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ABSTRACT

I. The deposition of thin films of the BiMeVOx oxygen ion conducting
ceramics was studied. The sol-gel precursor solution included a
soluble form of bismuth acetate, a vanadium alkoxide, and the acetate
or alkoxide of the dopant metal (Me). Copper-doped films were spin-
coated onto nonporous quartz substrates and pyrolyzed. These were
initally defect-free, but became agglomerated on heating at higher
temperatures. The use of a number of different additive compounds
was tried, but did not greatly improve the behavior of the films on
quartz substrates. These films, when deposited onto platinum-coated
substrates, remained defect-free to all temperatures. Niobium-doped
films remained defect-free on quartz substrates at all heating
temperatures. The reasons for these behaviors are examined.
Copper-doped films were deposited defect-free onto porous alumina
substrates. The structure of a single-molecule bismuth-vanadium
precursor in the sol-gel solution is suggested.

II. Liquid precursors to refractory transition metal carbides were
produced via both organometallic and metal alkoxide starting
materials. These precusors were pyrolyzed under inert atmosphere
and found to convert to the metal carbide, plus excess carbon,
between 1100 °C and 1500 °C.



The use of Grighard reagents to functionalize (chloromethyl)silyl-
terminated carbosilane dendrimers was investigated briefly. The
syntheses were plagued by long reaction times and low purities,
contrary to the behavior expected for the (chloromethyl)silyl group.
Reasons for this behavior are discussed.
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Chapter One

Oxygen Ion Conducting Membranes: Brief Survey and

Introduction

11



1.1 Mass Transport in Solids: Fast Ionic Conduction

In most solid state materials, ionic conduction does not occur
to any appreciable extent. Defects in the crystal lattice or large
interstitial spaces, however, can provide empty sites (vacancies) via
which ions can migrate in a “hopping” mechanism, wherein ions
move sequentially into adjacent energy-equivalent empty sites.
(Figure 1.1) Cooperative motion of the ions also occurs. At room
temperature, most ionic solids do not have enough vacancies to
permit appreciable conduction of ions. However, when defect
concentrations become high, as they do near the material’s melting
point, the ionic conductivity of the material increases. For example,
NaCl, which is an insulator at room temperature, can reach a
conductivity of 103 S cm™ at 800 °C, just below the melting point of
the material. Doping aliovalent "impurities" into the parent
structure of a material creates vacancies on the opposite ionic
lattice to maintain charge electroneutrality. In addition, some
materials, such as AgCl, accommodate ions in the interstitial space
to compensate for vacancies on the lattice (Frenkel defects), so that
movement of ions from lattice sites to interstitial sites and vice-versa
provides a second potential mechanism for mass transport. (Figure
1.2) In both of the examples given, it is the cation that is the
mobile species, although examples where anion Frenkel defects
provide the mode for mass transport are known (e.g. AgF).

Certain metal oxides, as well, experience a gradual increase in

defect concentration on the oxide sublattice as the sample

12



temperature rises, resulting in the potential for oxide ion
conductivity. Oxides that crystallize in the fluorite structure, such as
HfO,, CeO,, ThO,, and stabilized zirconia have sufficient unoccupied
volume in the unit cell that anions can move into interstices. These
materials can also accommodate a large concentration of lower-
valent dopant cations such as Ca?* and Y3* in their structures,
resulting in a high oxygen vacancy concentration and thus a high
oxide ion conductivity. Zirconias can be doped with heterometals to
maintain them in the cubic fluorite structure, yielding, for instance,
the industry standard oxide ion conductor yttria-stabilized zirconia
(YSZ). They have conductivities on the order of 5x102 S cm™ at
1000 °C, and are classified as “solid electrolytes.”

Solid electrolytes, also known as fast ionic conductors or
superionic conductors, are a class of materials with a significantly
higher low-temperature (below the material’s melting point)
conductivity than would be expected from a simple statistical
assumption regarding the number of vacancies. In these materials,
either a cationic or an anionic component of the structure is not
confined to specific lattice sites, resulting in a high concentration of
mobile species and a low activation energy for ion migration. As
noted above, this situation may come about due to a large
interstitial volume native to the structure type, which accommodates
ion movement; or because of a large impurity concentration which
produces extrinsic vacancies on the lattice of the conducted species.
However, dopant ions and vacancies tend to interact, and the extra
energy required to overcome this attraction increases the activation

energy for conduction. Therefore simply doping a structure reaches

13



a point beyond which further increases in dopant concentration

actually decrease the conductivity realized.1

A high degree of intrinsic vacancy disordering on the ionic
sublattice, whether in the room temperature phase or in a
metastable high temperature phase, can also provide for fast ionic
conductivity because the random distribution of ions over an excess
number of sites having equal potential permits all of the ions on
that sublattice to be mobile, at least in principle. For instance,
disorder on both the cation and oxygen sublattices of the
pyrochlore (A,B,0) materials, where A and B may switch positions
and O move into interstitial sites, provides the high oxygen ion
conductivities seen in these materials; furthermore, the pyrochlore

materials have a vacant oxygen site, when compared with the

closely-related fluorite structure AO, (A4Og, compare with A,B,0,).2

A major goal of research in oxygen ion conducting materials is
the development of new compounds having high oxygen ion
conductivity at relatively low temperatures (400-800 °C), for use in a
number of different applications. The design of new conductors
attempts to combine the extrinsic vacancies made through doping
with the intrinsic vacancies already in the parent structure. The
provision of a low activation energy barrier for hopping between
adjacent sites by using structures with a large free volume and
highly polarizable ions, is a second consideration. “Intergrowth”
hybrids of known structures are possible. For example, while the
perovskite structure (ABOj;) is stoichiometric, it accepts a large
variation in A’ and B’ dopants, so that the net compound

AA’1 xB,B’1.,03.; can become oxygen-deficient and therefore

conductive. The Brownmillerite oxides (A,B’B”Os) have essentially

14



the perovskite structure with ordered oxygen vacancies in alternate
layers along the [101] direction. A number of examples of good
oxygen ion conductivity above the temperature of an order-disorder
transition in the Brownmillerite family exist.3;4 The Brownmillerites
may be intergrown with perovskites to produce hybrid oxygen ion
conducting materials.4;5 Another hybrid-type family, the Aurivillius®
phases (Bi»A,.1M,03,+3) sandwich perovskitic {A,.1M,03,4+1}% regions
between sheets of {Bi,0,}?*. Oxygen vacancies in the perovskite

region lead to the high conductivity reported for Bi,WQOg and Bi,VOs 5

(n=1).7-10 (Figure 1.3) The intergrowth of Brownmillerite and

Aurivillius structures produced a new class of oxygen ion

conductors.11

15



Figure 1.1: Hopping mechanism for ionic conductivity.
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Figure 1.2: Ionic conductivity via Frankel defects (interstitial

atoms).

A -- interstitial to lattice site
B -- interstitial to interstitial

. = atom # 1 O =atom# 2
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1.2 The BiMeVOx Family of Oxygen Ion Conductors

It is the Aurivillius phases that have given us materials with
some of the highest oxygen-ion conductivities measured to date.
These materials were first reported by Bushl2 and Debreuille-
Gresse.”,13 The solid-state synthesis is accomplished by heating
two equivalents of bismuth oxide, Bi,O3, with one of vanadium
pentoxide, V,0s, to 600 °C, followed by re-grinding of the pelletized
sample and calcination at 850 °C in air.14 Two phase changes occur

in the parent structure on heating prior to congruent melting at 890
°C. (Equation 1.1)

1.1) o 450 oC B 570°C  _

The o phase, stable at room temperature, has a face-centered
orthorhombic mean cell, a=5.533(1), b=5.611(1), ¢=15.288(4) A, by
powder XRD. Single-crystal X-ray data were consistent with the
powder data. In the B phase, the mean cell is tetragonal and some
weak reflections indicate doubled cell parameters to give
a=b=11.285(8), ¢=15.400(9) A at 500 °C. The y phase is tetragonal
I4/mmm with parameters a=b=4.004(1) and €=15.488(8) A at 700
°C. The X-ray data indicate a layered structure of {Bi,0,}?" sheets
and perovskite-like slabs similar to those found in Bi;MOg (M=W,
Mo), but the cell parameters and elemental composition indicate
that the perovskite slabs are incomplete. While the O atoms in the

puckered sheets are easily located, those in the vanadium

18



octahedra of the perovskitic regions are split among high-multiplicity
crystallographic sites. There is a certain degree of debate in the
literature about the details of the structure, partially due to the

ambiguity introduced by the site disordering, and partially due to

the superlattice reflections observed by a number of authors. 15

Whatever the particulars of the structure, the overall
formulation indicates vacancies and therefore high oxygen-ion
mobility in the perovskitic planes: {Bi,0,}?*{V0;350¢5}%> (where O
is a vacancy). The measured oxide-ion conductivities were indeed
quite high, and the transport number near unity. Abraham’s report
spurred a flurry of other papers reporting various partial
substitutions of other elements for the Bi, V, or both metals in the
structure, and the resulting modifications to the ionic
conductivity.16,17

The puckered {Bi,0,}?" sheets have basal edge-shared BiO,
groups in which the Bi is at the apex of a square pyramid and the
four oxygen atoms form the base plane. Partial substitution of the
Bi with Sb, Pb, and Te has been achieved but with no real
improvement in the ionic conductivity.18-22 The A and B sites of the
perovskite block can be substituted by a wide range of cations,
provided that the perovskite and bismuth oxide layers continue to
match structurally. Substitution of aliovalent cations onto the
vanadium sites can stabilize the high-temperature, high-conductivity
v phase to room temperature, as well. The collective term for the
metal-substituted members of this family is "BiMeVOx”, with the

general formula BiM,V;.4Os s5_;.
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Further work by Abraham14 led to the initial members of the
BiMeVOx family. He doped the parent structure with up to 12
atom% of Cu?* and found that for 0<x<0.07 in the general formula
above, the material is found in the orthorhomic (o) phase, while for
0.07<x<0.12 the tetragonal y phase is stabilized to ambient
temperature. The formulation Bi,Cug.1V0.90s.35 was found to have
ionic conductivity (pressed pellet) of 1x102 S cm™ at 300 °C, some
three orders of magnitude greater than that of YSZ at the same
temperature. (Figure 1.4) Measurement of the conductivity of a
single crystal of the parent (undoped) material and of
Bi,Cug 1Vo.90s.35 demonstrated a marked anisotropy, with the
conductivity parallel to the {Bi,0,}>* planes (crystallographic ab
plane) some 100 times higher than that perpendicular to the
{Bi,0,}2* planes (crystallographic ¢ plane).23,24 This is consistent
with the perovskitic layer’s being primarily responsible for the ionic
conduction. The addition of the dopant prevents the ordering of the
metal positions and oxygen vacancies, and permits the stabilization

of the high-symmetry y phase; the disorder on these sites also

provides the high conductivity observed in these samples.
Substitution of Li*, Zn?*, and Ti**, at 10 atom%, all led to the

stabilization of the y structure to room temperature, while use of

AI3* and Ge** did not lead to the y structure.9 Surprisingly, the Ti-
substituted materials showed the highest conductivities in this set
of compounds — higher, even, than for the 10% Cu-doped
compounds reported by Abraham. This illustrates that oxygen-ion
vacancy concentration alone does not determine the ionic

conductivity. The conductivity order among those ion substituents

20



that stabilized the y structure is Ti**>Cu?* = Zn?*>Li*, paralleling the

order of the ability of the cation to polarize anions. The authors
suggest that the polarization of the oxygen ions somehow “eases”
the hopping of oxide ions from filled sites to vacant sites. Among 4+

cation substituents Pb, Zr, Sn, and Ti, the conductivity increased

with decreasing ionic radius,25 as expected from the model

developed by Cherry et al. for migration of oxygen ions in

perovskite-type oxides.26 The conductivities of the BiMeVOx

materials and the quantity of dopant required for their stabilization
in the y phase are listed in Tables 1.1 and 1.2.27

The coordination geometry around the dopant cation is,
similarly, important. Substitution of Sb(V) and Nb(V) into the parent
structure to generate Bi,My3Vo.7055 (M=Sb, Nb) stabilizes the

tetragonal phase and gives materials with conductivities

comparable to or slightly better than BiCuvVOx and BiTiVOx.28
However, the conductivity of the Sb-substituted material is higher
than for the Nb-substituted material, and this appears to be
correlated with the regular octahedral geometry around the Sb,
versus the off-center positioning of Nb in its coordination
octahedron, as well as with the polarizability of Sb relative to that of
Nb. The distorted and oxygen-deficient surroundings of the Nb may
act as a trapping area during anionic diffusion, thereby lowering the
conductivity. In Cr(III)-doped samples, the tendency for Cr(III) to
adopt a full regular octahedral coordination and form clusters seems

to be associated with the rise the number of tetrahedrally

coordinated V(V) in the lattice.29 This clustering, as well as the

increase in the number of unfavorable tetrahedral V(V) sites, may
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cause the poor oxide ion conductivity of Cr(III)-doped samples.
Conversely, in the high-conductivity Cu-doped BiCuVOx, EPR and
UV-VIS spectroscopic data suggest that the Cu?* sites are
distorted-octahedral, with the oxygen atoms compressed along the
apical direction.30

Most of this discussion must be taken with somewhat of a
grain of salt, however, since cations of suitable charge and size may
substitute onto either the Bi or V sites. West et al. demonstrates
that three or four mechanisms of accommodating the aliovalent

cations may take place: V « Bi, V & M, Bi & M, and possibly

interstitial M. 31,32 Double substitutions, either of two different
metals for V or of heterometals on the V and Bi sites, have been
reported. These failed to give an improvement in conductivity over

the BiCuVOx standard, and the authors report that the resulting

solid solutions are metastable.22 The questionable nature of the
assumption that all the dopants introduced are going into given
sites may account for the variation among reports of the minimum
dopant levels required to stabilize the y phase.23,31,33

The high oxide ion conductivity reported for the BiMeVOx family
is believed to be due to the disorder of the oxygen vacancies that
are associated with the vanadium atoms in the perovskitic layer.
Mairesse has summarized results for the substitutions of various
metal cations onto the vanadium site.1/ The highest conductivities
are found for BiCuVOx, BiTiVOx, and BiNbVOx; doping with other
metals results in compounds with lower oxide ion conductivities,
though in all doped materials the conductivities are still higher than

in the undoped parent phase. (Figure 1.5)
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All told, the BiMeVOx family of materials, with their

exceptionally high oxygen ion conductivity at low temperatures,

have been extensively studied and show potential for a number of

applications. However, because the electronic transport number

has been shown to be at least a few percent (t;=0.987 at 557

°C),34 these materials cannot be used in devices where electrical
“shorting” of the circuit is detrimental: e.g. in oxygen sensors and
fuel cells. For other applications, the presence of some electronic
conductivity is beneficial. Bi,VOss and BiMeVOx (Me=Cu, Fe, Sr)

have also been tested as catalysts for the oxidative coupling of

methane (vide infra). 35
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Figure 1.3: Bi,VOs s structure.
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Figure 1.4: Comparison of YSZ, Bi,VOs 5, BioCug,1V(.905.5-; ionic

conductivities over a range of temperatures.14
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Figure 1.5: Comparison of Bi,VOs.5 , Bi;CUo,1V0.905.5-5

BizTio.1Vo_905_5-5l Biszo_3Vo_705.5-5 ionic conductivities over a

range of temperatures.33

0 (%]
Q
-1 ?.%agm
o =L«
° a&‘
-2 0 ,
Ooon “.

—- ) !,
& o, "t
0 —3 GQD !“
h o_*ta
' e L | A
0 _4 . a@o GU ‘I A
o QB_IVOx ° . aa "
L) ABiCuVOx o3 *

-5 |®BIiTiVOx gn

Q BiNbVOx o
-6 o
-7
1.0 1.4 1.8 2.2

1000/T (1/K)



Table 1.1: Conductivities of the Aurivillius phase oxygen ion

conductors.27
Compound T (°C) |6 (S/cm) | Comments
Bio,WOg 900 1x1072
Bi,WOsg 900 1x10! single crystal, parallel
to ab plane
Bi,VOs s 300 5x107° a-phase
300 1x107° single crystal, parallel
to ab plane
300 1x107 single crystal,
perpendicular to ab
plane
500 1x1072 B-phase
500 1x10°? single crystal, parallel
to ab plane
500 1x10™ single crystal,
perpendicular to ab
plane
600 1x10°? y-phase
600 3x10! single crystal, parallel
to ab plane
Bi,V gAlg 205 4 500 1.8x102 | polycrystalline
Bi,Vo.9CUg 105,35 500 5x1072 polycrystalline
Bi,Vo 9C0g. 105 35 500 7x1072 polycrystalline
Bi,Vo.oF€0.105.40 650 6.7x1072 | polycrystalline

27




Table 1.1 (continued).

Compound T (°C) [o (S/cm) | Comments

Bi>V0.5La0 205 4 500 6.6x103 | polycrystalline
Bi,Vo.7Nbg 3055 500 5x1072 polycrystalline
Bi,V0.93Nig.0705.395 500 1x10? polycrystalline
Bi,Vo 7Sbo.305.5 500 1x10? polycrystalline
Bi>V0.95r0.105.35 650 1.2x10°%2 | polycrystalline
Bi,V0.9Ti0.105.35 500 5x1072 polycrystalline
Bi>V0.9ZN0.105s.35 500 5x1072 polycrystalline

28




Table 1.2: Cation dopant concentrations required to stabilize the

high-temperature (y) phase of Bi,VOs.s.27

Dopant Cation

% of Vanadium Substitution

Li* 10
Zn?t 10
Pb2* 9-10
Cu?* 7-12
Ni2* 10
Co?* 7.5-25
Sb>* 15-50
Nb>* 10-50
Ta>t 10-25
Titt 10-20
Zr*t 10-15
Mg?2* 7.5-15
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1.3 Measurement of Oxygen Ion Conductivity36,37

1.3.1 Impedance Spectroscopy

Ionic conductivity, o, is generally treated the same way as is

electronic conductivity, and is expressed by the Equation 1.2:

(1.2) o=neZp

where n is the number of charge carriers per unit volume, e is the charge on
the electron, Z is the charge on the carriers, and p is a measure of the carrier
mobility.

Because the hopping mechanism described in Section 1.1 is an
activated process the carrier mobility is expressed by an Arrhenius-

type equation. (Equation 1.3)

(1.3) p = poeCE/D

where po depends on the attempt frequency (the number of times per
second that a given ion tries to move), the distance moved by the ion, and
the magnitude of the imposed external field (if this is small, about 300 V

cm™,uo will include a 1/T dependence as well).

All told, the expression for the conductivity has the form given by

Equation 1.4.

(1.4) o = (co/T)eC e
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Thus a plot of In(cT) against 1/T will give a line of slope -E,. Over a

range of temperatures this plot may have regions of different
activation energies corresponding to different sources (extrinsic or
intrinsic) of the conductivity observed.

While the electrical conductivity of materials can be measured
directly by imposing a dc current and measuring the voltage drop
across the material according Ohm’s law, the measurement of ionic
conductivity is not so straightforward. Imposition of a dc voltage
across an ion-conducting solid will result in an initial current which
will be the sum of the ion current and any electronic current.
Because many electrode materials are blocking to the ions being
conducted, the solid will become polarized over time and the
voltage will drop to zero. Thus the ionic conductor behaves as a
capacitor when blocking electrodes are used. One solution to the
problem of making the conductivity measurement is, of course, to
use an electrode that permits conduction of both electrons and the
mobile ions; however, such electrodes are not available for all
materials.

A second commonly used alternative is to impose an ac
voltage oscillating at a range of different frequencies, and measure
the impedance (or the admittance; the equations cited below are
for the impedance). A Wheatstone bridge type of apparatus is
used, where for impedance measurements the resistive and
capacitative circuit elements are in series. Gold or platinum blocking
electrodes are typical, and the interface between the electrode and
the sample therefore adds a double-layer capacitance in series with
the simple bulk resistance and with the resistance due to grain

boundary effects (the latter is seen in polycrystalline samples only).
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Each of these sample resistances has a capacitance in parallel with
it, and the electronic resistance of the sample is parallel the ionic
resistances and capacitances. (Figure 1.6) Because the apparatus
measures only the composite R and C values the sample is a sort of
“black box,” so that the interpretation of ac impedance or
admittance measurements to yield R and C values for each of the
circuit components is somewhat of an art.

According to Ohm’s law, I=ER? and is frequency-independent
for direct current passing through a resistor. For a capacitor, a

frequency-dependent ac current can pass through (Equation 1.5).

(1.5) I=j()CE

j=(-1)?, m=angular frequency 2frn

Ohm’s law can also be written in terms of impedance, Z, as
Z=E(t)/I(t), where E(t) = En, sin ot and I(t) = I, sin (ot+¢). Since the
total voltage drop across a circuit containing resistive and capacitive
elements is a simple sum of the voltage drops across each element,
E=Er + Ec; the total impedance for such a circuit is given by

Equation 1.6:

(1.6) Z=R + 1/joC = R - j/oC.

The impedance of a parallel RC circuit is given by Equation 1.7. After
some algebra, this separates into real and imaginary parts as in
Equations 1.8a-b. Elimination of the frequency o gives the equation
of a circle with its center at (R/2, 0) and radius R/2. (Equation 1.9)

Thus, when the imaginary part Z” of the complex impedance is
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plotted against the real part Z’, each parallel RC circuit gives rise to
a semicircle in the Z* plane and each series RC element gives a
vertical line in this plane. (Figure 1.7) The R value of each circuit
element is the intersection of either the line or the semi-circle with

the Z’ axis. The maximum of the semicircle occurs such that oRC=1.

When the frequencies are not sufficiently far apart, the semi-circles
often overlap, so that some curve-fitting is necessary to deduce the
locations of the useful points in the Z* plane. (Figure 1.7) The
overall sample resistance will be the sum of the bulk and grain
boundary resistance. As shown in Figure 1.7, the zero intercept of
the net arc is this sum. Furthermore, since the electrodes are
normally blocking for the ion conducted, their frequency response
curve is a line inclined at a slope of n/4 to the horizontal (Z') axis,
and thus may be distinguished easily from the material’s
resistances. Closer analysis of the data can differentiate the

contributions to the total conductivity of the current carrier

concentration and the rates of ion hopping from site to site.38 As
the number of circuit elements increases, the expressions for Z" and
Z” become increasingly complicated, so that the circuit in Figure 1.7
would have the complex impedance expression given by Equation
1.10.

(1.7) Z = [1/R + j*(2nwC)]™

(1.8a) Z’' = 1/R * [(1/R)? + (2nwC)?]™

(1.8b) Z” = 2newC * [(1/R)? + (2nwC)?]™

(1.9) (Zz")?+ (Z' - R/2)2=R%4

(1.10) Z* = Re + [1/joCq + (1/Rp + joCp)™ + (1/Rgp + joCqp) ]
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The impedance of a sample is typically measured over a range of

frequencies o from 1 mHz to 1 MHz.37

1.3.2 Non-ac Methods

Other methods of measuring ionic conductivity include far

infrared39 and Raman40 spectroscopy, where the vibrations of
mobile ions can provide a direct measurement of hop-attempt

frequencies; examination of the motional narrowing of NMR

absorption lines;41,42 and examination of the diffusion rate of
labeled ions such as [0'7]% and radioactive [Na*]*. Non-blocking
electrodes can be used to obtain a value of the transport number.
Use of the Hall Effect, where a potential difference is created across
a current-carrying sample in a transverse magnetic field, can give a
measure of the charge on, and number per unit volume of, the
conducted species. Finally, electrochemical oxygen pumping (see

Section 1.4.2 below) has been used to study the oxygen transport

characteristics of a number of materials. 43
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Figure 1.6: Equivalent circuit diagram for a polycrystalline
oxygen ion conductor. R, = electronic resistance; Cy4 = double-
layer capacitance at the blocking electrode; Cp,, R, = bulk
capacitance and resistance; C,,, Ry, = grain boundary

capacitance and resistance.
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Figure 1.7: Typical plot resulting from complex impedance

measurements on the circuit shown in Fig. 1.6.
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1.4 Applications of Oxygen Ion Conductors

1.4.1 Solid Oxide Fuel Cells (SOFCs)

In a fuel cell two electrodes are separated by an electrolyte,
which in a solid oxide fuel cell (SOFC) is the oxide ion conducting
ceramic. Fuels such as hydrogen (fed directly or produced in situ by
hydrocarbon reforming) or carbon monoxide are fed to the anode
where they are oxidized, releasing electrons to an external circuit.
On the cathode side, oxygen fed into the SOFC unit is reduced by
the electrons arriving through the external circuit. (Figure 1.8) The
electron flow through the external circuit produces dc electricity at
an open-circuit voltage which can be derived from the Gibbs energy
expression for the chemical reaction taking place combined with
Faraday’s law. The actual closed-circuit voltage falls off with

increasing current density and power as more and more chemical

potential is converted to heat rather than to electrical energy.44
However, because a fuel cell converts chemical potential directly into
electrical work without going though the intermediate of heat, as in
steam turbine-based electrical generators, its conversion efficiency
is not Carnot-limited. To build up to the desired voltage, single fuel
cell units are arranged as a stack and connected in series or in
parallel or in a combination of the two, depending on the

application. Compared with traditional steam-turbine generators,

fuel cells are also higher in efficiency at partial load,44 may be
constructed modularly on virtually any site, and are less polluting.

Ceramic fuel cells - SOFCs - have been constructed for
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multikillowatt applications and operated for thousands of hours;

they offer a number of benefits over other types of fuel cells.4>
One of the difficulties with SOFCs, however, is that
maintaining the high operating temperature (1000 °C) required for

sufficient ionic conductivity in the electrolyte (usually stabilized

zirconia4d), uses up some of the energy benefit realized by the
greater theoretical efficiency. Furthermore, the operating conditions
put stringent requirements on the other materials (anode, cathode,
interconnects) to be used in the cell. The other materials to be
used must be stable and compatible with each other at high
temperatures. While temperatures over 600 °C are desirable to
permit in situ hydrocarbon fuel reforming, it is also preferable to be
able to operate the fuel cell at temperatures less than 800 °C to

reduce the material-based problems associated with other cell

components. Some researchll, 15,16,46 has sought to develop
new materials that exhibit high oxide ion conductivities below 800
°C, while having other desirable properties such as low cost and
stability over a wide range of temperatures and oxygen partial
pressures, many present-day technologies seek simply to reduce
the thickness of the YSZ solid electrolyte. By reducing the path
length for oxide ion conduction, such electrolyte films or membranes

can increase the effective oxygen flux at a given temperature.
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Figure 1.8: Solid oxide fuel cell.
Anode side reactions: H, + 0> > H,0 + 2 e or CO + H,O0 > H, +
CO,. Cathode side reaction: 0, + 4 e > 2 0%,
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1.4.2 Oxygen Sensors

Increasing demands for efficient combustion processes which
maximize energy output while minimizing polluting partial-
combustion products such as raw hydrocarbons, CO, and NOy, have
made the development of accurate methods for monitoring the
oxygen-content of process streams essential. On-line monitoring
requires good sensor technology. Oxide-ion conducting materials
are the basis for such sensors.

Nernst, in 1900, first observed the electrolytic evolution of

oxygen from a sample of zirconia stabilized with 15 mol% vyttria.47
He theorized that the electrical conduction was due to ionic motion
and developed the equation that bears his name to quantify it:
E=kT/4q In (PO,'/PO,"), where PO,” and PO, are the oxygen partial
pressures on either side of the sample. This development of
electrical potential can be measured and used to determine the
oxygen partial pressure in an unknown gas mixture, if that in a
reference gas is known.

In automobile emissions control equipment, for example, the
exhaust from the engine is passed over a platinum-containing
catalyst downstream of the engine. For efficient operation of the

catalytic converter, the fuel-to-air ratio must be kept near 0.07 over

the entire range of driving conditions.2 A feedback circuit enabling

constant adjustment of the fuel injection system employs an oxygen
sensor in which a yttria-stabilized zirconia (YSZ) oxide-ion conductor
is exposed on one side to the exhaust gas stream and on the other

to a reference gas of known oxygen content (air). (Figure 1.9) The
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difference in oxygen partial pressures on either side of the YSZ
barrier produces an electrical potential difference across the YSZ
according to the Nernst equation. However, because many oxide
ion conductors are partially “shorted out” by some electronic
conduction, the actual voltage falls below the Nernst potential
(Equation 1.11).

(1-11) Emeas = tionic kT/4q In (POZI/POZH)

where tionic, is the fraction of the total conductivity which is due to ion

movement.

The electrical conductivity comes about through partial reduction of
the metal oxide. Because electrons are significantly more mobile
than ions, a few excess electrons will lead to a large electronic
contribution to the total conductivity; thus a small degree of
reduction can short out the sensor.

Oxide ion conducting ceramics proposed for use in oxygen
sensor applications must therefore have an initial transference
number near unity and be stable to reduction over the whole range
of oxygen partial pressures - and temperatures - which it will
encounter in the process stream to be monitored. In addition, the
present operating temperature of YSZ-based sensors is over 800
°C, while a desirable operating temperature is lower, in the 200-400
°C range. Thus methods of lowering the operating temperature of
these units, either by finding new oxide ion conductive materials

that satisfy the requirements, or by using thin films or membranes

of known conductive materials, are being sought. 46
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Figure 1.9: Oxygen sensor probe in an automotive exhaust gas

stream.
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1.4.3 Air Separators

The situation of oxygen pumping is essentially the reverse of
the oxygen sensing: an applied voltage E produces an oxygen
partial pressure difference on either side of a solid electrolyte, in
accordance with the Nernst equation. (Equation 1.11) A device
designed to take advantage of this may be used to separate
oxygen out of air or specialty gases to obtain, for example, oxygen-
free nitrogen or argon. In other cases, the pure oxygen is the
desired product of the separation process, frequently to be used in
chemical oxidation processes or industrial combustion or oxidation

processes, or in health-related industries.

Cryogenic distillation is the preferred process, currently, for
large-scale (50-2000 tons/day) production of high-purity (>95%)
oxygen. Contaminants in the compressed air feed, such as water,
carbon dioxide, and hydrocarbons, must be removed prior to the

distillation to prevent blockage of heat exchangers and hazardous

waste buildup in the distillation column sump.48 Removal of these
contaminants is expensive both in terms of the extra capital
equipment requirement and the energy requirements. Crude argon
(1% in air) is one product of the cryogenic air separation process.
At this stage it contains some 2-7% oxygen, which must be
removed prior to the argon’s use in inert atmosphere applications;
but because of the proximity of the boiling point of argon (87.28 K)
and oxygen (90.19 K), further purification of the argon by distillation
is extremely uneconomical. Currently, oxygen contamination in

crude argon streams is reduced to the ppm level by reduction to
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water using excess hydrogen over a platinum catalyst, followed by

drying and distillation to remove water, hydrogen, and nitrogen

contaminants.49 In addition to the expense of using hydrogen in
this way, the drying and distillation steps introduce large capital and
operating costs into the purification process. A number of cyclic

adsorption/desorption processes for removing oxygen from argon

are also reported in the patent literature.50
An air separator constructed from a pore- and defect-free
oxide-ion conductor, on the other hand, is completely permselective

for oxygen, and offers significant advantages over air separation
methods based on conventional technology.>1,52 The feed stock
may be crude argon,53 air, or the hot exhaust from a combustion

process.>2,54 Application of an electrical potential difference across
the ionic conducting ceramic will “pump” oxide ions against an

unfavorable concentration gradient at a reasonable rate to induce

separation.52 Air separator designers prefer to have concomitant
electrical and ionic conduction (tinic < 1), as this situation makes it
unnecessary to have an external circuit prevent charge buildup on
the membrane. Potential losses associated with the ohmic
resistance of the electrolyte and electrodes, in addition to nonohmic
rate processes such as charge transfer, adsorption, and slow gas
phase and surface diffusion of oxygen and oxide ions, cause the

actual applied potential to exceed the theoretical (Nernst) potential

required to achieve a given PO,.95 Furthermore, air separators
must be operated at temperatures at or above 800 °C where the

ceramic material, typically YSZ, has sufficient ionic conduction to be

useful.56 Both of these problems have clear associated costs,
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driving research into improving oxygen pump/air separator
efficiencies. One approach to the problem is the development of

low-temperature (200-400 °C) oxide ion conducting
materials.11,15,16,46 For instance, Dumelie et al. used a highly
conductive solid solution, called p(cat 600 °C = 1 S cm™), in the

Bi,O3-PbO system as a pressed pellet "membrane” some 4 mm thick

to take advantage of the high conductivity of this material compared

with YSZ.56 They found that the air separator performance declined
after a few operating hours as grain coarsening and the
development of orientation in the pellet caused cracks.

A second approach to improving the performance of solid
electrolyte air separators is to fabricate the oxide ion conductive
material as a thin film or membrane. The resulting decrease in the
conduction path will result in a corresponding increase in the total
oxygen flux realizable at a given temperature, as well as decreasing

the required overpotential.

1.4.4 Catalytic Inorganic Membrane Reactors

The ability to include in-line air separation in a chemical
process is particularly attractive for designers of catalytic inorganic
membrane reactors (CIMRs) for partial oxidation reactions. Partial
oxidation reactions are among the most widespread in use in
industry, and lead to a humber of important organic intermediates.
(Table 1.3) The current technology for performing these reactions
on an industrial scale uses the standard fixed-bed reactor design in
which a mixture of reagent and inert gases flow over a

heterogeneous catalyst; air or oxygen is injected at the outset of
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the reactor flow and possibly at intermediate points. Reactant
profiles tend to decrease monotonically with distance from oxygen
(air) inlets and the selectivity for the desired partial oxidation
product is low near the inlet due to complete oxidation in this high-
PO, area. The organic materials must be diluted to below explosive
concentrations with inert gases to ensure safety. Such diluent
gases or air (as opposed to pure oxygen) create an additional need
for downstream separation processes.

The potential benefits of using a membrane reactor geometry,
where components of the feed stock are kept separated by a
barrier permselective to oxygen are clear. In plants where pure
oxygen is the desired reagent, a membrane reactor setup
eliminates the need for off-line cryogenic air separation. The ability
to add oxygen continually and gradually to the reagent stream can
increase conversion rates and will increase the selectivity for the
desired partial oxidation products. Modulation of oxygen injection
by varying the partial pressure or electrical overpotential gives a
finer reaction control than is realizable with a finite-point injection
design. Finally, the ability to “leak” in oxygen permits the use of
pure (undiluted) feedstocks and reduces the downstream separator
load. While polymer-based membrane reactors were used in
biotechnology applications during the 1970s and 1980s, catalytic

inorganic membrane reactors were not used until the mid-1980s,

when methods of fabrication became sufficiently well-advanced.>”

Commercialization of such reactor geometries was first

accomplished in 1991.58 Initial work focused on the oxidative
coupling of methane (OCM) to ethene or higher (C,;) products, on

partial oxidation to methanol or formaldehyde, or on methane
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conversion to synthesis gas (“syngas,” CO + H,), which is then
converted via Fischer-Tropsch technology to higher-value products—
because the high temperatures required for methane activation (>
600 °C) are also required by YSZ for achieving a reasonable oxygen
flux.

