.49(4) 0.343 / 0.243 Sum All Ca = 2.057

Mean Sum = 2.674
Bi 2 - 0 1 4 2.48(2) 0.352
Bi 2 - 0 2 4 2.49(2) 0.343 Sum = 2.781

Bi3/Ca2-01 2 2.52(2) 0.325 / 0.230
Bi3/Ca2-02 2 2.43(2) 0.403 / 0.286 Sum All Bi = 2.874
Bi3/Ca2-03 2 2.44(2) 0.393 / 0.278 Sum All Ca = 2.039
Bi3/Ca2-04 2 2.52(4) 0.316 / 0.224 Mean Sum = 2.520

VI-04 4 1.59(4) 1.778 Sum = 7.113

V 2- 0 1 4 1.66(2) 1.472 Sum = 5.887

V 3- 0 2 2 1.73(2) 1.218

V 3 - 0 3 2 1.75(2) 1.154 Sum = 4.744

01-V2 1 1.66(2) 1.472 Sum All Bi = 2.149
01-Bi2 1 2.48(2) 0.352 Sum All Ca = 2.054

01-Bi3/Ca2 1 2.52(2) 0.325 / 0.230 Mean Sum = 2.109

02-V3 1 1.73(2) 1.218 Sum All Bi = 1.964
02-Bi2 1 2.49(2) 0.343 Sum All Ca = 1.847

02-Bi3/Ca2 1 2.43(2) 0.403 / 0.286 Mean Sum = 1.914

03-V3 1 1.75(2) 1.154 Sum All Bi = 1.929
03-Bil/Cal 1 2.45(2) 0.382 / 0.271 Sum All Ca = 1.703
03-Bi3/Ca2 1 2.44(2) 0.393 / 0.278 Mean Sum = 1.850

04-V l 1 1.59(4) 1.778 Sum All Bi = 2.437
04-Bi l /Cal 1 2.49(4) 0.343 / 0.243 Sum All Ca = 2.245
04-Bi3/Ca2 1 2.52(4) 0.316 / 0.224 Mean Sum = 2.371

bMean Bond Valence Sum calculated as weighted average of Calcium and Bismuth site occupation
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Chapter 4

Disorder in a New Potassium Bismuth Vanadate: K10Bi4V4O21

4.1. Introduction

There are two structurally characterized potassium bismuth vanadates on

record. The first was obtained in 1987 by Debreuille-Gresse and Abraham,

K3Bi2(VO4)3 (1). In 1999 Mentre, Dhaussy and Abraham characterized

K0.2Bi1.45V8016 (2). Other potassium containing bismuth vanadates-including

Na2Bi2(VO4)3 (1), variants within the hollandite-type family (2) and potassium

doped Bi4V2O11 (3) solid solutions-have been cited, but no crystallographic

structural solution has been reported. Single crystals of a new potassium bismuth

vanadate, K10Bi4V4O21, have been grown and a P6 crystal structure has been

proposed.

4.2. Experimental

Single crystals were first obtained from a 2:1:1 stoichiometric mixture of

K:Bi:V from KNO3 (Mallinckrodt), Bi203 (Cerac) and NH4VO3 (Alfa Aesar). All

reagents were dried overnight at 200°C. The reagents were ground for twenty

minutes in an agate mortar and calcinated, in three cycles, with intermediate fifteen

minute grinds. Alumina crucibles and covers were used for calcinations in a

Lindberg furnace. An additional sample with identical stoichiometric ratios was
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prepared simultaneously. This second sample contained ''. O5 (Johnson Matthey)

in the place of NH4VO3.

Both preparations yielded pale yellow crystallites in the crucibles and

iridescent green crystallites along the upper crucible walls. The distinguishing

difference between the two sample preparations was that the NH4VO3 sample

contained slightly darker yellow crystallites. Powder X-ray diffraction indicated

the multiphase nature of the NH4VO3 prepared sample.

Multiple syntheses using 2:1:1 stoichiometric ratios of K:Bi:V were

attempted. Table 4.1 describes the optimal single-phase synthesis approach. A

multistep calcination process was essential to obtain a single-phase material. The

best single crystals arose from the polycrystalline samples prepared in this manner.

Table 4.1. Calcination Cycles for Single Crystal Growth

Plateau Temperature Holding Time Cooling Rate
Cycle

°(°C) (Hours) C/min)(

Cycle 1 400 18 5

Cycle 2 550 18 5

Cycle 3 650 18 5

Cycle 4 850 36 0.1

An initial calcination temperature greater than 550°C generated the

monoclinic form of BiVO4. A calcination time longer than 48 hours, for the final

cycle, yielded a mixture of the desired pale yellow product and a darker maize-

yellow polycrystalline product.
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All synthesis attempts in sealed silica tubes proved unsuccessful. The tubes

exploded during the cooling cycle. An alumina lid or covering for the crucibles

was needed to prevent sample evaporation during the heating process.

Wavelength dispersive electron microprobe analysis with a beam current of

50.0 nA, an accelerating voltage of 15 kV and a beam diameter of 5µm, was used

to establish an approximate molar ratio of 2:1:1 for potassium, bismuth and

vanadium (4).

Powder X-ray diffraction was used to monitor the content of the obtained

products. Patterns were recorded from a Siemens D5000 powder diffractometer

with a Kevex detector, CuKa radiation (X = 1.5418 A) and vertical Soller slits.

Single crystal X-ray diffraction data were collected for two crystallites.

