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ABSTRACT

The Preparation and Characterization of Compounds

in the MF,-SnF, systems (M=Ba and Ca)

Zhimeng Zhu

Two new mixed fluorides of tin(II) and calcium have been prepared by reaction of aqueous solutions
of SnF, and Ca(NO,),»4H,0 under strictly controlled conditions. The end products of the reaction are
highly dependent on the local Ca concentration in the solution. One is crystalline CaSn,F, with tin(Il)
possessing a stereoactive lone pair of eiectrons with strong p character, The other is a fluorite-type Ca,.
S, F, solid solution with random orientation of the tin-lone pair axis, Both phases show zero stabilization
by the lattice energy (no increase in compacity) and therefore are not very stable. CaSn,Fs loses SnF; in
aqueous solutions to give Ca, Sn.F,; this SnF, is partly oxidized by oxygen dissolved in water ‘to give
Sn,F,; and SnO,. This has resulted in the first reported preparation of Sn,F,¢ from aqueous solution.
CaSn,F; is thermally unstable, in agreement with density measurements, and decomposes at ca. 220 °C to
give SnF, and CaF,. Ca,Sn,F; has an ionic conductivity of 5x10 (ohm™cm"'K) at 400K and an activation
energy of 0.61 eV. The transport number is ca 0.99 in agreement with '’Sn Mossbauer spectroscopic
studies which show an isomer shift of 3.3-3.5 mm/s and a quadrupole splitting of 1.5-1.8 mm/s,
characteristic of divalent tin with the lone pair of electrons being stereoactive and therefore non-conducting.
The electrode reaction is controlled by the charge transfer process at temperature below 95 °C. The anodic
and cathodic Tafel slopes are 60 to 70 mV/decade. Thermodynamic studies show that the products have

AH = -69900 cal/mol, AS = 69 cal/mol,deg and AG = -49300 cal/mol.
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CHAPTER 1.

INTRODUCTION

A large number of solids have ionic conductivity comparable to that of molten salts and are referred
to as "fast ionic conductors” or "solid electrolytes”. In recent years these materials have simulated
considerable interest. From the technological point of view, solid electrolytes have many potential applicati-
ons in batteries and other electrochemical devices. Among solid electrolytes, fast fluoride ionic conductors
have become a research field of growing importance. Indeed, materials with very good electrical
performances have been isolated, with particular emphasis on materials crystallizing in the fluorite structure
type, as models of fast ion conductors due to their relative structural simplicity and availability as large
single crystals. Such materials have proved to be useful for thermodynamic measurements, specific
electrodes, solid-state batteries, electrochromic device, gas sensors, etc.

Fluoride ions are predicted to be the best anionic conductors because they are univalent, light and have
a small ionic size. Furthermore, these materials are very often electronic insulators having band gaps of
at least several electron-volts. Accordingly, the electron.and hole concentrations in the electrolytes are
extremely small, an essential property for their use as electrolytes in electrochemical batteries [1,2]. The
work reported in this thesis is concerned with the preparation and characterization of fluoride conductors
based on the fluorite-type structure and the investigation of some of tiieir properties. The fluorite structure
(Fig 1-1 a) [3] consists of a simple cubic lattice of anions with the cations situated at centers of alternate
cubes. The unoccupied cube centers are believed to be the key to the defect and diffusion properties of
these materials. It is thought that the anion sublattice disorders, with anions leaving their lattice sites and
moving to interstitial locations at or near these cube centers, thus forming Frenkel defects, which consist
of a combination of interstitials and vacancies. It has been suggested that the best fluoride conductors
would be non-stoichiometric phases involving a cation with high polarizability and a structure deriving from

the fluorite type [4]. In other words, a significant number of fluoride ions leave their normal position to




go to interstitial positions. Examples are PbyglIng sFy 5, PbyssSboasF; s and Srpglag; F,y, [5,6]. Figure
1-1 (b)(7] shows a Frenkel defect in the fluorite-type structure with anions at normal sites (named F,) and
the cations occupying only half of the octacoordinated sites. The excess F~ ions are located in interstitial
sites (Fy).

Transport number measurements (8] and diffusion studies [9,10] show that, as the temperature is
increased, the cation sublattice remains nearly perfect while lhe.anion sublattice becomes highly disordered.
By doping with impurities, it is known that Frenkel defects are dominant and further that the anion
vacangies are more mobile than the interstitial anion [11,12).

It has been reported [13] that the addition of strontium (2+), barium (2+) or lead (2+) ions to an
aqueous solution of tin (II) fluoride results in the immediate precipitation of crystalline metal (II) trifluo-
rostannate(Il) phase, M(SnF,),. The same authors report that similar reactions with Ca** result in an

amorphous solid w.th a variable composition. In the case of lead(II), the structure of the product obtained,

PbSnF, [14], cannot be written as (PbF)+(SnF,) , the way suggested by Donaldson and Senior [13). The

compounds BaSnF, and SrSnF, cannot be obtained by the precipitation method. However, they.can be
prepared by solid state reactions at high temperature followed by quenching [15]. The preparation of the
calcium and barium derivatives investigated in this study, with a description of the characterization
techniques will be discussed in chapter 3.

The total conductivity of solid electrolytes consists of contributions from ionic and electrical motion.
The conduction by electronic and ionic defects as well as the motion mechanism will be described in the
chapter 2. A.C. impedance measurements are used to separate the ionic conductivity of bulk material from
intergranular effects and the theory behind this is described in chapter 4, which also contains the
electrochemical theory, the electrode kinetic theory, thermodynamic theory and practice for characterization.
In chapter 5 and 6, the experimental results will be discussed. The major conclusions of this research are

presented in chapter 7.




CHAPTER 2.

CHARGE TRANSPORT IN SOLIDS

In solids, the diffusion of electrons always occurs, but, in ionic crystals, the motion of ions also
contributes to the total conductivity due to the displacement of their ionic charge. Thus solids are either
ionic conductors or electronic conductors depending on the transport number, t, and the mobility p of the
charge carriers. (t, and ¢; are the transport numbers of electron and ionic species respectively and, L+

= 1 by definition). A good ionic conductor has a high ion mobility and ¢, = 1.

2.1. Ionic Conduction

The interest in the fluorite-type structure is due to the high fluoride ion mobility in these materials
which leads to high ionic conductivity. Included in this class of materials are numerous compounds where
fluoride ions are the mobile species, such as CaF,, BaF, and PbF,, although they are poor conductors
(o about 102 Q'cm™ at 25 °C).

X-ray diffraction experiments have shown that the structure is crystalline with the general ordering of
the ions situated on regular lattice sites. However, to explain the motion of ions, the presence of some
disorder is necessary. Figure 2-1 show the schematic diagram of diffusion mechanisms {16]. The important
and most widely used models of disorder were proposed by Frenkel and Schottky. Frenkel’s model is based
on the assumption that some atoms might jump from normal lattice sites to unoccupied interstices. Based
on this assumption, an interstitial ion may jump from interstice to interstice, Fig. 2-1(a), or push an ion from
a regular site to an interstice (Fig. 2-1 (b)). In contrast, Schottky’s suggestion is that some ions can jump
from their normal lattic sites onto the surface of the crystal resulting in unoccupied sites or "vacancies”
which can then participate in a number of diffusion mechanisms. This gives rise to the so called "vacancy
mechanism” in Fig. 2-1(c). Another mechanism based on defects is the "ring mechanism" [ Fig. 2-1(d),

(direct exchange between two or more ions)], however, this process is not probable in ionic crystals. In the






case of ionic crystals, "crowdion mechanism" (Fig. 2-1(¢)) and "relaxion mechanism” (Fig. 2-1(f)) in which
defects involving several disordered ions have been suggested. In the crowdion mechanism, several
disordered atoms are in a row and in the relaxion mechanism disordered atoms are involved in a small
volume.

The ionic conductivity is given by

O=0"=eNu~X~

Where the o is the ionic conductivity, e is the electronic charge, N is the number of molecules per unit
volume and X' is the mole fraction of anion. The mobility w_ is directly proportional to the jump frequency
v". Thus the conductivity, which is the directly obtainable quantity, depends on the defect concentration
and the jump frequency. The conductivity also strongly depends on temperature, and the size of the mobile
ion. At an optimum size, the activation energy would be low [17].

In ionic crystals the motion of ions under the influence of an external electric field creates a net ionic
current. Experimentally, it is often found that the ionic conductivity can be described by an Arrhenius

relation

0~ =eNp X =0,6xp (-%)

In the situation of intrinsic conduction, the both ion mobility and concentration are temperature dependent.
So the equation can be rewritten as
0T=0,T exp (-—i:—;,)

where the T is absolute temperature, g, is the pre-exponential factor, o, = Ne? a? v/ kT, E, is the activation
energy, k is the Bolizmann's constant. The ionic conductivity is multiplied by the absolute temperature in
order to remove the factor of 1/T that appears in the pre-exponential factor; a plot of log(eT) versus 1/T
gives straight line if the thermally-activated conduction obeys the Arrhenius law, and the slope of the line
gives E,.

Ionic conductors show a wide range of conductivities from 10? to 10 (Q.cm)™ at room temperature

6
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valence band is full. The forbidden energy region between the valence band and the conduction band is
called the "energy gap”, "band gap" or "electron activation energy", E,.

The formation of ¢lectron band energy in the solid can be considered using two different approaches:
the interaction of localized electrons and their energy levels, and a collective or essentially free electron
approximation. In terms of the band theory, the solid electrolytes or ionic crystals are insulators, so their
band structure must consist of a full valence band separated from an empty conduction band by an energy
gap. Free electrons do not participate in the normal properties of the solid electrolytes. However, free
electrons are produced in the crystal by photons of sufficient energy and the electronic structure manifests
itself in the photoconductivity of the crystal and the general interaction of the crystal with the exciting light.
The electronic conductivity of the solid electrolytes can be expressed as

G, = neyl,
where n is the number of free electrons, e is the electron charge, and the 1, is the electron mobility.