Large worldwide reserves of methane make it an inexpensive
gas to obtain and increase the potential economic benefit of a
system of converting it to higher value products. The selectivity of
conversion of methane to ethane, then to ethylene, is determined
by the rate at which oxygen is made available to the reagent
stream. Selectivity — avoidance of losses of carbon into low-value

CO4 — is more important economically than is achieving a high raw
yield.59 The best catalytic reactors offer 20% conversion at 80%

selectivity for CoHs4 and CoHe.60 The use of steam reforming to
convert methane to syngas, followed by conversion to C,, products
via Fischer-Tropsch processes, is energy and capital intensive;
syngas production by steam reforming accounts for upwards of 60%
of the integrated cost of a plant.60 Some 40% of the capital
investment goes into the air separation and syngas generation
equipment.61

A process using a dense solid electrolyte hollow-tube reactor
packed with an Rh-based catalyst achieved up to 99% conversion
with 90-95% CO and H, selectivity. The tube reactor (Figure 1.10)
was cast from a perovskite in the La-Sr-Fe-Co-O system (a mixed
conductor) and was 0.25-1.20 mm thick; it was operated at 800 °C
for up to 500 h.60  Work at British Petroleum using both the La-Sr-

Fe-Co-Cr-O perovskites and an In,03/PrO,-doped zirconia gave
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similar results for a range of reaction geometries. There, the focus
was on making thinner solid electrolyte membranes for achieving
the same flux at lower temperatures, and on improving fabrication

processes for the membranes, rather than on examining new

materials which may give higher fluxes at still-high temperatures.61
Other processes using CIMRs have been reported. DiCosimo

reports and patents a process for oxidative dehydrodimerization of

propylene over a Bi,03-La,03 oxide-ion conductive catalytic

membrane some 0.5 mm thick in a counterflow reactor operated at

600 °C.62,63 However, he found that he needed to add oxygen
(1% by volume) to the propylene feedstock to stabilize the
membrane against Bi3* reduction to the metal, and had a
conversion rate to Cs dimers of less than 5% of the propylene, with
selectivity near 50% for C5; dimers. A later patent discloses a 5-300

um-thick dense membrane of titania-doped YSZ atop a porous YSZ

support (0.2-1 mm thick) used at 700-900 °C for OCM at conversions
of 10-50% of methane (MnO,-Na or MgO-Li catalyst) with C,,

selectivity of over 50%.64 The patent also claims partial oxidation
of ethylene to ethylene oxide and propylene to propylene oxide or
acrylonitrile over assorted catalysts, also with high conversion rates
(> 20%) and selectivities (>50%) at lower temperatures. The

permselectivity of YSZ to oxygen has also been used to shift the

equilibrium of the decomposition of CO, to CO + 0,.65

As the discussion above indicates, there is an interest in
partial oxidation reactions which must be run in the 200-600 °C
range, below the temperatures where a reasonable oxygen flux can

be expected from traditional YSZ electrolytes. All of the reactions in
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Table 1.3, except for those involving methane, are best run at 270-
500 °C; higher temperatures resuit in excessive oxidation to CO,.
While some work has accomplished these partial oxidations in
CIMRs by making thinner YSZ membranes and by adding Bi,0s

dopants to provide for electronic conduction so that oxygen
pumping increases the activity of partial oxidation catalysts,>7,66

conversion numbers are still low.57 The oxygen flux achievable
through a 1-mm thickness 8% Y,0s-doped zirconia is 107! mol
cm? st at 800 °C and La-Sr-Mn-O perovskite systems can achieve
1071% mol cm™ s™! at the same temperature. This creates quite a
limitation on the conversion reaction.>”

The largest hurdles faced in the construction of commercially

useful CIMRs include®7 (1) improvement of the oxygen fluxes
available at the temperatures desired for the partial oxidation
reactions, (2) prevention of cracking during thermal cycling, (3)
design issues including how to seal the membrane into existing
plant components or how to fabricate a standalone membrane
reactor unit, (4) matching the oxygen supply rates to the reaction
rates to optimize yield and selectivity, and (5) issues of heat
transfer. While several of these points are chemical engineering
problems, the initial advances must be made in the area of
materials chemistry. New mixed oxygen-ion/electronic conductors
with good material strength and high flux at lower temperatures
need to be developed; methods of fabricating a defect-free

membrane either as a supported film or as a standalone design are

vital.
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Table 1.3: Industrial Partial Oxidation Processes68

Organic Reactant

Products

Current Catalysts

napthalene maleic anhydride V5,05

o-Xxylene maleic anhydride V,05 + MoO3

methanol formaldehyde Fe,(M004)3 + MoO3 or
Ag

ethylene ethylene oxide Ag

proplyene aldehyde acrolein bismuth molybdates

propylene acrolein bismuth molybdates

methane syngas (CO + H») Rh-based catalyst

methane ethylene + C,. Rh-based catalyst

1-butene butadiene bismuth scheelites

propylene (+ NHs) acrylonitrile bismuth molybdates
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1.4.5 Expected Benefits of Use of BiMeVOx Compounds

The devices described above all suffer from the need to be
operated at high temperatures (> 600 °C) to achieve economic
oxygen fluxes. While part of the solution to the problem involves
reducing the length of the conduction path by fabrication of thinner
membranes of the solid electrolyte atop porous supports to provide
the proper structural integrity, there is a natural limit to how thin

membranes can become before pinholes and other defects become

technically unavoidable.57 Thus, the thinner-membrane approach is
best combined with the use of novel materials with higher oxide ion
conductivities. The BiMeVOx materials, with some of the highest
oxygen-ion conductivities, are not appropriate for all the devices
discussed above due to their concomitant electronic conductivity,
which increases as the bismuth in the lattice is reduced to the metal
over long-term use at very low PO,. Still, the BiMeVOx compounds
can be useful for oxygen pumps and air separators, and for CIMRs.
Fabricated as membranes, they can be extremely powerful. For
comparison, a 1 cm? area of a 1 mm-thick membrane of YSZ
operated at 500 °C has an expected oxygen flux of 2.3x10°? mol
cm™ s while under the same conditions a BiCuvOx membrane gives
2.3x107 mol cm™ st oxygen flux. For 1 um films, the flux jumps to

2.3x10° mol cm™? st and 2.3x10* mol cm™ s™! for YSZ and BiCuVOx,

respectively.69
In addition to the benefits realizable due to the BiMeVOXx

phases’ high low-temperature oxide ion conductivity, these
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materials are expected to be catalytically active in partial oxidation
reactions, so that in a CIMR including a BiMeVOx membrane, the
membrane may contribute to the catalysis. In general, metal

oxides, especially mixed oxygen ion/electronic conductors, are

superior to metals as catalysts for partial oxidation reactions.>7,67
The active sites on the catalyst are variously thought to be oxygen

vacancies with local migration of electrons to or away from these

sites70 or lattice oxygen near the surface. Adsorbed oxygen is

responsible for nonselective reactions on the surface of the

catalyst.”1 The most active catalysts are able to cycle between two
valence states and thereby store and release oxygen. Ready
incorporation of oxygen into the lattice minimizes the adsorbed
(non-selective) oxygen species.

Bismuth-containing species, particularly those based on the
scheelite structure, are known to be active partial oxidation
catalysts. The scheelite structure (named for the mineral CawWOQ,) is
tetragonal AMX, with tetrahedral (MX4)"™ units and A" cations. It is
not a layered or chainlike structure. Anion vacancies exist in the

scheelite structure and oxygen ion mobility is significant in many of

the bismuth-containing scheelites.”2 The scheelite polymorph of
bismuth orthovanadate, BiVO, has been found to have low but

measurable mixed conduction which is accounted to anion

vacancies.”3-75 1t is catalytically active for OCM, though the

bismuth molybdates are more commonly used due to their higher

activity.67,72 Tests of the Aurivillius phases Bi;05(An-1BnO3n+1), A=
Ca, Sr, Ba, Pb; B=Nb, Ta; n=2-4 showed that these materials are

selective and stable in the OCM reaction.”’6 Direct tests on the
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BiMeVOx family show a correlation between methane conversion

and oxygen conductivity, and for M=Fe, Cu, Sr doping at 10 mol%,

the C, selectivity increases.35 In all these cases the catalyst was
used in a packed-bed reactor geometry.
In partial oxidation systems other than OCM, the bismuth-

containing scheelite catalysts are effective, and their activity and

selectivity increases with increasing vacancy concentration,’2 which
leads to increased oxygen ion mobility. On the other hand,
catalysts with vacancies but no bismuth in the lattice have high
isomerization activity and low oxidation activity for olefin oxidation
or coupling; so while bismuth is not directly involved in the first step

of olefin oxidation, it is relevant for selective oxidation of the allyl

intermediate.”2 Furthermore, catalysts containing bismuth are re-
oxidized more readily than those that have no bismuth. The
evidence suggests, then, that the BiMeVOx family promises at least
some catalytic activity in partial oxidation applications, so that a
membrane fabricated from BiMeVOx for use in a CIMR would have a

dual function of permselectivity and catalytic activity.

1.5 Conclusions and Project Goals

While the electronic conductivity of the BiMeVOx family of
oxygen-ion conductors prevents them from being useful in fuel cell
and oxygen sensor applications, this same property is desirable in
air separation and CIMR technology. In both cases there is a
industrial strong interest in lowering the temperatures presently
required for economical oxygen fluxes (600-900 °C). The high
oxygen conductivity at low temperatures (200-600 °C) characteristic
of some members of the BiMeVOx family can be used in combination
with fabrication of these materials as membranes or thin films to
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obtain very high oxygen fluxes. Furthermore, the experience with
bismuth-based oxide catalysts suggests that BiMeVOx membranes
may be catalytically active in appropriate devices. It is vital that
these films be defect-free so that the permselectivity is
uncompromised, and that they be able to maintain their integrity in
reducing conditions during thermal cycling.

The practical goal of the research described in Part I of this
thesis was to produce defect-free thin films (<1-10 um thick on a
porous support) of BiMeVOx solid oxide conductors, test and verify
their oxide ion conductivity, and use them - in collaboration with the
Ying group in the Chemical Engineering Department at MIT - in a
CIMR. The research eventually succeeded in the deposition of
Bio,Cug.1V0.905.5-5 and Bi;Nbg 3V 705 5.5 films onto porous alumina
substrates. Further progress was checked by the termination of the
project.

The succeeding chapters describe the deposition of BiMeVOx
films onto a number of substrates using pulsed laser deposition
(Chapter Two) and two sol-gel based methods of preparing a film-
castable precursor (Chapters Three and Four). Characterization of
the precursor solution is reported in Chapter Five. Film-casting onto
non-porous and porous substrates, finally, is described (Chapter
Six). Because much of the work described relies on techniques and
ideas often outside the purvey of traditional chemistry, each chapter
includes, where appropriate, a brief introductory review of the
relevant material. This part of the thesis will conclude with a
discussion of future directions and usefulness of this work (Chapter
Seven).
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Chapter Two

Pulsed Laser Deposition of Bi(Me)VOx onto Non-

Porous Substrates

The experimental work described in this chapter was adapted,
in part, from Pell, J.W., Auyeung, R.C.Y., Chrisey, D.B., zur Loye, H.-
C., Thin Solid Films 300 (1997), 154-158.
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2.1 Introduction: Pulsed Laser Deposition

We initially attempted to deposit films of the BiMeVOx
materials using pulsed laser deposition. The actual depositions
were done at the Naval Research Laboratory in Bethesda, MD, by
Ray Auyeung and Dr. Doug Chrisey, using targets provided by us;
characterization work was done by us at MIT. The idea had been
that if we could produce thin films of the BiMeVOx materials by this
route, we could get a “head start” on designing the equipment
needed to check that the ionic conductivity of the material was not
significantly lessened by the large surface-to-bulk ratio of the thin
film, as well as on building an appropriate reactor for testing the

membranes in CIMR applications.

2.1.1 Method: How it works

In a pulsed laser deposition (PLD) process, an ultraviolet (UV)
laser spot rastered over the surface of a target made of the
material - metal or ceramic - to be deposited, causes a rapid
heating and excitation of the target material. A plume of atoms,
molecules, ions, clusters, micron-sized particles, and molten globs of
the target material spews off the target and deposits onto a
substrate, held some distance away and usually heated. (Figure
2.1) The precise mechanism of this ablation is a function of the
laser properties (pulse rate, rastering rate, wavelength,
energy/fluence) and the target properties (optical,
thermodynamical, topological). The laser light hitting the target is
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absorbed in three main ways: (1) volume absorption by electrons
and phonons in the crystal lattice, (2) free carrier absorption at the
surface (mainly in metal targets), and (3) thermal absorption by the
plume. The absorbed light produces a molten layer (Knudsen layer)
at the target surface. Thermal evaporation of the material is a
minor contributor to the plume content: instead, the rapid

vaporization process gives a strong recoil pressure on the liquid

layer and expels material directly.l The behavior of the plume of
spewed material is therefore difficult to model, and development of
the technique has relied on a trial-and-error phenomenological
approach.

The general idea of PLD has been known for some time. Since
most materials absorb strongly in the 200-400 nm region, early
research used a standard Nd:YAG laser (primary energy 1064 nm),
frequency-doubled to 532 nm and mixed with the original 1064-nm
beam to obtain 355 nm radiation, or frequency-doubled a second
time to achieve a 266 nm beam. However, the resulting beam had
only 15-20% of the power of the fundamental, so real use of PLD
had to await advances in eximer laser technology, where the
fundamental emission is directly in the UV region (KrF lasers, for
example, emit at 248 nm). As a result of this gradual development,
PLD appeared in a number of sub-fields of physics and materials
science under a number of different names, including “pulsed laser
evaporation (PLE),” “laser molecular beam epitaxy (LMBE),” “laser-
induced flash evaporation (LIFE),” “laser-assisted deposition and
annealing (LADA),” and “laser sputtering.” At the Spring 1989
Materials Research Society (MRS) symposium meeting the

membership voted for the standardization of the term “pulsed laser
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deposition (PLD)” to describe the process, but the other terms

continue to appear occasionally in the literature.2

The advantages of film deposition by PLD include (1) the
flexibility of the system design - different targets can be brought
into position during a deposition, so that multilayer or gradient films
can be produced. (2) The congruent evaporation permits the
stoichiometry of the deposited film to mirror more closely that of the
target — a problem with certain other film deposition methods. (3) A
single eximer laser can be “time shared” among multiple deposition

chambers, so that costs can be kept low - about ten times less

than a molecular beam epitaxy (MBE) system.l (4) There are a
relatively small number of control parameters. (5) High vacuum is
not necessary, so a reactive background gas - such as O,, O3, NO,,
and N,O, all used to maintain oxidative conditions in high-
temperature superconductor (HTS) depositions — may be used. The
dynamic range of deposition pressures is the largest of all the
physical (vapor) deposition techniques.3 (6) Virtually any material
can be laser-evaporated.

Other deposition techniques include thermal evaporation (TE);
accelerated molecular beam epitaxy (AMBE), ion cluster beam
deposition (ICBD), and ionized vapor deposition (IVD), where the
vapor flux is ionized by electron impact and a bias placed on the
substrate; molecular beam epitaxy (MBE) and atomic layer epitaxy
(ALE), where continuous molecular beams are deposited - layer-by-
layer, in ALE; chemical vapor deposition (CVD) and metal-organic
chemical vapor deposition (MOCVD), where chemical vapors react on
or above the substrate to form the desired phase; plasma-

enhanced or laser-assisted CVD, which include reaction energy
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supplied to the chemical vapor cloud by production of a plasma or
heating by laser light, near the substrate; ion beam deposition
(IBD) and its combination with TE as ion-beam assisted deposition
(IBAD), where a low-energy ion beam is produced by decelerating a
high-energy ion beam or by accelerating a gas species in a broad-
beam source; and sputter deposition (S), where extracting ions
(usually Ar) from a plasma strike the target and cause the expulsion
of target material onto the substrate. Table 2.1 compares the
assorted deposition techniques for their deposition parameters.
Table 2.2 compares the materials depositable by these techniques.
In addition, the details of the deposition event — where a
wave of the material, at high energy (and therefore high surface
mobility) appears suddenly at the substrate surface, followed by a
delay which may be on the same time-scale as adatom
rearrangement and film nucleation processes - are unique among
film deposition techniques, and provides a number of opportunities

for research into the physics of film depositions.
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Table 2.1: Comparison of Film Deposition Parameters.4 See text

for explanation of abbreviations.

Method Plume Vacuum Deposition | Use of >10
energy(eV) Rate (A/s) | mtorr gas?

AMBE 0.1-100 UHV 3 no

ALE 0.1 UHV 1 no

CVD forms 0.1 (-500 HV (UHV for | 10-20 yes
PECVD) MOCVD)

IBAD 0.1-1000 HV 10 no

IBD 20-200 UHV 0.1 no

ICBD 0.1-10 HV 10 no

IVD 0.1-1000 HV 20 no

MBE 0.1 UHV 3 no

PLD 1-1000 HV 10 yes

S 1-1000 HV 10 no

TE 0.1 HV 20 no
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Table 2.2: Comparison of Common Materials Deposited by

Various Techniques? See text for explanation of abbreviations.

Method

Semi-

conductors

Carbides

Nitrides

1-2
Element

Oxides

3-4
Element

Oxides

AMBE

ALE

CVvD

IBAD

IBD

ICBD

IVvD

LACVD

MOCVD

MBE

PECVD

PLD

x| X| X} X| X

TE
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Figure 2.1: Pulsed laser deposition (PLD) setup for deposition of

Bi,VOs s and Bi;Cug.1V(.90s.35 described in this chapter.
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2.1.2 Pitfalls and Problems

Two major problems in the PLD method impede its more wide-
scale commercial use. First, the deposited film often contains
particulates - like boulders on a smooth sandy beach — of a size
unacceptable in films intended for high-performance electronic and
optical applications such as high-temperature superconductors,
dielectrics, and ferroelectrics. Second, scale-up of the process so
that large areas can be covered with film in a high-throughput
setting remains an ongoing challenge.

The particulates found on the deposited film are believed to
be from large clusters or molten globules of material ejected from
the target and depositing as a unit onto the substrate. They can

range in size from the nanometers to microns. There are a number

of possible mechanisms,> including (1) break-off of protruding
features on the target surface, either when it is fresh or after
damage due to the laser irradiation, (2) rapid expansion of trapped
gas bubbles beneath the target surface causing ejection of surface
material, (3) splashing of the molten layer of the target due to a
subsurface superheated region or recoil due to the rapid surface
evaporation, and (4) condensation from a supersaturated vapor.
Several techniques for reducing the size and number of particulates
or eliminating them entirely have been tried. A shutter mechanism
(“velocity filter”) switching in and out of the plume path permits

passage of the small, high-velocity plume particles while stopping

the large, slow chunks.2 This, however, reduces the total

throughput and therefore the overall deposition rate. “Off-axis”
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depositions, in which the substrate is 180° to the initial plume

direction (0°, or line-of-sight, is the usual geometry) has been used

to benefit.6 A second laser aimed at the plume breaks apart the
large particles in it. Finally, reduction of the laser power density and
wavelength may eliminate the splashing that gives particulate
deposition, though with too-low power density and wavelength,
incongruent deposition occurs. Thus, while the problem of the
particulates in a PLD thin film has not been eliminated, progress has
been made toward solving it.

Scale-up of PLD to enable deposition of films onto large (>100
mm diameter substrates) has been approached mainly through
adjustments to the deposition chamber geometry. Offsetting the
rotating target from the substrate center, and counter-rotating the
substrate in the resulting off-center plume, combined with a

rastering laser, has been used to deposit films over 125-mm

diameter substrates.” Other approaches have used (1) an off-axis
stationary beam focused on a rotating target, with deposition onto
a counter-rotating substrate; (2) increasing the target-substrate
distance; (3) and a stationary beam focused on a rotating target,
with the substrate rotating and translating across the plume. While
these approaches are reasonably satisfactory, the major challenges
remain. Currently, the target must be resurfaced - usually with
sandpaper — between depositions to smooth out the grooves
caused by the laser’s impinging on the target surface. The resulting
waste of material and time is uneconomical in a commercial setting.
Other problems are technical in nature: the challenges of uniformly
heating a large substrate, of monitoring the deposition rate, of

reducing the particulate deposition, and of finding a way to deposit
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films onto non-planar substrates. Until solutions to these difficulties
are found, the commercialization of PLD is unlikely. See Table 2.3
for a comparison of PLD with other deposition techniques.

Despite these major problems with PLD, a number of

companies had entered the arena as of 1994,3 and were producing
films of high-temperature superconductors. Ferroelectric films for
use in nonvolatile memories and other novel devices, dielectric films
for microwave and field effect devices, and semiconductor films have
been deposited successfully by PLD and shown high quality and
performance. Bioceramics and tribological coatings, as well as
polymer thin films, are potential areas for application of PLD. To our
knowledge, however, the work reported in this chapter is the first
PLD of a thin film of a material intended for use as an oxide-ion

conductive membrane.

72



Table 2.3: Comparison of Deposition Techniques — Commercial

Factors4

HDR=high deposition rate, LST=low substrate temperature, LA = large area,

LC = low cost, EMC

= easy material change, MC = material conservation

Method | HDR |LST |LA (LC |EMC [ MC |Problems
AMBE X Uniformity
ALE Slow
CVD X X [x High T
substrates
IBAD X X Impurities,
uniformity
IBD X X X Slow growth,
small area
ICBD X X Impurities
reproducibility
IvD X X X X Impurities
LACVD X Selected areas
only
MOCVD | X X |[x High T
substrates
MBE X High T
substrates
PECVD (X X Uniformity
PLD ? X ? X X Particulates,
small area
S X X X Impurities
TE X X X X Impurities

73



2.2 Results and discussion

As noted in Chapter One, Bi,VOs55, @ member of the Aurivillius
family of compounds, undergoes two consecutive phase transitions
on heating (Equation 2.1). The higher temperature forms exhibit

higher oxygen ion conductivity.

2.1) o 450 oC e 570 .C v

These phase transitions are reversible but can be suppressed by a
10-30% doping of the parent Bi,VOs 5 structure (“"BiVOx") with a
wide range of elements.8 In particular, a 10 mol% doping with
copper results in the stabilization of the high-temperature (y)
polymorph as the compound Bi,Cug,.1Vg.905.35 ("BiCuVOx").

Bi,VOs 5 and Bi,Cug 1V 90535 were deposited by PLD onto a
number of substrates, including MgO, YSZ, and SrTiO3 (STO). The
BiMeVOx target materials were made originally by solid state
synthesis and verified phase-pure by XRD. (Figure 2.2 a, b)

BiVOXx films deposited on MgO and YSZ underwent severe
delamination during post-deposition cooling. This is due to a
combination of the thermal expansion mismatch and lattice
mismatch between BiVOx and these substrates, and because of the
severe strains developed in the films during the y—a phase
transitions. See Table 2.4 for a summary of relevant lattice
parameters.

As can be seen in Table 2.4, based on their lattice parameters

neither MgO nor YSZ can accommodate both the y (high-

temperature) and the o (room temperature) phases. On the other
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hand, the SrTiO5; (STO) lattice matches that of the y phase along its
a direction and that of the o phase along its face diagonal. Samples
deposited on STO were thus of better quality. See Table 2.5 for a
summary deposited film thicknesses. The substrate temperature
listed for each film was the one that yielded the X-ray diffraction
patterns with the best phase purity and the narrowest rocking
curve.

All films on STO were strongly c-axis oriented, as shown by
the absence of all but the 00! peaks in the X-ray diffraction patterns.
(Figure 2.3) No other oxide phases were observed in the XRD
patterns of any of the deposited films, and Rutherford back-
scattering showed the stoichiometry to be correct within detection
limits. Both of the BiVOx films showed large-scale cracking and
delamination, but were smooth, without granularity in the
uncracked areas. (Figure 2.4 a, b) The films were cooled slowly to
minimize the effects of thermal strains; however, thermal
contraction and phase-change strains were exacerbated by the 45°
crystallite re-orientation required for the ingrowing a-BiVOx phase
to match the substrate STO lattice. The results of the second
heating and cooling illustrates the extent of grain disorder and

internal strain in the a-Bi,VOs 5 films. (Figure 2.5) This cracking
occurs in spite of the low temperature (below the a-f transition) of

the heating step, and the strain relief that may be expected from
the cracks already present in the film. The light areas in the
electron micrographs are probably due to hillock formation during

the second annealing step; similar results have been observed in
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BiMeVOx films made by sol-gel deposition methods. (See Chapter
Six.)

The stabilized y-Bi»Cug.1V0.905.35 (BiCuVOX) films deposited onto
STO were adherent and smooth, free of microcracking and
granularity, unlike the undoped parent phase. (Figure 2.6) Since it
can be expected that the thermal expansion coefficient of BiCuVOx
is similar to that of BiVOx, the absence of cracking and delamination
in the BiCuVOx films indicates that the phase transition and the
corresponding lattice-match problem were the main causes of the
cracking observed in the BiVOx films, rather than the development
of thermal strains. As with the BiVOx films, the BiCuVOx film is c-axis
oriented (Figure 2.7) with non-00/ peaks completely absent.
However, while the quality of the as-deposited BiCuVOx films is
high, the severe cracking that occurred during the second heating
to 400 °C (well below the mp of 890 °C) and subsequent medium-
rate cooling (10 °C min™!) suggests that the membrane, when
deposited via PLD, is still too strained to accommodate thermal
expansion mismatch. Moreover, the results of the second annealing
step (Figure 2.8) indicate little or no randomness to the orientation
of the a-b plane with respect to the STO lattice (Figure 2.9) as
would be expected, given the near-perfect match of the two lattices
(Table 2.4).

Pulsed laser deposition of films of the parent (o) phase

Bi,VOs5 5 onto LaNiO; and SrTiO3 substrates has been previously

reported.9 In the latter paper, while the rapid (10 °C min!) cooling
from the deposition temperature (675 °C) was not reported to
cause cracking or delamination of the films, the films exhibit a more

or less random grain orientation in the plane of the substrate,
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although the XRD reported there shows strong c-axis orientation,
as seen in our results, and a high degree of granularity, as
evidenced by inspection of the published SEM micrographs. Grain-

boundary grooving in these samples may relieve strain in the film,

preventing the cracking that we see in our films.10 If so, it may be
that higher-temperature treatment of those films would have lead
to agglomeration and dewetting (See Chapter 6). On the other
hand, the films deposited in the experiments described above are
oriented, smooth, and defect-free as deposited, without obvious
graininess. The extremely slow cooling rate may have permitted
quasi-single crystal film nucleation in the case of our films. The film
quality in the BiCuVOx case seems to be due mostly to a
combination of the close lattice match to the substrate and the
suppression of phase transitions. In the undoped BiVOx film the
change in cell parameter size and in the direction of the primary cell
axes required to match the substrate lattice induces severe strains

in the film, causing the observed cracking pattern and delamination.
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Table 2.4: Lattice parameters of substrates and PLD films.

Compound Lattice Face
Parameters (A) Diagonal (A)

0-Bi,VOs s a=5.54, b=5.62, 7.89
(€=15.32)

¥-BiVOs 5 a=b=4.004 5.66
(c=15.488)

Bi,Cug.1V0.90s.35 a=b=3.92 5.54

MgO a=b=c=4.16 5.88

YSZ (15% Y,03/85% a=b=c=5.14 7.27

Zr05)

LaNiO3 a=b=c=3.83 5.41

SrTiO; a=b=c=3.94 5.57
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Table 2.5: Results for BiMeVOXx Films PLD onto STO

Film Substrate Temp. Laser Pulses | Thickness (um)¥*
(°C)

BivOx-A | 700 3000 1.05 (0.84™)

BiVOx-B | 635 2000 0.22

BiCuVOx | 635 2000 0.20

*py profilometry *by Rutherford back-scattering (RBS)
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Intensity (arbitrary units)

Figure 2.2a: Bi,VOs5s sample prepared by solid state methods

and used as a target in the PLD depositions.
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Intensity (arbitrary units)

Figure 2.2b: Bi,Cu(,1V(.90s5.5.; Sample prepared by solid state

methods and used as a target in the PLD depositions.
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Intensity (arbitrary units)

Figure 2.3: Grazing incidence XRD (GIXRD, grazing angle 1°) of
Bi,VOs s films deposited by PLD onto STO. Deposition

temperature 700 °C.
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Figure 2.4: (a) Bi,VOs;s film on STO, deposited at 635 °C, X
2500. (b) Bi,VOs s film on STO, deposited at 700 °C, X 515.
(a)

(b)
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Figure 2.5: Bi,VOss film on STO after 2"? heating cycle, X 740.
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Figure 2.6: BiyCug V90s.s.; film on STO after initial PLD at 635
°C, X 1350.
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Intensity (arbitrary units)

Figure 2.7: GIXRD of BiCuVOXx films deposited on STO by PLD.
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Figure 2.8: BiCuVOx film on STO after 2™ heating cycle, X 785.
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Figure 2.9: Alignment of the deposited BiCuVOXx film with the a

or b substrate directions ensures that cracking (dark lines)

occurs in a rectilinear manner. (a) This is also the case for y-

Bi,VOs.s. (b) However, grain reorientation to align the o-

Bi,VOs,s with the STO face diagonal during the y-o transition

results in a circular cracking pattern (c).
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2.3 Conclusions

Smooth and defect-free BiCuVOx films were successfully
deposited onto STO substrates by PLD, while BiVOx films were
smooth, but cracked due to the rotation of the film lattice with
respect to the STO lattice during the cooling-step y-a phase
transition undergone by these films.

Both BiVOx and BiCuVOx films were subjected to a second
low-temperature (400 °C) heating cycle with moderately fast
heating and cooling to determine whether the instantaneous-
deposition nature of the PLD process had created films which were
highly strained and merely metastable. This temperature was

chosen to be well below the film’s melting point (890 °C for

Bi,VOs511, 895 °C for Bi,Cug.1Vo.90s.35, sSee DTA/TGA results in
Chapter Six) to limit the atomic mobility expected in the film and
prevent island formation, and to be below the temperature for the
o—fB phase transition (450 °C) so that strains in the films generated
by their initial depositions and cooling would be highlighted without
interference from additional phase transitions. It was expected also
that this temperature would be sufficiently low that thermal
expansion would not contribute greatly to any cracking seen. Both
films exhibited severe strain-cracking. The cracking pattern
reflected the underlying orientation of the film with respect to the
substrate lattice. While BiCuVOx, oriented along the lattice-
matched a-b direction of the STO lattice, cracked in a rectilinear

pattern, the BiVOx films cracked in a rounded pattern reflective of
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their re-orientation during cooling from the y phase matching of the

a-b direction to the o phase matching of the cell diagonal. (See
Figure 2.6.)

The results highlight the importance of judicious substrate
choice in thin film depositions. Substrates must not only be lattice
matched, but also compatible in terms of their thermal expansion
coefficients. Finally, phase transitions in the film must be
suppressed. While many thin films are inspected for quality directly
post-deposition, the result of the second heating cycle reported
here points up the need for testing films under a variety of heating

and cooling regimes, if they are to be used in a practical application.
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2.4 Experimental

Details on the reagents and instruments used in this Chapter

may be found in the Appendix to Part I of this thesis.

Experiment #1 Synthesis of Target Pellets (JWP/II/99A, B)

Stoichiometric quantities of Bi,O3 (9.3190 g, 20 mmol) and V,0s
(1.8188 g, 10 mmol) were ground together in an agate mortar
under acetone and a pellet pressed of the resulting mixed solid.
The pellet was heated in air on platinum foil for 20 h at 850 °C with
an intermediate grinding to prepare Bi,VOs s (BiVOX), phase purity
verified by powder X-ray diffraction (PXRD). Similarly, bulk
Bi>Cug 1V0.905.35 (BiCuVOx) was prepared from stoichiometric
quantities of Bi»03 (9.3190 g, 20 mmol), V,0s (1.637g, 9 mmol) and
CuO (0.1591 g, 2 mmol) heated in air on a platinum foil for 20 h at
850 °C. Pressed and sintered pellets, approximately 2 cm in
diameter, of each compound, were used as targets for the

deposition.

Experiment #2 PLD of BiMeVOXx Films (performed at Naval

Research Laboratory)

The BiVOx and BiCuVOx films were prepared by pulsed laser
deposition on (100) SrTiO3, (100) MgO, and (100) 15 %Y,03-doped
ZrO, (yttria-stabilized zirconia, YSZ) using a KrF laser (248 nm).
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Laser pulses of approximately 30 ns duration were focused through
a 50 cm focal length lens onto the BiVOx or BiCuVOx target. With an
incident power of 0.8 W at 5 Hz, the focal spot size of 0.07-0.08 cm?
yielded a fluence of 1.8-2 J cm® at the target. Before each
deposition, the targets were pre-burned for 2000 shots in oxygen
to remove surface contaminants and to reach a steady state
ablation composition. Targets were rotated in the rastered beam to
minimize surface cratering. The target-to-substrate distance was
3.23 cm. Substrates were not specially prepared before deposition.
Substrate temperatures from 635 °C to 700 °C were tried. The
depositions were carried out in 0.3 Torr O, with slow cooling (< 1 °C
min) in approximately 100 Torr O,. A faster cooling rate resulted in

delamination of the films.

Experiment #3 Characterization of PLD Films (JWP/III/139)

The surface morphology of the films was examined without
further sample preparation using environmental scanning electron
microscopy (ESEM, Electro-Scan) at 15 kV beam energy and 4.9 Torr
water vapor pressure to prevent surface charging and achieve the
desired resolution. Film thicknesses were determined by

profilometry (Dektak, 2.5 um stylus). Some material was removed

from a small area of each film sample using concentrated HCI to
create a step for the profilometer. The thickness and stoichiometry
was verified in one of the BiVOx samples by Rutherford
backscattering spectroscopy (RBS). Films were checked for
orientation and phase purity at the Naval Research Laboratory by

rocking-curve XRD using Cu Ko radiation (1.5418 ). Full X-ray
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diffraction patterns were collected with rocking and re-aligning on
the I'(002) peak of BiVOX.