Each crystal was from a different synthesis but both samples generated identical

powder X-ray diffraction patterns. These data were collected at room temperature

on a Rigaku AFC6R diffractometer with monochromatic MoKa radiation (? =

0.71069 A). A decay in intensity was apparent. The decay was corrected for using

a first order polynomial. The final intensities of the reference peaks were at 84%

their original value.

The observed intensities were corrected for Lorentz polarization and

absorption. Data reduction was carried out using a local program, capable of

creating a data file containing the crystal dependent direction cosines of the

diffracted and reverse incident beam, for purposes of correction of absorption

anisotropy problems. Once a suitable structural model was obtained, absorption
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corrections were applied using the program DIFABS (5) as programmed in the

software collection WINGX V I.64.02 (6). Structure solution was carried out using

Patterson Map interpretation and refined using full-matrix least-squares refinement

on F2 using the program SHELXL-97 (7).

A complete data set was not obtained for the first crystal collected on,

crystal A. The data collection stopped midway through the experiment because the

reference peaks could not be found. Initially it was assumed that the crystallite

deteriorated so much over time that the diffraction intensities simply disappeared.

A thorough analysis of the data, including a plot of intensity verses time for the

reference peaks, provided a more optimistic answer. As depicted in Figure 4.1 the

reference peaks do indeed deteriorate over time, but there was a sudden plummet in

the intensity of all three reference peaks. This can be best explained by the

crystallite dislodging from its centered position atop the glass fiber. Nail polish is

not an efficient adhesive for mounting these crystals.

The lattice parameters obtained from the single crystal X-ray diffraction

data of crystal A were used in conjunction with the program CELREF (8) to index

the powder X-ray diffraction for the single phase samples. The X-ray diffraction

pattern for the title compound is depicted in Figure 4.2. Table 4.2 provides a

partial indexing list for the compound K10Bi4V4O21
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Figure 4.1. Dramatic Drop in Reference Peak Intensities for Crystal A
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Figure 4.2. Powder X-ray Diffraction Pattern for K10Bi4V4O21
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Table 4.2. Pattern Indexing for KioBi4V4O21

h k 1 2 - Theta
1 0 0 10.000
0 0 1 11.529

1 0 1 15.285

1 1 0 17.366

1 1 1 20.894
0 0 2 23.178
1 0 2 25.298
1 2 0 26.665
1 1 2 29.108

0 3 0 30.235
2 0 2 30.850
3 0 1 32.533
0 0 3 35.075
1 2 2 35.616
2 2 1 37.108
3 0 2 38.506
1 1 3 39.392

0 2 3 40.616
2 2 2 42.526
3 1 2 43.799
1 2 3 44.598
3 0 3 47.027
4 1 0 47.083
1 0 4 48.550
2 2 3 50.500
5 0 1 53.131

3 3 0 53.859
1 2 4 55.194
3 0 4 57.288

A complete single crystal X-ray diffraction data set was recorded for

crystal B. Details of this data collection, including lattice parameters, are given in

Table 4.3.
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Table 4.3. Crystallographic Data for K10Bi4V4O21

radiation source
radiation
2, (A)
0 range (deg)
hkl regions
crystal size (mm)
color
formula
fw
density (g/cm3)
absorption correction
absorption coefficient (mm 1)
refinement method
extinction coefficient
space group
a (A)
c (A)
a (deg)
y (deg)
V(A)
z
no. of measured reflections
no. of independent reflections
no. of reflections I > 2a(I)
no. of refined parameters
R1(%)
wR2 (%)
goodness of fit

Rigaku AFC6R
Mo Ka
0.71069, graphite monochrometer
2.30-29.96
-14-12,-1-14,-1-6
0.05, 0.03, 0.03
pale yellow
K10Bi4V4O21
883.34
4.241
DIFABS
28.219
full-matrix least squares on F2
0.004(2)
P6
10.205(2)
7.669(2)
90
120
691.7(3)
2

2309
1168
1010
57
8.76
10.17
1.564

4.3. Structural Analysis

K10Bi4V4O21 crystallizes in the hexagonal space group P 6 (No. 174) with

Two molecular units per unit cell. Initial selection of a space group was not trivial.

E-statistics strongly suggested a noncentrosymmetric space group (9). The Rant

values for merging under all Laue symmetries were similar
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for 3 (hex), 3 ml (hex), 3 1m(hex), 6/m and 6/mm-n. The smallest Rant was for

the 3 (hex) Laue group so this became the starting point.

No systematic absences were observed, which narrowed the space group

selections to P 3 (No. 143) and P 3 (No. 147). SIR92 (10) was used to select P 3

base on R1 values. A wagon wheel composed of bismuth and potassium emerged.

There were atoms remaining to be assigned, but the residuals did not make any

sense. The structure appeared to have additional symmetry and PLATON (11) was

used to establish that a hexagonal space group may prove to be a better model.

Attempts to solve the structure in P 6 m2 and P 6/mmm were hindered by

high R1 values, undetermined atom placement and residual ghosts. The wagon

wheel once again appeared in these two space groups, as well as any space group

the structure solution was attempted in.

Debreuille-Gresse and Abraham were unable to locate oxygen positions in

the K3Bi2(VO4)3 structure, until additional absorption corrections were carried out

(1). After applying an absorption correction through DIFABS(5), using the stable

atom positions, additional oxygen positions were detectable. The high

displacement parameters and residual ghosts still indicated a space group problem.