As in the case of semiconductors, the number of free electrons in a solid electrolyte is temperature

dependent. The number of conduction electrons n is given by

n = n, ¢°AT
where n, is the concentration of atoms at the lattice sites, k is the Boltzmann constant. So

G, = (n, ™) ey,
or o, = A eBT

log o, = logA - E,/2.303kT

The plot of log o, vs. I/T should give a straight line with a slope of -E,/2.303k. The measurement of o,
as function of temperature will permit calculation of the electron activation energy and the transport number
of solid electrolytes.

Since the solid electrolytes are never fully ionic conductors, it is necessary to determine both ionic and
electronic components conductivity. The physical and electrochemical characterization of MSnF, (M= Ba,

Pb, Ca) material will be discussed in following chapters.







A white precipitate formed upon mixing of the two solutions. The product was filtered immediately
after the end of the addition of the calcium nitrate solution. It was then washed with doubly distilled water

and allowed to dry in air at room temperature.

3.1.2, BaSnF,

The preparation of BaSnF, uses the "Bent Copper Tube" method designed by Denes [20]. Stannous
fluoride was the same as used above and barium fluoride was obtained from Nichols Chemical Company
Limited.

The reagents were mixed in a molar ratio 1:1. The copper tube reactor was cleaned with concentrated
HCI, washed repeatedly with water, rinsed with distilled water, then with acetone to remove the water and
dried by using a heat gun. Sample loading and sealing the Cu tube were carried out as described in [20].
One end of the tube was sealed by hammering and bending. Then the reagent mixture was put in the
copper tube. The tube, loaded with the reagent mixwre, was placed in a glove box under a nitrogen
atmosphere for temporary sealing. This is necessary to avoid oxidation of tinII) to tin(IV) and hydrolysis
of the fluorides to oxides by residual moisture when the sample is heated. Then the tube was removed from
the glove box and final sealing of the second end was performed by hammering and bending. The sealed
copper tube was heated in an oven in two steps, first at about 200 °C for one hour, and then at 500°C for
another hour. Then the tube was removed from the oven and allowed to cool to room temperature, Pre-
heating the reagent mixture at 200 °C was carried oﬁt because of the low melting point of SnF, (M.P.=
215°C) and its high reactivity in the liquid state, vhich could give some reaction with residual H,0, O, and
even Cu after long exposure. However, because of the much lower reactivity of barium fluoride (M.P. =
1355°C), heating up to 500°C for one hour is necessary for a complete reaction to give BaSnF, as the only
product. Despite all these precautions, a minor amount of Sn(IV) (1 to 2%) is found in the product, most
of which is already present in commercial SnF, [20). To avoid the presence of Sn(IV) in BaSnF,, a small

amount of Sn metal may be added to the reaction mixture. The product had a light greyish powder.

11




3.2, X-.ray Powder Diffraction

3.2.1. Principles

W. L. Bragg (1913) found that one could account for the position of the diffracted beams produced by
a crystal in an X-ray beam by a very simple model according to which X-rays are diffracted from various
families of planes of atoms in the crystal. Although it is a diffraction phenomenon, it looks like a simple
geomeiric reflection by a mirror, and as a result, the improper name "reflected beams" is often used. The
diffracted beams are found for situations in which the X-ray scattered by the atoms contained in parallel
planes interfere constructively to give a diffraction pattern (Fig. 3-1).

The unit-cell edges parallel to the reference axes are called a, b, and ¢. In a crystal, any plane can be
identified by its Miller's indices (hkl), which are integer numbers defined as follows: the plane intersects
the 3 axis at a distance ah from the origin, the b axis at k/b, and the ¢ axis at l/c, Each plane is repeated
in neighbouring unit-cells and all the identical planes forms a "family" of (hkl) planes, which are parallel
to each other and equidistant. The spacing between two neighbouring planes of the same family is called
the "d-spacing”, di,. Each family of planes is equivalent to a grating and gives rise to diffraction with
radiations the wavelength of which is of the same order of magnitude than the d-spacing. The path
difference for beams diffracted by adjacent planes is 2dsin6. Reinforcement of the radiation diffracted from
successive planes will occur when the path difference is an integral number n of wavelengths. The condit-
ion for constructive interference is that

nA = 2d sin®

or nA = 2d,, sin6,, for the (hkl) family of planes,

This is Bragg's law, and the diffracted beam are often referred to as "Bragg peaks".
A crystal consists of atoms arranged in a pattern that is repeated periodically in three dimensions. The
space in three dimensions can be divided into identical elementary parallelepipeds. Repetition of these

parallelepipeds by translation in the three directions of space generates a lattice, The generating

12






parallelepiped is called a "unit-cell” [21]. The simplest kind of three-dimensional pattern is a set of points
forming a lattice; each of these points is called a lattice point. Such a simplified pattern is called a "lattice
array”. A unit-cell is the smallest parallelepiped unit which expresses all the symmetry of the crystal
structure and which, when repeated in three dimensions, ultimately make up a whole crystal. The size and
shape of the unit cell is specified by the unit cell parameters a, b, ¢, &, B and ¥, where the values a, b, and
¢ are the lengths of the three edges of the unit cell, whereas o, B and y are the angles between the edges
( Fig. 3-2).

The X-ray powder diffraction method is very important for the characterization of solids. It is
particularly useful in phase analysis because every crystalline material has its own characteristic pattern of
Bragg peaks called "powder pattern”. Two main factors determine the powder pattern of a crystalline solid,
(i) the size and the shape of the unit cell determines the line position, and (ii) the atomic number and
position of the various atoms in the cell determine the line intensity. Thus, it is highly unlikely that two
materials have the same powder patterns unless they are isostructural and isoelectronic,

Other main uses of X-ray powder diffraction are:

(1) The line positions are related to the unit-cell parameters a, b, ¢, o, B and ¥, which can be
calculated from accurately measured Bragg peak positions, provided their indexation, i.e. their Miller’s
indices (hkl), are unambiguously known;

(2) Systematic absences of lines for some families of (hkl) planes give the symmetry elements that have
a lattice translation, i.e, screw axes and glide planes;

(3) The line intensity gives the atomic positions (crystal structure) and texture (preferred orientation),
The crystal structure is usually obtained from single crystal data, whereas the texture is obtained from
polycrystalline samples;

(4) The line width gives the average particle size;

(5) The degree of crystallinity, presence of glasses, etc..., can also be obtained when appropriate,

The average particle size can be calculated using Scherrer’s formula:

14






0.9
t(4) Bcosf

Where, t: average particle diameter (A);
0: Bragg angle;
A: wavelength;
B: line broadening due to small particle size in radians, obtained from Warren’s formula;
B’=B..B} B in radians = B (°0) n / 180
B,: linewidth at half height for a well crystalline standard (NaCl was used as standard because it
is well crystalline, stable and, has peaks in the same 0 range as our samples but with no

overlap)
B, linewidth at half height for the sample

The limitations of this method are: (i) instrumental broadening which usually precludes measurements
for t 2 1000 A, and (ii) lines that are too broad be distinguished from background fluctuations, which places

another limit at t <40 A. Therefore, only particles with 40 A < t < 1000 A can be measured.

3.2.2, Instrumentation

X-ray powder diffraction was carried out on a Phillips PW 1050-25 diffractometer, using the Ni-filtered
Ko radiation of copper ( A = 1.54178 A). The X-ray tube was powdered at 800W (40 mV and 20 mA),
the CPS (counts per second) range was 4x10%, the time constant was 1 second, and no zero suppression was
used.

Figure 3-3 shows the geometry of diffraction for the Philips line focusing diffractometers [21]. The
radiation diffracted in the plane of the page at a given 20 angle is brought to an approximate focus on the
circumference of a circle - the focusing circle - by positioning the sample surface tangent to the circle, the
X-ray tube target and the receiving slit on the same circle. The sample surface bisects the diffraction angle
20 in this case. The X-ray beam diffracted from the surface of the sample is focused into the receiving

slit before entering the detector or counter. This assures strong and narrow Bragg peaks and a weak
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Mossbauer parameters obtained are called chemical isomer shift and quadrupole splitting, The principles
of Mudssbauer spectroscopy and spectrum accumulation as well as the instrumentation will be discussed in

the following sections.

3.3.1. Principles of Missbauer Spectroscopy

The M0ssbauer effect is the resonant emission of a y-ray photon by a y-ray source and its reabsorption
in a solid matrix called "absorber", without loss of energy due to nucleus recoil and without thermal
broadening. It provides a means of eliminating the destructive effects of the recoil and thermal energies.
Its unique feature is in the production of monochromatic y-radiation with a very narrowly defined energy
spectrum, so that it can be used to resolve minute energy differences.

The primary decay of the parent radioactive nuclide produces a nucleus which is in a highly excited
state. The latter then de-excites by emitting a series of y-ray photons until by one or more routes,
depending on the complexity of the y-cascade, it reaches a stable ground state.

A Mossbauer spectrum gives a picture of the way the nuclear energy levels are disturbed by the nuclear
environment, i.e. valence electrons and surrounding atoms. The purpose of our applications was to measure
the Mdssbauer parameters, chemical isomer shift & and quadrupole splitting A (Fig. 3-4) [22]. Another
important parameter, not relevant to our materials, is the effective magnetic hyperfine field acting at the
nucleus. The electron density at the nucleus, which determines the isomer shift, is due to s-electrons only.
Only those nuclear states with I > 1/2 have a nuclear quadrupole moment and hence show a quadrupole
splitting (I is the nuclear spin) because of the interaction of the nuclear quadrupole moment Q with the
electric field gradient (e.f.g.) acting at the nucleus in the case of non-spherical distribution of electric
charges around the nucleus. Therefore, the chemical isomer shift & gives information on the s valence
electron density, the oxidation state, spin state and electronegativity of the ligands. The quadrupole splitting
gives information on the electronic structure due to p, d and/or f electrons, i.e. oxidation state and spin state,
bonding properties and local symmetry. In the case of tin-119, the nuclear transitions £1/2 — £1/2 and £1/2

—> +3/2 result in two lines cf equal intensity and equal linewidth, if A = 0 and one line only if A = 0.