Experiment #4 Post Deposition Thermal Treatment (JWP-III-
142)

Samples were subjected to a second annealing in air at 400
°C for 2h and cooled at 10 °C mint. These films were re-examined
for changes in surface morphology using ESEM. For the latter
examination, approximately 50 A of gold was evaporated onto the

film surfaces to relieve charging effects.
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Chapter Three:

Sol-Gel Approaches to Bulk BiMeVOXx
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3.1 Introduction to the Sol-Gel Method

In addition to the films of the BiMeVOx materials produced by
pulsed laser deposition described in Chapter Two, a number of
BiMeVOx films were produced by the sol-gel method. This work is
described in the remainder of Part I of this thesis. Chapter Three
provides background information on the sol-gel method and reports
our early and informative, albeit unsuccessful, attempts at
developing a formulation which would produce BiMeVOx membranes
on casting and pyrolysis. Chapters Four and Five report and discuss
the formulation that was eventually found to be most useful, and
the work done to characterize that precursor. Chapter Six reports
deposition of the BiMeVOx films onto a number of substrates.

While the majority of the background material needed for
discussion of the work reported in these chapters is provided
below, some significant pieces of information are left to be

introduced as needed in subsequent chapters.

3.1.1 Definitions, History, Background

Brinker and Scherer, in their text on the subject, define the
“sol-gel” process as “the preparation of ceramic materials by the
preparation of a sol, gelation of the sol, and removal of the
solvent.”l Most definitions by the many reviewers of the sol-gel
process are similar; however, throughout the literature the term
has been more widely applied to include systems that form neither

true sols nor true gels. Therefore the term “sol-gel” has come to
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refer to virtually any ceramic preparative technique that involves
dissolved or colloidal ceramic precursors. Sol-gel-type chemistry has
also appeared in the literature under the terms “soft-solution
processing” and “chimie douche,” where the “soft” refers to the
differences between this technique and those involving grinding and
firing to high temperatures of dry ceramic powders.

Most reviewers cite Ebelman’s 1846 synthesis of silicon

alkoxides as the earliest step in sol-gel processing’s

development.2,;3 By the early 1900s Walter A. Patrick of the Silica
Gel Corporation was issued dozens of patents revealing sol-gel
processes for making silica-gel supported catalysts, mixed oxides,

adsorbents, and porous glasses, thereby demonstrating the
potential industrial uses of this chemistry.4-6 Later advances by

Moulton (American Optical Company, 1943),7-9 in which mixtures of
silicon, titanium, and tin alkoxychlorides were partially hydrolyzed

and used as antireflective coatings on glass; by Kimberlin
(1953),10,11 who used aluminum alkoxides to produce high-purity

fine powders of aluminum metal; and by Yoldas (1975),12,13 who
found that alumina sols could be used to produce transparent gel
monoliths, set the stage for rapid development and copious
publishing on the potential and actual uses of the sol-gel process.
The sol-gel process has made it into the realm of quasi-political
discussion, as well: one recent paper points out the
“environmentally friendly” aspects of sol-gel and other “soft
chemistry” methods, insofar as lower firing temperatures are

necessary for making solid ceramic items via sol-gel-type processes,
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and water (or recyclable organic solvents) can be used as the liquid

carrier for the precursors.14

Because the term “sol gel” has come to refer both to a
process where the ceramic precursor is a true sol (a colloidal
suspension of solid particles in a liquid) and where the precursor is
a macromolecular network, (from condensation polymerization of
metal alkoxides), some care must be taken in identifying what sort
of chemical and physical processes are occurring in a preparation
identified as “sol-gel.” Inorganic precursor salts, including chlorides,
nitrates, sulfides, and, ultimately, hydroxides, are usually used to
create true sols. Metal or silicon alkoxides are the precursors to
macromolecular suspensions; metal carboxylates and other organic
acid salts may be used to introduce the primary or additional metals
into solution in either case. Flocculation (in the sol) or
hydrolysis/condensation (in the alkoxide case) results in a ge/, a
continuous semisolid or viscoelastic skeleton enclosing or enclosed
by a continuous liquid phase. Aging or drying of the gel results in
further condensation, which leads to shrinkage of the gel as the
liquid is expelled. If the expulsion occurs more rapidly than the
evaporation, the process is called syneresis; under normal drying
conditions, however, a porous and high-surface area xerogel resulits,
while under supercritical conditions, little shrinkage occurs and the
resulting low-density material is called an aerogel. Aside from the
environmental conditions of the drying, the final dry product
properties are controlled by a number of parameters active during
the condensation or flocculation and as the solvent evaporates out
of the gel pores. Ionic strength or pH variation and the steric

properties of the precursor lead to different degrees of
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condensation and branching in the condensed material. Drying
control chemical additives can reduce the development of the
capillary pressures that lead to cracking during solvent evaporation.
Firing of the dry product “greenbody” results in pyrolysis of residual
(unhydrolyzed) organic groups, usually with concomitant gas
production, followed by crystallization and sintering. The intimate
mixing of the constituents ensures that the crystallization and
sintering will occur at temperatures several hundreds of degrees
lower than those required for more traditional mixed-oxide powder
processes, at least in principle. These issues will be discussed in

more detail below.

3.1.2 True Sols

A sol is a colloidal suspension of solid particles in a liquid. In
sol-gel preparations, the sol is generally polydisperse. The high
surface free energy of the particles makes them tend to collapse
together to form aggregate larger particles with reduced surface
energy; van der Waals and Coulomb forces further attract the
particles to each other. Thus, a colloid is kinetically stable only;
thermodynamically, it is unstable if colloid particles alone are
considered.

However, for oxide and hydroxide sols, where the particles
have low to mid-range surface potentials, the behavior can be well-

described by the Derjaguin, Landau, Verwey, and Overbeek (DLVO)

Theory.15 1In this model, an electric double layer is formed when
the surface of the colloid particle acquires a charge in a polar

solvent and becomes surrounded by a diffuse layer of counter-ions
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and some opposite-charge co-ions. This ionic atmosphere protects
the colloid particle from the approach of other likewise-screened
particles. The particle surface acquires the charge by: (1)
ionization, where a functional group on the surface dissociates and
forms an ion, depending on the pH of the solution; (2) preferential
adsorption of ions from solution; and (3) dissolution of the colloid
particle surface into its cationic and anionic parts at different rates.
The ionic strength of the solution determines the degree of
screening of the colloidal particle’s native charge; at high ionic
strength the surface potential falls rapidly within a short distance
and van der Waals forces drive the ensuing flocculation. Likewise,
flocculation will occur in any situation where close approach of the
particles - due to thermal (Brownian) or mechanical agitation -
permits the short-range van der Waals forces to dominate the
system.

The addition of a surfactant will stabilize a colloid against
coagulation of its particles. For example, soap (long-chain fatty
acids) will collect ionic carboxylate-ends toward the colloid particle,
and the hydrophobic chains will thus protect the particle from
coming within coagulation distance of other particles.

If the electric double layer or surfactant preventing
coagulation is removed, so that sol particles can approach within
the active distance of van der Waals forces and coagulate, they may
form a densely packed sediment, a re-suspendable loose sediment,
or a network of aggregated particles where the “sediment” volume
is equal to that of the solvent. In the last case, the aggregate
particles may cross-link and immobilize the solvent, providing a

viscoelastic gelatinous mass. The degree of cross-linking
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determines the physical properties of the gel. The induction of
gelation can be accomplished by a gradual change of ionic strength
or by removal of solvent by evaporation. Gently heating a sol in an
aqueous solvent (enthalpy-stabilized sol), or gently cooling one
which is in a non-aqueous solvent (entropy-stabilized sol) can also
induce gelation.

Multicomponent gels, where several metals need to be
simultaneously present in the sol, suffer from co-solubility and
preferential precipitation problems. The additional ionic strength
provided by the addition of metal A, in some form, to a sol of metal B
may disrupt the sol of metal B and cause it to flocculate; or metal A
simply will “refuse” to form a sol in the presence of metal B. Careful
control of the pH, temperature, and ionic strength, and sometimes
the addition of surfactant materials, is usually necessary if a
multicomponent gel is required. High dilution, of course, aids in
getting all metal components into the sol but does not permit gel
formation. These difficulties are exacerbated by an increased

number of metals required to be simultaneously in the final gel.

3.1.3 Macromolecular “Sols”

Polymeric or macromolecular gels, which are not formed from
true sols, are usually formed from metal alkoxide-based precursor
solutions. Most studies have dealt with the reactivity of silicon
alkoxides, because their hydrolysis is slow in “neutral” solutions
(insofar as the concept of pH can be applied to non-aqueous
regimes) and the relative rates of hydrolysis and condensation can

be controlled by the use of acid, base, or nucleophilic catalysts.
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Metal alkoxides, on the other hand, are extremely reactive to water
and other hydroxyl compounds, so that while reports of applications
involving metal-based sol-gel preparations are manifold, studies of
the kinetics and mechanism of the reactions they undergo are few.
The chemistry and behavior of multicomponent alkoxide systems,
and of systems with metal alkoxides and metal salts together, is
more complex still.

In general, the reactions of alkoxides can be broken into two
categories: hydrolysis and condensation (Equations 3.1-3.2). Via

these reactions, a network of M-O-M- bonds form.

(3.1) Hydrolysis: M(OR), + x H,0 & M(OR)n.x(OH)yx + x ROH
(3.2a) Condensation by dehydration:

2 (RO)3sM(OH) — (RO)3M-0-M(OR)3 + H0
(3.2b) Condensation by dealcoholation:

2 (RO)3M(OH) — (RO)3M-0-M(OR),(OH) + ROH

The mechanisms and rates of these reactions depend on pH,
temperature, and the concentration of water in the nonaqueous
solvent. Furthermore, depending on these factors and the
identities of M and R, the morphology of the resulting oligimers may
be either linear or branched. For tetraethoxysilane (TEOS), the
hydrolysis rate increases with increasing [H*] or [OH"] in acidic and
basic conditions, respectively. In acid, the rate of the hydrolysis
reactions exceed that of the condensation reactions, and a linear
gel morphology results. Under basic conditions the rapidity of the

condensation reactions leads to a branched and cross-linked gel

morphology.16
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The oligimer chains may cross-link to form a gel either as
evaporative losses of solvent cause them to approach, or as the
condensation reactions continue to propagate. The gel network is
formed as continued polymerization splits off alcohol groups and
forms an extended M-O-M- structure. The degree of crosslinking

determines the physical properties of the gel, including its ability to

wet a substrate.17,18

One of the difficulties with using alkoxides to make
multicomponent gels is that different metal alkoxides hydrolyze at
different rates. If one component hydrolyzes too rapidly relative to
the other(s), it may precipitate as a hydroxide within the gel, or the
gel micromorphology will be similar to that of a block co-polymer,
with regions of mostly one metal type, and other regions of mostly
the other. The resulting inhomogeneity in the gel undoes one of
the major benefits of the sol-gel method, the atomic-level mixing of
the assorted metal species that provides for a reduced
crystallization temperature. This difficulty can be addressed by the
judicious choice of pH and solvent polarity and viscosity. Adjusting
the identities of the alcohol groups can modify the hydrolysis rate as
well. Other processes based on decreasing the reactivity of the
metal alkoxide precursors by chemical modification (alcohol
exchange, addition of carboxylic acid ligands or p-diketones), or by
controlling the local concentration of water (by alcohol dehydration,

esterification, and emulsion reaction) have been used with

success.19
Because metal alkoxides are usually expensive and difficult to
obtain in large quantities, it is often the case that only some of the

metals of a multicomponent gel are added as alkoxides. The
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remainder are provided as metal salts chosen to be soluble in the
alcoholic solvent. Citrates, acetates, formates, tartrates, and
nitrates are typically used. Chlorides and sulfates, due to their
stability, are often hard to remove, leading to impurities in the final
ceramic. Nitrates, being highly oxidizing, can lead to fires or
explosions if care is not taken during the gel drying, and tend to
crystallize out during solvent evaporation. Metal acetates and other
salts of weak organic acids are usually soluble in a range of
alcoholic solvents; however, their thermal degradation occurs at a
higher temperature than for nitrates, so that their removal from the
gel is more difficult. Heating a mixture of metal acetate and alkoxide
can create some non-hydrolytic M-O-M’ formation, with liberation of

the alkyl acetate (Equation 3.3).

(3.3) M(OR)4 + M'(OAC), — (RO),.;M-0O-M'(OAC),-; + ROAC

Likewise, a metal halide may be used in conjunction with a

metal alkoxide to produce a mixed alkoxide, with liberation of the

alkyl chloride (Equation 3.4).20

(3.4) M(OR)y + M'X, — (RO)x.;M-0-M'X,-; + RX

Nonhydrolytic routes to gels, particularly where silicon and a

transition metal are required in the same gel, are an active area of

research.19 Such routes provide a work-around for the problem of
the faster hydrolysis of transition metal alkoxides, compared with

the hydrolysis rate of the analogous silicon alkoxides.
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3.1.4 Gel-to-Ceramic Transition

Once the gel is formed, heat treatment converts it to an
inorganic oxide ceramic. During this step, the organic solvent
further evaporates from the gel and organic ligands are pyrolyzed;
some structural rearrangement and densification occurs; the
structure crystallizes (and at higher temperature, sinters). The
structure of the gel and the degree of real atomic-level mixing that
has occurred in the gel will greatly affect the temperatures at which
each of these stages will occur.

Differences in the gel morphology can lead to different
behavior on solvent removal and densification. Linear polymeric
chains undergo considerable collapse and structural rearrangement
and pack into a high-density, low-porosity dried gel. Highly
crosslinked gels, on the other hand, tend to maintain their structure
on solvent removal, leaving pores where solvent had been and
leading to a low-density dried gel. In both cases, as normal drying
occurs, the gel shrinks by a large amount, and it often cracks due to
the high capillary forces developed by the solvent in the gel pores.
Slow drying permits the gel to dissipate the stresses built up in this
way, so that the resulting xerogel will be uncracked. Gels with a
particle-type or cluster-type morphology tend to have larger pores
than those with a highly-crosslinked polymer morphology, so that
the capillary stresses associated with the solvent drying out of the
pores are smaller.

The use of drying control chemical additives (DCCAs) in
alkoxide sol-gel preparations minimizes the vapor pressure of the

solvent in the pores, reduces the pore size distribution, and
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decreases the drying stresses. Common DCCAs include formamide,

glycerol, oxalic acid, glycols, and ethanolamines.21,22

Drying the gel under supercritical conditions for the solvent in
question - e.g. at a position in its phase diagram where the
liquid/vapor phase boundary has disappeared - leads to uncracked
and mostly unshrunken aerogels. These materials have low density
and very high porosity.

No matter how the drying process is done, there still will
remain unhydrolyzed organic-containing ligands that need to be
driven out of the gel by pyrolysis. This must be done while there is
still some porosity to the gel, so that gases produced from pyrolysis
of the organics can escape without cracking the gel. As the
processing temperature is increased, viscous sintering, driven by
the reduction in surface free energy, occurs. Finally, the metal and
oxygen atoms rearrange into the crystal structure predicted by the
elements’ phase diagram according to composition of the gel and
the treatment temperature, or kinetic products may result. This
occurs at a much lower temperature than it would in a traditional
solid-state synthesis, in which metal oxide powders are mixed and
heated, because the intimate mixing of the metals has already
occurred in the gel formation, while in solid state syntheses atoms
of each metal must cross grain boundaries in order to come into
proximity with each other.

While much of the above discussion of the care required in the
drying step applies to gel monoliths, the principles of gel
densification and drying are similar for sol-gel production of films.
Films deposited as a single thick coating are prone to crack due to

capillary pressure in the pores. On the other hand, films created by
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the repeated deposition of thin layers must be dried and in many
cases pyrolyzed as each layer is deposited, so that gases created
by the decomposition of organics in layer n do not escape in such a
way as to destroy layer n+1. An additional problem in the drying
stage of film deposition is that anisotropic shrinkage can cause
“mud cracking” or “islanding,” as the film shrinks back from cracks.
Delamination, or peeling, of the film from the substrate can also

occur. (Figure 3.1)

3.1.5 Applications and Outlook

As indicated above, the sol-gel method brings with it a number
of benefits over more traditional methods of ceramic synthesis due
to the atomic-level mixing of the metals which can occur in the sol
and gel. This permits crystallization and sintering to happen at a
lower temperature than for mixed-oxide powder methods,
producing savings in time, capital equipment, and energy.
Furthermore, lower temperatures help to avoid contamination of the
sample from the pyrolysis container or furnace materials, so that
sol-gel processes can provide higher-purity materials than powder
syntheses. Phases and microstructures not available in high-
temperature processing are accessible via the sol-gel method.
Because some sintering occurs during a high-temperature powder
synthesis, finely-divided powders are difficult to obtain, while sol-gel
precursors - often combined with spray pyrolyses — may lead to
high-surface-area, fine, and reasonably monodisperse powders.

Finally, the sol-gel method permits solids to be fabricated in a
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number of forms, including not only powders, but monoliths, fibers,
and films.
In particular, films of ceramics for electronic and magnetic

applications have been extensively produced by the sol-gel
process.23 High-temperature superconductors, most notably

YBa,Cu305.,,24/25 electrochromic ceramics such as V,0s and W03,23

ionic conductors (YSZ),26-28, dielectrics such as SrTiO3,29 and

ferroelectric perovskites, particularly those in the lanthanum-

modified lead zirconate titanate (PLZT) system,30,31 have been
widely studied for sol-gel depositions. Another ferroelectric, lithium
niobate, LiNbO3 (LNO), melts incongruently at an equimolar ratio of
Li and Nb, resulting in inhomogenous single crystals. As a result, it
is extremely difficult to prepare LNO by conventional (solid state)

methods. However, there are a number of reports for the
preparation of LNO by sol-gel processing.32,33 Finally, the layered
ferroelectric Bi,TizO;, has been prepared in bulk34,35 and in thin film

form36,37 by the sol-gel method.

Commercialization of the sol-gel process requires the ability to
fabricate on a large scale or with high throughput, and profitability
must be demonstrated. Recently, sol-gel derived electrical and
magnetic ceramics, including alumina substrates (Mitsubishi),

layered ceramic capacitors (NEC), and silica display panel spacers

and printed circuit boards (GelTech) went into production.23 Trends
in the microelectronics industry are expected to lead to further
commercial application of sol-gel derived materials. Antireflective

and other optical coatings have been applied by dip-coating sol-gel

precursor solutions onto glass panes and mirrors for years,21 and it
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can be expected that this trend will continue. The technology,
therefore, is present or within reach for scale-up and commercial
application of the sol-gel deposition of oxide-ion conducting films

described in this work.

3.1.6 Other precursor routes

Certain other precursor routes to oxide ceramics show
potential for the production of film-castable multicomponent
solutions. Hydroxycarboxylic acids (citric, lactic, or tartaric), which
form polybasic acid chelates with metal ions, metal salts (nitrates,
carbonates, and hydroxides), and polyhydroxyl alcohols (ethylene
glycol) may be co-dissolved; the condensation reaction between the
metal chelate and the alcohol may then form an ester. On heating,
polyesterification occurs, resulting in a homogenous solution of the
metal ions in an organic matrix. This stable solution is film-castable

and dries to a glass, which can then be calcined to a dense

material.38 The process is variously known as the “Pechini process”
or the “amorphous citrate process.” Powders of PbsMnNb,0g4 are
reported to have been synthesized by this route,39 as have
strontium and lanthanum manganese oxides:40 however, there
have been few, if any, reports of the use of this process in film
casting. A similar process, entailing the use of glycine and metal
nitrates, has been reported, but due to the sometimes violent
exothermic decomposition that occurs on heating, it is unlikely to be

of use in the synthesis of anything but powders.41 Polyacrylamide

gels42 and polyethylenimine43 have also been used as an organic

matrix for maintaining multiple metal ions in simultaneous solution.
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Finally, yttria, zirconia, and YSZ thin films have been prepared from
solution of metal carboxylate precursor salts in a carboxylic
acid/amine solvent system. The precursor salts were prepared by
reacting the metal nitrates with ammonium trimethylacetate and
dissolved in propionic acid/amylamine/xylene. The resulting solution

was spin-cast onto Si(111) substrates to produce dense, if

somewhat granular films.44

3.1.7 Outline of the Research Done

Our initial approaches to producing a film-castable sol
containing 2 Bi: 1 V centered on the use of vanadic acid
condensation to polyvanadic acid to produce a gel network. The
bismuth was to be introduced as a salt dissolved in the trapped
solvent. As discussed below, most attempts along this line of
research led to preferential precipitation of 1:1 Bi:V materials.
Other formulations led to thick granular films with large-scale
cracking. Reports of this work make up the remainder of Chapter
Three. Chapter Four discusses work in which the gel-producing

materials were vanadium alkoxides.

3.1.8 Vanadic Acid Background

Vanadium pentoxide gels have been the subject of extensive
research due to their electrical properties. Their electrical

conductivity is high, and they exhibit semiconducting behavior. They

have been examined for use in antistatic coatings and switches.4>
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Vanadium pentoxide gels may be prepared by pouring molten

V,0s5 into cold water46 or by the polycondensation of decavanadic

acid, which in turn is obtained by running sodium metavanadate,

NaVOs;, over an acidic ion-exchange resin.4/ In reality, the specific
vanadate species present in a solution, and their degrees of
condensation, depend on the pH and total concentration of
vanadium. While in very basic solution the primary species is
[VO,4]3, protonation of the orthovanadate ion followed by
condensation leads to pyrovanadate ion [V,0,]*, and repetition of
the protonation and condensation reactions lead up through
[V4O.2]* as the acidity rises. In acidic solution, protonation and

condensation of the species [V304]% leads to the decavanadate

anion48 [H,V;00,5]°" until the pH drops far below the isoelectric

point of pH 2.2, when the polymer is broken up and VO,* and/or

VO3* are formed.49 Decavanadic acid (H4V10027), in turn, undergoes
polycondensation to create fiberlike sol particles which may then
make up a gel. While the gels can be produced by adding acids,
e.g. HNO3, to vanadate salts (NH,;VO3, NaVOs), this leaves unwanted

ions in the gel.23 Depending on the concentration of the vanadium
species and the pH, the gelation will occur within 2-50 hours.

Tetravalent vanadium serves as a polymerization inititator. It
may be formed (at about 1%)4> during the ion exchange process
from sodium metavandate to vanadic acid, or from the oxidation of
organics in the solution by V>*. The polymerization is
autocatalytic.47

The vanadium oxide gel structure is made up of flat ribbons

some 1000 A long and 100 A wide and having a structure similar to
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that of the ac plane of orthorhombic V,0s, i.e. edge-shared VOs

pyramids.45,50 This basic ribbon structure is considered to be the
root of the gel’s layered nature. When deposited as thin films,

vanadium pentoxide sols produce a highly-oriented layered

structure where the layer planes are parallel to the substrate.>1
The layered structure of the V,0s5 gel has been pillared with a

number of cations of varying sizes and charges: the alkali and

alkaline earth metal cations, NH4*, several transition metal cations,

and AI3*, as well as with the Al;3 cation and the Mog and Nbg chloride

clusters.52 Therefore, we thought that vanadic acid sols would be

a good starting point for creating precursors to the BiMeVOx oxides.
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Figure 3.1: ESEMs of films showing mudcracking (a, X 710; b, X
310) and delamination (¢, X 1150).

(a)

(b) (<)
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3.2 Results and Discussion

Initially, 0.1M solutions of NaVO; were ion-exchanged and

mixed with Bi(NO3)3*5H,0 dissolved in glacial acetic acid at room
temperature or with Bi,O3 partly dissolved in hot glacial acetic acid.
In both cases an immediate precipitate formed—this was calcined
and found to be BiVO4. (Expts. 1-2, Figure 3.2) Higher
concentrations of NaVvVOs in the initial solution were tried in the hope
of providing a higher probability for gelation (0.1M solutions gelled
after 24 hours in the absence of the bismuth salts). Therefore 0.5 M

vanadate solution, which gelled after 12 hours in the absence of the

bismuth salts, was used with each of Bi(NO3)3*5H,0 and Bi,03, and
an alcohol (2MOE) provided as a sacrificial reductant, so that V(IV)
would be generated to catalyze the gel-forming polymerization. In
both cases here as well, a precipitate formed immediately, and after
calcining these precipitates were identified as a mix of Bi,O3 and
BiVO,4, plus an unidentified minor phase. (Expts. 3-4, Figure 3.3)
The minor phase may be a sodium-containing oxide of Bi and/or V,
which would occur if the ion-exchange on the column was
incomplete. A still-higher concentration (0.6 M) of NaVO; was also
tried; Bi®* was put into solution by dissolving Bi,O3 in HNO5. This
provided more free H* for exchange with the sodium metavanadate,
so that even if the column failed to exchange the sodium for
protons, the strong acid was likely to work. In addition, it was
hoped that the decreased pH would serve to prevent preferential

precipitation of any bismuth-containing species prior to gelation.
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However, the initial try here (Experiment 5) still resulted in a
precipitate which on calcining was identified as a mixture of BiVO,
and Bi,VOs s (Figure 3.4); the mother liquor gave BiVO4 only. Aging
of the ion-exchanged vanadate solution prior to the addition of the
bismuth-containing solution permitted polymerization of the vanadic
acid to begin, as evidenced the appearance of red fibrils in the
beaker (Experment 6); addition of the bismuth solution gave a clear
solution which was stable at least overnight. Slow evaporation of
the solvent gave a precipitate which even prior to caicination could
be identified as a mix of BiVO,4 and Bi,VOss. Repetition of the
experiment gave a solution which was stable for at least two days
(Experiment 7). The solid left behind from evaporation of the
solution was calcined for 10 hours at a number of temperatures.
For temperatures up to 550 °C the solid was identified by XRD as a
mixture of BiVO4 and Bi,03; by 650 °C peaks associated with Bi,VOs s
started to appear, and by 750 °C the calcined product was a
mixture of BiVO4 and Bi,VOs.s only. No Bi,O3; was found in any of
these samples, but it may have been hidden under the background
as an amorphous phase.

Ion-exchanged NaVOs; solutions did not prove to be useful
precursor solutions at any of the concentrations tried. The
presence of acetic or nitric acids inhibited the gelation of vanadate
solutions somewhat, but in the presence of the bismuth salts, these
solutions would not gel at all. Instead, precipitates formed which
were often identifiable by powder XRD as BiVO4, even prior to
calcination. Whether this is due to destabilization of the
poly(vanadic acid) sol because of the bismuth salts’ ionic strength

contribution (or in the case of the suspensions, the presence of
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nucleation sites for flocculation), or because of a disruption of the
condensation reactions leading to poly(vanadic acid) in the first
place, is unclear.

Due to the doubt regarding whether complete ion exchange
was occurring between the sodium metavanadate and the resin,
we began to test ammonium metavanadate for its ability to ion-
exchange with a strong acid and thereby to produce the vanadic
acid required for polymerization and gelation. Excess ammonium-
containing salt was expected to burn out during the calcination step
in air, unlike sodium-containing salts in the NaVOs; preparations.
Several concentrations of NH,;VO3; were tested for gelation using
glacial acetic acid and a combination of nitric and acetic acids to
provide excess H*. (Expts. 8-10) While acetic acid alone gave gel-
like chunks in the solvent with 0.5 M NH4VOs3;, it gave a fibrous
semigel which became a chunky gel overnight with 0.25 M NH,VOs.
The use of HNO3 alone or with acetic acid gave similar results. Thus
both acids, at least in principle, could be expected to work with the
ammonium metavanadate to give the V,05 gel as required.

Initial experiments combining 0.25 M NH4VO3; with bismuth
solutions (Experiments 11-13) gave precipitates which in all cases
were identified as BiVO4. Evaporation of the solvent from a
suspension of supernatant and precipitate gave a homogenous
solid which after calcination at 725 °C gave Bi,VOs s or @ mixture of
BiVO4 and Bi,VOs 5. (Figures 3.6, 3.7) At about the time this work

was being done a report appeared in which Bi(NO3)3*5H,0 and
NH4VO3 were co-dissolved in concentrated HNOs;—quantities are not
reported—and the solution subsequently diluted and anion-

extracted to precipitate a solid which, after heating to 350 °C, had
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the composition BisV,.10:1., and was isomorphous with the y phase

of Bi,VOs5.23 However, in our similar experiment (Experiment 11)
we observed a precipitate immediately on dilution.

Because it was suspected that the “precipitate” observed was
the flocculant from an unstable sol, several experiments used gum
arabic, a polysaccharide colloidal stabilizer, to keep all of the ions in
a common liquid phase. (Expts. 13-14) The precursor “solution”
was opalescent when the bismuth and vanadium components were
mixed at 40 °C. This suspension was evaporated and the calcined
solid identified as V,0s + Bi,05. (Expt. 13) For room temperature
mixing a clear solution was obtained (Expt. 14) but a solid settled
out over several days. This solid, when calcined, was identified as
BiVO4. The suspension, with plasticizers ethylene glycol and glycine
added, gave Bi,VOs 5 after 22 h at 750 °C. This compares with the
behavior of a simple mixture of Bi,O3 and V,0s5, which - unground
and not pressed into a pellet - remained as the starting materials
after a similar heat treatment. The precipitates in these
experiments could be redissolved with the addition of more nitric
acid; evaporation of these solutions gave Bi,O5 and V,0s5, or in some
cases BiVO, (experiments not detailed here).

A number of reports cite the use of ethylene glycol alone or in
combination with glycine (Pechini process38) to obtain a gellable
s0l.23,28,54 (Co-dissolution of NH4VO3 and Bi(NO3)3=5H,0 in
ethylene glycol and water gave a precipitate (Experiment 15).
Addition of glycine did not redissolve the solid, which after

calcination was identified as a mix of BiVO4 and Bi,VOs5 5. Likewise,

adding glycine to a similar mix initially (Experiment 16) gave a
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reasonably stable paintlike suspension that after calcination was
identified as BiVO4 plus Bi,0s.

Thus the approach using NH;VO3; was only able to produce a
stable solution (sol) in the presence of colloidal stabilizer gum arabic
and excess nitric acid, and even then, a flocculant/precipitate
appeared after 24-48 hours at room temperature. Plasticizers
ethylene glycol and glycine did not improve matters. In all cases,
the precipitate, even after high-temperature calcination, gave the
1:1 BiVO,4 phase with some Bi,VOs s in many cases, for the highest
calcination temperatures.

Several factors appear to be at work in causing the failure of
these experiments to produce a stable film-castable solution that
would result in the formation of Bi,VOss. In many cases, the
concentration of vanadic acid may have been too low to provide for
sufficient polymerization. That BiVO,4 precipitated out, in a form
sufficiently crystalline, in many experiments, to diffract X-rays even
without heat treatment, points to a certain thermodynamic stability
that the assorted methods tried just could not overcome.
Experiments with the solid-state reaction of BiVO,4 with Bi,O3
demonstrate that the former will indeed incorporate more bismuth
to form the desired Bi,VOs s phase (Experiment 16). In light of the
solid state experiments, however, it is surprising that even in
experiments where the solution was boiled down along with the
precipitate, so that no metals should have been lost, in most cases
the major phase produced was BiVO,4. This suggests that the
degree of homogeneity and intimate contact between the bismuth
and vanadium species in these preparations is /ess than that

obtainable by hand-grinding in a mortar! However, in cases where
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the solids were not ground together, but were simply stirred,
neither BiVO4 nor Bi,VOs s formed after 20-25 h at > 700 °C, so
those experiments reported here which gave Bi,VOs s had at least
some advantage over a simple mixing of the solid reagents.
Preferential precipitation of the BiVO4 certainly played a role in the
dehomogenization; also, the crystallization of bismuth nitrate out of
the gels during the drying stage may have contributed to the loss of

homogeneity.1,35
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Figure 3.2: Precipitate from Experiment #1, calcined. Lines
marked show positions of BiVO, (JCPDS 14-688) peaks.
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Figure 3.3: Precipitate from Experiment #3, calcined. o = BiVO,
peak positions (JCPDS 14-688), x = Bi,03 peak positions
(ICPDS 14-699), unmarked peaks are an unidentified phase.
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Figure 3.4: Precipitate from Expt. #5, calcined. Lines marked

indicate BiVO, (JCPDS 14-688) peak positions; o = a~-Bi,VOs s

peak positions (based on Abraham et al.56),
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Figure 3.5a: Experiment #7, solvent evaporated from
preparation, solid calcined at 350 °C. Lines indicate position of
BiVO, (JCPDS 14-688) peaks.
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Figure 3.5b: Experiment #7, solvent evaporated from
preparation, solid calcined at 550 °C. Lines indicate position of
BiVO,; (JCPDS 14-688) peaks.
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Figure 3.5¢: Experiment #7, solvent evaporated from
preparation, solid calcined at 750 °C. Lines indicate position of

BiVO,4 (JCPDS 14-688) peaks, * = a~-Bi,VOs, 5 peak positions.
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Figure 3.6: Experiment #11, solvent evaporated from
preparation and solid heated at 400 °C for 6 h, then 725 °C for
36 h. Lines marked show positions expected for BiVvO,4 (JCPDS
14-688), * = peak positions for o¢-Bi,VOs s.
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Figure 3.7a: Experiment #12, solvent evaporated from

suspension and solid heated 400 °C for 6 h. Lines marked
indicate positions of BiVO, (JCPDS 14-688) peaks, o = Bi,03

peaks (JCPDS 14-699).

|

I
5

|

|
|
I

_

i
ij|r|=

I
|
i

|
u —_—
0 —
u S ——
T e re—
> +
- —
1]
_{-
L L i
o < ® u
© 0 <T P g (o]
o © w0 < N
@ < 5] ! -
aas/sjunnd

0

40

2 THETA

127



Figure 3.7b: Solid shown in Figure 3.7a, heated at 725 °C for 36

h. All peaks are in the proper positions for a~Bi,VOs 5.
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3.3 Conclusions

Vanadic acid gels were intended for use as a gel matrix in
which bismuth ions would be trapped in solvent pockets. Gels were
successfully made by ion-exchange of sodium metavanadate
solutions or by providing excess acid to ammonium metavanadate
solutions. However, the conditions under which the bismuth salts
were soluble were anathemic to the vanadic acid. In most cases, a
precipitate which was directly identifiable by powder XRD as BiVOQy,
or which formed BiVO, after calcination at low temperatures,
appeared on mixing or brief standing of the Bi/V precursor solutions.
Those solutions which were stable contained large amounts of acid,
and were found to be non-gelling and not film-castable. Due to the
problems found with this particular approach to forming a film-
castable solution, vanadium alkoxides were next tried, again to
produce a gel matrix which would hopefully trap the bismuth ions

homogeneously. That work is the subject of Chapter Four.