SIR92 (10) was used to determine the structural solutions for a number of

different space groups. Table 4.4 depicts the SIR92 results.
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Table 4.4. SIR92 Structural Solution Statistics

Space Group RI (%) Space Group R1 (%)

P 3 11.54 P 622 24.23

P 3 21.85 P 6mm 15.55

P 6 24.28 P6 2m 13.35

P6 10.08 P6m2 12.61

P 6/m 31.35 P 6/mmm 15.32

The P 6 space group was selected for four reasons. First, all cation

positions were determined by SIR92 and the resulting R1 statistic was pleasing.

Secondly, applying the DIFABS correction, using the stable model that arises

independent of space group, decreases both R1 and wR2 by 24% and the Rent drops

to 8.85%. The third reason is that all atoms can be assigned to residual peaks and

charge balance is obtained. Lastly, the ghost peaks disappear for the majority of

atomic positions.

The bismuth positions were determined using a Patterson, heavy atom,

approach. Subsequent least-squares refinements and Fourier map analyses were

used to determine the potassium, vanadium and oxygen positions. Two bismuth,

three potassium, three vanadium and six oxygen sites were located. Site

occupancies were refined, while maintaining the necessary constraints, and found

to be fully occupied. The V 2, V 3 positions represent a split vanadium site. Each

has an occupancy of 0.5, providing a total occupancy of 1.00. Atomic positions,

isotropic displacement parameters for V 2, V 3, 0 1, 0 2, 0 3, 0 4, 0 5 and

anisotropic displacement parameters for Bi 1, Bi 2, K 1, K 2, K 3 and V 1 were
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refined. Atomic positions and occupancy data can be found in Table 4.5. Table 4.6

displays the appropriate isotropic and/or anisotropic displacement parameters. The

structure of K10Bi4V4O21 is depicted in Figures 4.3 and 4.4.

Table 4.5. Atomic Parametersa for K10Bi4V4O21

Atom x y z Occupancy
Bi 1 0.0000 0.0000 0.0000 1.0000

Bi 2 -0.3403(2) -0.3398(2) 0.0000 1.0000

K 1 0.3159(8) 0.3108(7) 0.237(2) 1.0000

K 2 0.343(2) 0.993(2) 0.5000 1.0000

K 3 0.962(4) -0.02(2) 0.5000 1.0000

V 1 0.6667 0.3333 0.281(2) 1.0000

V 2 0.3333 0.6667 0.149(5) 0.5000

V 3 0.3333 0.6667 0.26(1) 0.5000

01 -0.166(4) -0.164(4) 0.174(5) 1.0000

O 2 -0.504(7) -0.327(7) 0.213(7) 1.0000

O 3 -0.333(7) -0.503(7) 0.211(7) 1.0000

04 0.3333 0.6667 0.5000 1.0000

05 -0.698(8) -0.290(8) 0.0000 1.0000

06 0.725(9) 0.384(8) 0.5000 1.0000

aV 2 and V 3 represent a split vanadium site
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Table 4.6. Displacement Parametersa for K10Bi4V4O21

Atom Ueg U11 U22 U33 U12 U13 U23

Bi 1 28(1) 30(1) 30(1) 24(2) 15(1) 0 0

Bi 2 45(1) 36(1) 39(1) 48(2) 10(1) 0 0

K 1 35(2) 34(3) 26(2) 50(6) 21(2) 6(3) -15(3)

K 2 70(4) 65(7) 102(11) 62(12) 56(8) 0 0

K 3 20(9) 12(14) 50(40) 4(14) 20(30) 0 0

V 1 20(3) 27(2) 27(2) 6(10) 13(1) 0 0

V 2 23(3) - - - - - -

V 3 150(20) - - - - - -

01 67(6) - - - - - -

02 112(13) - - - - - -

03 116(14) - - - - - -

04 8(9) - - - - - -

05 26(15) - - - - - -

06 18(12) - - - - - -

'All values represent displacement parameters multiplied by 1000



/

b

a

O

Figure 4.3. Crystal Structure of K,oBi4V4O21 in Wagon Wheel Orientation
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0

Figure 4.4. Crystal Structure of K1OBi1V4021 Looking Down the B Axis
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The three dimensional framework of K10Bi4V4O21 can be described from

the bismuth environment. Both bismuth sites are involved in forming a Bi4018

grouping of polyhedron. A central Bi06 trigonal prism formed by Bi 1 is

connected to three additional, edge sharing Bi06 trigonal prisms formed by the Bi 2

position (Figure 4.5). These four edge sharing trigonal prisms are connected

together in the a and b directions by corner sharing V04 tetrahedron. This

generates the wagon wheel structural character. The central Bi06 trigonal prism is

connected to another Bi06 central trigonal prism in the c direction by a face sharing

KO6 trigonal prism generated by K 3.

0 Bi 1

Bi 2

9 0

Figure 4.5. Bi4018 polyhedron arrangement of Bismuth Positions Bi 1 and Bi 2

0



K 1 forms the hub of the wagon wheel. It has six-fold coordination that

falls slightly off the 2b plane. Three intersecting, linear K-O-K sheets are formed

from the K 1 bonding pattern. These sheets are shown in Figure 4.6.

K

. O

Figure 4.6. Three Linear K-O-K sheets Generated by K I Bonding Environment



K 2 and K 3 together form honeycomb-like wrinkled sheets (Figure 4.7).

K 3 has a six fold, trigonal prism coordination while K 2 maintains an eight-fold

coordination sphere.