19




~fos e
i
o mumg
“w
- »w
~ (¥}
~
~

lsomer Quadrupele
Shire Splittiag

[ o

(a)

Abhsaratiop

:/—— C.S(tron :ogru)
! '

! 0 1 Yelacl{ty(nm/sec)

Fig. 3-4 Nuclear Energy Levels, Isomer Shift and Quadrupole Splitting

(a) Absorber energy levels.

(b) Resultant M§ssbauer spectrum.

20






[

I,
Strve - Vibrator l = Y | Detector
amplifier , ﬁh\lf'
. T ‘ | Source '
Reference |4  Mamtared } Absorber | Y
signal 4 W signat ' l
I |
| Cryostat |
Waveforn e 4 Puise
generator amolifier
4 Y
Constant
frequency - Muitichannel s [iserimington
clock Address analyser
control
1 C.AT, dispiay
Oata outpyt to Typewriter
Tape puncn
Magnetic taze
X=Y piotter

Fig. 3-5. A Schematic Arrangement for a Mossbauer Spectrometer

22



resolution. This can be achieved electro-mechanically, and a typical modern Mdssbauer spectrometer is
illustrated schematically in Fig. 3-5 [23].

The major component is the multichannel analyzer, which can store an accumulated total of y-counts,
using binary memory storage like a computer, in one of several hundred individual registers known as
channels. Each channel is held open in turn for shoit time interval of fixed length, which is derived from
a very stable constant-frequency clock device. Any y-counts registered by the detection system during that
time interval are added to the accumulated total already stored in the channel. The timing pulses from the
clock is used to synchronize a voitage waveform, which is used as a command signal to the servo-amplifier
controlling an electromechanical vibrator usually called "transducer”. The latter moves the source relative
to the absorber. A waveform, with a voltage increasing linearly with time, imparts a motion with a constant
acceleration in which the drive shaft and the source spend equal time intervals at each velocity increment.
The multichannel analyzer and the drive are synchronized so that the velocity changes linearly from -v to
+v with increasing channel number. In this way the source is always moving at the same velocity when
a given channel is open and the counts registered into any given channel always correspond to the same
velocity of the source.

The geometric arrangement of the source, absorber and detector are important since the angle 6 between

. emitted Y-ray and the axis of motion of the source creates the "cosine-effect”, which causes a spread in the
apparent Doppler energy, thus resulting in line broadening. The way of reducing this effect is adequate
separation between source and detector. When a high energy y-ray source (E, > 30 keV) is used, the
source and absorber are cooled in a cryostat to liquid helium temperature as shown on Fig. 3-5. However,
the recoil free fraction of tin-119 (E, = 23.8 keV) is usually high enough such that all our experiments

were carried out with both the source and absorber at ambient temperatures.

3.3.2.2, Instrumentation Used
A Harshaw (T)Nal scintillation detector was used in our '**Sn Mdssbauer spectroscopic study for its

high efficiency for the 23.8 keV radiation of tin-119. The pulses are amplified, passed through a
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3.4.1.2. Instrumentation

The requirement for atomic absorption spectrometry are a light source, a cell (the flame), a
monochromator and a detector. A schematic diagram of dual beam atomic absorption spectrometer used
in this study is illustrated in Fig. 3-6. for a system with a signal detector shared by both beams.

The source beam was alternately directed though the flame and around the flame by the chopper. After
recombination, the two beam passed though a monochromator to a detector and readout system. The
difference between the two beam was integrated over 3 seconds and then displayed.

The source, a hollow cathode lamp, is used for a special element since it emits the light at a specific
wavelength. In other words, for the measurement of Ca(2+) and Sn(2+), the hollow cathode lamp for
calcium and tin are used. A premix chamber burner is used in which the fuel and support gas are mixed
before entering the burner head where combustion takes place. The sample solution is aspirated though a
capillary by the "venturi effect” using the support gas for aspiration. Large droplets of the sample condense
and drain out of the chamber. The remaining fine droplets mix with the gases and enter the flame.

The Ca(2+) and Sn(2+) analyses were performed using a Perkin Elmer Atomic Absorption Spectrometer
Model 503. The sample solution was prepared by dissolving the sample in a 10% (v/v) HCl solution. The
amount of sample used was between 100 to 200 mg depending on the M(2+) content, to bring the sample
absorption into the linear range. The standard solutions were prepared using 1000 ppm stock solution of
Sn and Ca diluting with 10% (v/v) HCL

For analysis of Sn, a wavelength of 284.0 nm was used. A Cathodeon Ltd., Type ¢ hollow cathode
lamp was used as the source. To avoid the formation of solid SnO, in the flame, a nitrous oxide-acetylene
reducing flame was used.

For Ca, the wavelength was 342 nm. A Cathodeon Ltd. hollow cathode lamp was used and the flame,
air-acetylene, was oxidizing. Subsequent standard solutions of 100, 200 and 300 ppm for tin and 2, 3 and
5 ppm for calcium were run. The absorption of tin standard solution and calcium standard solution as well
as standard curve calculations are listed in Tables 3-1 and 3-2. By interpolation, the Sn(2+) and Ca(2+)

concentrations in the samples (in ppm) were obtained from their absorbance.
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34.2. F Amlysis

Fluoride ion analysis was carried out using a model 94-09 fluoride ion selective electrode manufactured
by Orion Research Laboratories, and a digital pH meter built at the Concordia University Science Technical
Centre. The pH meter is switched to its mV position and all readings are in millivolts. Equal volumes of
the sample solution and buffer solution, TISAB II, were mixed and then a reading was taken using the
fluoride electrode. The TISAB II (Total Ionic Strength Adjustor Buffer) was added to provide a constant
background ionic strength and adjust the solution pH. TISAB II can be purchased or prepared in the
laboratory as described in Appendix L.

Standard solutions in the range 1x10™! to 1x10* M in F' were made by dissolving NaF in 10% (v/v)
HCl. The sample solutions were made by dissolving each powdered sample in 10% (v/v) HCL. Ten
millilitres of sample (or standard) solution and 10 ml of TISAB II were mixed in a Teflon beaker, and then
a millivolt reading was taken. Glass vessels are never used for this analysis because F~ etches glass. In
order to verify that the pH meter was operating correctly, we controlled that a ten-fold increase in
concentration of F resulted in an increase of 59 mV at 25 °C. This value is obtained from the NERNST

equation,

E-Eo—%ln [F-]

at25 °C,

E=E,-0.05910g [F"~]
ie, at 25 °C and n=1 the slope of the NERNST equation should be 0.059 V/decade or 59 mV/decade.

In practice, the ten-fold increase in concentration of F resulted in an increase of 58 £ 1 mV at the
working temperature (20-25 °C).

A potential of 511 (2) mV for the 1x10" mole standard F"solution, 452 (1) mV for 1x10'* mole, 393
(2) mV for 1x10" mole and 335 (2) mV for 1x10* mole standard solution was obtained. The calibration
curve of mV versus F concentration was drawn on semi-log paper to give a straight line with a slope of
58 + 1 mV/ mole. Interpolation was used to get the concentration of the sample solutions. With a sample
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Table 3-1. Absorption of Tin Standard Solutions

0.097 (£0.004)

0.228 (10.004)

Slope: 0.097;
Correlation Coefficient: 0.998;

Intercept: 0.006.

0.316 (£0.003)

Table 3-2. Absorption of Calcium Standard Solutions

7

L Concentration  |Absorption (Standard Deviation)

0.090 (£0.003)

0.139 (10.002)

Slope: 0.045;
Correlation Coefficient: 0.999;

Intercept: 0.001.

0.226 (1£0.003)
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CHAPTER 4.
ELECTROCHEMICAL CHARACTERIZATION,

THEORY AND PRACTICE

As described earlier, the class of materials known as solid electrolytes are never fully ionic conductors
although the ionic transport number t, usually approaches unity. It is, thus, necessary to determine the
magnitude of both the ionic and the electronic conductivities; the relative proportions of which determine
the transport number. The thermodynamic properties of the system are also important in determining the
usefulness of the materials. These properties can be approximately measured by using electrochemical
techniques. Finally it is necessary to determine the kinetics of the reactions which can occur at the
electrode/electrolyte interfaces. It is the purpose of this chapter to discuss the theory and practice behind

the electrochemical techniques used to perform this characterization.

4.1, Cell Design

The cell design used to carry out the electrochemical measurements is shown in Fig. 4-1. This design
allows the electrochemical parameters to be measured as a function of temperature at a constant pressure.
Thus the inner compartment is loaded with the electrolyte powder and two appropriate electrodes in the
configuration shown (Fig. 4-1). A pressure is applied between the stainless steel cylinders which also act
as current collectors. The screw arrangements at each end allow the cell to be removed from the hydraulic
press without relaxation of the pressure. The cell is then placed in a furnace and the temperature
dependence measurements carried out. This cell was operated in three modes (Fig. 4-2) depending on the
type of measurement required. For routine ionic conductivity and approximate electronic conductivity
measurements, two copper discs are inserted to act as ionically-blocking electrodes (Fig. 4-2 a). In contrast,
to obtain more accurate values of electronic conductivity and to determine the thermodynamic properties,

one of these copper electrodes is replaced by a tin electrode which is prepared ‘in situ’ by simultaneously

g:L



apparatus shown on Fig, 3-7;

(3) measure the weight of the crucible with the sample, m,;

(4) evacuate the sample on a vacuum line for at least 30 minutes with a rotary and diffusion pumps,
then immerse the sample still under vacuum in CCl, and measure the weight, m,.

Since there is air trapped between the powder particles, evacuation is very important to remove the
trapped air and the sample must be covered with CCl, while still under vacuum, In this technique, it is
necessary to keep the CCl, level and temperature the same for the m, and m, measurements; the vessel
shown on Fig. 3-7 ensures a constant level of CC, and allows wetting the sample while still under vacuum,

i.e. without letting air in the system. The density of the powder is then defined as

p-—.