3.4 Description of Salient Experiments

All experiments were performed in open air. The ion-exchange
resin was packed in a 1-inch diameter glass tube fitted with a
burette valve and having glass wool at the bottom to prevent loss
of the resin. The tube was loaded with approximately 100 g of the
resin to create a column some 14 inches high. Between uses, the

resin was regenerated by washing with 1M H,SO4. All pyrolyses
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were done in Al,O; crucibles in air. Materials and instrumentation
used in this Chapter are listed and described in the Appendix to
Part I of this thesis.

It should be noted that the term “solution” below is being
used loosely to refer to both true solutions and colloidal
suspensions where the liquid phase was clear to the eye (e.g.
particles small enough not to scatter visible light). Where the
distinction is important, “sol” will be used. The abbreviation “2MOE"

indicates 2-methoxyethanol.

3.4.1 Experiments using NaVO3

Experiment 1 (JWP/I/110N) 0.1 M NaVvVO; + Bi(NO3)3'5H;0 in

acetic acid

A 0.1M aqueous solution of NavO3; (1.2191g, 10 mmol in 100

ml water) was made. A solution of 10 mmol of Bi(NO3)3'5H,0

(4.85169) in approximately 50 ml of glacial acetic acid was made.
The NaVOs; solution was poured down the ion-exchange column
and, after the first 10 ml of eluant were discarded, 50 m| were
measured to deliver 5 mmol of vanadium. This yellow-orange
solution was mixed immediately with the bismuth nitrate solution,
and became slightly milky. Heating the solution for 5 minutes with
stirring resulted in a dark orange solution and precipitate. The
mixture was allowed to stand, covered, at room temperature for 24
h. The mixture was filtered to remove precipitated solids and 15 ml
ethanol (95%) added. After another 24 h the liquid was decanted

130



off and the solid calcined at 200 °C for 1 h, then for 11 h at 450 °C.
The resulting pale yellow solid was characterized by XRD as BiVOQ,,
JCPDS 14-688. (Figure 3.2)

Experiment 2 (JWP/I/110A) 0.1 M NaVvVO; + Bi,03/acetic acid

A 0.1 M solution of NaVO3; was prepared as above. Bi,O3 was
dissolved in hot glacial acetic acid and the white crystals that
formed on cooling collected (JP/I/106). This solid, thought to be
Bi(OAC)s, (3.8616g, 10 mmol) was stirred in 150 ml hot glacial acetic
acid; most of it dissolved. The NaVO; solution was poured down
the ion exchange column and after the first 10 ml was discarded, 50
m! (5 mmol vanadium) added to the hot bismuth acetate solution. A
fluffy precipitate formed immediately. The mixture was filtered after
24 h and 15 ml ethanol (95%) added; after another 24 h the liquid
was decanted off and the solids calcined as above. The XRD
pattern was that of BiVO,, 14-688.

Experiment 3 (JWP/I/113N) 0.5 M NavVOs + Bi(NO3)3°5H,0/
acetic acid/ 2MOE

A 0.5 M solution of NaVO5; was prepared by dissolving the solid
(6.095g, 50 mmol) in 100 ml deionized water. A solution of
Bi(NO3)3'5H,0 was prepared by dissolving (4.8527g, 10 mmol) in 20
ml warm glacial acetic acid. 2-methoxyethanol (5 mil, 66 mmol) was
added. The NaVOs solution was poured down the ion exchange
column and the first 10 ml discarded, then 10 ml (5 mmol) mixed

with the Bi(NO3)3; solution. A milky yellow-white gel-precipitate
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instantly formed. This was permitted to age at room temperature
24 h, then added directly to a crucible as a wet gel. After calcining
as above, the XRD pattern showed a mixture of BiVO,4 (14-688),
Bi,O3 (14-699), and peaks belonging to an unknown phase(s).
(Figure 3.3)

Experiment 4 (JWP/I/113A) 0.5 M NaVO; + Bi,0O3/acetic acid/
2MOE

A 0.5 M solution of NaVO; was prepared as above. The white
bismuth solid prepared in Expt. 2 (1.9305 g, 5 mmol) was stirred in
85 ml hot glacial acetic acid and 5 ml 2MOE (66 mmol). Most of the
solid dissolved. To this was added 5 ml (2.5 mmol vanadium) of the
ion exchange eluant as described above. A milky yellow-white
slurry formed instantly. This was permitted to age 24 h at room
temperature, then the liquid removed and the yellow solid washed
with water, then ethanol and acetone. After drying in air the
material was calcined as above. The XRD pattern showed BiVO,
(14-688), Bi,03 (14-699), and peaks belonging to an unknown
phase(s).

Experiment 5 (JWP/I/131) 0.6 M NaVvO; + Bi03/HNO;

A 1.2 M Bi3* solution of 13.9788g Bi,03 (30 mmol) was made
by dissolving the solid in a hot mixture of 15 ml conc. HNO3 and 10
ml deionized H,O. A 0.6 M solution of NaVO3; was made by the solid
dissolving (7.3158 g, 60 mmol) in 100 ml deionized water. This was

poured down an ion-exchange column and when the eluant became
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dark yellow-orange, 50 ml were taken off and poured slowly into
the bismuth solution. A fine orange precipitate formed. The mixture
was permitted to stand three days at room temperature, covered.
The liquid was decanted off and evaporated (JWP/I/131B); the
residue was identified by XRD as BiVO4. The remaining solid was
dried (JWP/1/131A) and identified by XRD as BiVO, (14-688) plus

some peaks in the expected positions for Bi,VOs 5. (Figure 3.4)

Experiment 6 (JWP/I/134) 0.5 M NaVvO; + Bi,03/HNO3, aged

A solution of Bi,O3 was made by dissolving (6.9894 g, 15
mmol) in a hot mixture of 20 ml conc. HNO3 and 15 ml H,O0. A0.6 M
sodium vanadate solution was made as in Expt. 5. After enough of
the vanadate solution eluted from the ion exchange column to
deliver 15 mmol of vanadium (25 ml), it was permitted to sit for 15
minutes at room temperature so that the polymerization could
begin. Red fibrous structures were observed in the beaker. This
was then added slowly to the Bi** solution with stirring to break up
the polymer. A clear orange solution resulted; this was heated for
10 minutes with heating and stirring. The solvent was slowly
evaporated to deposit brown-and-white solids. The brown part
was, after calcining at 400 °C for 4 hours, found to be mostly BiVOy,

while the white part was mostly Bi,Os.

Experiment 7 (JWP/I/139-2) 0.5 M NaVvO; + Bi,03/HNO;, aged

Solutions of Bi3* and NaVO; were prepared and mixed as in

Expt. 6 above. The resulting clear yellow-orange solution was left
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at room temperature, covered, 2 days with no change noted. This
material was distributed among 6 crucibles and the solvent
evaporated. Each crucible was heated in O, for 10 h at 350, 450,
550, 650, 700, and 750 °C, respectively. The calcined solids were
identified by XRD (Table 3.1).

Table 3.1: Results of Experiment 7 (JWP/I/139-2)

Calcining Temp (°C) | XRD results Figure
350 BiVO4 + Bi03 3.5a
450 BiVO,4 + BiyO3

550 BiVO,4 + Bi,O3 3.5b
650 BiVO4 + ? Bi,VOs 5

700 BiVO,4 + ? Bi,VOs 5

750 BiVO,4 + Bi;VOs s 3.5c

3.4.2 Experiments using NH,VO3

Experiment 8 (JWP/I/123A) 0.5M NH,VO3/acetic acid, gel test

A 0.5 M solution of NH4VO5; was made by adding 1.4622g (12.5
mmol) of solid to 25 ml deionized water and heating to dissolve,
giving a light yellow solution. To this was added 25 ml glacial acetic
acid. The solution turned red-orange immediately, and a yellow
precipitate appeared but redissolved quickly. On cooling, and
standing overnight, the preparation yielded a chunky, fibrous

precipitate in a supernatant liquid.
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Experiment 9 (JWP/I/123B) 0.5M NH,VO;/acetic acid / HNO;3,
gel test

A 0.5 M solution of NH,VO; was made as in Expt. 8. To 25 ml
of this solution were added 7.8 ml of 16 M HNO3 and 17.2 ml glacial
acetic acid. The solution immediately becomes orange-red, and
becomes darker red over time. Red-orange fibers appear on the
beaker sides within 5 minutes of mixing. After standing overnight a

chunky solid had developed within a supernatant liquid.

Experiment 10 (JWP/I/123C) 0.25M NH;VO3/acetic acid, gel
test

A 0.25 M solution of NH4VOs; was made by dissolving 0.7310 g
of solid (6.25 mmol) in 25 ml deionized water and 25 ml of glacial
acetic acid were added. The solution remained clear but became
orange in color. Within an hour of cooling fibers appeared in the
beaker. After standing overnight a chunky solid developed within a

supernatant liquid.

Experiment 11 (JWP/I/124-IV) 0.25M NH4VO; +
Bi(NO3)3.5H20 / acetic acid

A 0.25 M solution of NH,VO; was made by dissolving (0.7311g,
6.25 mmol) of the solid in 25 ml hot deionized water. A 0.5 M
solution of bismuth nitrate was made by dissolving the solid in 25 mi
hot acetic acid. The bismuth-containing solution was poured slowly

into the vanadium-containing solution with rapid stirring, and the
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heating continued. An orange precipitate appeared instantly. After
standing overnight the preparation was split into two parts: one
part (JWP/I/124-1V-A) was filtered and the solid added to an
alumina crucible, while the other part (JWP/I/124-1V-B) was added
directly to a crucible and the solvent evaporated. Both were heated
in air for 4 h at 300 °C and for 6 h at 400 °C and the resulting solids
X-rayed. JWP/I/124-IV-A was identified as BiVO, (14-688); and
JWP/1/124-1V-B identified as a mixture of BiVO4 and Bi;O3 (14-699).
JWP/1/124-1V-B, after calcining, was pressed into a pellet without
intermediate grinding and heated for 36 h at 725 °C. The resulting
solid was identified by XRD as a mixture of Bi,VOs 5 (identified by
comparison with standard made by a solid-state route) and BiVO,
(14-688). (Figure 3.6)

Experiment 12 (JWP/1/124-V) 0.25M NH,VO; + Bi,03/ acetic

acid

A white suspension/solution of Bi,O3 was prepared by heating
the solid (2.9122g, 6.25 mmol) in 75 ml hot acetic acid. A 0.25 M
solution of NH,VO5 was prepared (0.7311 g, 6.25 mmol) in 25 ml hot
deionized water. The hot bismuth preparation was poured slowly,
with rapid stirring, into the vanadium preparation. An orange
precipitate instantly formed. After standing overnight, the
preparation was split into two parts and calcined as in Expt. 11.
The solid part, JWP/I/124-V-A, was identified after calcining as BiVO,4
(14-688); and the combined precipitate-plus-solution part,
JWP/1/124-V-B, was identified after calcining as a mix of BiVO,4 (14-
688) and Bi,03 (14-699). (Figure 3.7a) JWP/1/124-V-B, after
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calcining, was pressed into a pellet and heated at 725 °C for 36 h.

The resulting solid was identified by XRD as Bi,VOs 5 (Figure 3.7b).

Experiment 13 (JWP/1/142-1) 0.25M NH,VO;3; + Bi,03/HNO; +

gum arabic, mix at 40 °C

A solution of Bi** was made by dissolving Bi,O3 (JM 99%,
6.9894 g, 15 mmol) in 25 ml conc. HNO3 with warming; the solution
was cooled to room temperature. A solution of NH4VO3; was made
by dissolving solid (1.7547 g, 15 mmol) in 300 ml deionized water
with heating and stirring; the solution was cooled to room
temperature. To this solution was added 10 ml of a 2 g/100 ml gum
arabic solution, followed by the bismuth solution, with stirring, at 40
°C. The resulting material was slightly milky orange-yellow. The
suspension was transferred to a crucible and the solvent
evaporated off to leave a red-orange coating (V,0s) on the crucible

sides and a yellow-white powder (Bi,O3) on the crucible bottom.

Experiment 14 (JWP/1/142-3) 0.25M NH,VO; + Bi,O3/HNO; +

gum arabic, mix at room temperature

A Bi** solution was prepared as in Expt. 13. A solution of
NH4VO3; was prepared by dissolving the solid (1.7547g, 15 mmol) in
350 ml hot deionized water along with 3 g of gum arabic. Both
solutions were permitted to cool to room temperature; the bismuth
solution was added slowly to the vanadate solution with stirring.
The initially cloudy solution became a clear yellow-orange after a

few minutes. The clear mixture was placed in a capped bottle to
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settle. Over several days a solid settled out and was filtered off
and heated at 350 °C for 2h, then 725 °C for 12 h in air. The
resulting calcined solid was identified by XRD as BiVO4. To the other
half of the suspension ethylene glycol and glycine were added. The
resulting slightly milky solution was heated to dryness — with a
violent reaction and evolution of brown gas - and the solid heated
for 22h at 750 °C. The calcined solid was identified by XRD as
Bi,VOs s.

Experiment 15 (JWP/1I/149-2) Bi(NO3)3*5H,0 + NH;4VO; +
ethylene glycol/glycine

To 20 ml hot deionized water was added Bi(NO3)3*5H,0
(12.1268g, 25 mmol) 1.14 g (15 mmol) glycine, and 80 ml (1.42 mol)
ethylene glycol, resulting in a white-yellow milky suspension.
NH4VO; was added (1.4622 g, 12.5 mmol) to 20 ml deionized water
and heated to dissolve. The vanadate solution was added to the
bismuth suspension to give a red-orange paintlike mixture. This
was heated to 60 °C for 3 h with stirring, in open air, then brought
to 85 °C for another 2 h, then brought to 130 °C and let cool. The
volume was thereby reduced to less than 100 ml. This was
removed from the heat and left uncovered overnight with slow
stirring. The suspension was relatively stable, like a paint. After
evaporation of the solvent, the solid was calcined at 350 °C/2h,
then 725 °C/12 in air. The resulting material was identified as BiVO,
+ Bi,0s.
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Experiment 16 (JWP/I/83L21) BiVO, + Bi,03, solid state

BiVO, (JWP/1/68, as above), and one-half the moles of Bi;O3
(to deliver total 2 Bi: 1 V) were ground together in an agate mortar,
pressed into a pellet, and heated in an alumina crucible for 21 h at
725 °C. XRD of the pellet showed clean Bi,VOs 5. The same
amounts of BiVO, and Bi,O3; were simply stirred together for 5
minutes with a stirring rod, and the loose powder heated according
to the same heating scheme. XRD of the powder showed starting
materials with some indication of peaks in the expected locations for
Bi,VOs s.
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Table 3.2: Summary of Experiments Reported

Expt. # | Formulation Result

! 0.1 M NaVOs + Bi(NO3)3'5H,0, HOAC precipitate: BIVO,

2 0.1 M NavOs + Bi,0O3, HOAC precipitate: BiVO,4

3 0.5 M NaVO; + Bi(NO;)s-5H,0, HOAC/2MOE suspension evaporated for BiVO4 + Bi,O;

4 0.5 M NavOs; + Bi,03, HOAc/2MOE precipitate: BiVO4 + Bi,03

5 0.6 M NaVvOs + Bi,03, HNO3 precipitate calcines to: BiVO4 + Bi,VOss;
supernatant: BiVO,

6 0.6 M NaVvO; + Bi,03, HNOs, pre-gelled suspension evaporated for BiVO4 + Bi,03

7 0.6 M NavOs; + Bi,0s3, HNOs3, pre-gelled and suspension evaporated, range of heating

aged gives BiVO,4 + Bi, 05 (low T) to BiVO4 + Bi,VOs 5

(high T)

11 precipitate: BiVO4

0.25 M NH4VO3 + Bi(NO3)3'5H20, HOAc

suspension evaporated for BiVO4 + Bi,03,
calcined to BiVO,4 + Bi,VOs s




Iv1

Table 3.2 continued.

12 0.25 M NH4VOs3 + Bi,03, HOAC precipitate: BiVO,
suspension evaporated for BiVO, + Bi,03,
calcined to Bi;VOs s
13 0.25 M NH4VOs3 + Bi, 03, HNO3, gum arabic, 40 | suspension evaporated, pyrolyzed for Bi,O3
°C mixing + V,0s
14 0.25 M NH4VO3 + Bi»,03, HNO3, gum arabic, precipitate: BiVO,
room temperature mixing suspension (eth. gly. and glycine added)
evaporated, calcined to Bi,VOs s
15 0.25 M NH.VO; + Bi(NO3)::5H,0, glycine, paintlike precursor pyrolyzed to Bi,Os; + BiVO,
ethylene glycol
16 Bi, O3 + BiVOQ,, grind and pellet, 725 °C/21h Bi,VOs 5
16 Bi,O3 + BiVO,, mixed, 725 °C/21h starting materials
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Chapter Four

Synthesis of Bulk BiMeVOx (Me = Cu, Nb, Fe, Ti, Mn)

The experimental work described in this chapter was adapted, in
part, from Pell, J.W., Ying, 1.Y., and zur Loye, H.-C., Mater. Lett. 25,
1995, 157-160.
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4.1 Introduction and general approach

In Chapter Three, initial attempts at producing bulk undoped
Bi,VOs.5s from a precursor solution that contained bismuth as the
acetate or nitrate, and vanadium as poly(vanadic acid) were
described. However, these precursors failed to yield phase-pure
Bi,VOs5 5 at temperatures significantly lower than the solid-state
synthesis required, and were plagued by preferential precipitation
of bismuth nitrate or BiVO,, leading to multiple phases in the
pyrolyzed product and mud-cracked films. True gelation never
occurred in these precursor solutions.

Another way of forming vanadium-oxide gels is by hydrolysis

of vanadyl alkoxides.

4.1.1 Transition metal alkoxides1-7

The majority of this section is culled from literature reviews,
many of which are by R. C. Mehrotra and co-workers, as referenced

above.

4.1.1.1 Synthetic Methods

There are a variety of synthetic routes available for making
almost any alkoxide of any metal. The best method for synthesizing
a given metal alkoxide depends on the electronegativity and ionic
radius of the metallic element and the steric and electronic nature of

the alcohol group.
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Alkoxides of strongly electropositive metals may be made by
direct reaction of the alcohol with the metallic element (Equation
4.1).

(4.1) M + n ROH > M(OR), + n/2 H,

M=alkali or alkaline earth metal

For less strongly electropositive elements, a catalyst may assist this

process (Equation 4.2).

(4.2) M + cat + n ROH > M(OR), + n/2 H, + cat
M= Mg, Be, Al, lanthanides, Tl; cat= 12, HgX;, O,

As the acidity of the alcohol decreases, the facility with which these
reactions proceed also decreases.

Alkoxides of less electropositive elements may sometimes be
made by reaction of the alcohol with the oxide or hydroxide
(Equation 4.3a,b).

(4.3a) M(OH), + n ROH & M(OR), + n H,0
(4.3b) MO,/ + n ROH ¢ M(OR), + n/2 H,0
M = B, Si, Ge, Sn, Pb, As, Se, V, Hg

The reaction goes significantly to the right only if the displaced
water is removed from the reaction system. The ramification, or
degree of branching, (and therefore the acidity) and the boiling
point of the alcohol influence the position of the equilibrium.
Alkoxides of somewhat electronegative metals may be made

by reaction of the metal halide with alcohol (Equation 4.4).
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(4.4) MX, + n ROH > M(OR), + HX
X = Cl

For electropositive metals, the mixture of metal halide and alcohol
tends to yield the solvate rather than the alkoxide, while many
transition metal halides will undergo only partial substitution of
alcohol groups for halides. However, these reactions can in most
cases be driven to completion if ammonia is added to scavenge HCI.
Alkoxides of transition metals may be made by exchange

between the metal halide and an alkali alkoxide (Equation 4.5).

(4.5) MX,, + n M'OR > M(OR), + n M'’X
M= transition metal; M’ = Li, Na, K; X = Cl

(4.6) M(OR), + n HOR’ > M(OR’), + n HOR

M= early transition metal or non-transition metal

Alkoxides may be made by alcohol-exchange reactions
(Equation 4.6). In general this reaction will not provide complete
substitution of one alcohol group for another unless it is driven to
the right by the removal of the lower-boiling alcohol. The facility for
alcohol group interchange increases as the ramification of the group
decreases, i.e. primary alcohols will easily substitute tertiary
alcohols. For later transition metals, the degree of interchange is
partially determined by the stability of different coordination forms.

Alkoxides may be made by ester exchange reactions (Equation

4.7) where again, the reaction may be driven toward complete
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substitution of the original alcohol groups by removal of the ester

from the system.

(4.7) M(OR), + x CH3COOR" » M(OR"), + x CH3COOR
M= Al, Ga, Fe, Ti, Zr, Hf, Nb, Ta, lanthanides

Alkoxides may be made by alcoholysis of metal dialkylamides
(Equation 4.8). This is driven forward by the high reactivity of metal
amides with hydroxy compounds, as well as by the volatility of the
resulting dialkylamine, which can be driven off from the reaction

system.

(4.8) M(NRy), + n R'OH > M(OR), + HNR,

4.1.1.2 Properties and Reactions

Although metal-alcohol bonds could be expected to be highly
polar based on consideration of Pauling electronegativities, many
metal alkoxides are volatile and soluble in organic solvents.
(Methoxides are an exception.) Inductive effects, which increase
with increasing ramification of the alcohol group, explain the
decreased polarity of the M-OR bond. The formation of oligimers
through dative bonds likewise may decrease the polarity of the
M-OR bond by increasing the electron density around the metal.
Oligimerization and polymerization that occurs to satisfy the
coordination demands of the metal may result in an insoluble
alkoxide complex, but may be suppressed by the use of sterically

demanding alcohols.
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Metal alkoxides are extremely sensitive to atmospheric
moisture and therefore must be handled under dry conditions. They
react with hydroxy compounds (water, other alcohols, esters,
glycols, and organic acids) with partial or full substitution of the
attacking reagent for the original alcohol group. They also react
with ketones and diketones, B-ketoamines, alkanolamines,
hydroxylamines, thiols, and coordinating ligands. These reactions
are sensitive to steric factors, with reactivity decreasing in the order
MeO > EtO > iPrO > tBuO; they may be pushed to completion by
removal of the displaced alcohol group.

The hydrolysis of a metal alkoxide in solution is usually
followed by polycondensation (dehydration and dealcoholation)
reactions (Equations 4.9a-c). These polycondensation reactions
can, depending on the concentration of the solution, result in
sufficient crosslinking to give a gel. The balance of pH, temperature,
and water-to-alkoxide ratio determines how much each of these

reactions contributes to the final product distribution.

(4.9a) M(OR),, + x H,0 > M(OH)x(OR),.1 + x ROH (hydrolysis)
(4.9b) -M-OH + H-0-M - -M-0-M- + H,0 (dehydration)
(4.9¢) -M-OH + R-0-M > -M-O-M- + ROH (dealcoholation)

4.1.2 Synthesis of Vanadium Alkoxides

Vanady! alkoxides have recently been examined as model
compounds for research on the interaction of vanadate with the

tyrosine and serine amino acids in enzymes involved in
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phosphorylation reactions. The enzymatic cleavage and formation
of phosphoester bonds proceeds via a transition state where the

phosphorus has a trigonal bipyramidal geometry similar to that of
oxovanadium alkoxides in the solid state;8 these reactions are

often inhibited or catalyzed by vanadate.9 Vanadium complexes

have been identified as insulin mimics and as cofactors for

haloperoxidases and nitrogenases.10,11 As a result of the interest
in vanadium alkoxides in bioinorganic research, a relatively large
number of papers have been published on the structure and
reactivity of vanadium alkoxides and the reaction products with
diols, amine-alcohols, and other molecules with biologically-relevant
motifs.

“Vanadic acid esters” — vanadium alkoxides — were first
prepared by Prandtl and Hess12 by refluxing together V,05 and

alcohol. Later work by Funk et al.13 involved the alcoholysis of
VOCI; followed by the passage of dry ammonia through the reaction
mix to trap evolved HCI as NH4CI. These methods resulted in yields
of 10-35%. Alcohol interchange reactions are reported to give

better yields, some 70%, when the evolved alcohol can be removed

as an azeotrope with benzenel4 (Equation 4.10). All of these
reactions, however, suffer from the reduction of vanadium(V) to
vanadium(IV) by the alcohol, even when the latter reagent is not in

excess.

(4.10) VO(OEt); + 3 ROH > VO(OR)3 + 3 EtOH
R=Me, iPr, tBu, sAm, tAm, sHex, tHex, cyHex
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Gels prepared from vanadyl alkoxides have fibrous
structures,15-18 as do those formed from the poly(vanadic acid);

but the fibers are finer and form thinner films.19 Acid catalysis

gives faster hydrolysis but slower gelation, with gel collapse

(syneresis) which is not observed for hydrolysis at neutral pH.20
This is due to the change in fiber with changing hydrolysis-to-
condensation rate ratios. This is analogous to the effect of pH on
silicon alkoxide hydrolysis, where the presence of H* in solution
increases the rate of hydrolysis and increase of OH™ increases the

rate of condensation, leading to more branched oligimers in basic

solution, and more linear ones in acidic medium.21 Under conditions
of intermediate-to-high alkoxide concentrations and
water-to-alkoxide ratios, and neutral pH, a monolithic gel is
produced. This becomes green over time from the reduction of Vor,
There is debate about the source of the reduction of V(V) to V(IV),
with some argument for reduction by the alcohol. However, since
this reduction is also seen in vanadic acid solutions not containing

organic materials, another possible reaction is analogous to the

reaction which forms the vanadium bronzes (Equation 4.11).8,22

(4.11) 2 V>*O(OR)3 + (3+n+x/2)H,0 >

Hy Vi Vo2 05 nH,0 + 6 ROH + (x/4)0;

To prepare film-castable precursor solutions for bismuth
vanadium oxide, we used vanadium 2-methoxyethoxide and
introduced the bismuth as bismuth acetate, prepared by us in an

alcohol-soluble form. This preparative procedure permitted the
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production of phase-pure Bi,VOs s at exceptionally low pyrolysis
temperatures, and was extended to making bulk powders of the
doped BiMeVOx materials for a number of metal dopants.
Furthermore, the solutions did achieve true gelation, without

precipitation of any species, and were therefore film castable.

4.1.3 Bismuth part of the precursor

In Chapter Three we described experiments in which the
precursor solution used poly(vanadic acid) and either bismuth
nitrate or bismuth acetate. The bismuth acetate, used as-received
from a commercial source, would not dissolve except in hot acetic

acid solutions, consistent with what is reported in the

literature:; 23,24 and the bismuth nitrate tended to dissolve readily
but to crystallize out as the solution was being concentrated.
Therefore, a number of other bismuth compounds were tested for
use with the vanadium alkoxides. These included commercial

bismuth 2-ethylhexanoate and a bismuth nitrate-poly(ethylene

glycol) complex,25 neither of which gave very good results. Bismuth
2-methoxyethoxide proved to be a successful starting material for
the Bi-V precursor solution. It was prepared both directly from
“bismuth chloride and sodium 2-methoxyethoxide26 and via the
bismuth dimethylsilamide as an intermediate.2”/

Mehrotra et al.26 first synthesized bismuth alkoxides Bi(OR)s
(R=Me, Et, and Pr) which were insoluble or sparingly soluble in the
parent alcohol. The synthesis was by reflux of bismuth chloride with
the sodium alkoxide of the alcohol, in a mixture of benzene and the

parent alcohol. While a number of workers have reported success
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in obtaining monomeric or at least soluble bismuth alkoxides using
this general method with more sterically demanding alcohol groups,
for example -OCH(CF3),, -OC¢Fs,28 -OCMes, -OCgH;Me,-2,6,29
-OCH,CH,0Me,30-33-0C¢H;(iPr),-2,6,27 reactions with more
common alcohols have been accompanied by the formation of
insoluble materials and have produced yields of only 50% or so. It
is possible in some of these cases that trace water in the
commercially produced bismuth chloride is forming condensed
oxo-alkoxides which precipitate from solution.27 Freshly
synthesized Bil; reacted with potassium alkoxide gives potassium
bismuth iodides K;Bils and K;Bilg due to side reactions with the KI,
leading to a low (<30%) yield of Bi(OR)3: thus Bils is not a good
alternative to BiCl; as a starting material.27

Several workers have obtained bismuth alkoxides by
alcoholyzing bismuth amides, rather than using bismuth halides.
Matchett et al. used Bi(NMe,); to obtain [Bi(OR)3], for R=iPr,
CH,CH,OMe, CH,CH,NMe,, CHMeCH,NMe,, and CMe,Et.32 They
found that the crystal structure of the soluble 2-methoxyethoxide is
polymeric, with a [Bi(u-0),0] backbone and a u-O dimeric asymmetric

unit. Massiani et al. used both the sodium alkoxide and alcoholysis

of Bi(N(SiMes),); to obtain the 2-methoxyethoxide,30 while Sauer et
al. alcoholyzed Bi(N(SiMe3),); with t-butoxide and

diisopropylphenoxide to obtain the alkoxides in high yields.27 The
bismuth amides, in turn, may be synthesized by the reaction of BiCl;

with the lithium salt of the amine in appropriate solvent: benzene
or hexane for silylated amines,34 and petroleum ether-THF for

non-silylated amines.35 There is also a report of bismuth
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2-methoxyethoxide having been prepared by alcoholysis of
[Bi(OEt)3]‘,.,.33 Unless very sterically demanding ligands are used,
even the bismuth alkoxide species prepared in these are insoluble.
Although the metal is an 18-electron center for the tris(alkoxide),
bismuth is also Lewis acidic with a large ionic radius: therefore it
will seek to become hypervalent through oligimerization if steric
demands by the alkoxy groups do not prevent this.

Due to reports of the solubility of the bismuth
tris(2-methoxyethoxide) “(Bi-2MOE)5”,27,30,32,33 we synthesized it
using the alkali metal alkoxide method and the trimethylsilylamide
method. We also returned to look at the carboxylates of bismuth
as potential starting materials. In addition to the acetate, a number

of other carboxylates are reported in the literature, and all

decompose cleanly under 400 °C in air.36

4.1.4 Synthesis of Bulk Oxygen-Ion Conductors

The bismuth precursor species and vanadium
2-methoxyethoxide were first used to make bulk Bi,VOs s so that
water ratios and pyrolysis temperatures and times could be
examined and optimized. Due to the lessons learnt in the PLD
experiments (Chapter 2) film-casting experiments were not done
until dopant-stabilized y-BiMeVOx was available from a sol-gel
preparation.

As reported by Abraham et al.37 (see Chapter 1), Bi;VOs s
undergoes transitions to higher-conductivity phases at 450 °C and
570 °C. The highest-temperature phase, designated y, may be

stabilized to room temperature by the doping of 5-40% of assorted
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metal ions into the structure.38 The dopant is thought mainly to
occupy the V positions, though some site-mixing is suspected.39

Doping onto the Bi sites has been claimed by one group."f0 The
conductivities of the doped materials are higher than that of the
parent (undoped) y phase (Figure 1.5), even in cases where the

charge on the dopant does not lead to an increase in the number of
vacancies. In addition to the extrinsic vacancies brought about
through doping, and the higher conductivity achievable due to the
higher symmetry of the high-temperature phase, the dopants make
the passage of oxide ions through the lattice easier due to
increased polarizability.

The oxygen ion conductivities are reported to be the highest

for Bi>Cug 1Vo.90s.35, BiaNbg 3V 7055, BizTig.1V0.905.5.5, Bi2F€0.1V0.90s.5-5

and Bi,Mng.15Vo.8505.5-5.38 (See Table 1.1) We synthesized these

materials in bulk form by a modification of the sol-gel method
described above: bismuth acetate, synthesized as described, was
dissolved in 2MOE and mixed with V-2MOE, synthesized by
alcoholysis of V,0s; the (commercial product) metal carboxylate or
alkoxide was dissolved in this precursor solution, all in ratios such

that the final metals content was those of the desired phases.

4.2 Results

4.2.1 Vanadium Alkoxides Synthesis

Our first attempts at making the vanadium alkoxide precursor

solutions centered on alcoholysis of VOCI;. The alcoholysis reaction
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did not go to completion, leaving a product VO(OR),Cls., (R=Et, iPr,
nBu, 2MOE) which was extremely sensitive to hydrolysis and
precipitated rather than gelling. Bubbling anhydrous ammonia into
the reaction vessel lead to a white-grey gelatinous precipitate or

black gum accompanied by loss of the yellow color characteristic of

the higher vanadium alkoxides. The use of alkali metal alcoholates8
to remove the final Cl atom was not explored.

We chose to focus our efforts on using vanadium
2-methoxyethoxide to introduce vanadium into the sol-gel precursor
because it is more reactive than the common alcohols and is known
for some metals, most notably yttrium, to be able to convert the
oxoalkoxide into the complete alkoxide. We thus expected high
yields in synthesizing the alkoxide from V,0s5 or from lower
alkoxides. It is also associated with producing soluble alkoxides -
not by reduction in the degree of condensation of the metal
alkoxide but by formation of a cyclic oligimer that exposes the

organic parts of the alkoxide ligand to the solvent, ensuring

solubility.33 Metal 2-methoxyethoxides are for the same reason
less susceptible to nucleophilic attack and therefore more stable to
hydrolysis.

Synthesis of vanadium 2-methoxyethoxide via alcohol
interchange of commercially available VO(OiPr); was attempted.
However, even with attempted removal of the lower-boiling alcohol
by repeated distillation, complete substitution of the isopropyl
groups was not realized. Nor was the new alkoxide purifiable by
vacuum distillation, as the products decomposed at all pressures
available to us. The deep green color of the alkoxide produced by

the alcohol exchange indicated some degree of reduction to V(IV),
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presumably due to the action of V(V) on the alcohols. The
substituted alkoxide in solution was analyzed for total vanadium
content by hydrolysis followed by pyrolysis and gravimetric
determination of V,0s5. Vanadium alkoxide so formed was used in
some precursor syntheses, as described below.

To ensure uniformity of the alkoxy groups, we typically
prepared vanadium alkoxides for the precursor solutions by the
alcoholysis of V,0s: e.g., by boiling finely-ground V,0s5 in the alcohol,
with continuous removal of water as an azeotrope in benzene.9

This method resulted in a green solution apparently containing

primarily V(OR)4.41 Vanadium content was determined as described
above. Attempts to purify the alkoxide by vacuum distillation failed,
again due to the decomposition of the alkoxide under all the
pressures available. (Anticipated conditions were approximately

150-160°C/0.5mm based on V(OnBu)4, which is the closest analogue
to V(2MOE), reported in the literature.41) The best yields for this
method were approximately 70-80% based on V,0s5 recovered after

hydrolysis and pyrolysis of the alkoxide product. Literature yields of

V(OnBu), near 70% of vacuum-purified material were reported.9
Concentration ranges where the hydrolysis of the alkoxide yielded a
gel were tested. DTA/TGA of the vanadium oxide gels prepared in
this manner showed that decomposition was complete by 370 °C.
(Figure 4.1)
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Figure 4.1: DTA/TGA of vanadium oxide gel from hydrolysis of
V-2MOE. Heating rate: 25 °C/min.
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4.2.2 Synthesis and characterization of alcohol-soluble bismuth acetate

Bismuth acetate that is soluble in 2-methoxyethanol - the
parent alcohol of choice for the vanadium alkoxide - was prepared
by reaction of Bi,O3 with glacial acetic acid with continuous removal
of the water produced. To our knowledge, this is the only report of
the solubility of bismuth acetate in a solvent other than hot acetic

acid. The synthesis of insoluble Bi(OAc); via a method similar to our
procedure, has been reported by Spath42 and by Gattow and

Schwank.43 The latter reports the powder X-ray diffraction pattern,
which does not match that of the JCPDS (#14-726) or our pattern.