Figure 4.7. Honeycomb Arrangement of K 2 and K 3 Bonding Environments

4.4. Disorder

K10Bi.V4O21 appears to have many symmetry elements. Much of the

apparent symmetry in this system is a facade and to accommodate the actual

disorder present, the space group P 6 must be used.

Three atoms on 6 special positions are actually slightly off the special

position. K 3 had an isotropic displacement parameter of 0.183. Relaxation from

the 0, 0, 0.5 position to the refined 0.962, -0.02, 0.5 reduced the displacement
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parameter, improved the overall R and removed the ghost peak from the residual

map.

0 5 and 0 6 are also relaxed from the special positions 0.3333, 0.66667, 0

and 0.66667, 0.3333, 0.5 to -0.698, -0.290, 0 and 0.725, 0.384, 0.5 respectively.

This relaxation and refinement reduced their problematic displacement parameters,

improved the overall R and removed the two ghost peaks in the residual map. The

relaxation of the 0 6 position enables the K 2 to 0 6 bonds to form, thus

connecting the wrinkled sheets previously mentioned. The relaxation of 0 5

elongates the bond distance between 0 5 and V 2. Figure 4.8 depicts the newly

allowed bond formation between K 2 and the relaxed 0 6.

pop V04

K2
t

$

f
K2

O

`' 06

Figure 4.8. Relaxation of 0 6 Enables Bonding Between 0 6 and K 2
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To improve refinement stability, all three atoms were relaxed from the

special positions. Other than Figure 4.8, all structure depictions of the titled

compound structure have the special positions constrained for easy viewing.

Anisotropic refinement for the entire model suggests the splitting of the 0 2

and 0 3 sites. Both oxygen sites form three of the bonds associated with the VO4

tetrahedron. 0 2 is associated with V 2 and V 3 while 0 3 is intimately involved

with V 1. The displacement parameters of 0 2 and 0 3 are unreasonably high.

Splitting the oxygen positions and refining the structure was problematic due to the

high correlation between these two oxygen and the displacement parameters of a

large number of other atoms. To verify the splitting of the two sites, the

occupancies were refined. Both sites refined to approximately 0.5 and their

resulting displacement parameters are reasonable. These sites are most logically

split. Simply reducing the occupancy in the sites would cause severe anion

deficiency within the structure. The 0 2 and 0 3 sites are most likely split into -

0.5215, -0.3274, 0.2559 and -0.5122, -0.3220, 0.1930 for 0 2 and -0.3371, -

0.5222, 0.2441 and -0.3334, -0.5025, 0.1807 for 0 3. These oxygens are depicted

in their nonsplit positions in Figure 4.9.
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K BiO6 > V04 11110 0 2,3 `) 0

Figure 4.9. 0 2 and 0 3 Locations Within the K10Bi4V4O21 Framework

The largest source of disorder within the K10Bi4V4O21 system resides with

the vanadium positions. Both vanadium positions V 1 and V 2, are anisotropically

diffuse. Figures 4.10 and 4.11 represent the resulting Fourier map when all

vanadium positions are omitted from the refinement.

It is reasonable to say that the structure contains two vanadium positions

that are split, into two additional vanadium sites. Removing all vanadium positions

completely from the refinement generates four residual peaks. Two with larger

intensity at 0.6667, 0.3333, 0. 27 and 0.3333, 0.6667, 0.27 and two with smaller
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intensity at 0.6667, 0.3333, 0.16 and 0.3333, 0.6667, 0.16. The smaller pair of

intensity peaks are greater than that of any other residual and therefore cannot be

ignored.

0.2

IC'
I

z=0

-0.2

Figure 4.10. Fourier Map Generated for the Site V 1

The V 2 and V 3 positions represent one pair of the split vanadiums. The V

3 site is included to illustrate potential positioning. Including V 3 in the refinement

prevents a stable anisotropic refinement of V 2 and V 3 and the displacement

parameter for V 3 is unreasonable. The V 4 position was not included due to

further complications endured by the refinement upon inclusion.
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Vanadium site splitting is not that uncommon. Site splitting for vanadium

and its associated oxygens was observed for Bi4V 1.5Sbos010.7 (11). A similar

splitting in a-Bi4V2O11 occurred for vanadium positions and associated oxygens

(12).

0.2

m
C Z=0

-0.2

Figure 4.11. Fourier Map Generated for the Site V 2, V 3

Bond distances and valence for the cations in K10Bi4V4O21 are shown in

Table 4.7. Note that in all relaxed cases, the valence values improve. The only

significant valence problem arises from the V 2, 0 5 bond distance. Additional

relaxation or movement for the either the V 2 or 0 5 is needed when V 2 is

occupied.
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The six oxygen coordination at equal bond distances for Bi 1 is completely

unreasonable for Bi3+ and strongly indicates that this bismuth site is Bi5+. This is

also indicated by the bond valence. If this is indeed the case, additional oxygen

must be present to accommodate charge balance. The compound color argues

against the presence of Bi5+. But the high K/Bi ratio may have effectively stabilized

some
Bi5+. KBiO3 is the most stable Bi5+ compound (13).

Table 4.8 depicts the bond distances and valence (14) with respect to the

oxygen's. The valence of 0 1 is quite good and is relatively unchanged by the

relaxation of K 3. Splitting of the 0 2 position yields a good valence total for the

case of V 3 involvement in one setting and a good valence for V 2 involvement in

the other position. Clearly the splitting of the 0 2 site occurs to satisfy the bonding

demands for the vanadium, whether it is in site V 2 or site V 3.