<Is

where m=m,-m

(my=m,) = (m,~m,)
P cci,

V=

Since the volume of the sample is equal to the volume of CCl, it displaces, provided no air remains trapped
between the particles, and since the density of CCl, is equal to its mass divided by its volume. It results

that the density of the sample is

- (m3"m1) PCCI‘
P o-m) - (m,-1m)

About 1-2g of samples were used. The zero of the balance was checked before each weighing. A
reproducibility error of 0.1% - 1% was obtained. The density of CCl, versus temperature was taken

from[24).



pressing tin powder into a disc (Fig. 4-2 b). This is theoretically an ionically non-blocking electrode but,
in the mode used in these type of measurements, the tin electrode is always polarised so that the tin
electrode is negative and no net ionic current can flow below the decomposition potential, (Essentially the
copper electrode blocks the ionic flow,) To determine the electrode kinetics, a second symmetrical
arrangement (Fig. 4-2 ¢) is used with two non-blocking, tin electrodes. . The theory and practice behind

these measurements are described in the following sections.
4.2, Conductivity Measurements
4.2.1. A.C. Methods

4.2.1.1, Theory

If an alternating voltage given by

V=V sinwt

is applied to a pure resistance, then the resulting current through the resistance R follows Ohm's law:

v
I= -E‘"- sinwt=I sinwt

If a sinusoidally time dependent voltage Vm sinwt is applied across the cell containing reactive
comg.uents a sinusoidal current L, sin(wt+¢) will flow, where w= 2rf (f is the frequency of the applied

voltage), and ¢ is the phase angle. The impedance Z is defined by

Vm
s

m
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and the flux,
jun 030
Fiox
where 1 is the electrochemical potential, & is the conductivity, ¢ is the concentration and x is the coordinate
respectively, The kinetic property of the cell is the fact that the current I passing through the cell is a
measure of the flux j, ie. I= nFj.
Considering the boundary conditions:
c(x=0,t) =¢" att>0
c(x,t=0) =c" al<x<l
(@¢c/ x)q =0 at>0

it follows that the electric current I at small times (t << I)/D) equals
I= _@_
1/xw€
where Q is the total charge flowing during the relaxation process and 1 is the distance between two

electrodes.

For long times, (t > 14D)

4eqD(c’-c’) _1.071Dt

logI=log 7 T

From the slope of the straight line in the I-1/Vt or log I-t diagram the electron diffusion coefficient can be
determined without knowing the concentration difference c¢"-c’. This will be used to determine the diffusion
of the electronic conductivity.

The electron diffusion coefficient is proportional to the electron mobility. So that D can be expressed

D = D° gBaT
This expression predicts that D depends exponentially on the temperature. D° is called the frequency
factor and is independent of temperature,
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b. Experimental

In this work, two electrodes, one copper electrode was used to block the ionic species, and a, tin
electrode, was used to maintain unit activity by controlling the ionic strength of the system (Fig. 4-2 b),
A current was passed through the cell with a positive extemal D.C. potential which is smaller than the
decomposition potential of the electrolytes being examined. The cell arrangement is that of an electrolyte
between a reversible and an ideally polarized electrode. Under these conditions, there is no voltage drop
in the electrolyte, but a small electronic diffusion current is observed [26]. The electronic conduction was
measured as a function of the temperature,

This work was carried out with a Hokuto Denko Ltd. GPIB Potentiostat / Galvanostat, Model HA-501
G. The output current was monitored using a Fisher recordall recorder, Series 5000. The diffusion coeffic-
ient is obtained by plotting I vs. t* ( Fig. 4-6) and then calculating the slope of the straight line. The

electronic activation energy was calculated from the slope of the plot log D vs. 1/T,

4.3. Electrode Kinetics

4.3.1. Theory
In order to understand the reaction at electrodes, it is necessary to see the basic electrode kinetics of
the simple reaction. It is very important to realise that the elementary analysis given below is for neutral
species in aqueous solution but can be applied qualitatively to ionic species [27](28] in solid.
Consider the simple reaction
O+ne=R
in which the species O is reduced to R by the transfer of n electrons from the inert electrode. This process

can be made to occur by passing a current between the electrodes in a cell, such as

Pt | O and R in excess inert electrolyte | Pt
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It is customary to call the electrode at which the reaction of interest occurs the working electrode (W.E.)
and the other electrode the counter electrode (C.E.).

At the working electrode, the rate of consumption of O (in mole / sec) is given by Faraday's law

where I (Amp) is the current flowing and F (Coulomb /equiv.) is the Faraday constant. Consequently the
magnitude of the current gives a direct measure of the rate of the electrode reaction.

The voltage needed to cause a current I to flow through the cell may be considered as made up of three

parts;

1) that to pass the current through the electrolyte;
2) that to drive the reaction at the working electrode

and 3) that to drive the reaction at the counter electrode.

To obtain the relation between the current and the voltage required to drive the reaction at the working
electrode, a third electrode (the reference electrode, R.E.) which has a stable and reproducible potential is
required. The change in potential of the working electrode needed to cause the current to pass the W.E.
interface, can be found by measuring the potential between the working and reference electrodes.

The description given below is for a working electrode in a typical three electrode system. In the case
of powder solid electrolytes, it is difficult to provide a third electrode. To obtain the relation between the
current and voltage required to drive the reaction at the electrodes, a two electrode system was used in this
work. The basic theory however is valid for a two electrode system.

Consider a more general form of the reaction

O+ne = R
According to transition state theory [30], for a reaction occurring in a single step, the rate of the reaction

is
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dNo - AlkTao exp -dG'

dt  hy: ®rcc4?

where A (cm?) is the electrode area, 1 (cm) the thickneus of the layer containing the ions about to be
discharged, a, (mole/cm®) the activity of O* in the initial state, ¥, the activity coefficient of the activated
complex, R the gas constant and dG” ( J/ mole) the standard free energy of activation. Since the current
density i = I/A, this equation can be rewritten

. nFlkTa, oxp -dG*

S RT

lulllo4l3

The Free Energy is the work done in transferring one mole of the substance from an infinitely dilute
state at zero potential to the position it occupied in the given phase. This work may be considered as
composed of two parts; a chemical part, the chemical potential (u) and an electrical part equal to zFE. i.e.

G° = u, + 7ZFE 44
Suppose at a potential E,, the standard free energy is
G, = u, + zFE, + ny, - nFE, 45
where u, and v, are the standard chemical potentials of O* and the electron respectively. If the potential
of the electrode is altered to E_, the potentials of the ions remaining unaltered, the free energy becomes
G, = u, + zFE, + ny, - nFE, 4.6
So the free energy change is given by (assuming uncharged species)
G, - G, = -1F (E; -E)
or AG® = -nFAE 4.7
where AE is the potential difference between the electrode and the ion about to be reduced. Substituting
AG’ into equation (4.3) and introducing the term of o, transfer coefficient, 0 < (1-0) < 1, the current

density is

anFAE

-- ] -
i=nFk'a,exp BT
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or n=a+blogi (4.13)

Electrochemical systems can therefore be described in terms of the exchange current density i, and the Tafel

slope b.

4.3.2, Experimental

To investigate the electrode behaviour, two non-blocking Sn electrodes, were used, The I-V curve was
measured using a Princeton Applied Research polarographic analyzer, Model 364, with a constant potential
rate 5 mV/sec. The current was monitored by using a Y-t recorder (Fisher recordall, Series 5000). The

electrolyte resistance R was measured in order to correct the applied Va,

vV=V,-RR
where
V = the sum of the voltages across both interfaces;
Va = the applied voltage across the whole cell;
I = the current passing;
R = the electrolyte resistance.
The obtained plot of log I-V was linear. The transfer coefficient (o) may be obtained from the slope
of this graph, and the exchange current density i, from the value of the Tafel equation at V=0. However,
in this two electrode system it is impossible to identify the process (either cathodic or anodic) with which

these values are associated although certain qualitative conclusions can be proposed (see Section 6.4).

4.4, Thermodynamics Properties of Solid Electrolytes

4.4.1, Definitions

All matter has energy arising from the motion and the configuration of its internal particles. Such
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energy is called the internal energy, U [29]. The heat, Q, is energy transferred, without transfer of mass,
across the boundary of the system because of a temperature difference between the system and surroundings.
The work, W, is the energy transferred, without transfer of mass, across the boundary of a system because
of an intensive property difference other than temperature that exists between the sysiem and surroundings.

The enthalpy H of a system is defined as

H=U+PVY
where P is pressure and V is volume of the system. The enthalpy change of the system is
AH = AU + APY

The entropy of a pure substance is the property of matter held constant in a reversible adiabatic process
and it increases in all real processes. In other words, the entropy change is zero for a reversible process
(AS = 0) and greater than zero for an irreversible process (AS > 0) according to the second law of
thermodynamics. The third law of thermodynamics enables the absolute entropies of substances to be
determined. "The entropy of a pure substance in complete thermodynamic equilibrium becomes zero at the
absolute zero temperature”; this is the third law of thermodynamics. The entropy (pure substance in

equlibrium) can also be defined as
T
S=f dQ.._
o T

where; AQ is the heat capacity change, T is absolute temperature.

4.4.2. The Gibb’s Free Energy, AG
From the relation
AQ = AU + AW
The work done by the system is the force PA times the distance dx under a constant pressure, P is the
pressure applied and A is the area of the system. Since the Adx is the change in volume AV,
AQ=AU +P AV

= AU + APV
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AG s -nFE, = -oF (E, -E,)
where F is the Faraday constant and E, is the decomposition potential.

4.43. The Electrochemical Determination of AH, AS and AG
When an increasing potential pass through blocking electrodes, the electrolyte will be decomposed at
a certain potential and a large charge in current will cccur. The measurement of decomposition potential
of electrolytes was performed using a Princeton Applied Research Polarographic Analyzer, Model 364, with
5 mV/sec potential rate as a function of temperature. The AS was calculated from the slope of E, vs. T.
AG = -nFE, = AH- T AS
AS = nFdE, AT

The values of AG and AH at 25 °C were calculated using

AG = -nFE,
and AG = AH - TAS
therefore Slope = AS/F

(n is assumed to be equal to 2)
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The results are given in Appendix II and Fig. 5-1. The yield increases sharply with the percent molar
ratio of calcium nitrate and seems to level off at around a molar fraction of 0.2. for higher molar fractions,
the results are much more scattered. However, a general trend of a slow decrease of yield is apparent. It
is obvious that the yield increases as the Ca content increases until the exact stoichiometry of the reaction
is reached. Beyond, the yield should decrease. However, this simplistic behaviour would be observed only
if one solid phase, of constant composition, was produced for all values of the molar fraction in the reaction
mixture. The chemical analyses and X-ray diffraction results given below show that two phases are
produced, often in variable amounts, therefore the yield versus molar fraction is a more complicated

function, The yield will be discussed further after interpretation of the X-ray diffraction data.