(Figure 4.2) Our powder XRD pattern does, however, resemble the

pattern reported by Troyanov and Pisarevskii44, if the severe

preferential orientation in our sample is ignored. (Table 4.1) In

both cases, the synthesis is by refluxing Bi(NO3)*5H,042 or Bi,0543
in acetic anhydride. Their procedures give no indication of having
protected the synthesized material from air. It is likely that Gattow
and Spath produced materials heavily contaminated with BiO(OAc).
We found a mixture of Bi(OAc); and BiO(OAc) (JCPDS # 14-0800)
when we attempted to perform the synthesis in an open dish (Expt.
11) or when the material synthesized under inert atmosphere was
left open to air. (Figure 4.3) Gattow and Spath report that their
“bismuth acetate” is insoluble in all solvents tried.

Our DTA/TGA data, showing percent weight loss during the
conversion to the oxide and decomposition temperatures (Figure

4.4), are consistent with the identification of our soluble precursor
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as Bi(OAc)s, as is elemental analysis. This is further supported by

the PA-FTIR data (Figure 4.5).43,45 The sample was decomposed at
700 °C in air to Bi,O3 and the weight retention was found to be
60.07%, consistent with Bi(OAc); (60% expected) and not with
BiO(OAc) (82% expected). The sample that had been synthesized in
open-air conditions was similarly oxidized to Bi,O3 and found to
have a weight retention of 82%. This sample, as well as a sample
of bismuth acetate synthesized under inert atmosphere that was
left open in air two days, would not dissolve in 2MOE.

Single-crystal X-ray diffraction on the compound synthesized
by our procedure (Experiment 12) showed space group P2;/a, with
lattice parameters a=12.0848 &, b=10.8859 &, ¢=7.2889 A,
B=106.173, Z=4. (Figure 4.6) This slightly different from that

reported by Troyanov and Pisarevskii,4> who find P2;/c, a=12.082
R, b=10.858 &, c=7.348 A, p=105.83 °, Z=4; however, the bonding
in the asymmetric unit and the layered chain disposition of the
bismuth acetate trimers described by them were identical to what
we found. They report that the compound is insoluble in all solvents
tried. The basic unit in bismuth acetate is a bismuth atom
surrounded by the three acetate groups bonded through both
oxygens, as expected. Bismuth centers are linked via secondary
bonding with the oxygens on the acetate groups, so that the
asymmetric unit is a bismuth-acetate trimer, which lies in chains in
the crystal. The lone pair is stereochemically active: the acetate
groups bonded as bidentate ligands are found on one side of the
bismuth atom, while the secondary-bonded ones are on the other

side. On this basis we may guess that the lone pair is pointed in
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the direction of the latter ligands.25,32,46 The powder X-ray
diffraction pattern of the sample before and after exposure to air
(Figures 4.2, 4.3) demonstrated decomposition of the original
sample to (eventually) one matching the known powder pattern for
bismuth oxide acetate (JCPDS #14-800). The before-exposure XRD
pattern, however, did not match the one listed in the JCPDS
database (#14-726), even accounting for preferential orientation,
but did match the pattern simulated using the crystal structure
information provided by the single crystal data once preferential
orientation was accounted-for, demonstrating the purity of the
material examined by powder XRD. The bismuth acetate purchased
from commercial sources (See Appendix to Part I), although sold and
handled “under inert atmosphere,” was likewise heavily
contaminated with bismuth oxide acetate according to powder XRD.
This is probably the major reason for the commercial materials’
failure to dissolve, as observed in the experiments described in
Chapter Three.

Reports of sol-gel preparations using commercial bismuth

acetate have all mentioned its insolubility. Toyoda et al.23,24
twice-refluxed commercial bismuth acetate in glacial acetic acid,
removing the solvent each time, then dissolved the resulting
powder in a 2-methoxyethanol solution of titanium
2-methoxyethoxide. In this case it may be argued that the

dissolution of the bismuth species was associated with the

formation of a heterobimetallic alkoxy-acetate;47 however, the
bismuth acetate prepared by us is soluble directly in
2-methoxyethanol and several other alcohol ethers. The key to the

solubility of our bismuth acetate preparation probably involves the
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careful exclusion of air and moisture after synthesis, so that the

conversion to the insoluble oxyacetate was impeded. The acetate,

as prepared here, forms an adduct with pyridine48 in which the
bismuth center retains three acetate ligands and adds two pyridine
ligands. The pyridine and pyrazine-carboxylates of bismuth may be

made in a similar synthetic process to that given here for bismuth
acetate, but the resulting compounds are insoluble.49 It likewise

forms an adduct with thiourea.50 We suggest that a similar
interaction with the alcohol ether 2MOE assists the dissolution.
The white crystalline bismuth acetate prepared in this way was
dissolved in 2MOE with warming to produce a clear, faintly yellow
solution which could be cooled to room temperature without
precipitation. On standing 1-2 hours, however, a white fibrous
semisolid occupied the entire solvent volume. A clear solution could
be re-obtained on warming or vigorous stirring at ambient
temperature; however, the solid could not be redissolved if the
mother liquor was removed from it. Very dilute preparations
remained clear for periods up to several days, even without stirring.
The PA-FTIR of the solid is nearly identical to that of the alcoholysis
product of Bi(N(SiMes3),)s, with some extra peaks attributed to

acetate groups. (Figure 4.7 a, b) Their TGA traces are similar.
(Figure 4.8 a,b) Alcoholysis of Bi(NO3)3*5H,0 by polyethylene glycols

has been reported23 and the exchange Pb(OAc), + HOiPr >
PbsO(0iPr)e is known.21 The white fibrous semisolid is thus thought

to be an alcoholysis product of the acetate, supposed formula
[Bi(OAC)x(2MOE)3.4]... The Bi(OAc); could also be dissolved in diglyme

but was insoluble in THF, DMSO, benzene, and isopropanol.
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Table 4.1: Powder X-ray diffraction pattern for bismuth acetate

prepared by method described in text.

Indexing and d(lit) from Troyanov.44 Literature values (single crystal)

P2;/c, a=12.082 A, b=10.858 A, ¢c=7.348 A, §=105.83°, Z=4. Cell
parameters from single crystal XRD: P2,/a, a=12.0848 A, b=10.8859 A,

c=7.2889 A, 3=106.173°, Z=4.

h [k [I [d(exp)A d(lit) A I/Io (exp, %)
12.51 1.29
1 (o |o |[11.46 11.54 100
1 |1 |o |7.87 7.847 3.59
5.851 (111)
2 [0 |o [5.78 5.786 42.10
2 |1 [0 |5.10 5.112 4.74
4,912 (120)
4.866 (111)
3|0 |0 [3.86 3.877 25.38
2 [2 |1 [3.75 3.766 0.34
3.739 (211)
3 (1 [0 [3.64 3.649 0.50
3.481 (112)
3.472 (202)
3.360 (012)
3.208 (131)
3.057 (302)
3.040 (122)
2 |2 |2 [2.94 2.920 0.42
4 o [o |2.90 2.904 9.34
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Table 4.1, continued.

h [k [1I [d(exp)A d(lit) A I/Io (exp, %)
4 11 |0 [2.80 2.806 2.84
2.623 (402)
4 12 |0 |2.56 2.562 0.38
2.550 (412)
2.475 (331)
5 (o [0 [2.32 2.324 1.21
2.305 (431)
5 (1 |0 |2.27 2.272 2.54
2.24 (502)
1|2 |3 [2.22 2.227 0.96
2.205 (521)
2.196 (512)
2.180 (142)
2.130 (322)
2 |5 |0 [2.03 2.034 0.26
2.013 (511)
2.006 (531)
6 |1 |1 |1.98 1.978 0.41
5 [3 [0 |1.96 1.955 0.29
6 [0 |0 |1.94 1.935 4.86
5 |1 [3 [1.92 1.910 0.33
1.885 (422)
4 1o |4 [1.73 1.733 0.31
1.70 0.36
1.66 2.18
1.64 0.52
1.44 0.73
1.42 0.40
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Figure 4.2: Powder XRD pattern of bismuth acetate. Note the

preferred orientation.
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Figure 4.3: Powder XRD pattern of bismuth acetate (a) freshly-

made, fast scan in air; (b) left open to air for two days.
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Figure 4.4: DTA/TGA of bismuth acetate. Heating rate: 25

°C/min.
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Figure 4.5: Photoaccoustic FTIR of bismuth acetate.
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Figure 4.7a: Photoaccoustic FTIR of bismuth acetate-2MOE

polymer.
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Figure 4.7b: Photoaccoustic FTIR of product of alcoholysis of
Bi(N(SiMe3),)s by 2MOE.
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Figure 4.8a: DTA/TGA of bismuth acetate-2MOE polymer.
Heating rate: 25 °C/min.
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Figure 4.8b: DTA/TGA of product of alcoholysis of
Bi(N(SiMe3)2)s; by 2MOE. Heating rate: 25 °C/min.

=]
(@]
o
i
o
-0
o
S
e o
s
]
5
s’ e
& a
el o
o X g
° M oo
2 2 -Q
9] N ¥
£ 5‘;
& ~ &
- [=] 7o)
=3 © N~
N e ™
& o
) <
' o
0 o
n=l
]
1
T T T 1 T T T T T (o)
o o o o o o
o o ] ~ 7] i0
<4
(%) 3IuBiaMm

175



4.2.3 Bulk Bi;VOs, s Synthesis

Vanadium 2-methoxyethoxide (V-2MOE) was prepared by

azeotropic distillation of finely ground V,0s in excess 2MOE and

benzene.12 Alternatively, the 2-methoxyethoxide could be made by

twice-refluxing VO(OiPr); in 2MOE with distillation each time above

100 °C.14 1In either case, the concentration of the resulting yellow
solution was verified by gravimetric determination of V,0s following
hydrolysis of the alkoxide and heating the resulting gel in air to 700
°C. Direct use of VO(OiPr)s resulted in poor gel quality due to the
extremely fast hydrolysis of the isopropoxide group, yielding the
a-Bi,VOs s only after extended heating to temperatures (750 °C)
higher than those required for gels made from V-2MOE (450 °C).
Soluble bismuth acetate was prepared as described above and
dissolved in 2MOE. Vanadium 2-methoxyethoxide (V-2MOE) and
bismuth acetate solutions in 2-methoxyethanol were mixed in
quantities to give a 1:2 V:Bi mole ratio. The clear yellow solution
which resulted was stable under nitrogen for weeks, though
hydrolysis was evident within an hour of being opened to the air.
Refluxing this precursor solution overnight resulted in precipitation
of a brown solid which after heating at 625 °C for 1 h in air became
a mixture of BiVO,4 (JCPDS 14-688) and Bi2V05,537 as identified by
powder XRD.

The precursor solution was hydrolyzed with water or water
mixed with concentrated ammonium hydroxide or glacial acetic acid.

Immediate precipitation was seen in precursor solutions containing
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NH4OH, presumably due to a complex formation between NH; and

the vanadium alkoxide.11,52 However, translucent gels were
obtained for precursor solutions hydrolyzed with pure water or with
water and acetic acid. Different alkoxide/water/acid ratios resulted
in varying gel qualities. Pyrolysis of the gel occurred with initial
formation of BiVO,4, with ingrowth of the desired Bi,VOs s phase as
pyrolysis temperature increased. (Figure 4.9) The presence of acetic
acid did not appear to make a difference in the pyrolysis
temperature at which the a-Bi,VOs 5 appeared in the XRD patterns.
There was, however, a correlation between gel quality and the

temperature at which the desired «-Bi,VOs s phase appeared in the

powder XRD pattern, with more homogenous-looking gels producing
cleaner diffraction patterns at low pyrolysis temperatures. TGA/DTA
of this gel showed decomposition was complete by 430 °C. (Figure
4.10) Vanadium tris(isopropoxide) oxide was also directly tested for
use in the precursor solution, but its rapid hydrolysis resulted in
poor-quality gels or fibrous precipitates which on pyrolysis did not

show the «a-Bi,VOs5 5 phase until 750 °C.

Several early experiments had given a mixture of Bi,VOs s and

BiVO4 (Expts. 16, 17). Because a number of papers suggested that

BiVO,, had some significant 0% conductivity,>3 complex impedance
(CI) experiments were undertaken to determine the conductivity
behavior of pure BiVO,4 and of sol gel prepared Bi,VOs 5
contaminated with BiVO4. Complex impedance plots (Z” vs Z’) for
pure BiVO, showed at low temperatures (340.1 °C) a high-frequency
arc with a spike at lower frequencies. As the temperature rose

(594.5 °C), the first arc disappeared and the spike resolved into a
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second arc. This second arc is attributed to the electrodes’ having
become non-blocking, and represents electronic conductivity.
(Figure 4.11a, b) The total conductivity shown by the BiVO, pellet
was low. (Figure 4.12) A combination pellet, synthesized by a
sol-gel method but with the sample having a PXRD pattern showing
a mixture of BiVO,4 and Bi,VOs 5, was also investigated using CI. In
this case, it should be noted that a lower conductivity reading may
have resulted from a failure to densify the pellet completely. The
high-temperature sintering was omitted in order to maintain the
original post-synthesis sample composition for at least the lower
temperature readings; thus pressure alone was used in densifying
the pellet. The data show very noisy plots at low temperature,
probably due to the low pellet density, which would lead to a high
grain boundary-type resistance. At higher temperatures (490.2 °C)
a single high-frequency arc terminates on its low-frequency side in a
line representing the electronic contribution to the conductivity.
(Figure 4.13 a-d) The conductivity on the cooling leg of the
experiment is higher due to the increased densification of the pellet.
(Figure 4.14)

Synthesis of a-Bi,VOs s was also accomplished by mixing
appropriate ratios of V-2MOE with Bi(2MOE); made by the
alcoholysis of Bi(N(Si(CH3)s)2)3.27 Hydrolysis and heating of the bulk
gel result in a material that undergoes direct conversion to
o-Bi,VO5 5 at 450 °C. DTA/TGA shows a single-step decomposition
by 310 °C. (Figure 4.15) The X-ray powder diffraction patterns
(Figure 4.16) show no evidence of BiVO, peaks, although at
intermediate temperatures some unidentified peaks appear. These

peaks disappear and the desired phase increases in crystallinity at
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subsequent heating to higher temperatures. The precursor solution
that included alkoxides of both metals had a lower temperature for
formation of the desired a-Bi,VOs s phase because (1) the possible
formation of a bimetallic alkoxide in solution may have provided
stable atomic-level mixing and adjacent placement of Bi and V atoms
before hydrolysis, or (2) the fact that both compounds were
hydrolyzable permitted the formation of Bi-O-V bonds - i.e. intimate
metal mixing — in the condensation reactions leading to the gel. The
lesser susceptibility of the Bi(OAc)s to hydrolysis or alcoholysis may
have decreased its incorporation in the gel structure relative to that
of the bismuth alkoxides, so that its main method of incorporation
may have been by being dissolved in the solvent trapped in the
vanadium oxide gel, rather than by Bi-O-V bonding.

The formation of Bi,VOs s, which is a layered structure, at low
temperatures in the sol-gel process, is due to “templating” by the
initial layered structure of the V,05 gel. V,05 gel has a layer
structure similar to that of the o- and y-vanadium bronze, M,V,0s,

where the M* layer is interposed by the layers of VOg

octahedra.20,54

The BiMeVOx materials (Me=Cu, Nb, Ti, Fe, Mn) were
successfully synthesized using a modification of the method
described for Bi,VOss5: to bismuth acetate and V-2MOE solutions in
2MOE were added metal salts or alkoxides in the ratios required to
obtain the desired metal stoichiometry in the final product. Copper
and manganese were added as the acetates, while iron was added
as the acetate or acetylacetonate, and niobium and titanium added
as the isopropoxides. Several other methods of adding niobium,

e.g. as the acetate and as the chloride, failed to give stable
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solutions. In all cases, all of the components were soluble in 2MOE.
Precursor solutions were hydrolyzed with 1-2 equivalents of water
and pyrolyzed. In all cases powder XRD shows low-temperature

formation of the desired y-BiMeVOx phase. (Figures 4.9, 4.17-4.21)

Bi(N(SiMes3),)3, Cu(OAc),, and V-2MOE mixed in a 2MOE solution also
led to a low-temperature synthesis of BiCuVOx. (Figure 4.22)

Due to the presence of the dopant, the metal-doped phases
are disordered, so that less diffusion of metal atoms needs to occur
in order to have these atoms attain their final positions in the
structure. This is one mechanism for the lower-temperature
formation of the doped phases from a preparation otherwise
identical to that which forms the undoped parent structure Bi,VOs.s.
In addition, the metal dopants may catalyze the burn-out of the

organic materials, as is sometimes seen with polymeric ceramic

powder binders.25

The total conductivity of a solid electrolyte is the sum of the
conductivities of a humber of processes - i.e. intergrain and
intra-grain conductivity, and grain-boundary conductivity. Because
of this, processing parameters may influence the conductivity of a
given sample of oxygen-ion conducting material. In particular, the
grain size achieved during synthesis, and the density or level of
sintering achieved during the later processing of the synthesized
powder, is relevant. For BiCuVOx samples prepared by standard
solid-state methods, then ball-milled to produce various grain sizes
and/or mixed with binder before sintering into a pellet for
conductivity testing, some variation in the oxygen ion conductivity

with the grain size and degree of sintering/densification of the

pellet is reported in the literature.56 As a result, the oxygen ion
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conductivity of a sample of Bi,Cug1V.905.35 made by the sol-gel
method as described above was tested by complex impedance
spectroscopy. (Figure 4.23 a-d) A single arc was observed in the
complex impedance data, with a spike occurring at lower
frequencies which eventually evolved to a line with increasing
temperatures. The line indicated the significant electronic
contribution to the total conductivity of the samples. The high
frequency arc, arising from oxide ion conductivity, represented the
sum of grain boundary and bulk resistances; the individual
contributions could not be separated out. It was found that the

conductivity was essentially the same as that reported in the

literature for samples made by a solid state synthesis procedure.>’
(Figure 4.24)
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Figure 4.9: Powder XRD patterns at various pyrolysis

temperatures for sol-gel produced Bi;VOs,s. The bismuth
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Figure 4.10: TGA of Bi,VOs s precursor gel after hydrolysis and
removal of solvents. Heating rate: 25 °C/min. (JP-II-39-0)
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Figure 4.11: Complex impedance plots for BiVO,. (a) 340.1 °C.
(b) 594.5 °C.
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Figure 4.12: Conductivity of BiVO, as a function of temperature.
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Figure 4.13: Complex impedance plots for Bi,VOs s contaminated
with BiVO,. (a) 490.2 °C, heating. (b) 542.1 °C, heating.
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Figure 4.13, continued: (c) 390.0 °C, cooling. (d) 339.8 °C,

cooling.
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Figure 4.14: Conductivity of Bi,VOs s contaminated with BiVO,

as a function of temperature.
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Figure 4.15: DTA of hydrolyzed and gelled precursor to Bi;VOs s.
Bismuth was added as Bi(N(SiMes),)s. Heating rate: 25 °C/min.
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Figure 4.16: Powder XRD patterns at various pyrolysis
temperatures for sol-gel produced Bi,VOs . The bismuth

precursor was Bi(N(SiMes),)s.
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Figure 4.17: Powder XRD patterns at various pyrolysis
temperatures for sol-gel produced Bi>Cug.1V0.90s.5. The
precursor was V-2MOE, Cu(OAc),, and Bi(OAc)s.
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Figure 4.18: Powder XRD patterns at various pyrolysis
temperatures for sol-gel produced Bi;Nbo 3V 70s55. The
precursor was V-2MOE, Nb(OiPr)s, and Bi(OAC)s.
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Figure 4.19: Powder XRD patterns at various pyrolysis

temperatures for sol-gel produced Bi;Mny,15V.5505.5.;. The

precursor was V-2MOE, Mn(OAc),, and Bi(OACc)s.
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Figure 4.20: Powder XRD patterns at various pyrolysis
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Figure 4.21: Powder XRD pattern at a pyrolysis temperature of
750 °C for sol-gel produced Bi,Tip.1V0.900s.5.;. The precursor was

V-2MOE, Ti(OiPr),, and Bi(OAc)s.
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Figure 4.22: Powder XRD patterns at various pyrolysis
temperatures for sol-gel produced Bi>Cu.1V0.90s5.5. The
precursor was V-2MOE, Cu(OAc),, and Bi(N(SiMe3);)s.
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Figure 4.23: Complex impedance plots for sol-gel produced
Bi;Cug.1V0.90s.5. (a) 294.8 °C heating. (b) 395.3 °C heating.
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Figure 4.23, continued: (c) 675.1 °C heating. (d) 805.7 °C
heating.
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Figure 4.24: Conductivity of sol-gel produced Bi,Cug 1V 9055 as

a function of temperature.
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4.3 Conclusions

Vanadium 2-methoxyethoxide was used to generate the gel
for sol-gel precursors to BiMeVOx materials with considerably more
success than had been found for solutions using poly(vanadic acid),
described in Chapter Three. Bismuth acetate prepared from the
oxide by repeated reflux in glacial acetic acid under inert
atmosphere with removal of water, was found to be soluble in
alcohol ethers such as 2-methoxyethanol and was used successfully
in precursor solutions. On standing in 2-methoxyethanol solution,
the bismuth acetate alcoholyzes to form a fibrous insoluble material
thought to be polymerized bismuth 2-methoxyethoxide. The
formation of this material is suppressed in the presence of
vanadium 2-methoxyethoxide. This suppression could indicate the
formation of an associated Bi-O-V complex in solution, which may aid
in keeping the bismuth atoms in place in the gel network during
gelation, drying, and pyrolysis, assisting the Bi,VOs 5 phase in
appearing at a lower temperature than for solid state synthesis.
The layered nature of the primary vanadium-based gel component,
combined with the linear structure of the alcoholytic Bi-2MOE-OAc
polymer that develops on standing, is a second factor in the
low-temperature development of the layered Bi,VOs s phase. The
disordered doped phases form at still lower temperatures.

Bismuth 2-methoxyethoxide made by alcoholysis of the
dimethylsilamide was also used successfully in the precursor
solution. Here, the desired phase formed directly at 450 °C

pyrolysis temperature, with no trace of intermediate BiVO,4
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formation. Presumably the possibility for the bismuth alkoxide’s
participation in hydrolysis and condensation reactions permitted this
low-temperature formation. However, due to the multistep nature
of the procedure, and the low yields, this precursor was deemed
uneconomical for scale-up and industrial application and was
dropped from further investigation.

Bulk parent a-Bi,VOs s and several y-phase doped BiMeVOx
materials, e.g. BiCuVOx, BiNbVOx, BiTiVOx, BiFeVOx, and BiMnVOx,
were synthesized from a sol-gel precursor solution made up of
soluble bismuth acetate, vanadium alkoxide, and dopant alkoxide or
carboxylate. In doped materials, the desired phase formed directly,
presumably, as DTA/TGA indicated decomposition at 430 °C and

pure y-phase was found at 450 °C. This is in contrast to the

behavior of the undoped parent phase made by the same precursor
process, which appears at 450 °C but is not completely formed
phase-pure until 725 °C. All of these temperatures are some 300 °C
lower than for the standard solid-state synthesis, demonstrating
the success of the method in providing for intimate mixing of the
metals in the compound. Complex impedance spectroscopy data
taken for BiCuVOx made by the sol-gel method described shows
oxygen ion conductivity on par with that reported in the literature
for samples made by the solid-state powder synthesis route.

The result that the doped BiMeVOx materials could be
synthesized by a sol-gel method at low temperature provided the
possibility for deposition of films of these materials. The work
towards the goal of producing defect-free films of BiMeVOx on
porous substrates is described in Chapter Six. However, since a

number of observations during the course of the work described in
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this Chapter were suggestive of the formation of a single precursor
complex between bismuth and vanadium in solution, some
experiments were undertaken to elucidate the nature of this

putative precursor. That work is described in the next Chapter.
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4.4 Experimental Section

See the Appendix to Part I of this thesis for a list of materials and

their sources, and for specifics on instrumentation used.

4.4.1 Vanadium Alkoxides

Several attempts to make VO(OEt); by refluxing together V,0s
and ethanol or butanol with distillation of water/alcohol/benzene
azeotrope gave a hydrolyzable product which could not be cleanly
isolated by distillation. The distillation was attempted at
atmospheric pressure and under vacuum, but the equipment used
for vacuum distillation was inadequate. Attempts to make the
alkoxide by alcoholysis of VOCI; with a sweep of inert gas to carry
off HCI, gave a yellow undistillable material, and in combination with
NH; generated by NH4,OH gave a white gelatinous precipitate or a
black gum. Combinations of VOCI; with EtOH, iPrOH, BuOH, and
2MOE gave materials which precipitated on addition of water.

These experiments are described in more detail below.

Experiment #1 (JWP-I-19127) V,0s + nBuOH > VO(OBu);

Finely ground V,0s (18.185g, 100 mmol) was added to nBuOH
(110 ml, 1200 mmol) in 100 ml benzene. A small amount of 3 A
molecular sieve was added to the reaction pot to scavenge evolved
water and the mixture refluxed with distillation for 4.5 h. When
distillate stopped coming over, the reaction mixture was filtered to
yield a green-brown liquid. An attempt to vacuum distill the product

decomposed it. Addition of water to a sample of this provided a red
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gel in under 1 minute. The gel subsequently became green-black on
standing for a few minutes. A known amount of solid was
hydrolyzed to a fibrous gelatinous solid and carefully heated to
dryness, then pyrolyzed 18 hours in air at 600 °C. The orange
brown solid, verified by powder XRD as V,0s5, was weighed and the

concentration of the sample found to be 1.350 mmol V/g solution.

Experiment #2 (JWP-I-21) V,0s +excess nBuOH -> VO(OBu);

The same synthesis as Experiment #1 was tried, this time
with a 10x excess of BUOH in hopes of getting all of the V,05 to

react. A green-grey solid remained in the pot.

Experiment #3 (JWP-I-28) V,05 + 2MOE > VO(2MOE);, single
heating

V,0s was ground finely in a mortar and added (4.0158g, 22
mmol) to 100 ml benzene and 150 ml 2MOE (2 mol). This was
heated with distillation for 3 hours and the olive green product
filtered. The solid residue was washed with 2x 25 ml 2MOE and the
washings combined with the filtrate. The filtrate became
red-orange on addition of water. A known amount of the product
was hydrolyzed and carefully heated to dryness, then heated for 18
hours in air at 600 °C. The orange-brown solid, verified by XRD as
V,0s, was weighed and the concentration of the sample found to
contain 0.2436 mmol V/g solution, approximately 56% yield from
V,0s .

204



Experiment #4 (JWP-I-53) V,05 + 2MOE -> VO(2MOE);, smaller
excess of 2MOE

V,0s, finely ground (4.0306 g, 22 mmol), was added to 75 mli
benzene and 100 ml! (1.32 mol) 2MOE and heated 3 h until
distillation of clear and colorless liquid stopped. The reaction mix
was filtered to leave a light yellow liquid which was found by the
usual method to deliver 0.1018 mmol V/g solution, approximately
59% vyield from V;0s.

Experiment #5 (JWP-II-93a) VO(OiPr); + 2MOE > VO(2MOE);

VO(OIiPr);, 25 ml (0.1 mol) was added to 75 ml 2MOE (1 mol)
and refluxed 1.5 h, followed by distillation at 83-105 °C. An
additional 100 ml 2MOE (1.25 mol) were added and distillation
continued until the vapor temperature exceeded 100 °C. It was
permitted to stand and cool overnight to yield a brown liquid.
Standard analysis showed concentration 1.068 mmol V/g solution,
approximately 63% yield from the initial vanadium content of the

vanadium isopropoxide solution.

Experiment #6 (JWP-II-94a) V,05 + 2MOE > VO(2MOE);, 2

distillations

Finely ground V,0s5 (10g, 53.5 mmol) was added to 100 ml
benzene and 200 ml (2.63 mol) 2MOE and heated for 1 hour. It was
then distilled until the vapor temperature was 105 °C, and 40 ml

more (0.52 mol) 2MOE added. Distillation was continued until the
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vapor temperature exceeded 105 °C. The green-brown liquid was
cooled and filtered twice. The standard analysis found 0.7266 mmol

V/g solution, approximately 77% yield based on V,0s.

Experiment #7 (JWP-II-201) Standard V-2MOE Preparation

25 g of finely ground V,05 was added to benzene (100 ml) and
2MOE (200 ml) and distilled at 100 °C for 2 hours. Up to 50 ml more
2MOE was added and the mixture again distilled until the
temperature exceeded 105 °C. The cooled mixture was left stirring
overnight, then filtered under inert atmosphere with 2MOE rinses.
Aliquots of known mass were taken, hydrolyzed, and carefully dried,
then pyrolyzed in air for 8 h at 750 °C. The remaining solid was
weighed as V,05 to calculate moles V delivered per g of solution.

Yields were generally 70-80% based on V,05 added.

4.4.2 Bismuth Part of the Precursor

Experiment # 8 (JWP-I-93I15) Bi(NO;3)3*5H,0 +
HO(CH2CH;0)4H - [Bi(NO3)2(0O(CH2CH20)4)]>* 2 MeOH

In inert atmosphere Bi(NO3)3*5H,0 (4.865 g, 10 mmol) were
added to 7.5 ml acetonitrile and 2.5 ml MeOH and warmed,;
tetraethylene glycol (2.3g, 11.84 mmol) was added to MeOH (2.5 ml)
and dissolved. This was added to the bismuth nitrate solution and
warmed 1.5 h. On cooling overnight some crystals appeared; these
were redissolved on warming and stirring. After again sitting

overnight the flask was left for several hours on ice. The solid was
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filter washed with 2x 10 ml of cold MeOH, then vacuum dried. The
filtrate was clear and yellow. 3.82 g of the solid was recovered
(33%, white solid) and stored in the glove box. The experiment
was repeated on (JWP-I-90, 32% yield, white crystals in yellow oil).
In that experiment, the product was hydrolyzed to a gellatinous
precipitate with TGA/DTA (Figure 4.25). Likewise, the synthesis was
repeated on a larger scale (JWP-I-95, again in approximately 30%
yield).

Experiment #9 (JWP-II-8) BiCl; + NaN(SiMe3),; 2
Bi(N(SiMes3),)s “BiSA”

BiCl; (3.0208 g, 9.6 mmol) was added to a schlenk flask in the
glove box and dissolved to an opalescent solution in 70 ml diethyl
ether. NaN(SiMe3), (5.5357 g, 30 mmol) was added to a second
schlenk flask and suspended in 50 ml diethyl ether. The latter
solution was cooled to 0 °C and the BiCl; solution added slowly to it
via cannula. The reaction was stirred at room temperature
overnight, then the ether removed in vacuo to yield a fine yellow
powder. This was dissolved in pentane, leaving a pale yellow solid
(*H NMR in CgDg 0.373 ppm (s)) which was filtered off, pyrolyzed,
and identified by XRD as NaCl plus some Bi,03. Some of the filtrate
was hydrolyzed and dried, then pyrolyzed - XRD identified this as
Bi,03. To the remainder of the filtrate excess 2MOE was added,
giving a clear and colorless solution. Removal of the solvent in
vacuo gave a white solid. Hydrolysis and pyrolysis of this material
gave Bi,05 (identified by XRD). DTA/TGA was done on Bi(N(SiMe3),)s
powder and on the hydrolyzed gel. (Figure 4.26 a,b) The
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preparation was repeated on II-18A, II-46 (39% yield), II-57, and
I1-95 (29% yield).

Experiment #10 (JWP-II-24A) BiCl; + NaN(SiMe3); -> BiSA;
BiSA + 2MOE - “Bi(2MOE)3"

BiCl; (5.0932g, 15 mmol) and NaN(SiMes), (8.3g, 45 mmol)
were each dissolved in 75 ml Et,O and added, one to the other, at
room temperature. The evolved heat boiled the solvent and a
yellow green-grey suspension resulted. This was stirred overnight
and the ether distilled off to near-dryness, then the remainder
removed in vacuo. This was extracted with pentane and filtered. To
the filtrate was added 10 ml 2MOE to get a clear and colorless
solution. The volume was reduced in vacuo and the solution’s [Bi]
determined by hydrolysis and pyrolysis as Bi,O3 to be 0.11 mmol/g
solution. DTA/TGA (Figure 4.27) and PA-FTIR (Figure 4.7b) were
performed on the product, which was assumed to have the formula
Bi(2MOE)s.

Experiment #11 (JWP-I-19) Bi,0; + acetic acid in open air >
Bi(OAc)s3 + BiO(OAc)

Bi,05 (30.692g, 66 mmol) was added to 100 ml glacial acetic
acid (1600 mmol) with heating and stirring. The yellow suspension
became white and was permitted to cool to room temperature,
producing large flat crystals which were covered with a fine white
powder. This was filtered and the solid washed with cold ethanol,

leaving a fine white powder. The sample was oxidized to Bi,O3 and
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found to have a weight retention of 82% (82% expected for
BiO(OAc)3). Yield 100% based on bismuth oxide acetate.