In the case of 0 3, one side of the split position provides very reasonable

valence sums for V 1. In the refined model, V 1 has not been split into its two

components, instead it represents one half of the split. It is reasonable to assume

that the alternate site for V 1 would have optimum bonding conditions when

associated to 0 3a.
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Table 4.7. Cation Bond Distancesa,b and Valence for K10Bi4V4021

Atoms
Bond Length

(A)
Bond Valence Bond Valence

Totals
Bit-01 6 2.15(3) 0.860 Sum Bit = 5.157
Bi2-01 2 2.23(4) 0.692
Bi2-02 2 2.39(6) 0.449
Bi2-03 2 2.35(6) 0.501 Sum Bi 2 = 3.285

K1-O1 1 2.81(4) 0.160
K1-O1 1 2.82(4) 0.156
K1-02 1 2.95(6) 0.110
K1-02 1 3.21(6) 0.054
K1-03 1 2.92(6) 0.119
K1-03 1 3.11(6) 0.071 Sum Kt=0.670
K2-01 2 3.11(4) 0.071
K2-02 2 2.76(6) 0.183
K2-03 2 2.81(6) 0.160
K2-03 1 3.28(2) 0.045
K2-03 1 3.39(5) 0.033 Sum K2=0.907

K2-06 1 3.07(7) 0.079
K2-06 1 3.23(6) 0.051 Sum K 2 relax = 1.004

K3-01 6 3.01 0.093 Sum K 3 = 0.559
K3-01 2 2.87(7) 0.136
K3-O1 2 3.0(1) 0.088
K3-01 2 3.19(5) 0.057 Sum K 3 relax = 0.563

V 1-03 3 1.75(6) 1.154
V l-06 1 1.77(2) 1.093 Sum v 1= 4.555
V2-02 3 1.70(6) 1.321

V2-05 1 1.32(5) 3.689 Sumv2=7.652
V3-02 3 1.66(6) 1.472
V3-04 1 1.86(8) 0.857 Sum V 3 = 5.273

'Italics represents resulting bonds from relaxation of a special position, 0 6 or K 3
bBond distances without SD values were obtained from ATOMS (15)



86

Table 4.8. Oxygen Bond Distancesa,b,c and Valence for K10Bi4V4O21

Atoms it
Bond Length

(A)
Bond Valence Bond Valence Totals

O 1- Bi 1 1 2.15(3) 0.860
O 1 - Bi 2 1 2.23(4) 0.692
O 1- K 1 1 2.81(4) 0.160
0 1- K 1 1 2.82(4) 0.156
O 1 - K 2 1 3.11(4) 0.071 Sum o tno K 3 = 1.939

0 1 - K 3i 1 2.87(7) 0.136 Sum o Ii = 2.075
0 1 - K 3ii 1 3.0(1) 0.088 Sum o Iii = 2.027

0 1 - K 3iii 1 3.19(4) 0.057 Sum o liii = 1.996
0 2a - Bi 2 1 2.74 0.174
0 2a - V 2 1 1.67 1.433
02a-V3 1 1.45 2.596
02a-K 1 1 2.98 0.101
0 2a-K 1 1 3.21 0.054 Sum o2aV2=2.029
02a-K2 1 2.62 0.267 Sum o2aV3=3.192
0 2b - Bi 2 1 2.37 0.474
0 2b - V 2 1 1.56 1.929

0 2b - V 3 1 1.60 1.731

02b-K 1 1 2.93 0.116
02b-K 1 1 3.26 0.047 Sum 0 2b V 2 = 2.202
02b-K2 1 2.95 0.110 Sum o2bV3=2.004
0 3a - Bi 2 1 2.65 0.223
03a-V1 1 1.52 2.149
03a-K 1 1 2.96 0.107
O 3a - K 1 1 3.07 0.079
03a-K2 1 2.73 0.199 Sumo 3, = 2.756
0 3b - Bi 2 1 2.19 0.771
0 3b - V 1 1 1.84 0.905
03b-K1 1 2.94 0.113
0 3b - K 1 1 3.13 0.067
03b-K2 1 2.99 0.098 Sumo3b 1.955

04-V3 2 1.86(8) 0.857
04-K2 3 3.28(2) 0.045 Sumo 4= 1.804
05-V2 2 1.32(5) 3.689 Sum O 5= 3.689
0 6- V 1 2 1.77(3) 1.093

06-K2 1 3.07(7) 0.079
06-K2 1 3.23(6) 0.051 Sum o6=2.316

aK 3, 0 5, and 0 6 have been relaxed from special positions
b0 2 and 0 3 are shown in their split positions labeled a and b
`Bond distances without SD values were obtained from ATOMS(15)
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The disorder within the structure of K10Bi4V4O21 inhibits refinement

statistics. The proposed model justifies the special position relaxations and

demonstrates the necessary oxygen splitting needed to accommodate the diffuse

vanadium positions. The 0 5, V 2 bond distance is too close. The only

coordination for 0 5 is to the V 2 site, when it is occupied. It is therefore

anticipated that the 0 5 to V 2 bond distance be shorter than normally expected.