5.2. Elemental Analysis

The elemental analysis results for Ca*, Sn?*, F,, and NO,  are shown in Fig. 5-2 and Fig. 5-3. The
experimental data are listed in Appendix IIl. As can be seen in Fig. S-2, the content of Ca** increases as
n increases, while the Sn** content decreases. Therefore, the metal composition of the product varies with
the composition of the reaction mixture in such a way that reaction mixtures rich in tin give products rich
in tin and poor in calcium, and vice-versa. Figure 5-3 shows that the F* content is not significantly
dependent on n and that only a minor amount of NO;' is present in the sample, and it does not change
significantly with n. This justifies our earlier assumption that the product is a fluoride, and not a
fluoronitrate, and it is slightly contaminated by NOy ions.

Figures 5-2 and 5-3 show that the amount of fluoride and the sum of the amounts of calcium and tin
are slightly below the theoretical values of 66.7% for F, and 33.3% for (Ca + Sn), however, if one does not
take the nitrate impurity into account in the calculation (since it does not belong to the fluoride phase), the
experimental values are in excellent agreement with the hypothesis of a nitrate-free mixed fluoride of tin(II)
and calcium: the average of the eleven points is 67.1% F and 33.2% (Ca + Sn) which gives a fluorine/metal
rati- of 2.02 (theoretical value = 2). Since the nitrate ion is present only as 2 minor impurity, the material

obtained can be formulated as a mixed fluoride of tin and calcium, Ca,,Sn.F,, or a mixture of such mixed
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The product obtained using a reaction mixture very rich in tin (n<0.2) gives a large number of sharp
Bragg peaks (Fig. 5-5(a) and Appendix (IV) which indicates that the sample is crystalline. These peaks do
not natch those of a-SnF, [31] or CaF,{32], therefore a new product has been obtained. A search match
of the JCPDS powder file using the Micro Powder Diffraction Search Method (WPDSM) from Fein Marquat
Associates Inc. did not yield any satisfactory match, therefore, the new product we obtained has not been
reported yet. Table 5-1 shows that Sn,F,; was the best match found with the JCPDS data base, however,
this is not a good match:

(i) the similarity index SI=82: this is not very high; a good match gives a SI =150 to 200 or higher.
All other compounds in Table 5-1 give matches that are even poorer, and for some, are chemically
impossible;

(i) ML/X = 9/4: only 9 lines of Sn,F,s are matched by the lines of the samples, and 4 lines are
unmatched. This would be acceptable only if the four unmatched lines were weak. However, Table 5-2
shows that the 4 missing lines have the intensities 16, 11, 8.9 and 8.9, respectively , relative to the most
intense line having the intensity 44. Therefore, if the intensity of the most intense line of Sn,F,4 is
normalized to 100, the missing lines have an intensity of 36, 25, 20 and 20, respectively, These intensities
are 100 high to be ignored. Subtracting the pattern of Sn,F, from the experimental patter leaves 15 lines
unaccounted for and 67.5% of the original total intensity of the Bragg peaks remains (Table 5-3). The
unsatisfactory match makes it highly unlikely that Sn,F,, is present in the sampie. In addition, chemical
analysis shows that the sample contains 12-13% (mol.) Ca, which would not be accounted for by Sn;F,q

Auempts were made to index the powder pattern of Fig. 5-5 in the tetragonal system (the number of
peaks being too high for a cubic system). With the help of a calculator, several solutions were tried, in a
trial-and-error method for relatively simple indexation for the first two peaks. However, this did not lead
to any successful solution. Therefore, it must be concluded that the symmetry is most likely lower than
tetragonal. Since no single crystal could be obtained, an automatic indexing program oa a computer would
be required for a successful indexation of the powder pattern. Such a program was not available (o us.

Therefore, we were not able to obtain the indexation of the Bragg peaks, the unit-cell parameters and crystal
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Fig. 5-5 Influence of the Stoichiometry of the Reaction Mixture
on the X-ray Powder Diffraction Pattern of the Product
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where By, and Bq are the linewidth at half height for the sample and for a well-crystalline standard,
respectively, in radians. «-SnF, was used as a standard for crystallinity. The average particle size of most
microcrystalline CaF;-type phases was found to be 350-400 A, which confirms the presence of a significant
degree of microcrystallinity. When the average particle diameter of a solid material is smaller than ca. 1000
A, broadening of the Bragg peaks occurs. As the particle size decreases, the linewidth

increases, up to ca. 3040 A, at which point the Bragg peaks become so broad that they become

undistinguishable from the background and no powder pattern is obtained.

5.3.1.3. Reaction Mixtures Containing Similar Amounts of Calcium and Tin

‘When the molar ratio n=Ca/(Ca+Sn) is larger than 0.2 and lower than 0.6, a mixture of the crystalline
phase, CaSn,F,, and of the microcrystalline solid solution Ca, ,Sn,F, (CaF,-type) is obtained. A typical X-
ray powder pattern is given in Fig.5-5(c) (molar ratio n=0.43 in the reaction mixture). The experimental
diffraction pattern contains both the namrow peaks of crystalline CaSn,F, and the broad peaks of the
microcrystalline Ca, -Sn,F, solid solutio.

The limits of each zone (crystalline, mixture or microcrystalline) is given on Fig. 5-1 and 54.

5.3.2. influence of Stirring Rate

In all sample preparations described above, a medium speed setting of the magnetic stirrer was used
while the solution of calcium nitrate was being added to the solution of SnF,. However, it was found that,
despite our efforts to use identical reaction parameters, the results obtained were .ot perfectly reproducible
in the range 0.20 < n £0.60, where n is the molar ratio Ca/(Ca+Sn) in the reaction mixture. One of the
reaction parameters difficult to control is the speed of the magnetic stirrer. In order to check for its
influence on the nature of the product, the stoichiometric ratio n=0.46 (i.e. about in the middle of the range
that gives a mixture of crystalline and microcrystalline phases) was used at three clearly different stirring
speeds, si.¢. low, medium, and fast. The results shown in Fig. 5-6 and Appendices VI to VIII are striking:

(i) At a fast stirring rate, only the crystalline phase is obtained;
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and the Mdssbauer parameters of both the crystalline and microcrystalline materials show that it is not the
case. Therefore, in our products, the lone pair is highly localized on each tin(II) atom and does not give
rise to electronic properties. It results tha: the conducting properties described in the next chapter are due
to either ionic motion, or electronic motion not involving a mobile lone pair.

(ii) The significant non-s electron density of the lone pair, characterized by the large quadrupole
splitting observed by Mtssbauer spectroscopy, shows that the lone pair is located on a hybridized orbital.
Hybridization involves the Sp orbitals and often also the 5d orbitals; the latter are empty and therefore
bonding with 5d orbitals involves coordination bonds with Lewis base ligands. The most commonly
encountered hybridizations and coordinations are (X are ligands and E is the lone pair):

- sp” SnX;E pseudo-tetrahedral, such as for Sn(1) in a-SnF;[35];

- sp’d: SnX,E pseudo-trigonal-bipyramidal, such as in y-SnF,[38];

-sp’d%: SnX,E pseudo-octahedral, such as in a-PbSnF, and BaSnF,[14].

The less common square pyramidal coordination SnX,E was known until recently only in black
SnO[39]. However, recent studies have shown that it also occurs in PbSn,F,o[40]. It is most likély that
the coordination of tin in crystalline CaSn,F; is one of the above, with the possibility of a significant amount
of distortion (i.e. unequal bond lengths and bond angles). In the absence of single crystals, it is difficult
to say more about the structure of CaSn,F; at the present time. On the other hand, more information can
be derived about the microcrystalline phase:

a) Since the X-ray diffraction pattern of the microcrystalline Ca, , Sn,F, solid solution contains the same
lines as the powder pattern of CaF,, characteristics of the F lattice of the fluorite-type, and since the general
formula of the material is MF, (M=a mixture of Ca and Sn), the structure of the microcrystalline phase is
the MF, fluorite-type as in CaF,, B-PbF, and BaF,. Figure 5-9 (a) shows a projection of the fluorite type
structure oato one of the faces of the cubic unit-cell. Only the ions located in the range of coordinates y=-4
to y=+4 are shown for clarity (layer A). An identical layer, layer B, shifted by &/2 (or ¢/2) is located below
and above the layer A shown on the figure, and the whole structure is built up by the stacking of these

alternating layers, all identical but shifted relative to one another, to give the layer sequence ...A B A B...

12



Figure 5-9 (a) shows that the fluorite structure is made of F, cubes of fluoride ions forming ro.ws by sharing
of faces, along the 3 and c axes. Stacking of the layers gives also rows of F, cubes along b, which makes
these materials perfectly three-dimensional and isotropic (since their symmetry is cubic), It should be
pointed out that the fluorite structure consists of rows of alternating MF; cubes and OF, cubes (O=vacancy,
i.e. OF; cubes have no metal ion in their center), and these rows are parallel to the three axes of the unit-
cell.

b) Chemical analysis and Mdssbauer spectroscopy show the microcrystalline phase contains tin and
therefore, it is not simply pure microcrystalline CaF,. However, the material could be a mixture of
microcrystalline CaF, and an amorphous tin(II) fluoride containing phase. Such a mixture would show the
presence of tin in chemical analysis, would give a tin-119 Mdssbauer spectrum and, by X-ray diffraction,
it would give only broadened Bragg peaks for the microcrystalline CaF, component and no peak for the
amorphous tin(II) fluoride containing phase. However, if the microcrystalline phase was unsubstituted CaF,,
its unit-cell parameter would be the same as that of crystalline CaF,. Appendix IX shows that our measured
value of the unit-cell parameter of CaF, agrees well with literature, and that most of the values for the
microcrystalline phase are about 2% higher. This clearly proves that the microcrystalline phase,
although it has the overall periodicity of CaF,, is doped with tin, i.e. some of Ca is replaced by tin, and a
Ca, . Sn,F, solid solution of variable composition has been prepared.