Experiment #12 (JWP-II-77A) Bi,0; + acetic acid in N, sweep
- Bi(OAc);3

Bismuth oxide was twice covered with glacial acetic acid in an
open Schlenk flask and boiled to near-dryness under rapidly flowing
nitrogen. During the first heating the pale yellow oxide suspension
became milky white, and during the second a colorless solution was
obtained. On cooling, white mica-like crystals formed and were
separated by filtration. Drying was completed under vacuum. The
material was stable indefinitely at room temperature under inert
atmosphere, but decomposed in air to an insoluble off-white talclike
powder. Yield: 100% of Bi recovered as Bi(OAC)s. Elemental
analysis (Oneida): 18.42 C, 2.10 H (expected for Bi(OAc); 18.66 C,
2.35 H). The sample was decomposed at 700 °C in air to Bi,O3 and
the wt. retention was found to be 60%, consistent with Bi(OAc);
(60% expected) and not with BiO(OAc) (82% expected). DTA/TGA
showed total weight loss 40% actual, expected for conversion to
bismuth oxide 39.7%; decomposition steps at 275 °C to oxyacetate,
375 °C to oxide. (Figure 4.4) PA-FTIR: (cm™) 3013 m, 2935 m, 2486
w, 2334 w, 1970 w, 1622 sh, 1542 s, 1426 s, 1348 sh, 1051 s, 1024
s, 941 s, 687 s, 617 m, 475 m (Figure 4.5). Powder XRD of the
material was difficult due to the high degree of orientation of the
crystals; the peak positions could not be matched to anything in the
JCPDS database, including JCPDS #14-0726 (Bi(OAc)s) nor to the

patterns reported in the literature.43 (Figure 4.2) The material was
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ground in air and left open to air overnight, and the powder XRD
repeated to give a pattern matching JCPDS #14-0800 (BiO(OACc)).
(Figure 4.3)

X-ray diffraction was performed on a single crystal of the
bismuth acetate prepared in this experiment. Space group P2;/a
a=12.0848 R, b=10.8859 A, c=7.2889 A, p=106.173°, Z=4. Atomic
distances and angles to be given in figure caption. (Figure 4.6)

The solubility of -77A in several solvents was tested: it was
soluble in 2MOE, ethylene glycol, and diglyme, but not in HOIiPr,
benzene, or THF. The sample, after being ground and left open to
air overnight, would not dissolve even in large amounts of 2MOE

with warming.

Experiment #13 (JWP-II-77B) Bi(OAc); + 2MOE -
[Bi(2MOE)x(OAC)3-x].

The procedure of Experiment #6 (II-77A) was repeated, and
hot 2MOE was added (20 ml) to dissolve the solid. On cooling, a
copious white puffy precipitate formed. This redissolved on heating.
2MOE was added to make up a total volume of 50 ml and the
solution left overnight at room temperature. The resulting white
solid mass occupied the entire solution volume. Addition of 50 ml
more 2MOE would not redissolve the solid, even with heating. The
white solid was collected and dried and decomposed at 700 °C for 1
hour in air. The resulting yellow powder, identified as Bi,O3, showed
an 80.0% weight retention. Bi(2MOE); gives 53.7% weight

retention expected.
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Experiment #14 (JWP-II-121) Bi(OAc); + 2MOE >
[Bi(2MOE),(OAC)3-«].

Bi,O3 (6 g, 12.9 mmol) was added to a schlenk flask and
covered 3x with glacial acetic acid. The acetic acid was distilled off
each time under swift nitrogen flow. Finally, acetic anhydride was
added and removed in the same manner, and the resulting white
crystalline solid dried in vacuo overnight. (II-121A) 50 ml 2MOE was
added to this and stirred with warming to 50 °C to get a clear
solution which after a few minutes became milky. Another 25 ml
2MOE were added to produce a clear solution and the stirring and
heating discontinued. Within 6 hours white woolly fibers appeared
to be growing from the flask walls; within 12 hours the entire
solvent volume was occupied by a white fibrous material. Some of
this was removed and stored in the glovebox. (II-121B) The
solvent was removed in vacuo from the remainder: during this
removal the fibers broke up to give a milky suspension. The
resulting white amorphous solid was pumped down on over the
weekend, and some of it saved (II-121C). (Figure 4.7a)

The solid was insoluble in deuterated NMR solvents benzene,
THF, CHCl5, and dimethoxyethane. It could not be redissolved in
2MOE but would dissolve in the V-2MOE solution in 2MOE.
DTA/TGA was done on the solid and showed a two-step
decomposition complete by 350 °C. (Figure 4.8a)

PA-FTIR was done on the solid and was found to overlay with that
of 1I-24, the alcoholysis product of Bi(N(SiMe3),)s. (Figure 4.7b)
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Figure 4.25: DTA/TGA of [Bi(NO3),(O(CH,CH;0),)]>* 2 MeOH.
Heating rate: 25 °C/min.
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Figure 4.26a: DTA/TGA of Bi(N(SiMe3),)s. Heating rate: 25
°C/min.
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Figure 4.26b: DTA/TGA of the product of the alcoholysis of
Bi(N(SiMe3),); with 2MOE, after hydrolysis and removal of

solvents. Heating rate: 25 °C/min.
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Figure 4.27: DTA/TGA of the product of the alcoholysis of
Bi(N(SiMej3),); with 2MOE. Heating rate: 25 °C/min.
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4.4.3 Bulk Bi,VOs. 5
Experiment #15 (JWP-I-43) Bi(NO3)3*5H,0 + V(OBuU),;

Bi(NO3)3*nH,0 + V(OBu), ; to make Bi;VOs 5

To Bi(NO5)3*5H,0 (4.3834 g, 9 mmol) dissolved in 10 ml glacial
acetic acid was added V(OBu)4 (3.333 g, 4.5 mmol), resulting in an

instant orange precipitate. To the same weight of Bi(NO3)3=5H,0
which had been left in a dessicator with P,Os for several days (34%
weight loss), the same amount of V(OBu)4 was added. A deep red
liquid, which eventually settled out an orange ppte, was formed.
On addition of water to each a yellow ppte settled out. There was

no gelation.

Experiment #16 (JWP-I-43) Bi(NO3)3'5H,0 + V-2MOE > to
make Bi2V05_5

V-2MOE (18.4748 g, 4.5 mmol) was added Bi(NO3)3*5H,0
(4.3835g, 9 mmol) dissolved in 10 ml glacial acetic acid. A clear
orange-brown solution resulted. This was hydrolyzed to yield a
yellow precipitate which, after heating at 350 °C was found by XRD
to contain only BiVO,; likewise the solid, pressed as a pellet and
heated to 600 °C for 44 h and found to be a mixture of BiVO4 and
Bi,VOs 5.
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Experiment #17 (JWP-I-54(3)) Bi(NO3)3-5H,0 + VO(OiPr)3; >
to make Bi,VOs 5

#1 (Nitric acid present)

Bi(NO3)3-5H,0 (4.3813 g, 9 mmol) was dissolved in 30 ml
glacial acetic acid and 10 ml isopropanol and 1 ml concentrated nitric
acid (initial pH 2.96). VO(OiPr); (1.1210 g, 4.57 mmol) were added.
The solution became orange yellow instantly, and was clear.
Addition of 1 ml (56 mmol, 4x excess) water give no change. After
heating, 1 ml more water was added and a yellow precipitate
settled out from a pale green liquid. The dried powder was
amorphous to XRD but after heating to 350 °C may have contained
poorly crystalline BiVO,4 and Bi,VOss. After heating to 650 °C (12h)
the XRD showed BiVO4 and Bi,VOs. s peaks.

#2 (No nitric acid)

Bi(NO3)3*5H,0 (4.3804 g,9 mmol) was dissolved in 30 ml glacial
acetic acid and 10 m! isopropanol (pH measured 2.65), and
VO(OiPr); (1.1106 g, 4.53 mmol) added. A light yellow-orange
precipitate formed immediately. Addition of 1 ml (56 mmol, 4x
excess) water of caused the precipitate to settle. After drying the
precipitate was dark orange with white flakes and was mostly BiVO4
by XRD. After decomposition at 350 °C the solid showed BiVO4 only,
but after heating as a pellet at 650 °C (12 h) the XRD showed a mix
of BiVO4 and Bi,VOs s.
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Experiment # 18 (JWP-I-58) Bi(NO3)3-5H,0 + VO(OIiPr)3;

Bi(NO3)3-nH,0 + VO(OiPr); > both to make Bi;VOs 5

Bi(NO3)3*5H,0 (5.0140 g, 10.34 mmol) was stored in a
dessicator over P,Os for 1 week then weighed to find that the new
weight was 4.6990, a 33.8% loss attributed to loss of 1.75 H50.
This was added to 30 ml glacial acetic acid and 30 ml HOiPr and
warmed to dissolve. VO(OiPr); (1.268 g, 5.17 mmol) was added to
produce a yellow solution. Water was added to part of the sample
(8x excess, 2 ml) and a light yellow precipitate formed. The solvent
was evaporated off with heating. XRD showed a mixture of BiVO,4
and Bi,VOs s.

The same procedure was followed using Bi(NO3)3*5H,0 that
had not been left over P,Os. The XRD showed only BiVO,4 in the

sample.

Experiment #19 (JWP-I-85) Bi(NO3)3°2.5H,0 + V-2MOE - to
make Bi2V05_5

Bi(NO3)3"5H,0 (5.0325 g, 10.4 mmol) was left in a dessicator for 2
weeks over P,Os (weight loss attributed to loss of 2.5 H,O) was
dissolved in 30 ml acetic acid and 20 ml 2MOE. This was added to
V-2MOE solution (25.01 g, 2.55 mmol) to give a yellow-orange
solution accompanied by a slight exotherm. 2 ml water were added

to give instant milkiness. The solvent was evaporated from the
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sample, leaving a yellow-white powder which was heated on a
hotplate (ca 300 °C) for 1 hr then identified by XRD as BiVOa.

Experiment #20 (JWP-I-97) [Bi(NO3)2(O(CH>CH,0)4)]202
MeOH + V-2MOE - to make Bi;VOs 5

[Bi(NO3)2(O(CH2CH,0)4)]>* 2 MeOH (See Expt. 8, 2.1178 g, 3.63
mmol) was added to 25 ml each of acetonitrile and methanol with
warming and stirring, to produce a white susp. To this was added
V-2MOE (17.835 g, 1.82 mmol) to give a dark yellow milky
suspension. Part of this was permitted to evaporate, yielding a
green powder with orange-yellow flecks. The remainder was
hydrolyzed with excess water and the resulting gelatinous
precipitate divided: part was and the solid set aside, and part was
evaporated. All samples’ powder XRD show BiVO, after heating for
3 h at 525 °C.

Experiment #21 (JWP-I-100) [Bi(NO3)2(O(CH2CH;0)4)]> ¢ 2
MeOH + VO(OiPr); > to make Bi,VOs s

[Bi(NO3)2(O(CH,CH,0)4)1>* 2 MeOH was made freshly by

adding Bi(NO3)3*5H,0 (4.9607g, 10.02 mmol) in 25 ml methanol and
75 ml acetonitrile to a suspension of tetraethylene glycol (2.5102 g,
12.92 mmol) in methanol in a 250 ml three-neck flask equipped with
a condensor. The mixture was refluxed under nitrogen for 2.5
hours, yielding a milky suspension and a white precipitate. This was

hot-filtered via a cannula filter and cooled to room temperature
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slowly, then left at 0 °C overnight. This was cold-filtered to collect

white crystals of [Bi(NO3),(O(CH,CH,0)4)]>* 2 MeOH (4.34 g, 36%).
A second crop was not collected.

The sample of [Bi(NO3),(O(CH,CH,0)4)]>, made above was
added to a 3-neck flask equipped with a condensor (4.0131 g, 3.44
mmol) with 75 ml acetonitrile and 25 ml methanol at reflux. To this
was added VO(OiPr); solution (0.844g, 3.45 mmol). The mixed
solution became a clear yellow-orange. This was stirred for 15
minutes, then cooled and hydrolyzed with one equivalent of water
and the liquids evaporated off the sample. The resulting solid was
calcined at 600 °C for 12 h, resulting in an inhomogenous material

with a powder XRD pattern matching BiVO, (JCPDS 14-688).

Experiment #22 (JWP-I-103) commercial Bi(OAc)s + V-2MOE >
to make Bi2V05_5

Bi(OAc); (2.6743 g, 6.93 mmol commercial product) was added
to 50 ml glacial acetic acid and heat to produce a white milky
suspension. 25 ml 2MOE were added, followed by 34.02 g V-2MOE
(3.47 mmol) in 20 ml 2MOE, yielding a yellow solution. When 1.0 ml
water (4 equivalents) was added to the hot solution, a precipitate
formed, then redissolved and the solution became yellow-green.
The solvent was evaporated to a light green-brown solid. This is
pyrolyzed 350 °C/32h and 650 °C/1h in air. Powder XRD showed
BiVO,4 and trace Bi,VOss.
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Experiment #23 (JWP-II-35 (repeated JWP-II-37)) Bi(OAc)s +
V-2MOE, refluxed - to make Bi,VOs 5

Bi.O3 (1.20g, 2.58 mmol) was added to a 3-neck flask with 25
ml glacial acetic acid and heated to near-dryness, with air blown
across the surface of the suspension to increase the rate of
evaporation of the acetic acid. This produced a fine white powder,
which was air-dried then put under nitrogen. 75 ml 2MOE were
added and the mixture warmed to distillation. The white solid
nearly dissolved in cold 2MOE but on heating became very milky.
Most of the solvent was distilled off; 100 ml more 2MOE was added
and the milky white mixture permitted to cool. V-2MOE (19.26 g, 1.3
mmol) was added to yield a milky yellow solution. This was refluxed
overnight, leaving a chocolate brown mixture which was distilled to
dryness, then heated 1.5 h at 650 °C - XRD showed BiVO, and
Bi,VOs.5; then 625 °C/8 h and 650 °C/20 h - the final XRD showed

Bi,VOs 5 and trace amounts of BiVO,.

Experiment #24 (JWP-1I-39) Bi(OAc)3 + V-2MOE, assorted

hydrolysis conditions

Bi,O3 (1.2055 g, 2.59 mmol) was added to 15 ml glacial acetic
acid and heated under flowing N,. Another 15 ml acetic acid was
added and evaporated off to near dryness. Finally, air was blown
across the solid to dry it. The resulting solid was mostly-dissolved
in 25 ml warm 2MOE and V-2MOE solution (19.9225 g, 1.3 mmol)

added to give a clear yellow solution. 2MOE was added to a 65 mli
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final volume and the mixture stirred 2h at room temperature.
I1-39-0 was the resulting solution. 'H NMR peaks at (8, ppm)
1.66(s), 3.08 (s), 3.24 (s, broad) in C¢Dg. This was hydrolyzed to a
golden-brown gel.

I1-39-1: 10 ml of solution 39-0 (0.4 mmol Bi) was hydrolyzed
with 1 ml (70x excess) of (2.5 ml 2MOE + 0.5 ml H,O + 0.5 ml acetic
acid) and became milky instantly. Left open, it became a yellow gel
overnight.

II-39-2: 10 ml solution 39-0 was hydrolyzed with 1 ml of (2.5
ml 2MOE + 0.5 ml H,0 + 0.5 ml NH4OH) to give a white-yellow
stringy precipitate. Left open overnight, it became a gelatinous
white-yellow precipitate in a clear and colorless solvent.

II-39-3: 10 ml of 39-0 was hydrolyzed with 1 ml of (2.5 ml
2MOE + 1.0 ml H,0) and became slightly more viscous. Left open
overnight, it became a translucent yellow gel.

II-39-4: 5 ml solution 39-0 was hydrolyzed with 1 ml of (1.25
ml 2MOE + 0.25 mi H,0 + 0.25 ml HNO3) became darker orange but
stayed clear. Left open overnight, it remained a yellow liquid.

All of the gels were dried and heated for 8 h at 600 °C in air
and XRD to show BiVO,4 + Bi,VOs5s + amorphous phase which is
probably Bi,O3. A second heating of each of these at 650 °C for 20
h gives in all cases Bi,VOs s.

DTA/TGA was done on the hydrolyzed and unhydrolyzed 39-0.
Solvent was removed from both prior to thermal analysis The
unhydrolyzed material showed a two-step decomposition, with a
large exotherm at the second step, complete by 350 °C. (Figure
4.28a) A second sample of the unhydrolyzed material was aged for

six months; its decomposition is similar but has a more pronounced
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first decomposition step. (Figure 4.28b) Formation of an equilibrium
complex in the precursor solution may have occurred over the aging
period, leading to an initial step in the decomposition involving the
breaking of these complex bonds. The hydrolyzed material,
conversely, shows a multistep decomposition not complete until 430
°C. (Figure 4.10)

Experiment #25 (JWP-II-12A) Bi(N(SiMe3),)s; + V-2MOE - to
make Bi2V05_5

Bi(N(SiMes3),); (0.6348g, 0.92 mmol) was added to a
round-bottom flask in the glove box and dissolved in 50 ml 2MOE to
give a clear and colorless solution. V-2MOE (3.7572 g, 0.45 mmol) in
15 ml 2MOE was added to the bismuth solution. 5 ml of this clear
yellow solution was hydrolyzed with 2 ml of water (800x excess) to
give a yellow-white translucent material. A gel formed as the
volume of the solution was reduced in vacuo. This gel was dried
and pyrolyzed at 500 °C for 12 hours to produce a powder whose
XRD shows only Bi,VOs 5. Another 5 h at 600 °C improved the
crystallinity and confirmed phase-purity. DTA/TGA performed on the
600 °C sample to demonstrate phase changes at proper places.

EDX showed some contamination with Na and Si.

Experiment #26 (JWP-II-30-5) “"Bi(2MOE)s;"” + V-2MOE - to
make BizVOs_s

To 10 g of the solution of “Bi(2MOE)3;"” made in Experiment #10
above (0.1078 mmol Bi) were added 4.378 g V-2MOE (0.05 mmol).
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The resulting yellow solution was hydrolyzed with 0.5 ml H,O in 1.0
m| 2MOE (150x excess) to give a yellow-white gelatinous
precipitate. This was left open overnight to leave a yellow
gelatinous precipitate that settled out of a clear and colorless liquid.
Removal of the solvent by heating left brown lumps which on
heating for 8 hours at 500 °C in air gave poorly crystalline Bi,VOs s;
heatings at 600 °C/10h and 650 °C/12h gave Bi,VOs s of improved
crystallinity

Experiment #27 (JWP-1I-58) Bi-2MOE + V-2MOE

A solution of Bi(N(SiMes),)3 in 2MOE (8.952g, 3.146 mmol Bi) was
added to V-2MOE (10.612 g, 1.6 mmol) and the clear yellow solution
stirred at room temperature for 3 hours. The volume was reduced
by half in vacuo. This was stirred another 3 hours and divided in
half: to II-58A 1.0 ml (17.5x excess) of water was added, resulting
in a white gel formation in a yellow solution, which was left open
overnight and gelled throughout; II-58B was left open overnight
without addition of water. When hydrolyzed, -B became a gel
almost instantly. Both samples were oven dried for 6 hours and
heated 8 hours at 450 °C. XRD of each of these showed Bi;VOs s,
with very small or nonexistent BiVO, peaks; each pyrolyzed sample
was then heated at 550, 650, and 750 °C with improvements in
crystallinity. Some of the stray peaks could be identified as Bi;2SiO
or NaCl. (Figure 4.16)
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Experiment # 28 (JWP-I-89) Conductivity of BiVO,

Approximately 4 g of BiVO, were ground finely in an agate
mortar, then pressed into a 1/2” pellet mold at 7500 psi. The pellet
was placed on an alumina boat on platinum foil and heated at 10
°C/min. ramp rate to 800 °C for 24 h, then cooled at 5 °C/min. to
room temperature. The outside surface of the pellet became purple,
but after the very outer layer was removed with fine-grained
sandpaper, the underlayer, and presumably the bulk, showed the
yellow color expected of BiVO4. The pellet was measured with a
vernier calipers and weighed, and density calculated to be 6.457
g/cm?3, some 92.9% of the theoretical density (based on cell
dimensions given in JCPDS #14-688) of 6.949 g/cm3. Opposing
faces were painted with platinum ink and the pellet, stood on its
edge on a platinum sheet in an alumina boat, heated again with a
20 °C/min ramp to 800 °C for 5 min., followed by cooling to room
temperature at 25 °C/min. The conductivity of the pellet was
measured by complex impedance spectroscopy, as described in the
Appendix to Part I of this thesis. Measurements were made at 50
°C intervals from 350 °C to 750 °C. At several temperatures the
data showed spiky or otherwise nonsmooth high-frequency arcs,
which may have indicated some separation into bulk and grain
boundary resistances, and several cases a second low-frequency
arc indicated that the electrode had become non-blocking (e.g.
significant electronic conduction). Because the worst-case or
lower-limit of the actual conductivity was the information sought,

the separation of the bulk and grain boundary contributions was
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not calculated. All of the conductivity values given are based on the
sum of the grain and bulk resistances, therefore. Figure 4.11 shows
the impedance spectra for BiVO, at several temperatures. Figure

4.12 shows the plot of conductivity with temperature.

Experiment # 29 (JWP-I-109) CI Measurement on a Mixed-
Phase Pellet

A three-necked flask equipped with a vigreaux column,
side-arm condensor, and receiver, all under nitrogen, was charged
with of VO(OiPr)3 (2.453 g, 10 mmol) and 20 ml 2MOE. The mixture
was heated until the vapor temperature was 100 °C, then 5 ml
more 2MOE were added twice, with distillation to vapor temperature
of 100 °C on the first time and to 120 °C on the second time. The
distillation was stopped. Meanwhile, “Bi(OAc);” (7.7222g, 20 mmol)
made in an open vessel (Expt. 11) were dissolved with heating and
stirring in 180 ml of a 1:1 2MOE/glacial acetic acid mixture. The hot
contents of the distillation apparatus were added to the hot
bismuth solution, yielding a green-brown mixture with brown
precipitate. A mixture of 10 ml each of 2MOE, acetic acid, and water
was slowly added, producing a white precipitate. The solution was
boiled to remove solvent with stirring, and appeared to homogenize
somewhat; it became an orange-green color. After stirring for 2
days, the solvent was completely boiled off, and the
yellow/green/brown/white inhomogenous solid transferred to an
alumina crucible and heated at 400 °C for 3 hours. It was found by
XRD to contain a mixture of BiVO, and Bi,VOss. (Figure 4.29) The

sample was pressed into a 1/2” pellet at 10,000 psi and the faces
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sanded smooth. The pellet was heated at 250 °C for 12 h, then
measured and weighed, and the density found to be 5.06 g/cm?,
64% of theoretical density (7.80 g/cm?3) if the pellet were all Bi,VOs s
and 78% of theoretical density (6.949 g/cm3) were the pellet all
BiVO4. The faces of the pellet were not prepared with platinum ink
due to the high decomposition temperature of the ink binder. This

was not anticipated to cause a significant difference in the

results.>8 Complex impedance measurements were conducted as
described in the Appendix to Part I of this thesis. Measurements
were made at temperature intervals of 25 or 50 °C from 200 °C to
700 °C, and back to 275 °C. After removal from the apparatus, the
pellet was inhomogenous, with orange and yellow speckles; it was
ground for XRD and found to contain (Figure 4.30) unknown peaks
(they did not match JCPDS #14-699. 14-688, or 9-387, nor Bi,VOs55).

For the first few temperature data-points the conductivity was
insufficiently high to provide a readable arc among the noise points.
A clear trend could not be clearly distinguished until approximately
500 °C: here the high-frequency arc was ignored and the
conductivity (principally electronic) found from the intercept of the
line (see Figure 4.13 for representative impedance plots). Two of
the cooling-side plots were analyzed using the high-frequency arc,
as the line was indistinguishable. See Figure 4.14 for the plot of
conductivity vs. temperature. It should be noted that the main
mechanism for the increase in conductivity on the cooling leg of the
plot is the increased density of the pellet after being heated to 700
°C.
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Table 4.2: Results of BiVO; Complex Impedance Measurement

Temp. (°C) Diameter |Z” Center |Z’Center X intercept o (ohm - cm)
340.1 331267.2 |19323.15 164114.6 330871.53 662344.6
391.3 180605.7 |426.751 92407.5 182711.358 365754.9
441.7 82749.9 -5280.51 46437.47 88148.0235 176456.3
492.1 49041.13 |-6181.006 |32453.22 57740.8245 115586.632
543.3 9673.28 950.836 6195.08 11124.2965 22268.8191
594.5 2702.237 |33.1004 3158.993 4510.51689 9029.23473
672.1 258.8374 |97.77968 1087.482 1249.68578 2501.64371
749.1 23.1564 8.5476 222.468 236.859532 474.149717
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Table 4.3: Complex Impedance Resuits for mixed BiVO,/ Bi,VOs s pellet

Z" center

zl

Temp. | Type | y-intercept | slope diameter x-intercept |p

(°C) center (ohm-cm)
490.2 |[line [5257.23 0.63825 8236.94455 |30812.1
516.4 line 3412.094 0.6585 5181.61579 |19382.8
542.1 line 2198.45 0.69996 3140.82233 |11748.8
593.6 line 696.124 0.7187 968.587728 |3623.18
646.1 line 136.18 0.6725 202.498141 | 757.482
646.2 line 149.744 0.8059 185.809654 | 695.056
542.4 line 955.3897 1.1307 844.954188 |3160.71
492.1 line 2529.08 1.156 2187.78547 |8183.82
466.2 line 4291.03 1.1999 3576.15635 |[13377.28
441.1 line 7874.011 1.2854 6125.72818 |[22914.43
390.9 |line |26349.2 1.2886 20447.928 76489.29
365.2 line 45113.66 1.0636 42416.0023 |158645.0
339.8 |arc 112089 20727.33 53320.7 | 113075.296 |422979.2
314.5 |arc 259883.9 |49452.28 120794 |259827.547 |971933.3




Figure 4.28a: DTA/TGA of the Bi,VOs s gel precursor JPII-39-0,

solvent removed soon after mixing. Heating rate: 25 °C/min.
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Figure 4.28b: DTA/TGA of the Bi,VOs s gel precursor JP1II-39-0,
solvent removed after six months’ aging of the solution. Heating
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Figure 4.29: Powder XRD of sol-gel Bi,VOs s contaminated with
BiVO,. The sample was pressed into a pellet and its conductivity

was checked by CI.
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Figure 4.30: Powder XRD of sample from Figure 4.29, after CI
data was taken. None of the peaks match the known oxides of Bi
and/or V.
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4.4.4 Synthesis of Bulk BiMeVOx

Experiments with a notebook numbering KD-x were performed by

UROP Katya M. Delak under my technical guidance.

Experiment #30 (JWP-1I-99A1) Solid State Synthesis of
Standard Bi,VOs s

Bi,VOs s was made by solid state methods to provide a standard
against which sol-gel prepared samples could be checked.
Stoichiometric quantities of Bi,O3 (9.3190 g, 20 mmol)) and V,0s
(1.8188 g, 9.9 mmol) were ground under acetone and pressed into
a 1/2"” pellet at 7000 psi. The pellet was placed on platinum foil in a
small alumina crucible and heated at 850 °C for 20 h (heating 10
°C/min, cooling 4 °C/min), then re-ground and re-pressed, and

heated under the same regime for 40 h. The XRD pattern compared

favorably with that reported in the literature.37 (Figure 4.31)

Experiment #31 (JP-II-99B2) Solid state synthesis of standard

Bi>Cu.1V0.905.35

Bi,Cug.1V0.90s5.35 was made by solid state methods to provide a
standard against which sol-gel prepared samples could be readily
compared. Stoichiometric quantities of Bi,O3 (9.3190g, 20 mmol),
V,0s5 (1.637g, 9 mmol), and CuO (0.1591g, 2 mmol) were ground
under acetone in an agate mortar ad the mixed powder pressed

into a 1/2” pellet at 7000 psi. The pellet was placed on platinum foil
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in an alumina crucible and heated for 20 h at 850 °C (10 °C/min
heating, 5 °C/min cooling), then removed, reground, re-pressed,
and heated for another 40 h at 850 °C (same heating/cooling

rates). Powder XRD showed clean y-phase Bi,Cug.1Vo.905.35, indexing

gives a=3.9179 A, c=15.4478 &, all angles 90°. (Figure 4.32)

Experiment #32 (JWP-II-97b) Bi(OAc); + V-2MOE +
Cu(2-ethylhexanoate), with acetylacetone > to make

Bi>Cu(.1V0.905.35

Bi(OAc); (1.9306g, 5 mmol) was added in the glove box to a
flask and dissolved in 50 ml 2ZMOE. V-2MOE (3.0972 g, 2.25 mmol)
in 25 ml 2MOE was added. Copper 2-ethylhexanoate (0.0875 g,
0.25 mmol) was dissolved in 25 ml 2MOE and added into the Bi/V
solution, which became green-yellow. 2,4-pentanedione (10 ml,
100 mmol) in 25 ml 2MOE was added, and the solution turned dark
red-brown. This was stirred at room temperature overnight, then
hydroyzed with 10 ml water to give a yellow-green viscous solution.
Over two days this became a green gel with a green supernatant.
The gel was dried together with the supernatant at 120 °C, then
heated at 700 °C in air for 10 h to yield an inhomogenous orange
and yellow solid. This was identified by XRD as a mixture of Bi,VOs s,
BiVO4, and Bi,0s.

A sample of the solution was hydrolyzed and permitted to
stand without stirring, then heated to dryness and pyrolyzed as

above. XRD showed a combination of BiVO4 and Bi,VOs s.
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Experiment #33 (JWP-II-103) Bi(OAc); + V-2MOE +
Cu(2-ethylhexanoate); > to make Bi>Cug.1V0.90s5.35

Bi(OAc); (7.7222g, 20 mmol) was added to V-2MOE (12.393 g,
8 mmol) and copper 2-ethylhexanoate (0.3501 g, 2 mmol) in 200 mli
2MOE to give a green solution. This was stirred over the weekend
then the volume was halved by heating under vacuum. The solution
was hydrolyzed with 10 ml H,O (17x excess) + 5 ml glacial acetic
acid in 10 ml 2MOE. A white-green gel formed with a green
supernatant liquid. This was stirred and dried together at 120 °C
overnight to leave a solid which was green-grey on the bottom and
yellow on top; there were blue deposits on the beaker sides. The
solid was pyrolyzed at 700 °C/10 h in air and identified by XRD as
Bi,Cug 1V0.905.35. However, the solid from the furnace was
inhomogenous in color; contaminants at below XRD detection level

were assumed.

Experiment #34 (JWP-II-105) Bi(OAc)s; + V-2MOE + Cu(OAc);
- Bi2Cu(.1V0.905.35

Bi(OAc)3 (7.7224 g, 20 mmol) dissolved in 150 ml 2MOE. To a
second flask were added Cu(OAc), (0.1816g, 2 mmol) and V-2MOE
(12.3889 g, 8 mmol) in 50 ml 2MOE. The bismuth solution was
added into the V/Cu solution and stirred over the weekend to leave
a green opalescent solution with a small amount of white solid
precipitate. The solvent volume was reduced in vacuo to about 160
ml and the sample was split into two parts, one of which (B) was
hydrolyzed with 5 ml acetic acid/10 ml H,0/10 ml 2MOE (17x excess)
and the other (C) with 10 ml H,0/10 ml 2MOE (17x excess). Both
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gelled instantly, B with a loose gel texture and the appearance of
white fibers with a teal green supernatant liquid, C with a
orange-green firm gel with a more homogenous appearance and a
pale yellow supernatant liquid. Both were dried overnight to leave
yellow solids with blue copper deposits on the beaker sides. They
were heated at 700 °C/10 h. XRD of both show clean y phase.
(Figure 4.17)

Experiment #35 (JWP-II-107) Bi(N(SiMe3),)s + V-2MOE +
Cu(OAc); > BiyCu(.1V0.90s5.35

Bi(N(SiMe3),)3 (0.9880 g, 1.43 mmol) was dissolved in 10 ml
2MOE. In a second flask Cu(OAc), (0.0128g, 0.072 mmol) and
V-2MOE (0.8684g, 0.65 mmol) were dissolved in 15 ml 2MOE. This
was added to the bismuth solution with 15 ml 2MOE rinse and
warmed 5 min with stirring to give a yellow-green solution. This
was hydrolyzed with 0.3 ml water (1 equivalent) in 0.7 ml 2MOE.
Gelatinous white clusters appeared; the sample was left lightly
covered overnight. A blue solid gel in a clear and colorless
supernatant resulted; the solvent was driven off with heating and
the resulting cohesive gel cake pyrolyzed at 700 °C for 10 h in air.

XRD shows clean y phase.

Experiment #36 (JWP-II-113) Bi(N(SiMes),)s + V-2MOE +
Cu(OACc); > BiyCug.1V0.90s5.35

Bi(OAc)3; (15.4448g, 40 mmol) was dissolved in 225 ml 2MOE
with Cu(OAc), (0.3639 g, 2 mmol) and V-2MOE (24.7773 g, 18 mmol)
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and the solution stirred 2.5 h to yield a clear deep green solution.
Some (15 ml) was set aside and the remainder hydrolyzed with 1.0
ml water (0.8 equivalents), giving a dark blue-green opaque
solution with some white precipitate. This did not gel on standing
overnight. 1 ml more water (total 1.6 equivalents) was added and
the solution stirred with warming to get a thick green gel. This was
divided into 4 samples and heated for 8 h at 350, 450, 550, and 650
°C in Ni crucibles in air. XRD showed y phase appearance at 350 °C
and clean at 450 °C. (Figure 4.22)

Some of the 650 °C sample was set aside and pressed into a
1/2"” pellet at 9000 psi. The pellet dimensions were measured and
the density found to be 5.0322 g/cm3, some 65% of theoretical
density (7.784 g/cm? theory). The faces were painted with platinum
ink and the sample heated at 300 °C for 8 h; however, it was found
that the ink did not decompose, so it was sanded off the faces.
Complex impedance spectroscopy was done on the sample
according to the procedure noted in the Appendix to Part I of this
thesis. Impedance measurements were taken at temperature
intervals of 25 or 50 °C from 250-825 °C, with a short cooling leg to
475 °C and a second heating leg to 825 °C. The final density was
6.075 g/cm3, 78% of theoretical.

The first several temperatures were extremely noisy and only
barely able to be fitted with a high-frequency arc, but by 325 °C the
high-frequency arc arising from the combined bulk and
grain-boundary resistances and a line arising from electronic
conductivity is clearly evident. (Figure 4.23) By higher
temperatures still the high-frequency part of the slightly-curved line

is fitted to the left side of the arc; this is justified by the portions of
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the data falling below x-axis, which indicate an overlaid semicircle

and line. Figure 4.24 shows the conductivity vs. temperature plot.

Experiment #37 (JWP-1II-115) Bi(N(SiMe3),)s + V-2MOE +
Cu(OAc); - BizCup.1V.905.35

To a round-bottom flask was added Bi(N(SiMes3),); (1.1061 g,
1.6 mmol), Cu(OAc), (0.0152g, 0.08 mmol) and V-2MOE (0.9951g,
0.72 mmol). These were dissolved in 25 ml 2MOE. The solution was
hydrolyzed with 0.1 ml water (2 equivalents) to a powder
blue-green gel which produced a colorless supernatant overnight.
The solution was poured off and dried with virtually no residue. The
gel was divided into 4 samples which were heated 8 hours at 350,
450, 550, and 650 °C respectively, in Ni crucibles in air. XRD showed
v phase appearance at 350 °C with some amorphous phase
contamination; BiVO, peaks appear in the 450 °C sample, but the

550 °C sample is phase-pure y-BiCuVOXx.