The Bi - 0 distance of 1.32 A is too close to be explained purely on coordination

number. The possibility of Bi5+ must be investigated further. Despite the

hexagonal lattice found for both powder and single crystal X-ray diffraction, the

true space group for this material may be of lower symmetry. Neutron data would

prove very helpful in clarifying the structural uncertainties, especially the 0 5

paradox, of K10Bi4V4O21. The vanadium transparency to neutrons would remove

their disorder completely from the structure solution.
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Chapter 5

Unfinished Systems and Future Work

5.1. Introduction

The pursuit of scientific information is a never-ending story. A research

project is never truly complete. Components along the way may be solved, but

through their study additional quandaries and scientific complexities arise. That is

the nature of science.

a-NaBi3V2O10, Ca0.29Bi07 71VO3.855 and K10Bi4V4O21 were discussed in

Chapters 2 - 4. The intent of this chapter is to address seven additional systems

within the alkali bismuth vanadate family and discuss suggestions for future

investigations.

5.2. Lithium 1-1-1

Single crystals were obtained from a 1:1:1 stoichiometric mixture of

Li:V:Bi from Li2CO3 (J.T. Baker), Bi203 (Cerac) and V205 (Alpha Aesar). The

reagents were ground for fifteen minutes in an agate mortar and placed in an

aluminaina crucible. The sample was heated in a Lindberg furnace at 800°C for

fifteen hours. A subsequent cooling at a rate of 1.0°C/min was initiated. Highly

reflective orange-brown crystals were obtained.
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Powder X-ray diffraction was used to monitor the content of the products.

The patterns were recorded from a Siemens D5000 powder diffractometer with a

Kevex detector, CuKa radiation (2 = 1.5418 A) and vertical Soller slits (Figure

5.1).

500

2 6 10 14 18 22 26 30 34 38 42 46 50

2 - Theta, degrees

Figure 5.1. Powder X-ray Diffraction Pattern for Lithium 1-1-1

No peaks could be identified as arising from known compounds. Single

crystals were prepared for single crystal X-ray diffraction studies. Arc-like

spreading observable in the rotational photographs indicated the crystals to be of a

nonideal nature. Single crystal X-ray diffraction studies were not pursued further.

Another method of crystal growth should be attempted for this material.

All additional synthesis attempts yielded nonideal single crystals.

Polycrystalline samples prepared with a 1:1:1 ratio of Li:Bi:V were found to
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decompose over time. After nine months, powder X-ray diffraction patterns

indicated the presence of both Bi4V2O11 and LiVO4.

Further investigation of this system should be explored. There are currently

no structurally characterized lithium bismuth vanadates in the literature.

5.3. Sodium 3-1-2

Single crystals were first obtained from a 3:2:3 stoichiometric

mixture of Na:Bi:V from NaNO3 (Spectrum), Bi203 (Alpha Aesar) andV205

(Johnson Matthey). The reagents were ground for twenty minutes in an agate

mortar and heated in a Lindberg furnace, at 800°C for 15 hours. The sample was

cooled at a rate of 5°C/min. All crystals were yellow but two different shapes were

apparent under a microscope. Some crystals were shaped like very fat needles

while others had a more equal three-dimensional appearance.

A similar powder X-ray diffraction pattern and two-phase crystals were

obtained from a 2:1:2 stoichiometric ratio of Na:Bi:V from NaNO3 (Spectrum),

Bi203 (Alfa Aesar) and V2O5 (Johnson Matthey). Wavelength dispersive electron

microprobe analysis(1) with a beam current of 48.5 nA, an accelerating voltage of

15 kV and a 5 gm beam diameter, of both samples indicated the presence of two

phases NaBi3V2O10 (2) and Na3BiV2O8.

Single phase, polycrystalline Na3BiV2O8 was prepared from a 3:1:2

stoichiometric ratio of Na:Bi:V from Na2CO3 (Aldrich), Bi203 (Alfa Aesar) and

V205 (Johnson Matthey). The reagents were ground in an agate mortar for twenty
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minutes and calcinated, in an alumina crucible, in a Lindberg furnace for 72 hours.

The sample was slow cooled at a rate of 0.03°C/min. The resulting powder X-ray

diffraction pattern is shown in Figure 5.2.
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Figure 5.2. Powder X-ray Diffraction Pattern for Na3BiV2O8

Powder X-ray diffraction patterns were recorded from a Siemens D5000

powder diffractometer with a Kevex detector, CuKa radiation (X = 1.5418 A) and

vertical Soller slits. No peaks from known phases were identified.

Two creamy-yellow crystals were used for single crystal X-ray diffraction.

Neither data set has been solved. Identification of the space group has proven to be

problematic. Lattice parameters determined by single crystal diffraction are

depicted in Table 5.1. Single crystal X-ray diffraction data were collected at room

temperature on a Rigaku AFC6R diffractometer with monochromatic MoKa

radiation (), = 0.71069 A). No decay was noted during data collection.
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Table 5.1. Selected Single Crystal X-ray Diffraction Data for Na3BiV2O8

Property Collection 1 Collection 2
Crystallite Size (mm) 0.30, 0.10, 0.10 0.20, 0.08, 0.08

Laue Group Orthorhombic Orthorhombic
a (A) 5.664(7) 5.67(2)

b (A) 7.124(5) 7.11(2)
c (A) 19.55(2) 19.51(2)

The powder pattern was successfully indexed using the CELREF (3)

program and the lattice parameters calculated from single crystal X-ray diffraction

data. Lattice parameters were refined to values of 5.679(2), 7.130(2), 19.550(4) for

a, b and c respectively. Table 5.2 depicts the indexing results for several hkl

reflections.