¢) In the CaF; fluorite-type structure, Ca is in a regular cubic environment, i.e. each Ca is surrounded
by eight F Jocated at the apices of a cube, and Ca is located at the center of this cube (Fig. 5-9 (a)). If tin
15 substituted for some of the Ca ions in the undistorted CaF, type structure, one would expect Sn to be also
located at the center of a cube of eight fluorides ions. However, the M&ssbauer spectroscopic results show
that the tin lone pair is hybridized, i.e, stereoactive, and therefore, tin cannot take a regular coordination.
To the contrary, it will most likely take one of the highly distorted coordinations described earlier, i.e.
SnF,E pseudo-tetrahedral, SnF,E pseudo-trigonal-bipyramidal, SnF,E square-pyramidal or SnF,E pseudo-
octahedral, with the lone pair E occupying one of the apices of the polyhedron of coordination. The two

contradictory requirements, i.e. the cubic sublattice of fluorine and the highly distorted and low coordination
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(3 to 5) of tin, seem to indicate that the substitution of metal ion (in regular cubic coordination) by tin(II)
with it stereoactive lone pair, is simply impossible. However, Denes et al [41] have found that it can occur
in at least two different ways:

c.1.) Tin (II) and the other metal can order: case in the a-PbSnF, type structure. In isostructural o~
PbSnF, and BaSnF,, tin and the metal order perpendicularly to the ¢ axis of the unit cell [14,41], The metal
sequence is ...Sn Sn M M ... . Fig. 5-9(b) shows that the structure consists of a double layer of altemating
MF; cubes and F'F; cubes sandwiched between two layers of tin and its lone pair,. This assembly makes
a [ESnF,(F'M)F,(MF’)F,SnE] sheet parallel to (3, b), which has no connection to neighbouring sheets, since
the fluoride ion layer that would have linked them if tin had a cubic coordination has moved into the F,
cubes non-occupied by a metal M, forming F'F; cubes. The tin atoms of two adjacent layers experience

l
very little attractive interactions; on the other hand, they experience lone pair repulsions from neighbouring
tin atoms of adjacent layers. This type of metal ordering gives very highly anisotropic structures and is
easily detected by X-ray powder diffraction because the metal ordering gives superstructure Bragg peaks
and the symmetry break (cubic symmetry is not possible in these anisotropic structures) results in splitting
of many Bragg peaks. Since no new Bragg peak (superstructure or symmetry break) is observed in
microcrystalline Ca, ,Sn,F,, the tin and calcium atoms cannot be ordered.

¢.2) Tin(ll) and the other metal can be disordered: as in the case of the Pb, ,SnF, solid solution
(0<x<0.30) and PbSn,F;,. In the case of the Pb,,SnF, solid solution (0<x<0.30) and PbSn/F,, X-ray
powder diffraction shows that these compounds crystallize in the F cubic lattice of the fluorite-type [4C,42].
Disorder on the mejal sublattice is characterized by the absence of superstructure and of peak splitting, yet
Mossbauer spectroscopy shows that tin(ll) is hybridized in the 5s**5p* form. Therefore the tin lone pair
is stereoactive and tin(II) cannot take the cubic coordination of lead [40, 41]. This is similar to the situation
of the microcrystalline Ca,,Sn,F, solid solution. In the absence of order and of symmetry break, three types
of disorder must be present:

- disorder of the metal sites where substitution by tin takes places;

- disorder of orientation the tin-lone pair axis;
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- disorder of the local distortion of the concerned F, cubes.

Figure 5-9 (c) shows the structural model proposed by Denes et al [43]. for the Pb,,Sn.F, cubic solid
solution. It is proposed that the fluoride ion sublattice remains cubic, identical to that present in the fluorite-
type. Tin and lead are randomly disordered and the number of sites where suostitution has taken place is
determined by the substitution rate x of the solid solution M, .Sn.F,. However, tin possesses a stereoactive
lone pair of electrons, as shown by Mdssbauer spectroscopy, therefore it cannot be located in the center of
the Fy cubes. Instead, Denes et al. [43] have proposed that tin is shifted from the center of the fluoride
cube, towards one of its faces, and form four equal Sn-F bonds. This gives tin a SnF,E square pyramidal
coordination similar to that found in SnO [39]. The tin lone pair is located at, or near, the center of the Fy
cubes. This creates strains within the concerned F, cubes and most likely results in local distortion of the
cube. However, these distortions are disordered over all the cubes where substitution takes place, which
are themselves disordered. In addition, the tin-lone pair axis, which can take six different orientations (tin
can form bonds with any of the six faces of the cube) must be orientationally disordered in order to
conserve, on average, all the symmetry elements of the Fm3m space group of the fluorite-type, and without
superstructure.

c.3) The case of the microcrystatline cubic Ca,,,Sn,F, solid solution: Since the Ca, Sn,F, solid solution
has the same X-ray powder diffraction pattern as that of the fluorite-type and Mdssbauer spectroscopy shows
that the tin(II) lone pair is stereoactive, it is most likely that Ca and Sn are disordered as in the Pb, Sn,F,
solid solution and PbSn,F),. When lead is the other metal, the fluoride cubes are large enough to
accommodate the presence of tin(II) and its lone pair, although it is a tight fit[40). However, in CaF,, the
edge of the F; cube is 8% smaller and therefore the cubes cannot accommodate tin(II) and its lone pair
without serious local distortion. A model of the structure of Ca, Sn,F, is shown on Fig.5-9(d). The tin
substitution sites and the orientation of the tin lone pair axis are disordered. Because of the small size of
the F, cubes, the tin lone pair pushes neighbouring fluoride ions away, which creates much more distortions
than in the case of Pb, ,Sn,F,. Of course, these local distortions are also disordered since no cell distortion,

symmetry break or superstructure is observed by X-ray powder diffraction.
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5.5, Bulk Density

Bulk density measurements are very useful because the density contains information about the degree
of packing of a solid and therefore it gives an insight into the packing efficiency, which can be related in
some cases to the stability of solid structures. It also makes possible the calculation of the number of
molecular formulas per unit-cell when the volume of the unit-cell is known, which is very useful for solving
crystal structures.

The bulk density results for some of the samples are given in Fig. 5-10 and in Appendix XI. Figure
S-10 shows that the density of the crystalline phase is constant within experimental error. This is expected
since the composition of the phase is constant (Fig. 5-4). For all values of the molar fraction in the reaction
mixture, the density is lower than the average of the densities of o-SnF, and CaF, (dashed line). However
this may not be significant since the composition of the product is not the same as that of the reaction
mixture that produces it. The plot of the bulk density versus the substitution ratio x in Ca, Sn.F, (Fig. 5~
11) is much more informative. The density for three of the pure microcrystalline samples and for the
crystalline phase are shown by closed circles (7). For the microcrystalline phase, one can calculate the
theoretical density, since the unit cell parameter has been measured by X-ray diffraction and the chemical

composition is known from chemical analysis.

p =m/V by definition 54

p = density

V=a® isthe volume of the cell, in a cubic lattice (5.5
m=MZ/N is the mass of one unit-cell (5.6)

M = molecular weight
Z = number of molecular formulas per unit-cell; Z=4 in the fluorite structure
N = Avogadro's number = 6.023 x 10® molecules/mole.

Combining (5.4), (5.5) and (5.6), the theoretical density p, can be written as:
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where p, isin g/cm’, Min g and a in A.

Calculation of p, for the three microcrystalline samples gives values which are 12 to 14% higher than
the measured densities (Appendix XI). The difference is much higher than the dispersion of the three
measured values for each sample (1-2%). It is also much higher than the difference between the measured
and calculated values for a-SnF, (p, = 4.88, p, = 4.84, Ap = 0.8%). Therefore, the difference between
measured and calculated densities for the microcrystalline phase are not due to experimental errors. Since
Z and V are accurately determined by X-ray powder diffraction, the only parameter in equation (5.7) that
could be doubtful is the molecular weight M. As M was determined from chemical analysis, (and since
no other Bragg peak than those of microcrystalline Ca,,Sn,F, fluorite-type was observed (Fig. 5-3(b)), it
is reasonable to assume that all the tin determined by chemical analysis had substituted calcium on the metal
site of the fluorite structure, which is witnessed by the increase of the unit-cell parameter. However it must
be emphasised that only a fraction of the tin present in the solid may have substituted for Ca in CaF,to give
Ca,,Sn,F,. The rest of the tin could be present as an amorphous or microcrystalline fluoride, with or
without calcium, and the absence of long range order (if amorphous) or the very small particle size (< ca.
40 A, if microcrystalline) would prevent detection by X-ray powder diffraction. This amorphous or
microcrystalline phase could give a Mssbauer quadrupole doublet indistinguishable from that of Ca,.,Sn,F,
since the Mssbauer parameters for divalent tin with a stereoactive lone pair are dominated by the electronic
imbalance due to the lone pair and the nature of the ligand. This has already been observed, for example
in 0-SnF,, where the two kinds of tin(lI), crystallographically very different (one is in 2 SnF;E pseudo-
tetrahedron, the other in a SnFE pseudo-octahedron) give indistinguishable Mtssbauer parameters [36].
The real substitution rate in the microcrystalline phase can be calculated from the measured density and the
unit-cell parameter determined by X-ray diffraction. The real molecular weight of the Ca,,Sn,F, phase,
with an unknown substitution rate x can be derived from equation (5.7), using the measured density p,

instead of p,, to give (5.8):
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this does not rule out that there could be an effect of the ratio precipitate / water, the time of exposure to
water and the efficiency of exposure (i.e. the effect of stirring). Such an effect could explain, in addition
to the effect of stirring described in 5.3.2., some of the difficulties that we experienced in obtaining
reproducible results, especially in the wide zone of reaction mixture ratios, where a mixture of the
crystalline and the microcrystalline phases are obtained. However, since the study of the stability in the
presence of water was not the goal of this project, only two tests were performed on crystalline CaSn,F,.
A weighed amount of solid (0.7 to 0.8 g) was suspended in 100 ml of doubly distilled water and stired at
medium speed for 1 hour. The white precipitate was filtered, washed and dried according to the same
procedure as that used after each synthesis. Then, the solid washed samples were characterized by
elemental analysis and X-ray powder diffraction. The water used for washing was allowed to evaporate to
dryness and the solic residue was also characterized by chemical analysis, Mdssbauer spectroscopy and X-
ray po;avder diffraction. The analytical results are summarized in Table 5-5. The two crystalline samples

of CaSn,F; (n=0.05 and 0.17) shows a drastic reduction of the tin content (about SO % reduction), while