Experiment # 38 (KD-I-7) Solid State synthesis of standard
sample of BioNbg.3V(.705.5

Stoichiometric quantities of Bi,O3 (4.6596g, 10 mmol), V.05
(0.6366g, 3.5 mmol), and Nb,0Os(0.3987g, 1.5 mmol) were ground in
an agate mortar under acetone, then pressed into a pellet and
heated at 850 °C for 40 h (heating 10 °C/min, cooling 5 °C/min). The
sample, after XRD, found not to have incorporated the Nb, and it
was reground, pressed into a pellet, and heated at 1000 °C for 20 h
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(heating 10 °C/min, cooling 5 °C/min). Examination by PXRD showed
phase pure Bi;Nbg 3V(.70s5. (Figure 4.35)

Experiment #39 (KD-31) Bi(OAc); + NbCls/2MOE >
Bi;Vo.7Nbg.305 5

Bi(OAc); (0.5 g, 1.3 mmol) was dissolved in 40 ml 2MOE and V-
2MOE (1.201g, 0.46 mmol) added. In a separate flask, NbCls
(0.0725 g, 0.2 mmol) was dissolved with warming in 25 ml 2MOE
and added to the Bi/V solution. The solution became cloudy yellow.
The solution was hydrolyzed with 0.031 ml water (1.5 equivalents)
was added to this solution, resulting in two milky layers, one white,
the other yellow. The two layers were separated and heated 450
°C/8 h then 550 °C/ 8h. The XRD pattern did not match the
expected y phase pattern for Bi,Nbg 3V 70s5.5.

Experiment #40 (KD-50) Bi(OAc)s/diglyme + V-2MOE +
Nb(OiPI‘)s -> BizVo_7Nbo_305_5

Bi(OAc); (0.5 g, 1.3 mmol) was added to 30 ml diglyme and the
mixture warmed to dissolve all solids. Nb(OiPr)s/HOiPr solution
(0.676g, 0.197 mmol) and V-2MOE solution (1.6976 g, 0.46 mmol)
were added and warmed with stirring for 1 hour to give a
transparent yellow solution. The solution was left open to air (not
hydrolyzed) for 12 hours, then heated in a 60 ° oven for 3 h to form
an opaque gel, which was heated at 350 and 450 °C for 8 h in air.

The 350 °C sample was too poorly crystalline to show much in the
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XRD, while the 450 °C sample, while poorly crystalline, showed
phase pure Bi,Nbg 3Vo,0s55. (Figure 4.18)

Experiment #41 (KD-51) Bi(OAc);/2MOE + V-2MOE +
Nb(OiPr)s > BizVo_7Nbo_305,5

Bi(OAc)s (0.5g, 1.3 mmol), V-2MOE (1.6800 g, 0.46 mmol) , and
Nb(OiPr)s solution (0.675 g, 0.196 mmol) were added together with
20 ml 2MOE. With warming and stirring a transparent bright yellow
solution resulted. This was stirred 1 hour and hydrolyzed with 29 ul
(0.57 equivalents) of water. A solid formed at the point of contact
of the water, but redissolved on stirring. A gel formed on standing
overnight. This was dried at 120 °C then split into three parts and
each part heated at 550, 650, and 750 °C for 8 hours in air. Ali
showed phase-pure Bi,V(7;Nbp 3055 by XRD. (Figure 4.18)

Experiment #42 (JWP-1I-175) Bi(OAc)s + V-2MOE + Mn(OAc),
- Bi2Vo.85sMng.1505.5-;

Bi(OAc)s (59, 130 mmol), 15.622 g V-2MOE solution (15.622g,

55.3 mmol) and Mn(OAc),*4H,0 (0.2380g, 9.75 mmol) were
dissolved in 2MOE to give a yellow solution. This was hydrolyzed
with excess water to make a fibrous precipitate, which was dried 4
days at 100 °C and pyrolyzed at 625 °C for 8 h in air to give an
olive-green solid. XRD shows the appearance of the standard

tetragonal y phase expected for Bi,Vg.g5Mng 1505 5.
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Experiment #43 (JWP-II-199A) Bi(OAc)s + V-2MOE +
Mn(OACc); > Bi;Vo.85sMng.1505.5-;

Bi(OAc)3 (2.0007 g, 5.20 mmol) V-2MOE (6.25g, 2.2 mmol), and

Mn(OAc),*4H,0 (0.0953g, 0.39 mmol) were mixed in 150 ml 2MOE to
dissolve and hydrolyzed with 2 ml H,O (13 equivalents) to give a
milky grey-yellow solution. This was warmed at 60 °C to dry for 3
hours, then 100 °C overnight. The resulting gel was split among 5
alumina crucibles and heated for 8 hours at 350, 450, 550, 650, and
750 °C in air. XRDs showed the evolution of the desired y phase

Bi>Vo.s5MnNg.1505.5.s With pyrolysis temperature. (Figure 4.19)

Experiment #44 (JWP-1I-176B) Bi(OAc); + V-2MOE + Fe(OAc);
- BiyVo.9F€0.105.5-;

Bi(OAc)s (2.5g, 6.48 mmol), V-2MOE (8.27 g, 2.93 mmol) and
Fe(OAc), (0.0563g, 0.325 mmol) were mixed in 100 ml 2MOE to give
a yellow solution. This was hydrolyzed with 0.5 ml HO (2.5
equivalents), yielding a milky yellow-grey suspension. This was
warmed on a hot plate to remove approximately 1/2 the volume of
solvent. After 1 hour a gel was produced; this was dried and
pyrolyzed at 625 °C for 8 hours. The XRD showed the appearance
of the standard tetragonal y phase Bi,Vo.oFeo.10s.55. (Figure 4.33)
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Experiment #45 (JWP-1I-176A) Bi(OAc); + V-2MOE +

Fe(acac); > Bi,V.oFe(.105.5;

Bi(OAc)3 (2.5g, 6.5 mmol) were added to V-2MOE solution
(8.27g, 2.93 mmol) and 100 ml 2MOE and stirred to dissolve.
Fe(acac), (0.1144 g, 0.33 mmol) was added to obtain a red-orange
solution. 0.5 ml water (2.5 equivalents) were added, resulting in
some milkiness; this was warmed on a hot plate to remove some
solvent. After 4 hours a gel was produced; this was dried and
pyrolyzed at 625 °C for 8 hours. The XRD pattern showed the

appearance of the standard tetragonal y phase expected for

BizVo,gFeo_105_5-5. (Figure 4, 34)

Experiment #46 (JWP-II-199B) Bi(OAc)s; + V-2MOE +

Fe(acac)z > BizVo_gFeo_105_5-5

Bi(OAc);3 (2.3386g 6.06 mmol), V-2MOE (7.7364 g, 2.73 mmol),
and Fe(acac), (0.10695 g, 0.30 mmol) were dissolved in 100 ml
2MOE and hydrolyzed with 2 ml H,O (10 equivalents) to yield a milky
red solution. This was warmed at 60 °C to dry for 3 hours, then 100
°C overnight. The resulting gel was split among 5 alumina crucibles
and heated for 8 hours at 350, 450, 550, 650, and 750 °C in air.

XRDs showed the evolution of the desired y phase

Bi,Vo.oFeo.105.5., with pyrolysis temperature. (Figure 4.20)
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Experiment #47 (JWP-III-53) Bi(OAc); + V-2MOE + Ti(OiPr),
- Bi;Tip.1V0.90s.5-;

Bi(OAc); (1g, 2.59 mmol), V-2MOE solution (2.35 g, 1.17 mmol),
and Ti(OiPr)4 (0.0367 g, 0.129 mmol) were mixed in 60 ml 2MOE to
dissolve. This was hydrolyzed with 0.4 ml water (4.3 equivalents)
to produce a clear yellow solution which became a tan liquidy gel on
standing overnight. The solvent was evaporated from this and the

gel pyrolyzed for 8 h at 700 °C. Examination by XRD showed a clean
v phase pattern for Bi,Tip.1V0.90s5.5.;. (Figure 4.21)
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Table 4.4: XRD standard, Bi,VO; 5 by solid state, Expt. 30

r=1.54056, 1.=1.54439, 10-70° step size 0.05°, 2 sec./step; literature a =

5.533, b = 5.611, c = 15.288 A orthorhombic, indexing based on

literature.37

h [k |1 |2theta |d(exp) A|I/Io (%)

11.580 | 7.6352 16.62

23.289 | 3.8163 14.32

24.200 | 3.6747 3.70

28.638 | 3.1145 100

31.852 | 2.8072 17.05

32.319 | 2.7677 20.82

33.728 | 2.6552 2.84

34.000 | 2.6346 3.63

34.480 | 2.5990 4.85

35.216 | 2.5464 14.39

37.223 | 2.4136 11.09

39.849 | 2.2603 5.49

40.216 | 2.2405 5.92

45.955 | 1.9732 9.19

47.640 | 1.9073 6.32

48.235 [ 1.8851 12.35

48.573 [ 1.8728 13.17

54.813 |1.6734 10.52

| Wl ool o] o] o] o] ©|] W] O] O] O] N O O] W] | Wl O
=l Wl o] N N N O N =] O O N N O N = = =] O
Wl Wl ool o] N O] K] K] ] O M| N O] O] O] W| Wl ~»| N

55.441 | 1.6560 13.35

59.230 | 1.5587 15.94
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Table 4.5: XRD standard, Bi,Cug.1V(.005.35 by solid state,

Experiment 31

Scan conditions same as for Table 4.4. Indexing gives a=3.9179 A,

c=15.4478 A, all angles 90°.

h |k || [2theta |d(exp) A|d(calc) A|I/Io (%)
0 (0O |2 |11.480 (7.7020 7.72 54.93
0 [0 |4 |23.025 | 3.8594 3.862 9.95
1 10 |1 |23.439 |3.7922 3.798 22.61
1 10 (3 [28.604 |3.1181 3.118 100

1 11 |0 [32.310 | 2.7684 2.770 68.74
1 |1 {2 [34.349 | 2.6086 2.608 12.07
0 |0 |6 |34.803 | 2.5756 2.575 34.00
1 10 |5 |37.034 | 2.4254 2.426 14.87
1 |1 [4 [40.018 | 2.2512 2.251 11.33
2 |0 |0 |46.340 | 1.9577 1.959 25.06
2 |0 |2 |47.879 |1.8983 1.899 6.31
1|1 (6 [48.213 | 1.8859 1.886 30.80
2 |1 |3 |55.328 |1.6591 1.659 23.95
1 10 [9 |58.686 |1.5719 1.572 17.50
2 |0 |6 |59.222 | 1.5589 1.559 6.99
2 |1 |5 |60.693 |1.5246 1.524 5.33
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Table 4.6: Reflections and indexing for BiCuVOx made by sol-gel
method, Expt. 34

Scan conditions same as for Table 4.4. Indexing gives a=3.9195 A,

c=15.4045 A, all angles 90°.

h |k |1 |2theta | d(exp) A|d(calc) A|I/Io (%)
0 |0 [2 |11.499 | 7.6892 7.71 27.57
0 {0 |4 |26.051 | 3.8551 3.857 3.19
1 [0 [1 |23.408 |3.7972 3.800 12.57
1 10 |3 [28.608 |3.1177 3.118 100

1 {1 [0 |32.289 | 2.7702 2.773 23.41
1 11 12 [34.374 | 2.6068 2.609 5.58
0 |0 [6 |34.894 | 2.5691 2.571 9.89
1 |0 |5 |37.069 |2.4232 2.425 8.01
1 |1 |4 [40.033 |2.2504 2.251 6.45
2 |0 [0 |46.267 |1.9606 1.961 9.13
2 |0 |2 |47.848 | 1.8995 1.900 4.75
1 |11 |6 |[48.240 |1.8850 1.885 17.46
2 |1 |1 152.470 |1.7425 1.742 3.44
2 {1 |3 |55.302 |1.6598 1.660 15.18
110 |9 [|58.727 | 1.5709 1.571 8.08
2 10 |6 |59.179 | 1.5600 1.559 6.45
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8t¢

Table 4.7: Complex Impedance Data for Sol-Gel Derived Bi;Cu.1V0.905.35

Temp. (°C) |Type|y- slope |diameter |Z"” real Z' imag. | x- o (ohm-cm)
intercept center center |intercept
242.2 circle 2.227E6 1.05E6 3.61E5 |[2.109E6 |4.360E6
269.3 circle 1.435E6 5.545E6 |[3.83E6 |1.161E6 |2.401E6
294.8 circle 4.434E5 2.061E5 |8.40E4 |4.113E5 [8.504E5
320.1 circle 2.118E5 9.762E4 |4.27E4 |1.945E5 |4.021ES
345.4 circle 8.835E4 4.214E4 |1.65E4 |8.310E4 |1.718ES
370.5 circle 5.635E4 2.427E4 | 1.45E4 |4.841E4 [1.001E5
395.3 circle 2.751E4 1.4163E4 [ 5042 2.696E4 | 5.575E4
420 circle 1.582E4 8930.44 | 2650 1.638E4 | 3.387E4
444.7 circle 8767.66 5340.4 1709 9.378E3 | 1.939E4
469.5 circle 1292.5 1536.22 |248.1 2.133E3 | 4.410E3
494.6 line | 303.42 -.707 4.291E2 | 8.872E2
520 circle 737.4 539.64 215.5 9.399E2 | 1.734E3
545.4 circle 390.28 241.1 117.4 3.970E2 |8.208E2
570.7 circle 36.788 70.265 8.103 8.678E1 | 1.794E2
596.6 circle 27.45 40.304 6.312 5.429E1 1.085E2
622.6 circle 13.60 26.84 2.705 3.307E1 | 6.837E1
675.1 circle 7.981 11.743 1.993 1.520E1 | 3.143E1
726.8 circle 5.583 9.473 1.568 1.179E1 | 2.437E1
753.4 circle 1.556 7.216 0.308 7.931E0 | 1.640E1




61¢

Temp. (°C) | Type y- slope |diameter |Z" real Z' imag. X- o (ohm-cm)
intercept center center | intercept
805.7 circle 0.958 5.802 0.243 6.215E0 | 1.285E1
831.8 circle 0.558 5.329 0.117 5.582E0 | 1.154E1
779.8 circle 0.268 0.035 5.479 5.608E0 | 1.159E1
727.7 circle 0.926 6.068 0.168 6.500E0 | 1.344E1
675.6 circle 2.313 7.046 0.486 8.096E0 | 1.674E1
623 circle 3.941 8.579 0.719 1.041E1 | 2.153E1
570.9 circle 3.380 9.329 0.430 1.095E1 | 2.266E1
520 circle 26.493 21.275 5.946 3.311E1 | 6.846E1
469.2 circle 24.904 26.233 3.824 3.808E1 | 7.874E1
520.1 circle 5.000 12.144 0.611 1.457E1 | 3.012E1
571.1 line | 8.331 -1.088 7.658E0Q0 | 1.583E1
623 line | 5.7055 -0.858 6.648E0 | 1.374E1
675.1 circle 3.252 7.717 0.601 9.228E0 | 1.908E1
726.9 circle 0.431 5.876 0.053 6.085E0 | 1.258E1
779.6 circle 0.381 5.533 0.065 5.712E0 |1.181E1
831.6 circle 0.174 5.102 0.026 5.185E0 |1.072E1




Table 4.8: XRD standard Bi,Nby 3V, 7055 by solid state, Expt. 38.

Scan conditions same as for Table 4.4. Indexing gives a=3.909113 A,

c=15.74489 A, all angles 90°. Note the preferred orientation problem with
the 00/ peaks.

h |k |1 |2theta | d(exp) A|d(calc) A|I/Io (%)
0 [0 |2 |11.212 |7.8852 7.87 14.07
0 |0 |4 3.943

110 |1 [23.399 |3.7986 3.794 9.85
1 |10 |3 |28.432 | 3.1366 3.135 100
1|1 |0 |32.375 | 2.7630 2.764 29.60
0 |0 |6 |34.150 | 2.6234 2.624 6.91
1|1 |2 |34.317 | 2.6110 2.608 7.91
1 10 |5 |36.624 | 2.4516 2.452 6.98
111 |4 |39.830 |2.2614 2.262 6.94
2 |0 |0 |46.435 | 1.9539 1.955 13.48
1|1 |6 [47.777 |1.9021 1.903 18.66
2 |1 |1 |52.638 |1.7373 1.738 3.36
2 |1 |3 |55.327 | 1.6591 1.659 21.05
2 |0 |6 |58.851 |1.5679 1.568 7.69
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Table 4.9: BizVo_85Mno_1505_5_5, Expt. 43.

Scan conditions same as for Table 4.4. Indexing gives a=3.91805 A,

c=15.49123 A, all angles 90°.

h [k |1 |2theta | d(exp) A | d(calc) A|I/Io (%)
0|0 |2 |11.383 |7.7671 7.75 14.11
0 |0 |4 |22.907 |3.8791 3.8728 2.68
1|0 (1 |23.389 |3.8002 3.798 11.67
110 |3 |28.557 |3.1232 3.121 100
1|1 |0 [32.273 |2.7715 2.770 31.48
1|1 |2 [34.313 |2.6112 2.6086 6.83
0 |0 |6 |34.718 | 2.5817 2.582 10.99
1|10 |5 |36.960 |2.4301 2.4302 9.61
1|1 [4 [39.998 |2.2523 2.2533 7.91
2 |0 |0 |46.300 | 1.9593 1.959 14.33
1 |1 |6 [48.134 | 1.8888 1.889 22.51
2 |1 |1 |52.509 {1.7413 1.7411 4.23
2 |1 |3 |55.332 |1.6589 1.659 23.20
1 |0 |9 |58.552 [1.5752 1.5759 10.08
2 |0 |6 |59.149 | 1.5607 1.5606 10.08
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Table 4.10: Bi;VooFeo.10s5.5-; by sol gel, Expt. 46

Scan conditions same as for Table 4.4. Indexing gives a=3.9356 A,

c=15.46157 A, all angles 90°.

h [k |1 |2theta | d(exp) A| d(calc) A|I/Io (%)
0 |0 |2 [11.366 | 7.7784 7.73 14.91
0 |0 |4 [22.900 |3.8803 3.8654 2.56
110 |1 [23.252 | 3.8224 3.814 12.60
1 |0 |3 [28.494 | 3.1299 3.128 100

1 {1 [0 [32.125 |2.7839 2.783 27.48
1 |1 |2 |34.205 |2.6192 2.6184 6.73
0 |0 |6 |34.746 | 2.5797 2.5769 14.50
1 |0 |5 |36.916 | 2.4329 2.432 10.55
1|1 |4 |39.888 |2.2582 2.258 8.18
2 |0 |0 |46.080 |1.9681 1.968 14.78
111 |6 [48.079 |1.8909 1.891 24.89
2 |1 {1 |52.241 |1.7496 1.7488 4.67
2 |1 |3 |55.110 |1.6651 1.666 22.46
1 10 |9 [58.585 |1.5744 1.574 13.99
2 |0 |6 |59.032 |1.5635 1.5640 9.79
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Table 4.11: BizTio,1Vo.905_5-8, Expt. 47

Scan conditions same as for Table 4.4. Indexing gives a=3.9312 A,

c=15.4416 A, all angles 90°.

h |k |1 |2theta | d(exp) A| d(calc) A|I/Io (%)
0|0 |2 |11.412 |7.7478 7.72 12.10
0 |0 |4 [22.941 | 3.8734 3.8604 2.36
1|0 |1 [23.306 |3.8136 3.810 11.45
1 |0 [3 [28.547 |3.1242 3.124 100
1|1 |0 |32.226 |2.7755 2.780 19.39
1|1 |2 |34.319 |2.6108 2.6154 5.17
0 [0 |6 |34.828 |2.5739 2.574 11.85
1|0 {5 |37.011 | 2.4269 2.429 12.76
1|11 |4 [39.979 | 2.2533 2.2558 6.63
2 |0 [0 [46.206 | 1.9631 1.966 14.41
1|1 |6 |48.150 |1.8882 1.888 19.14
2 |1 [3 |55.100 | 1.6654 1.664 11.15
110 |9 [58.716 |1.5711 1.5725 11.05
2 |0 |6 |59.152 | 1.5606 1.5621 12.31
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Figure 4.31: Powder XRD of solid-state synthesized Bi,VOs s.
This is the XRD pattern that has been used to verify the sol-gel

synthesis products throughout this research.
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Figure 4.32: Powder XRD of solid-state synthesized

Bi,Cu.1Vo0.90s5. This is the XRD pattern that has been used to

verify the sol-gel synthesis products throughout this research.
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Figure 4.33: Powder XRD of sol-gel produced Bi,Vo oF€o.10s.5-;.

Pyrolysis temperature was: 625 °C. The iron was supplied as
FGE(()IMC)z.
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Figure 4.34: Powder XRD of sol-gel produced Bi;V¢ 9F€.105.5;

Pyrolysis temperature was: 625 °C. The iron was supplied as
Fe(acac),.
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Figure 4.35: Powder XRD of solid-state synthesized

Bi,Vo sNbo3055. This is the XRD pattern that has been used to

verify the sol-gel synthesis products. Pyrolysis temperature was

1000 °C.
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Chapter Five

Describing the Bi/V Precursor: Synthesis and
Characterization of a Bismuth-Vanadium

Heterobimetallic Alkoxide

The experimental work described in this chapter was adapted, in
part, from Pell, J.W., Davis, W.C, and zur Loye, H.-C., Inorg. Chem.
1996, 5754-5755.
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5.1 Introduction: Brief Review of Heterobimetallic Alkoxides

A number of observations made during the work described in
Chapter Four suggested that some experiments, tangential to the
project goal of producing defect-free films of the BiMeVOx ceramic,
be undertaken to investigate whether a single bismuth-vanadium
complex was formed in the precursor solution. The observation that
the yellow vanadium 2-methoxyethoxide became orange when the
bismuth acetate solution was added, suggested that a change
occurred in the vanadium coordination sphere due to the Bi(OAC)s.
Likewise, the behavior of the fibrous bismuth acetate-alcohol
polymer that was formed in the bismuth acetate solution in 2-
methoxyethanol, suggested an interaction with the vanadium
alkoxide: it would not form in the presence of vanadium alkoxide,
even in concentrated solutions of Bi(OAc)s; in solutions where it had
formed, addition of the vanadium alkoxide would redissolve it
readily. That the bismuth 2-methoxyethoxide made from bismuth
tris(dimethylsilamide) formed the Bi,VOs s phase directly was also
suggestive of a high degree of interaction between the precursor
materials.

We expect chemical interactions to occur between the Bi(OAc);
and V-2MOE in solution. Vanadium alkoxides tend to form p-alkoxo

dimers in order to increase their coordination numbers, as do most

transition metal alkoxides.1-3 While unbridged vanadium alkoxides
are colorless, the bridged dimeric or oligomeric derivatives tend to

be yellow to red in color; the degree of bridging changes with the
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alkoxide’s concentration in solution.4 Likewise, bismuth, even when
its compounds have eighteen electrons, also tends to become

hypervalent, increasing its coordination number through bridging by

its ligands, as seen in bismuth acetate (Chapter Four).> The alcohol
in use in our sol-gel preparations, 2-methoxyethanol, is capable of
acting as a bridging ligand, as seen in Ba,Cu,(OR)4(acac)4,2HOR
(R=CH,CH,OCH3)6 and in Ba,Ti;3(13-0)12(u5-0)e(nl-n'-
OCH,CH,0CH3)12(u1,u3-1’-OCH,CH,0CH3) 12. 7

As we have indicated in the previous Chapters, the use of
metal alkoxides in sol-gel processes requires that the hydrolysis
and condensation rates of each alkoxide be matched to prevent
inhomogeneities in the gel. One method of reaching homogeneity is
to use only one alkoxide species and to add other metals as
decomposable salts. Another is to modify the ligands of one or
more of the alkoxides to be used so that the rate of hydrolysis and
condensation of the least stable alkoxide is close to that of the
most stable. A more elegant method is to prepare a heterometallic
alkoxide which already has locked in its structure the proper metal
ratio. The lability of the coordination sphere permits the synthesis
of heterometallic alkoxides, often by nothing more complicated than
simply mixing them. Incorporation of the metals required in the final
oxide product into a single source precursor is the ultimate in
attaining atomic-level mixing of the metals.

Despite the widespread interest in multi-metal alkoxide
precursors to a number of ceramic classes — mainly those intended
for electronic applications (superconductors, ferro- and di- electrics,

etc.) where high-temperature processing often creates grain
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morphologies that reduce the material’s desired performance -
there is little information regarding the exact composition of many
precursor systems, and less about the structure of many purported
heterometallic alkoxide precursor species. Partly this is because the
majority of the research in these areas is goal- or product-oriented,
and the specific details of precursor species’ structures usually are
tangential to the question of what precursor “recipe” works the
best. Aside from this, however, it is often difficult to isolate the
putative species because they tend to precipitate or polymerize as
solvent is removed, usually with loss of the solution-stable
structure, rather than crystallize. Combination species may arise
simultaneously in solution from an attempted heterometallic

alkoxide synthesis. Many vanadium alkoxides, in fact, undergo

rearrangement and exchange in solution.2 The distribution of such
species will be statistical, depending on the thermodynamics and
kinetics of the species’ formation and on the concentration of the
solution. In such cases isolation of “the” precursor is problematic.
Despite the difficulties, a number of heterometallic alkoxide
precursors have been reported. A number of bimetallic alkoxides
were synthesized early in this century by the titration of alkali metal

alkoxides with less basic alkoxides of p-block metalloids and

transition metals.8 They were considered to be alkoxo salts until

the 1958 work of Bartley and Wardlaw, which demonstrated the

covalent nature of [Na(Zr,(OR)s)].9 More recent work has produced

combinations of transition metals in a single alkoxide:
[(BaTiO)4(iOPr)16]*3HOIPr, 10 Pb,Ti,(n4-0)(n3-0iPr),(u-0iPr)4(OiPr),, 11

Ba,Cu,(2MOE)4(acac)4~2H2MOE; 6 MNb,(u-OAc),(n-OR)4(OR)s (M=Cd,
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Mg), PbZr3(u4-0)( u-OAC),(u-OR)s(OR)s, GdzZre(n4-0)2(u-OAC)s(p-
OR)10(OR)10, R=iPr;12 Pb,Zry(0iPr)ss, PbyZra(OiPr)zo, 13 PbgNba(ud-
0)( u3-OEt)4(u2-OEt);2(OEt)g, 14 BasTii3(n3-0)12(15-0)s(nl-n'-
2MOE)1>(unl, u3—n2-2MOE)12,7 and a number of others. Most of these
are p-oxo materials; in most cases the appearance of oxo-bridging
is due to partial hydrolysis of the parent alkoxides.

There are a number of different methods for making
heterometallic alkoxides; which one will work depends on the
nature of the metals involved (electronegativity and tendency to
increase coordination sphere) and the steric and electronic nature
(ramification) of the alkoxo groups. Simply mixing two metal
alkoxides, particularly where one of the metals is strongly
electropositive, has yielded a heterometallic alkoxide product in a
number of examples. A precursor to LiNbO3, for example, is

LiNb(OEt)s, made by simply refluxing an ethanolic solution of Li(OEt)
with Nb(OEt)s in 1:1 ratio.15 Likewise, Ba(2MOE), and Ti(2MOE),

refluxed together in 2-methoxyethanol left a white solid
BaTi(2MOE)6;7 and Ti(OiPr)4 and [Pb(QiPr),]. refluxed in toluene

gave crystalline szTiZO(OiPr)m.11 Furthermore, the second metal
alkoxide may be produced by in situ dissolution of the metal; the
alkaline earth metals dissolve faster in alcohol in the presence of
alkoxides of the transition metals and main group metalloids
(Equation 5.1).

(5.1) M + 2 ROH + 2 M'(OR)y ----> (HgCl,/ROH) [M(M’(OR),).]
M=Mg, Ca, Sr, Ba; M’'=Al, Ga, Zr, Hf, Nb, Ta; R=Et, iPr; X, y, zZ as needed for

electroneutrality.
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Such solubilizing of a metal-containing species is often evidence of
the formation of a mixed alkoxide. For instance, Pb,O(OEt)g
dissolves in non-polar solvents when [Nb(OEt)s], is added at room
temperature. Cooling the solution gives crystalline
PbgO4(OEt)4[Nb(OEt)s]4.12

Other leaving groups can also be used; for instance,
Ba[N(SiMes3)2]>(THF), reacted with Zr,(OiPr)g(HOQOIPr), gives
[BaZr,(0iPr)i0],.15 The reaction of a metal alkoxide and a metal
carboxylate may be reacted. Where simple ligand exchange does
not occur, the metal species may react to form an oxo-bridged

heterometallic alkoxide with ester elimination (Equation 5.2).

(5.2) M(OR), + M’(0,CR")m --> (RO);.tMOM’(O2CR)im-1 + RO,CR’.

For example, a precursor to YSZ was prepared according to

Equation 5.3.15

(5.3) Y(OAc)s + Zr(OnBu)4 -->
Y(OAC),[0Zr(OnBu),]OH + C4Hg + nBuOAcC

(The origin of the butene was not discussed.)

Likewise, production of Nb-containing heterometallic alkoxides has

been accomplished (Equation 5.4).12

(5.4) M(OAC), + 2 Nb(QiPr)s --> MNb,(OAC),(0iPr)yo
(M=Mg, Cd, Pb)
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One problem with this approach, however, is that the reaction
is thermodynamically controlled, and the factors that determine the
distribution of products are not well-understood. Salt-elimination
reactions of the type given in Equation 5.5 may occur, but commonly
do not result in controlled-stoichiometry products; the reaction is
often incomplete. For example, the reaction between PbCl, and

KNb(OEt)e in refluxing ethanol gives mostly unreacted starting

material.12

(5.5) MX, + nM’M”(OR); --> M[M”(OR),n]n + NM’X
X=Cl, Br, I

Hirota et al. reported that mixing BiCls and vanadium(V)
tris(ethoxide) oxide in the presence of sodium ethoxide results in
the precipitation of a substance they label “a bismuth vanadyl
alkoxide.” This, after hydrolysis and vacuum drying at 120 °C,
produced BiVO,4 according to powder XRD. They do not report any
characterization work for the precursor alkoxide they claim.16
Likewise, there are a number of examples where lanthanide-
aluminum alkoxides have been made by co-dissolving the chlorides

in the presence of potassium alkoxide (Equation 5.6).

(5.6) LnClz+ 3 AICl; + 12 KOIPr --> [Ln(AI(OiPr)4)s] + 12 KCl

(Ln= Gd, Ho, Er).8

Ter- and tetra-metallic alkoxides have been made using metal
alkoxides as chelating ligands Ly=(M®(OR),.,)’" according to
Equation 5.7.
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(5.7) M'Cly + [KLy] --> [CIM’Ly] + KCI8 where M=Al, Ga, Nb, Ta, Zr and
M’=Fe, Co, Ni, Cu

There has been a flurry of interest in bismuth alkoxides as

potential precursors for sol-gel and chemical vapor deposition
preparations of bismuth-containing superconductors17-19 and

ferroelectrics, notably BisTis01,.20-22 Heterometallic alkoxides with
the correct metal ratios for the final product are especially sought-
after. There is, however, a dearth of information about even the

homometallic alkoxides of bismuth. Insoluble bismuth alkoxides
have been known since 196623 and in recent years a number of

soluble bismuth alkoxide complexes have been isolated.17-19,24-28

While several groups have claimed the existence of a bismuth-

transition metal precursor in their sol-gel processes16,22,29,30 and

have published IR and mass spectral data, none of these species

have been isolated> for elemental analysis and/or x-ray crystal
structure analysis. During our attempts at synthesizing a 2:1 Bi:V
precursor to the oxide-ion conducting ceramic Bi,VOs 5, we were able
to isolate and characterize

[BiCl3(u-0O)( u-OCyH40CH3),(0C,H40CH3)V],, which to our knowledge
represents the first structural description of a heterobimetallic
bismuth-containing alkoxide complex. After the isolation of this
material, we went on to try to prepare analogs, but were unable to

obtain isolable products.
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5.2 Results and Discussion

5.2.1 Structure and Properties of I11I-76B

Bismuth (III) chloride was dissolved in a 2:1 molar ratio with
VO(OiPr)s; in 2MOE solution. Brief warming, followed by several
days’ standing, led to the growth of crystals of the dimeric Bi-V
complex III-76B. The synthesis was based on a “non-hydrolytic sol-
gel method” published in the literature.31

There are relatively few compounds available with which to
compare [BiCl3(u-O)( u-OC,H40CH3),(0OC,H40OCH3)V],. The
asymmetric unit contains one bismuth and one vanadium atom
(Figure 5.1). The vanadium atom is located in a distorted octahedral
environment that is unusual among vanadium (V) alkoxides, which
prefer a square pyramidal geometry. The shortest V-O distance of
160 pm, belonging to the bridging oxide atom O(4), compares well
with the usual vanadyl distance of 158 pm.4:32,33 A band at 945
cm confirms the weakening of the vanadyl bond (usually 950-990
cm™).4 (Figure 5.2) Taking O(4) as the “top” vertex of the
octahedron, the equatorial plane (defined relative to 0(4)) is
deflected slightly downward. The trans oxygen, O(2), and V, form
an angle of 170° with O(4), the deviation from 180° presumably
caused by the short reach of the 2MOE group. Two of the 2MOE

groups are bidentate on vanadium, in contrast with the cases found

in lead(II) 2-methoxyethoxide34 and bismuth 2-methoxyethoxide,24
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where the ligand is monodentate; bidentate 2MOE has been

observed in a barium-titanium complex.’

The coordination environment around the bismuth atom is a
distorted capped octahedron with the chiorine atoms and O(4),
0O(6), and O(14) as octahedral vertices. The alkoxy oxygen O(1)
caps the 0(4)-0(6)-0(14) face at 285 pm. This atom connects
nearly at the equator (taking the bridging oxygen O(4) as the top
vertex), distorting O(6)-Bi-O(14) to 114° and pinching O(6)-Bi-CI(3)
and O(14)-Bi-CI(1) to 82° and 75°, respectively. The Bi-O(1) bond
may be designated as a secondary bond.35

The examples of other bismuth alkoxides suggest that a

stereochemically active lone pair should be sought.24,26,27 The
distortion around the bismuth center implies that such a lone pair
would be directed toward the O(6)-0(14)-0O(4) face. Were this the
case, it would be expected that the Bi-O(1) bond would be weak;
however, this bond is only slightly longer than the complex’s other
Bi-O bonds. The distortion in the octahedron is small, indicating no
real gap in the coordination geometry; and the Bi-Cl(3) and Bi-ClI(2)
bonds, which are trans to the expected location of a lone pair, are
not significantly shorter than Bi-Cl(1). Thus we conclude that a
stereochemically active lone pair is absent.