Table 5.2. Pattern Indexing for Na3BiV2O8

h k 2 - Theta
0 1 1 13.075
0 1 2 15.208
1 0 2 17.986
0 0 4 18.284
1 1 1 20.367
1 1 2 21.855
1 0 4 24.087
0 2 0 25.179
0 1 5 25.823
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The formula Na3BiV2Os was again confirmed by Wavelength dispersive

electron microprobe analysis with a beam current of 50.0 nA, an accelerating

voltage of 15 kV and a 5 µm beam diameter (1).

The compound Na3BiV2O8 can be produced in single phase and in crystals

large enough for single crystal X-ray diffraction. Two data sets of single crystal X-

ray diffraction show space group ambiguity. Additional single crystal X-ray

diffraction should be collected. Additional high angle scans should be performed

to confirm the lattice setting, and axis multiplying should be attempted to search for

a supercell.

5.4. Sodium 2-1-1

Single crystals were obtained from a 2:1:1 stoichiometric mixture of

Na:Bi:V from NaNO3 (Spectrum), Bi203 (Cerac) and V205 (Johnson Matthey).

The reactants were ground for fifteen minutes and heated in an alumina crucible, in

a Lindberg furnace. A two-step calcination cycle was used, with an intermediate

grind for ten minutes. The calcination cycle is depicted in Table 5.3.

Table 5.3. Calcination Cycles for Single Crystal Growth

Cycle Plateau Temperature Holding Time Cooling Rate
°(°C) (Hours) C/min)(

Cycle 1 500 20 5

Cycle 2 700 24 0.5
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Powder X-ray diffraction was used to monitor the reaction products.

Patterns were recorded from a Siemens D5000 powder diffractometer with a Kevex

detector, CuKa radiation (2. = 1.5418 A) and vertical Soller slits. No peaks due to

known compounds were observed. The powder pattern is depicted in Figure 5.3.

Single crystal X-ray diffraction data were not collected for these pale yellow

crystals due to instrument down time.
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Figure 5.3. Powder X-ray Diffraction Pattern for Sodium 2 - 1 - 1

5.5. Sodium 3 -1- 2, A Second Phase

Single crystals were prepared from a 3:1:2 stoichiometric ratio of Na:Bi:V

from Na2CO3 (Aldrich), Bi203 (Cerac) and V205 (Johnson Matthey). The reagents

were ground together for fifteen minutes before heating in a Lindberg furnace. The

sample was divided into three containers, two alumina crucibles and one alumina
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boat. All containers were covered during the calcination process. The five-step

calcination cycle is described in Table 5.4.

Table 5.4. Calcination Cycles for Single Crystal Growth

Plateau Temperature Holding Time Cooling Rate
Cycle '(°C) (Hours) ( C/min)

Cycle 1 400 18 5

Cycle 2 550 18 5

Cycle 3 550 18 5

Cycle 4 650 24 5

Cycle 5 750 35 5

Container placement within the furnace had an impact on the products

obtained. Noticeable differences between samples were detected during

intermediate grinds. Crucible A and crucible C differed greatly from one another.

The boat, container C, contained gradient regions with one side mimicking A and

the other, B. Container placement in the furnace is illustrated in Figure 5.4 and the

observable sample differences are displayed in Table 5.5.

Back

Front

Figure 5.4. Container Arrangement Within the Lindberg Furnace
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Table 5.5. Sample Characteristics Throughout the Calcination Process

Calcination Cycle Crucible A Boat B Crucible C
fluffy powder, fluffy powder, red-

color and brown on one end fluffy powder,
Cycle 1

,

consistency of chocolate brown dark brick red
baking chocolate on other
no observation no observation no observation

Cycle 2
made made made

green-brown gradient between yellow-fine
Cycle 3 material behaves moist sand and

,
, green powder

like moist sand fine powder
pale yellow pale yellow pale yellow

Cycle 4
powder powder powder

pale green needle- gradient pale Yellow coating,
Cycle 5

,

like crystals green to yellow like dry mud

Powder X-ray diffraction data was unobtainable due to instrument down

time. Single crystal X-ray diffraction data, for a green crystal from crucible A,

were collected at room temperature on a Rigaku AFC6R diffractometer with

monochromatic MoKa radiation (X = 0.71069 A). No decay was noted during date

collection. Lattice parameters are displayed in 'Table 5.6.

Table 5.6. Single Crystal X-ray Diffraction Lattice Parameters

a (A) c (A) a (degrees) y (degrees) Volume (A )
5.637(2) 7.115(3) 90 120 195.67(14)

Initial attempts to solve the structure indicate a possible wagon wheel

character, like that observed for the K10Bi4V4O21 (4) system. High R refinement
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statistics and a large number of ghost peaks suggest that the space group is

incorrect. Further analysis of these data are underway.

5.6. Potassium 8 - 5 - 5

Single crystals of K8Bi5V5O24 were first obtained as a contaminant phase in

an attempted synthesis of K10Bi4V4O21. Wavelength dispersive electron

microprobe analysis(1) with a beam current of 50.0 nA, an accelerating voltage of

15 kV and a 5 µm beam diameter performed on a polycrystalline multi-phase

sample provided the formula K8Bi5V5O24

Single crystals were obtained from an 8:5:5 stoichiometric ratio of K:Bi:V

from KNO3 (Mallinckrodt), Bi203 (Cerac) and V205 (Johnson Matthey). The

reagents were dried overnight at 200°C and the intimate mixture was ground for

fifteen minutes. The sample was heated, inside an alumina crucible, in a Lindberg

furnace for a four-step calcination cycle. The calcination cycle is described in

Table 5.7.