Table 5-5. Chemical Analysis of Washed Ca,,Sn,F, Samples

Before Washing

Precipitate After || Solid Residue After

Washing Evaporation

m (g)

n = Ca/(Ca+Sn) :n reaction mixture;

x = Substitution ratio of Ca by Sn in Ca,,Sn,F,, x was calculated

from the Sn and Ca analysis
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the solid residue after evaporation of the water used for washing is basically free of calcium, Both samples
lost ca. 65% weight upon washing and the residue obtained after evaporation of the water used for washing
one of the sample (n=0.05) weighed 52% of the weight before washing. The analytical results are
corroborated by X-ray powder diffraction. Fig. S-12 compares the diffraction pattem of crystalline CaSn,F
with that of the products obtained after washing. The washed precipitate gives the X-ray powder pattern
(Appendix XII) of the fluorite type with a = 5.552 A, which is similar to the values obtained for substitution
ratios of ca. x = 0.20 - 0.25. The average particle diameter for this phase is 504 A, which is significantly
larger than the values of 350 - 400 A obtained on unwashed microcrystalline sample, however, it is still a
clear sign of microcrystallinity. The precipitate after washing (Fig. 5-12) also shows a very broad peak in
the foot of the (111) microcrystalline Bragg peak. Hints of a similar peak at (200) are also visible, although
it is far less clear. This seems to indicate the presence of a second microcrystalline fluorite-type phase with
a = 5.9 A (not accurate because the peak position is hard to measure) and a particle diameter of 41 A
Therefore, it is obvious that CaSn,F,, when suspended in H,0, looses SnF, (reaction 5.12) to give two
microcrystalline phases, one of which has very small particle size.

(1-x) CaSn;Fyg -=---- - Ca,,SnF; + (2-3x)SnF,  (5.12)
Applying the measured Ca content (x=0.35, see Table 5-5) into the above equation leads to:

0.65 CaSn,Fg ------ -— CagesSnyssF, + 0.95 SnF,  (5.13)
which is very close to:

2 CaSnFg ------ > Ca,SnF, +3 SnF,  (5.14)
(for x=0.33). ‘This substitution ratio is close to the limiting rate at the boundary between the pure
microcrystalline and the mixture f microcrystalline + crystalline regions observed on Fig. 5-4. Reaction
5.14 would give a weight loss of 57%, which is a little lower than the measured loss of 63% for the sample
with n=0.05. The loss of SnF, by CaSn,F; in aqueous solutions probably explains why CaSn,F, was found
to be slightly deficient in tin (Appendix III) which means that just 1 or 2% of it had lost SnF; to give
CagsSngssF2. However, since the latter is microcrystalline, such an amount could not be detected by X-ray

diffraction. The loss of SnF; by the solid suggests that it may be possible to obtain ¢-SnF, as solid residue,
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Fig. 5-12. Influence of Washing on the Crystalline Phase
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Fig. 5-13. X-ray Powder diffraction Pattern of:(a)Unwashed CaSn,F,; (b) Solid Residue
Obtained upon Evaporation to Dryness of the Water Used for Washing.
(The Peaks indicated by an Arow are due to Sn,F;()
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in all cases, the iemperature was ambient temperature and the duration was the time required for evaporation
to dryness. Another technique that can easily reveal the presence of tin(IV) oxide is Mdssbauer
spectroscopy. Fig. 5-14 compares the tin-119 Mdssbauer spectrum of crystalline CaSn,F, before washing
with that of the residue of evaporation; the literature spectrum [49)] for Sn,F is also shown for comparison.
Two obvious major differences are observed between unwashed crystalline CaSn,F, and the residue of
evaporation: (i)there is a large increase of the tin(IV) line at ca. 0 mmy/s, and (ii) the tin(I) doublet becomes
strongly asymmetric and the splitting is smaller. These changes are further proof that the residue of
evaporation is not CaSn,F,. In addition, it is clear that the spectrum of the residue is closely related to the
literature spectrum for Sn,Fy,, i.e. the tin(II) doublet is identical, however, the tin(IV) line for the residue
is much more intense. The tin(TV) resonances for Sn(IV) of SnO, and of Sn,F,, are indistinguishable, All
these observations can be easily interpretated in the light of the reactions that have taken place (eq. 5.15,
5.16 and 5.17). The results are summarized in Table 5-9, which shows the following features:

(i)There is a significant change of isomer shift and quadrupole splitting between the tin(Il) sites of
CaSn,F; and of the residue of evaporation. However these parameters are very similar for the residue and
literature for Sn,Fq, which reinforces the diffraction result that Sn,F,, is produced upon evaporation of the
water used for washing CaSn,Fs. The g;, Goldanskii-Karyagin parameter, which is the ratio of the
intensities of the two Mussbauer lines in the case of quadrupole doublet (5.18)

o I$1/2 -~ #3/2

Tii/z = :1/2 " 5.18

G11

measures the anisotropy of the thermal vibrations of the Mdssbauer nuclide being probed. The symmetric
doublet for CaSn,F, (Fig. 5-14(a)) gives g,; = ca.l, i.e. the tin nucleus vibrates quasi-isotropically. The g,,
parameter of Sn,F, is reported in [49] to be equal to 1.42, and this seems correct in view of the strong
asymmetry of the divalent tin doublet (Fig. 5-14(c)). This is the same as observed for the residue of
evaporation (Fig. 5-14(b)). However, a close examination of Fig. 5-14(b) and (c) shows that the divalent

tin line at lower velocity is clearly much broader than the other. Using line amplitudes estimated
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Fig. 5-14. Room Temperature Mossbauer Spectra of
(a) Crystalline CaSn;F; Before Washing;
(b) the Residue after Evaporation of the Water Used for Washing CaSn,F;
(c) Sn,F,, from literature

!
{ Velocity (mm/s)
|
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from Fig. 1 of [48], it is found that the reported g, of 1.42 in [49] was calculated using line amplitudes
rather than line intensities, The two methods yields the same result when the two lines have the same
width, which is always the case when the doublet is unique, i.e. when it is the result of a non-spherical
electric field gradient around one kind of tin only, The fact that one of the Sn(II) line is much broader for
Sn;Fs shows that the observed asymmetric doublet is the result of imperfect overlapping between at least
two doublets, which have slightly different Mtssbauer isomer shifts and quadrupole splittings. Quasi-perfect
overlapping of the lines at higher velocity for each of the two doublets gives a narrow observed line with
a high amplitude. Imperfect overlap between the two lines at lower velocity gives an observed broadened
line with lower amplitude. An estimation of their intensity (amplitude multiplied by the linewidth) shows
it is the same within experimental error (g,, = 1.02). Therefore, the apparent asymmetry is not a real
Goldanskii-Karyagin effect since the observed doublet results from the partial overlap of at least two tin(Il)
quadrupole doublets, the asymmetry of which could add up or cancel each other or, they could simply be
symmetric. Therefore, the present study has pointed out an error in the method of calculation of the
Goldanskii-Karyagin parameter (g,,) in the literature [49].

Another parameter of interest in the spectra shown on Fig. 5-14 is the relative ratios of tin(II) and tin
(IV). The parameter "% spectrum” in Table 5-9 refers to the % contribution of each tin species to the total

Mdssbauer spectrum, i.e.:

- for Sn(ll):
. I[Sn(II)]
$spectrum T8 IV ] + T[S I ] x100...... 5.19
- and for Sn(IV):
$spectrums= 1(Sn(Iv)] x100...... 5.20

I[Sn(IV)]+I({Sn(II)]
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contrubute to 34.1% of the original total intensity diffracted. However the remaining intensity would
decrease if the microcrystalline SnO, could be taken into account in this calculation. This cannot be done
because the uPDSM software does not recognize its existence because of the very large peak-width due to
the very small particle size (ca. 40 A diameter). The first Bragg peak of the observed pattem is quite strong
and unaccounted for by Sn;F,¢ (Fig. 5-13(b)). It is clear from the Fig. 5-13 that this peak is broader than
the first peak of CaSn,F, which is located at an angle not far away. The average particle diameter,
calculated from this unknown broadened peak, using Scherrer’s method and Warren's correction, was found
to be 361 A. A search match was carried out in order to identify the Bragg peaks not accounted for by
Sn;Fi. Table 5-10 gives result of the secarch-match, No satisfactory match was found, since the best
candidate, SnO, has two non-matched peaks and a similarity index of 50, which is much too low. In
addition, SnO is black, therefore if it were mixed with white Sn;F,s and SnO,, the residue would be grey.
Table 5-11 shows that the intensity of the two missing lines of SnO is far from being negligible, 17 and
6.3, with the strongest line of SnO being 21, which gives the two missing lines an intensity relative to 100
of 81 and 30. This shows unambiguously that SnO is not a satisfactory match, and it is further confirmed
by the substraction of SnO, which removes only a negligible amount of intensity (34.1-27.9 = 6.2%) and
still leaves 27.9% of the total intensity, and 15 lines unaccounted for (Table 5-12).

These results suggest that the residue of evaporation of the water used to wash CaSn;F; contains
crystalline Sn,F,¢, microcrystalline SnO, (average particle size =40 A) and at least another unidentified

'microcrystalline phase (average particle size = 361 A).