Combined DTA/TGA of the compound in oxygen (Figure 5.3)
shows an endotherm at 144 °C with no attendant weight change,
which is assigned to a separation of the complex into the original
BiCl; and VO(OC,H,40CHs3)5 parts. If this assignment is correct, the
complex is surprisingly stable. Stepped exothermic weight losses
up to 328 °C correspond to the removal of the -OC,H4,OCH3 groups,
while the weight loss from 375-450 °C is assigned to the
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dissociation of the six chlorine atoms. The final product was
identified by powder XRD to be primarily BiVO, (JCPDS #14-688),
with some V,05 (JCPDS # 9-387) and possibly BioO3 under the
amorphous background (Figure 5.4).

The complex is soluble only in donor solvents. >V NMR of the

complex and parent V alkoxide both gave a single peak.32 (Figure
5.5) In the '3C and 'H NMR spectra (Figures 5.6, 5.7), peaks
corresponding to the bidentate ligands are shifted only slightly from
the corresponding peaks of the parent vanadium alkoxide, while
additional peaks arise from the bridging 2MOE group. This suggests
that the heterometallic complex maintains its structure in DMSO
solution. In alcohols (methanol, diglyme) the complex appears to
break apart.

To our knowledge, [BiCl3(u-0)( u-OC;H40CH3),(0OC,H4OCH;3)V],
is the first example of a heterobimetallic alkoxide involving bismuth.
The presence of chlorine in the structure could allow for further
substitution by alkali metal-containing alkoxides, with the potential
for increasing the number of metals present. Chemistry similar to
that described in this section was used in an attempt to synthesize
isolable analogs of JWP-III-76B.
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Figure 5.1: ORTEP of JWP-II-76B, bismuth-vanadium alkoxide.
Protons have been omitted for clarity. Selected bond distances
(pm): Bi-CI(1) 257.1, Bi-CI(2) 251.7, Bi-CI(3) 250.8, Bi-0(6)
259.7, Bi-0(1) 284.9, Bi-0(4) 270.3, Bi-0(14) 279.8, V-0(1)
178.9, V-0(2) 236.0, V-0(3) 180.0, V-0(4) 160.3, V-0(5)
216.8, V-0(6) 190.7, Bi-V (short side) 368.8. Selected bond
angles (deg.): CI(3)-Bi-CI(2) 93.81, CI(3)-Bi-CI(1) 87.44,
Ci(2)-Bi-Ci(1) 94.35, CI(3)-Bi-O(6) 82.28, CIi(2)-Bi-0(6)
88.46, CI(1)-Bi-0(6) 169.51, CI(3)-Bi-0(4) 89.31, CI(2)-Bi-
0(4) 176.74, CI(1)-Bi-O0(4) 86.73, 0(6)-Bi-0(4) 91.02,
0(14)-Bi-0(4) 89.37, 0(14)-Bi-0(6) 114.19, 0(14)-Bi-CI(1)
75.8, 0(14)-Bi-Ci(2) 91.94, 0(14)-Bi-Ci(3) 162.69.
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Figure 5.2: FTIR of JWP-II-76B. See text for details.

005 -Wwd
1

000%

00s?

oooz2
]

oose
1

000e

oose
1

000

e e o e

\

00°0

X
—00°00F

275



Figure 5.3: DTA/TGA of JWP-II-76B. See text for details.
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Figure 5.4: Powder XRD of pyrolysis product of JWP-II-76B.
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Figure 5.5: 5!V NMR of JWP-II-76B (d¢-DMSO)
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Figure 5.6:

13C NMR of JWP-II-76B (ds-DMSO)
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Figure 5.7: 'H NMR of JWP-II-76B (ds-DMSO)
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5.2.2 Experiments in Preparing Analogs of III-768B

Compound JWP-III-76A (abbreviated III-76A from here on)
was synthesized by mixing V-2MOE directly with BiCl; in 2MOE
solution. While III-76A was not extensively characterized, it is
suspected that its structure is similar, if not identical, to that of III-
76B. EDAX showed that Bi, V, and Cl were all present, although no
direct elemental analysis was done on the compound. Its FTIR was
identical with that of III-76B. (Compare Figures 5.2, 5.8) DTA/TGA
was identical in overall shape but event locations had variations
that were in some cases outside the reproducibility of the
instrument (temperatures +2 °C). Compare Figures 5.3, 5.9. A
crystal structure of III-76A was unobtainable due to the loss of
solvent from the crystals during their isolation. Attempts to
reproduce III-76A resulted in either oils or precipitates.

Because the precursor in the Bi,VOs s synthesis described in
Chapter 4 was based on bismuth acetate, rather than the chloride,
several attempts were made to isolate a Bi/V precursor
(Experiments 3-11). Initial experiments centered on the literature

report that the formation of a heterobimetallic alkoxide can drive

precursor solubilization in polar solvents:12 bismuth acetate and
either vanadium isopropoxide or vanadium 2-methoxyethoxide were
mixed in hexane solvent and stirred or refluxed (Experiments 3-5).
Likewise, bismuth acetate, 2-methoxyethanol, and vanadium
isopropoxide were stirred in THF solvent (Experiment 8). In these
cases the persistence of the milky suspension of Bi(OAc); in the

solvent suggested no reaction had occurred; for the mixture of
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Bi(OAc)s; and V-2MOE in hexane without reflux, an oil formed which
unfortunately could not be induced to yield crystals. It was hoped
that THF would be useful in solubilizing the hoped-for product, in
case hexane was too nonpolar to dissolve it after its formation.

However, it is probable that the donor solvent instead blocked

reaction.12 Bismuth acetate and the vanadium alkoxides were
mixed with repeated removal and replacement of 2MOE solvent, in
the hopes of driving off with the evaporated solvent the acetate
and isopropoxy groups. Using vanadium 2-methoxyethoxide
(Experiment 6, 10, 11), this tactic gave back the reactants; on the
other hand vanadium isopropoxide gave a homogenous waxy solid
which, on redissolving in 2MOE, resulted in the fibrous growth
associated with the alcoholysis of Bi(OAc); rather than in crystals
(Experiment 7). Since the presence of V-2MOE in solution with
Bi(OAc)3 had been observed to suppress the formation of the
fibrous product, this result is surprising. A second attempt of the
latter experiment gave a yellow oil that resulted in a precipitate
after one month at -10 °C. EDX on the precipitate showed that the
only metal it contained was Bi. Whatever interaction is occurring
between the bismuth acetate and the vanadium 2-methoxyethoxide
in solution, an intermediate did not prove isolable. Possibly partial
hydrolysis of the Bi- and V- containing precursor solution would
have yielded a heterobimetallic oxoalkoxide, but this experiment
was not pursued.

Other attempts to synthesize analogs of III-76B were made
as well. The original idea had been to take BiCl; and V-2MOE and
make analogs of the III-76B complex by adding a species of the

type E---E, where E is an element having donatable electrons. Thus
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the 2MOE “analogs” used were ethanolamine (HOCH,CH,NH,;) and
ethylene glycol (HOCH,CH,OH), both in diethy!l ether and
tetrahydrofuran solvents (Experiments 12-18). All experiments
resulted in a precipitate plus yellow or orange oil (diethyl ether
solvent) or a yellow-orange gum (THF solvent). VO(OQIiPr); and

ethanolamine gave a yellow precipitate which was possibly

VO(NHCH>CH,0H), (Experiment 14).36
It is probable that the 2MOE “analogs” used created polymeric

products because both end groups were ionizable, of the type X---

X,37 while 2MOE is of the type L---X (L=neutral donor, X=ionizable
donor). A donor of the type L---X, Me,NCH,CH,OH was tried
(Experiment 19), using the N,N-dimethylethanolamine itself as the
solvent. This mixture resulted in a red solution that did not yield
crystals on either attempt. In hindsight, this is probably due to high
solubility of any product in the N,N-dimethylethanolamine, and a
different solvent should have been explored. It is also possible that

the potential adduct forms a chelate-type complex with vanadium

alone, as seen in the vanadium trialkanolamine complexes.36
Bismuth alkoxides have demonstrated difficulty in terms of
reproducibility where the specific product (cluster oxoalkoxide)

varied with the commercial source of the reagents, the temperature,

and the bismuth species’ concentration at time of synthesis.38
These factors may not have been well-controlled in the experiments
described above. Most of these latter attempts at making an
analogue of III-76B, due to the 1:1 metals ratio seen in III-76B,
used the metals in 1:1. This may have provided too little of one or
the other metal to form a stable structure. At the very least, 2:1

and 1:2 Bi:V ratios should have been tried. Also, the ligand was
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consistently used in > 10-fold excess, which may have blocked
potential reaction sites on the metals with a sort of “solvation.”
Synthesis of an analog of III-76B using Ti(OiPr), was attempted
once, but resulted in a precipitate that could not be re-dissolved
and therefore was not further characterized. (Experiment 22)

As discussed in the introduction to this Chapter, one way to
make heterobimetallic alkoxides is to use the alkali metal bimetallic
alkoxide with the desired metal, followed by a salt metathesis
(Equation 5.9). For example, the termetallic alkoxide
[{Cd(OiPr);}Ba{Zr(QiPr)q}], was made by sequential salt elimination
reactions (Equation 5.10a,b).

(5.9) MM'(OR), + M"Cly, > M"M'(OR), + x MCI
(5.10a) CdI, + KZry(0iPr)g = ICd{Zr,(0iPr)q + KI
(5.10b) ICd{Zr,(OiPr)qy + KBa(OiPr); »

1/2 [{Cd(QiPr)s}Ba{Zr(0OiPr)q}1]>

Several of the syntheses described in this Chapter were to take

advantage of this. Sodium-bismuth alkoxides are known, e.g.
NaBi;(u3-0)(OR)g(THF) and others.38 One promising route, which
was to give the correct stoichiometry for Bi,VOs s, was based on

published reactions (Equations 5.11a, b).39

(5.11a) SbCl; + 4K + 4 ROH > KSb(OR)4 + 3 KCl in benzene

(5.11b) KSb(OR)4 + SnCl, - Sn(Sb(OR)4), + 2 KCl in benzene
R=Me, Et, iPr, nBu, tBu, iAm
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It was expected that the analogous reaction would occur with
bismuth, yielding KBi(OR)4; whether VX, could be persuaded to act
as did SnCl, was more doubtful, but using VX, or VOCI3 (even for the
incorrect stoichiometry) seemed worth trying. However, as the
experiments described below show, we were unable to isolate

KBi(OR)4 cleanly, so this route was abandoned.
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Figure 5.8: FTIR of JWP-II-76A.
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Figure 5.9: DTA/TGA of JWP-II-76A
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5.2.3 Precursor Characterization

The focus in precursor characterization was the exploration of
the interaction between Bi(OAc)3 and V-2MOE in solution. The
results were somewhat confusing. UV/VIS spectra of V-2MOE alone
and of a 1:2 mixture of V-2MOE and Bi(OAc)3 revealed some change
in the vanadium coordination sphere, as demonstrated by the 35-
nm red shift of the absorption on mixing. (Figure 5.10). This shift is

in the expected direction for acetate entering the vanadium

coordination sphere.32 On the other hand, 51V NMR showed only a
slight shift in the V-2MOE peak on addition of Bi(OAc)3 (-544 ppm

neat, -541 ppm in the presence of Bi(OAc)3;). (Repeatability + 1

ppm; however, >V NMR is sensitive to the ionic environment,32 and
the addition of the bismuth acetate may have caused the shift in
this way, rather than by actual change of the vanadium coordination
sphere.)

Both standard transmission and photoaccoustic FTIR were
used to characterize what changes occurred in the bonding sets of
both metals. It was thought that several changes to the IR spectra
could occur during the formation of a mixed Bi-V complex in solution:
(1) Acetate groups on the Bi would be replaced by 2MOE groups,
leaving free HOAc, which could be removed in vacuo, and (2) New C-
O bands would appear and/or old ones would shift toward lower
wavenumber (weaker bonds) due to pul or n2 bridging by the 2MOE

group.
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There is some indication that some loss of acetate groups
occurs in the presence of 2ZMOE. As expected, Bi(OAc)s (Figure 5.11)
lacks the C=0 stretch at 1720 cm™! (location based on neat HOAC),
but has bands at 1426 and 1348 cm™!, the v,s and the v¢ carbonyl
peak locations expected for a carboxylate ligand. (The shift to

lower-than-usual wavenumber is expected for a solid-state IR

method.40) A solution of V-2MOE and Bi(OAc); in 2MOE (Figure
5.12) conversely shows the free C=0 peak at 1740 cm™, while the
vas and the vg carbonyl peaks are overlaid on the absorptions of the

2MOE. This demonstrates at least partial alcoholysis of the acetate
groups in the presence of excess 2MOE. When the solution of V-
2MOE and Bi(OAc);3 is placed onto a 3M Type 61 IR card and the
solvent removed in vacuo, the C=0 peak (1720 cm™) remains but is
attenuated, possibly due to incomplete evaporation of the acetic
acid. (Figure 5.13) This spectrum also retains the bands at 1540
and 1399 cm, indicating the retention of acetate on the bismuth
center. However, PA-FTIR of the Bi(OAc)3;-2MOE polymeric material
and the Bi(N(SiMe3),)3-2MOE solid (Figure 5.14, 5.15 respectively)
both show peaks in this area - e.g. they may be polymerization-
broadened C-O (alcohol/ether) absorbances, so the presence of
these bands in the Bi(OAc)s-V-2MOE solution is not conclusive
evidence of acetate-group retention. The 2MOE solvent almost
certainly plays a role in breaking apart the Bi(OAc)s trimer and
possibly in alcoholyzing the acetate groups from the Bi center, but it
remains uncertain whether 2MOE groups bound to the vanadium
also bridge to the bismuth in solution. An acetate-based analog of
the bonding situation seen in III-76B is possible, however, if the

positions taken by the bridging acetate groups in II-77A (Figure
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5.16) are occupied instead by 2MOE groups. (Figure 5.17) Weak
back-interactions from Bi-based acetate groups, or entry of
liberated acetic acid into the vanadium coordination sphere, may
explain the >V and UV-VIS spectra.

In an attempt to determine whether the bismuth acetate
remained in solution in the gel interstices, or bonded in some way
to the hydrolyzed vanadium alkoxide structure of the gel, two 2:1
Bi(OAc)3: V-2MOE samples in 2MOE were hydrolyzed with excess
water and permitted to gel (experiment 23). In one sample, only
the syneresis fluid was removed, without breaking up the gel, and
the residue from it was found to be negligible. In the other case,
the gel was mechanically broken up to free trapped fluid. Again, the
residue from the fluid after evaporation was found to be negligible.
Thus the bismuth acetate appears not to remain as a trapped
solute, but to participate chemically in the gel structure. The
remnant of the gel pyrolyzed to give BiVO,4 and Bi,VOs 5, indicating

that the bismuth was still located in the gel.
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Figure 5.10: UV-VIS of V-2MOE solution with and without added
Bi(OACc)s solution.
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Figure 5.11: Photoaccoustic FTIR of JWP-II-77A, bismuth
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Figure 5.12: FTIR of V-2MOE/Bi(OAc); mixed solution in 2MOE.
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Figure 5.13: FTIR on V-2MOE/Bi(OAc); mixed solution in 2MOE,

after vacuum removal of solvent.

\

cm~! 500

1500 1000

2000

2500

3000

—
3500

4000

0.00 de——

100.001
T

294



Figure 5.14: Photoaccoustic FTIR on JWP-121C, bismuth
acetate/2MOE polymer.
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Figure 5.15: Photoaccoustic FTIR on JWP-II-24A, solid formed
by alcoholyzing Bi(N(SiMe3),); with 2MOE.
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Figure 5.16: ORTEP of JWP-II-77A, bismuth acetate (see text).
Selected bond lengths (pm) and angles: Bi(3)-0(1) 254, Bi(3)-
0(2) 230, Bi(3)-0(3) 267, Bi(3)-0(4) 240, Bi(3)-0(5) 252,
Bi(3)-0(6) 224, Bi(3)-0(2B) 294, Bi(3)-0(4B) 283, Bi(3)-
O(3A) 280; O(1)-Bi(3)-0(3) 152.5°, O(1)-Bi(3)-0(4) 117°,
0(1)-Bi(3)-0(5) 80°, O(1)-Bi(3)-0(6) 74°, 0(4)-Bi(3)-0(6)
80°, 0(3)-Bi(3)-0(6) 79°, O(3)-Bi(3)-0(4) 50.5° O(5)-Bi(3)-
0(6) 53°, 0(1)-Bi(3)-0(2) 53.4°
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Figure 5.17: Sketch of potential Bi-V dimer in solution, showing
how 2MOE bridging on the basic bismuth acetate core can occur.

Compare with Figure 5.16.
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5.3 Conclusions

Overall, the isolation of one example of a u-O Bi-V complex,

synthesized starting with bismuth chloride and vanadium alkoxide,
is an interesting result but one which cannot necessarily be
extended to count as evidence of the formation of a single
precursor complex in the bismuth acetate-vanadium alkoxide
solutions used in the sol-gel synthesis of the BiMeVOx materials.
The types of bridging that the 2MOE group on vanadium can
perform with bismuth, however, provide a potential for interaction
between the vanadium alkoxide and the bismuth acetate, and one
can speculate that the sorts of inter-bismuth bridging done by the
acetate groups in the bismuth acetate structure (see Figure 5.16)
could potentially also be done by 2MOE groups on bismuth, with
complete retention of the acetate groups. Conversely, the acetate
groups on Bi(OAc)s; can be lost through alcoholysis by 2MOE in
forming the fibrous polymeric material. (Figure 5.14) Such
substitution of 2MOE groups for acetato ligands demonstrates a
second process by which 2MOE groups on the vanadium could
create bridged Bi-V complexes. The suppression of the formation of
the fibrous material in the presence of V-2MOE suggests of
interaction between the vanadium alkoxide and bismuth compound
in solution - “alcoholysis” or bonding by the 2MOE groups on V-

2MOE may act to block polymer formation by free 2MOE and
Bi(OAc)_o,.12 The shift in the visible absorption spectrum of the

vanadium alkoxide in the presence of the bismuth precursor also

suggests interaction between the two species in solution, though
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the shift of the >V NMR peak by 3 ppm is not strong evidence of
changes taking place in the vanadium coordination sphere. The UV-
VIS spectral shift, is thus not adequately explained. Until a Bi-V
precursor complex is obtained from the preparation actually used in
the sol-gel depositions, the existence of a single Bi-V precursor
complex in solution prior to hydrolysis remains speculative. In the
hydrolyzed precursor solution, the bismuth appears to become
bonded to the poly(vanadium oxide) gel structure, rather than
remaining as a trapped solute.

A number of the experiments in this Chapter may be worth
repeating under more favorable synthesis conditions and with more
attention to indirect (e.g. spectroscopic) methods of characterizing
what is taking place in solution, rather than relying on crystallization
to provide a characterizable material. It is likely, also, that attempts
to crystallize out a Bi-V complex from solutions containing vanadium

alkoxide and bismuth dimethylsilamide would be fruitful.

5.4 Experimental Section

All experimental work was done in an argon-filled glove box or
on an nitrogen-equipped Schlenk line. Solvents were used pre-
dried by the manufacturer without further preparation.

See the Appendix to Part I of this thesis for a list of materials

and instruments used in this chapter.

Experiment 1 (JWP/II1/76A) V-2MOE + BIiCl3

In the glovebox V-2MOE (6.4035 g, 3.2 mmol) was mixed with
4 ml 2MOE. To this was added BiCl3 (2.1047 g 6.7 mmol) and 10 ml
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more 2MOE. All solids were dissolved after a brief stirring at room
temperature, producing a yellow liquid. This was removed from the
glove box and warmed in vacuo to remove the solvent. A brown oil
remained. Anhydrous pentane (0.5 ml) was added and stirred with
the oil, then removed by evaporation to again leave an oil. Five ml
of 2MOE was added to form a yellow-brown solution, which was
placed in a sealed flask at 4 °C under N,. After four days tiny
orange crystals and some white crystals had formed. After another
week at 4 °C the mother liguor was removed by syringe and the
orange crystals rinsed with a small quantity of cold 2MOE, then
dried under vacuum. The mother liquor was concentrated and left
at 4 °C for several days under N, with no further crystallization. The
main set of crystals were orange but blackened on exposure to air.
The crystals were checked for elemental content by EDAX using a
backscatter detector and 15 keV exciting energy and found to
contain Bi, V, and Cl. FTIR (Figure 5.8) (nujol, cm™) showed bands
at 2948 s, 2364 w, 1462 s, 1377 s, 1232 m, 1197 m, 1102 m, 1084
m, 1038 m, 1010 m, 996 m, 946 m, 902 m, 827 m, 774 w, 722 s, 631
w, 560 m. None of the crystals were suitable for single-crystal XRD
due to loss of solvent from them. DTA/TGA on the solid showed
endotherms at 134 and 647 °C and exotherms accompanied by
weight losses of 9.75%, 38%, and 68% at 182, 312, and 450 °C,
respectively. (Figure 5.9) Yield (0.16g) 17% assuming identical
formula to III-76B below. Elemental analysis and NMR were not
performed.

Attempts to repeat the experiment in diethyl ether solvent
(JWP/III/83A) resulted in a yellow-brown oil that separated from the
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solvent. Isolation of this oil and refrigeration at 4 °C did not result

in crystals.

Experiment 2 (JWP/III/76B) VO(OiPr); + BiCl; in 2MOE

In the glovebox VO(OQIiPr); (0.80g, 3.26 mmol) was added to
BiCls (2.0485 g, 6.5 mmol) and 10 ml 2MOE. The resulting yellow
solution was stirred briefly at room temperature then removed from
the glove box in a sealed flask and the solvent removed with
warming in vacuo to leave an orange oily precipitate. This was
redissolved with some warming in 5 ml 2MOE and left overnight at
room temperature, then left at 4 °C for several days under N,. After
four days, orange crystals had appeared. These were collected one
week later by removal of the mother liquor by syringe and rinsing in
a small amount of cold 2ZMOE. The crystals were dried in vacuo; the
mother liquor was concentrated and left again at 4 °C, but no
further crystallization occurred. Yield: 35% (based on bismuth) air-
sensitive orange crystals. The crystals were stable at room
temperature under argon.

The crystals were checked for elemental content by EDAX
using a backscatter detector and 15 keV exciting energy and found
to contain Bi, V, and Cl. Analysis (Galbraith Laboratories, by ICP-
EAS) found: C 17.38, H 3.36, Cl 15.67, Bi 35.03, V 8.11; expected: C
17.8, H 3.5, Cl 17.5, Bi 34.4, V 8.4.

Single crystal XRD indicated a dimeric complex of the formula
[BiCl3(u-O)( n-OC;H40CH3)2(0C,H,0CH3)V], (CoH»;1BiCIz04V,
M=607.53). The crystal was monoclinic P2,/n, a=10.7405(8) A&,
b=14.9328(1) &, c=11.2839(8) &, B=97.2330(10)°. V=1795.4(2) A3
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at T=188(2) K. Z=4, D.=2.248 g/cm3, 1=0.71073 A (Mo K ). Of the
7070 reflections collected, 2567 were independent with I>20(I),
yielding R;=0.0258, wR,=0.0508. See Figure 5.1 for ORTEP and
representative bond lengths and angles.

FTIR was run in KBr and Nujol, with the following peaks:
(cm™) 2930 s, 1447 m, 1341 m, 1250, 1224, 1192 broad, m, 1050 m,
944, 911, 830, 647, 600 576 507 m/w. (Figure 5.2). NMR data: °'V
(5, ppm; 300 MHz, DMSO-dg, VOCI3=0 ppm) -553.1 (s); H (8, ppm,
300 mHz, DMSO-dg) 3.24 (S, 3H), 3.30 (s, 6H), 3.33 (t, 3j-5.2 Hz,
2H), 3.49 (q, *1=5.2 Hz, 2H), 3.57 (t, 31=4.8 Hz, 6H), 4.58 (t, 31=5.2
Hz, 1H), 4.92-4.95 (broad, 4H); *3C (3, ppm, 300 MHz, DMSO-de)
57.95, 73.25, 80.36, 86.18, 92.09, 102.21 (high background noise).
(Figures 5.5-5.7) It should be noted that the DMSO solvent was
used as-received and turned out to be contaminated with a small
quantity of water, which we believe protonated O(3). This gives
rise to the extra splitting in the 3.49 ppm peak (to a quartet) and in
the 4.58 ppm peak in the proton spectrum. See Figure 5.3 for
DTA/TGA on the solid, which showed an endotherm at 144 °C with
no attendant weight change, stepped exothermic weight losses up
to 328 °C, and a major weight loss from 375-450 °C. The product of
the thermal analysis was identified by powder XRD to be primarily
BiVO, (JCPDS #14-688). (Figure 5.4)

Attempts at repeating the experiment in diethyl ether solvent
(JWP/III/83B) resulted in an instant white precipitate which was not
characterized further. The experiment described here was
reproduced (JWP/III/107A) to give a 33.8% vyield of orange crystals.
These were verified by NMR and IR for authenticity.
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Experiment 3 (JWP/III/78A) Bi(OAc); + V-2MOE in hexane

To a suspension of Bi(OAc); (2.0071 g, 5.2 mmol) in 15 ml of
hexane was added V-2MOE solution (5.23 g, 2.6 mmol) in 2MOE.
This was stirred for 5 hours at room temperature then heated 1
hour to leave a yellow-green solution and some white solid. This
was permitted to cool to room temperature and filtered, and the
concentrated filtrate refrigerated at 4 °C for one month. A brown oil
separated out of the yellow mother liquor. No further

characterization was performed.

Experiment 4 (JWP/III/79A) Bi(OAc)s + VO(OiPr);in hexane

with reflux

To a suspension of Bi(OAc); (2.0159 g, 5.22 mmol) in 15 ml of
hexane was added of VO(QiPr); (0.65 g, 2.65 mmol). This was
stirred at room temperature for 5 hours to form a milky suspension,
which was refluxed for one hour. The suspension was permitted to
cool to room temperature and settle. This was filtered and added
to the filtrate from /79B (Experiment 5).

Experiment 5 (JWP/II1I/79B) Bi(OAc)3; + VO(OiPr)s in hexane

To Bi(OAc); (2.0185 g, 5.22 mmol) was added VO(OiPr); (0.65
g, 2.65 mmol) and 15 mi hexane. This was stirred at room
temperature for 5 hours to produce a milky suspension, which was
warmed to give a yellow solution and a white solid. This was cooled

to room temperature and filtered, and the filtrate from /79A (Expt.
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4) added to it. This was refrigerated at 4 °C for two days, then the
solvent volume reduced in vacuo. Yellow deposits were noted in the
trap, indicating sublimation of a vanadium compound. The
concentrated solution was again cooled to 4 °C for one month. No

crystals appeared.

Experiment 6 (JWP/II1/84A) Bi(OAc); + V-2MOE

In the glove box Bi(OAc); (2.0120g, 5.22 mmol) was added to
V-2MOE solution (5.2249 g, 2.5 mmol), and 20 ml 2MOE added. This
was warmed with stirring to dissolve, then permitted to cool
overnight to room temperature, and refrigerated for two days at 4
°C. The solvent was removed in vacuo with warming on a water
bath, resulting in a white-yellow solid in a yellow-brown oil. To this
was added 60 ml hexane and the resulting mix refluxed and hot
filtered. White powder appeared in the filtrate as it cooled. The
solid on the filter was pyrolyzed in air at 800 °C for 2 h. Powder
XRD of this material could not be matched to any Bi- and/or V-
containing phase in the JCPDS database (Figure 5.18).

Experiment 7 (JWP/III/91A) Bi(OAc); + VO(OiPr); in 2MOE

Bi(OAc)3 (0.5038 g, 1.3 mmol) and VO(OiPr); (0.2947g, 1.20
mmol) were dissolved in 20 ml 2MOE. The solution was warmed at
45 °C for 2 h and the solvent removed in vacuo to give an
inhomogenous white-yellow solid. 20 ml of 2MOE were again added
to redissolve the solid, and the mixture was heated at 55 °C

overnight. The solvent was removed in vacuo to yield a
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homogenous yellow semisolid. This was again dissolved in 15 ml|
2MOE with warming and left at room temperature overnight. Some
precipitate appeared in the flask bottom. The solution was
refrigerated (4 °C) two days. A yellow fibrous solid appeared which
occupied the entire solvent volume. After four days more at 4 °C,
the solvent was removed in vacuo. FTIR (Figure 5.19) in nujol gave
bands at (cm™, approx.) 3500 vw, 3000-2850 m, 1949 w, 1574 s,
br, 1416-1335 s, br, 1271 w, 1235w, 1203 w, 1113 m, 1099 m,
1056 m, 1020 m, 942 w, 895 m, 840 m, 673 m, 614 w, 564 w. The
experiment was repeated on JWP/III/91C. This product gave an
identical IR.

Experiment 8 (JWP/III/92A) Bi(OAc); + VO(OIiPr); in THF

Bi(OAc); (0.25 g, 0.65 mmol) was added to 50 m! THF
containing VO(OiPr); (0.39 g ,1.59 mmol) and 0.5 ml (6.6 mmol)
2MOE. The resulting mixture was opalescent yellow. This was
warmed with stirring for one week and the maize-yellow suspension
permitted to settle, leaving a white solid and yellow solution.
Because no reactions appeared to have occurred, no further

characterization was done.

Experiment 9 (JWP/III/109A) Bi(OAc); + VO(OiPr)s in 2MOE

Bi(OAc)3 (0.7053 g, 1.83 mmol) and VO(OiPr); (0.3681 g, 1.50
mmol) were added to 20 ml 2MOE. These were dissolved with
warming then permitted to stand overnight. The solvent was

removed in vacuo and 2MOE re-added to redissolve the material.
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The volume was reduced in vacuo and the sample let stand at room
temperature overnight. This was reduced again in volume and the
clear solution decanted and left in a refrigerator at 4 °C. FTIR in KBr
on the solid left from the decantation shows bands at (cm™!) approx.
3500 vw, 3000-2850 w, 1578 s, 1384 s, 1336 s, 1235 w, 1204 w,
1113 m, 1100 m, 1056 s, 1020 m, 942 w, 896 m, 840 m, 675 s, 613
w, 564 w. (Figure 5.20) Over several days a yellow oil separated
out from the now-colorless solution. The solvent was removed in
vacuo and the oil redissolved in a small amount of 2MOE and left at -
10 °C for one month. A yellow precipitate formed. The solvent was
removed from this in vacuo and the solid rinsed with cold 2MOE and
Et,O. EDX on the solid (see JWP/III/145) showed that it contained
only Bi.

Experiment 10 JWP-II-120 Bi(OAc); + V-2MOE, evap. together

In the glovebox, Bi(OAc); (4.0026 g, 2.6 mmol) was added to a
flask and 50 mil 2MOE added. V-2MOE (7.127g, 3.53 mmol) was
added with a 25 ml 2MOE wash to obtain a clear yellow solution.
Some of this sample was saved for IR (JWP-II-120A). The remainder
of the solution was distilled with vacuum assistance and heating to
1/3 volume, followed by addition of 2MOE back to the original
volume and continued vacuum distillation to near dryness. The
remainder of the solvent removal was performed in vacuo without
heating (JWP-II-120C). The solid was kept at 30 mT vacuum over
three days but remained a dark yellow-brown oily solid with white
speckles. The solid could be redissolved in 2MOE, hydrolyzed, and
pyrolyzed at 600 °C to yield Bi,VOss. PA-FTIR was done on II-120C
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and compared with 1I-39-0 (this had been aged approximately 9
months prior to evaporation of the solvent and PA-FTIR). (Figure
5.21a,b) The III-120C solid’s PA-FTIR is very similar to that of II-39-
0, with new or more intense bands at 1740, 1100, and 1018 cmL.
The III-120A FTIR, taken in 2MOE solution, is dominated by the
2MOE peaks. (Figure 5.22)

Experiment 11 (JWP-II-86A) Bi(OAc)s; + V-2MOE

Bismuth acetate (II-69A) and V-2MOE were dissolved in
minimum 2MOE in a 2:1 molar proportion and left in an open vial in a
glove box for 5 months. Semicrystalline clear plates covered with
green-black spots resulted. PA-FTIR of this material (dried and
ground) was identical to that of I1I-39-0. (Figure 5.23)

Experiment 12 (JWP/III/88A) BiCl; + VO(OiPr); +

ethanolamine in Et;0

Ethanolamine (1.5 ml, 24.8 mmol) was added to a solution of
BiCi5 (1.0281g, 3.3 mmol) in 50 ml of Et,0. A white fluffy precipitate
formed. To this was added VO(OiPr); (0.69 g, 2.82 mmol) and the
yellow slurry sonicated, then left stirring at 45 °C overnight. No
change in the appearance of the mixture was noted. No further

characterization was done.
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Experiment 13 (JWP/II1I/88B) BiCl; + VO(OIiPr); +

ethanolamine in THF

Ethanolamine (1 ml, 16.5 mmol) was added BiCls to (1.0804 g,
3.42 mmol) and VO(OiPr); (0.6477 g, 2.64 mmol) dissolved in 40 ml
THF. An orange-yellow clump instantly fell out of solution. This was
sonicated and left stirring on a warm (45 °C) bath overnight to give
a faint green solution and a white-brown powder. No further

characterization was done.

Experiment 14 (JWP/III/93A) VO(OiPr)s; + ethanolamine

Ethanolamine (0.6g, 9.8 mmol) was added to VO(OIiPr);
(0.5110g, 2.08 mmol) in 30 ml Et;O. A yellow-white precipitate
appeared, then became a deep yellow-orange over some minutes.
The solution was stirred at room temperature for several hours to
obtain a precipitate and a yellow oil which clung to the flask sides.
The Et,O/precipitate suspension was decanted off the oil and
minimal acetonitrile was added with warming to dissolve the oil.
This was left for several weeks at 4 °C. No crystals grew. The
yellow precipitate was filtered and dried: 0.2333 g. It became
purple-black on exposure to moist air. FTIR (KBr, cm™) showed
bands at (Figure 5.24) 3227 s, br, 2869 s, 1596 s, 1461 s, 1389 w,
1355 m, 1304 m, 1264 m, 1192 vw, 1136 m, 1072 s, br, 908 s, br,
704 m, 623 m, 602 m, 480 m.
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Experiment 15 (JWP/III/103A) BiCl; + VO(OiPr); +

ethanolamine

BiCl; (1.0648g, 3.4 mmol) dissolved readily in 75 ml Et,0.
VO(QiPr); 