Table 5.7. Calcination Cycles for Single Crystal Growth

Plateau Temperature Holding Time Cooling Rate
Cycle

(°C) (Hours) (°C/min)
Cycle 1 400 18 5

Cycle 2 550 18 5

Cycle 3 650 18 5

Cycle 4 850 36 0.1
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Powder X-ray diffraction data were obtained from a Siemens D5000

powder diffractometer with a Kevex detector, CuKa radiation (a, = 1.5418 A) and

vertical Soller slits. The pattern is illustrated in Figure 5.5. No peaks were located

from known phases.
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Figure 5.5. Powder X-ray Diffraction Pattern for K8Bi5V5O24

A pale yellow, highly static, crystal 0.05 by 0.03 by 0.03 mm was mounted

on the tip of a glass fiber with epoxy. Single crystal X-ray diffraction data were

collected at room temperature on a Rigaku AFC6R diffractometer with

monochromatic MoKa radiation (k = 0.71069 A). No decay was noted during date

collection. Lattice parameters are displayed in Table 5.8.
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Table 5.8. Single Crystal X-ray Diffraction Lattice Parameters

a (A) c (A) a (degrees) y (degrees) Volume (A )
11.754(6) 7.603(7) 90 120 909.59(1.15)

Three major problems hindered the structure solution for this material. The

first problem was in peak breadth. All of the observed single crystal X-ray

diffraction peaks had a breadth of two or more 2 - theta degrees. The second

problem, reasonably explained by abnormally large peak breadth, was the difficulty

of determining space group. Rint values for the merging of all Laue classes were

ambiguous. This, in conjunction with contradicting systematic absences in both the

hexagonal and trigonal Laue classes made space group identification impossible.

The third indicator that the structural solution attempts are incorrect lies in the fact

that the lattice parameters suggested by single crystal X-ray diffraction are unable

to index the powder X-ray diffraction pattern.

An additional synthesis of this material would be quite useful. To avoid

possible strain caused by crystal extraction, a crystal should attempt to be collected

from the side of the crucible.

5.7. Rubidium 3 - 3 - 2

Single crystals were obtained from a 3:3:2 stoichiometric ratio of Rb:Bi:V

from Rb2CO3 (Alfa Aesar), Bi203 (Cerac), and V205 (Johnson Matthey). The

reagents were ground for twenty minutes in an agate mortar before heating to
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800°C, for fifteen hours, in a Lindberg muffle furnace. The sample was calcinated

in an alumina crucible and slow cooled at a rate of 0.5°C/min.

The powder X-ray diffraction pattern (Figure 5.6) indicated a new material.

The pattern was recorded from a Siemens D5000 powder diffractometer with a

Kevex detector, CuKa radiation (X = 1.5418 A) and vertical Soller slits.
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Figure 5.6. Powder X-ray Diffraction Pattern for Rubidium 3 - 3 - 2

A satisfactory single crystal was not found. A new synthetic approach may

be necessary to achieve single crystals for use in single crystal X-ray diffraction

experiments. A structural solution for this system would provide the first reference

for a rubidium bismuth vanadate.
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5.8. Rubidium 2 -1-1

Cream-colored single crystals were obtained from a 2:1:1 stoichiometric

mix of Rb:Bi:V from Rb2CO3 (Alfa Aesar), Bi203 (Cerac), and V205 (Johnson

Matthey). The reagents were ground for fifteen minutes in an agate mortar before

being heated in a Lindberg furnace. A three-step calcination cycle was used and is

displayed in Table 5.9.

Table. 5.9. Calcination Cycles for Single Crystal Growth

Cycle
Plateau Temperature Holding Time Cooling Rate

°(°C) (Hours) C/min)(

Cycle 1 375 24 5

Cycle 2 600 48 5

Cycle 3 800 48 5

Powder X-ray diffraction data, recorded from a Siemens D5000 powder

diffractometer with a Kevex detector, CuKa radiation (2. = 1.5418 A) and vertical

Soller slits indicated the presence of a new phase. No peaks could be assigned to

known compounds. The powder X-ray diffraction pattern is shown in Figure 5.7.

The material is very environment sensitive. It became clay-like upon

grinding and particulates would clump together inside the storage vial. A crystal

suitable for X-ray diffraction was not obtained.
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Figure 5.7. Powder X-ray Diffraction Pattern for Rubidium 2 - 1 - 1

Future work with this compound should be completed with the use of a

glove box. Synthesis can be in air but grinding, single crystal abstraction and

single crystal preparation should all take place in the glove box. Further

investigation of this material would be of interest because there are no structurally

characterized rubidium vanadates in the literature.

5.9. Conclusions

Any results obtained from exploratory synthesis directs additional

exploratory studies. Many bismuth vanadates are known for having good ionic

conductivity properties (5-7). Nonlinear optical capabilities should be examined

for all systems crystallizing in noncentrosymmetric space groups (8).
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Many isostructural families exist with the exchange of vanadium for either

phosphorus or arsenic (9). Compounds containing sodium and potassium cations

have been observed in KNa(V03)2 (10) as well as NaK2Bi2(VO4)3 (11).

Synthesis attempts for phosphate and arsenate variants should be started.

Adding a second alkali cation to the alkali metal containing both bismuth vanadate

search should be considered. Possible new materials may exist if bismuth can be

substituted for lead in the compounds NaPb4(VO4)3 and KPb4(VO4)3 (12).

Exploratory synthesis never ends. Instead, new beginnings are established

with every new material discovered.
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