§.6.2. Thermal Stability

The ionic conductivity measurements presented in Chapter 6 show that when crystalline CaSn,Fg is
heated up to 200 °C, the curve of the conductivity (logoT) versus temperature is reasonably reversible upon
cooling. X-ray powder diffraction after the heating experiment shows no change of the powder diffraction

pattern indicating that no irreversible transition took place. However, when the same sample is heated up
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Fig. 5-15 Effect of Heating on Crystalline CaSn,F, (n=0.05)
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thermodynamic stability, a-SnF, is always the end phase. Since the samples were cooled slowly in the
conductivity apparatus, X-ray diffraction after cooling shows only a-SnF,, In order to stabilize temporarily
B-SnF, at room temperature, rapid quenching from T > 110 °C would be required [38, 44, 55, 56, 57].
T-SnF, cannot be stabilized below 66 °C because of the B w7y transition is of second order, and therefore
cannot have any hysteresis, by definition.

The decomposition according to reaction 5.21 also produces CaF,. Since no Bragg peak for CaF, is
observed, it car: be concluded that it is microcrystalline or amorphous or other reaction. possibly involving
copper, have occurred.

The fact xh?t CaSn,F; is thermodynamically unstable at high temperature could have been predicted for
two reasons:

(i) All earliers attempt to carry out reactions between CaF, and SnF, at high temperawre failed, giving
only the starting materials as end products [13, 15];

(ii) Bulk density measurements show that the density of CaSn,Fs falls exactly on the line joining the

densities of CaF, and SnF; versus substitution rate (Fig. 5-11), i..

2P (sar,) * P (car,)
p[c‘sﬂap.]- 23 2 oonv--5¢23

the density of CaSn,F; is the average weighed densities of CaF, and a-SnF,. In other words, there is no
decrease of volume and no improved packing, due to the formation of CaSn.F, relative to the starting
meterials. This is an indication that CaSn,F; is not thermodynamically favoured by its lattice energy.
However, since its density is not lower than that of the starting materials, it is also not thermodynamically
unfavoured at room temperature. It results that heating, which supplies the energy required for ion diffusion
to carry out a solid state reaction does not result in this product which is not energetically favourec.
However, when all required ions are mixed in aqueous solution within an appropriate range of
stoichiometries, the compound may be formed because it is energetically favoured at low temperature. The
result is a metastable compound, which is trapped in a non-stable (but not really unstable) state at room

temperature, However, heating affords sufficient energy to destabilize this fragile ionic arrangement.
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CHAPTER 6.
RESULTS AND DISCUSSION (2)

--- Electrochemical Measurements on MF,-SoF, Systems

Ia this chapter, the electrochemical measurements on material obtained in the CaF,-SnF, system are
compared with those of known compounds in other MF,-SnF, systems (M = Pb, Ba). To carry this out the
latter compounds were prepared either by solution or solid state synthesis and characterised under ¢xactly
the same conditions as the CaF,-SnF,, These measurements lead to a description of the conduction and

thermodynamic characteristics.

6.1. Conductivity Measurements

As can be seen from Fig. 6-1, the resistance decreases sharply as the pressure increases and becomes
a constant after about 3000 p.s.i. Similarly, Fig. 6-2 shows that the temperature reaches a constzint after
about 30 min following temperature selection. All measurements described below were therefore taken with

an applied pressure > 3000 p.s.i. and 30 mins after selecting the temperature.

6.1.1. Ionic Conductivity

In agreement with other workers [54, 58), conductivity measurements show that the SnF, undergoes a
phase transition at about 78 °C which, from X-ray powder diffraction studies [59], has been shown to be
associated with a change from monoclinic (a-SnF,) to tetragonal (y-SnF,) symmetry. As can be seen from
Fig. 6-3, the activation energy for electronic conduction does not change during this transition, suggesting
that it is dependent on the electronic configuration of the Sn®* lattice and not primarily on the crystal
structure. In contrast, curve-fitting of the temperature dependence of the total conductivity (0; + G,)
suggests that there is a decrease in activation energy for fluoride ion conduction from 0.4 ¢V to 0.1 eV,

This implies that the phuse transition is associated with the disordering of the fluoride ion sublattice, As
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In contrast to the above, the conductivity of the CaF,-SnF2 system (Fig. 6-5) depends on the preparation
conditions and, in particular, the reaction mole fraction, n. At low n values where a crystalline phase
(Chapter 5) is obtained, the conductivity exhibits a behaviour which is very similar to SnF, again suggesting
that the crystalline phase is tin-rich. In contrast, at high n values where the microcrystalline phase (CaF,
structure) is obtainéd. a higher ionic conductivity is obtained (Table 6-1). Similarly, at intermediate values,
the conductivity of the mixed products depends on the volume fractions of the crystalline and micro-
crystalline phases. Although the results are consistent with Effective Medium Percolation Theory (EMPT)
[60], it is impossible to analyze the system fully in these terms at this time. The main reasons for this
include

1) a lack of information about the chemical composition;

2) the poor correlation of the chemical properties; and, in particular;

3) the fact that the crystal structure of the crystalline phase which has not been indexed (Chapter 5).

Conductivity measurements in this system also suggest that the products obtained at various n values
decompose at approximately 220 °C (Fig. 6-6), well below the melting point of (260 °C - 290 °C). This
is witnessed by a change in activation energy for the conductivity and also the appearance of a green
coloration. Although the decomposition product has not been identified, tentatively it has been suggested
that a component is @-SnF, since it has the same X-ray powder diffraction pattern (Fig. 5-15 in section
5.6.2.). The greenish coloration suggests a reaction of the compound with the copper electrodes as

suggested in chapter 5.

6.1.2, Electronic Conductivity

The results of an approximate measurement of the electronic conductivity are shown in Fig. 6-8. The
electronic conductivity of the MSnF, compounds obtained by the more accurate polarization method are
compared in Fig. 6-7. These results show that the MSnF, materials are good ion conductors and poor
electronic conductors. This can be also demonstrated by the ionic and electron conductivities listed in Table

6-1. From the ionic and electronic conductivity measurements described above, the ionic transport number
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can be calculated (Table 6-2).
At low n values, the CaF,-SnF, system has a very low transport number which is more like ¥-SnF, and
itis a very poor ionic conductor. BaSnF, has about the same level of electronic conductivity as CaF,-SnF,

gystem at higher n values, but it has 100 times higher ionic conductivity than CaF,-SnF, system.

Table 6-2. Ion Transport Number at Room Temperature

-SnF,

d v-S1F,(160°C)

PbSHF,

BaSnF,{53]

| CaF,-SnF;(n=0.10)

CaF;-SnF;(n=0.67)

Figure 6-7 shows that the PbSnF, has high electronic conductivity and a low activation energy.
Qualitatively, it is felt that this may be due to the fact that, in PbSnF, the Pb(2+) and Sn(2+) can easily
change their oxidation states, i.e.

Pb** - 2¢ === Pb*

Sﬂz’ - 23 = Sn“
These processes may leave electron holes and result in high electronic conductivity. The M(4+) will change
back to they original state M(2+). This is a very fast process, and it is too fast to see the change of

oxidation states. Note that Ca and Ba have no other oxidation states and cannot therefore participate in such

a process.
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6.2. The Current-Potential Behaviour

The current-potential behaviour of BaSnF, clectrolytes between two non-blocking electrodes was
measured as a function of temperature and typical I-V curves are shown in Fig. 6-9. These curves were
used to calculate the Tafel constant and exchange current density (Table 6.3). In contrast, in the CaF,-SnF,
system, at temperature below 80°C, the clectrolyte resistance was too high to allow further analysis,
Between 80 °C and 110 °C, however, typical Tafel behaviour - as illustrated by linear log I-V curves
(Fig. 6-10) - was observed allowing calculation of the Tafel constant, b, and the exchange current density,
i, (see Chapter 4). The values obtained are listed in Table 6-4. To explain this behaviour, it is necessary
to have two electrode reactions occurring - one anodic and one cathodic - to allow charge transfer across
the electrode interfaces. As it seems unlikely that any reactions involving the oxidation / reduction of
fluoride ions can occur due to its high electronegativity, the observed electrode reactions must involve a

change in oxidation state of the metal ion(s) (either M** or Sn* ).

6.2.1. The Anodic Reaction
As no other stable oxidation states of barium or calcium are known to exist, the main anodic reaction

must therefore be due the oxidation of tin:

Sn-— Sn** + 2 6.1)

Sn* . Sn* + 2¢ 6.2

Note, however, that these both represent an overall 2-electron step and does not preclude the participation
of other species (for example included O,) in the exact mechanism to form species such as SnQ,, A further
possibility is the oxidation of O, or H,O encapsulated in the cell during loading. It is very difficult to
eliminate this possibility completely. However, the available evidence suggests that, as no dependence on

the atmospheric conditions or sample conditions was observed, these mechanisms seem unlikely,
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6.2.2. The Cathodic Reaction
In contrast to the above, three cathodic reactions can be postulated. The first two involve the

clectrodeposition of the pure metals
M*+2-—» M 6.3)
and Sn® + 2¢ -— Sn 6.4)

Considering the difference in electronegativity of the two metals, it is felt that the first of these reactions
(equation 6.3) can be precluded. However, alloy formation, caused possibly by simultaneous deposition of
both metals (equation 6.5), cannot be discounted
M* + Sn* + 4e -— (MSn), (6.5)

This would certainly be favoured at high n values in the CaF,-SnF, where it is believed a calcium-rich phase
is formed (chapter 5 and section 6.1). As will be shown, the experimental data is not available to
distinguish between these possibilities. Again the evolution of hydrogen from any water present cannot be
eliminated. However it would be expected that the high reactivity of the products of such a reaction would
lead to sample degradation which was not observed in any of these experiments, This suggests that these

reactions involving H,0 do not in fact occur to any great extent.

6.2.3. Kinetics

Certain similarities exist between the behaviour of BaSnF, and CaF,-SnF, electrolytes. In the CaF,;-SnF,
system, the Tafel constants at 80 °C and 90 °C indicate that the rate is limited by an irreversible step
(i,>>1g) occurring at one of the electrodes, at 110 °C, the Tafel constant suggests that the two-electron
transfer is reversible, i.e. the concentration of the electroactive species becomes a predominant factor at high
temperature. Similarly, for the BaSnF, electrolyte, where a larger temperature range is available for
analysis, a gradual transition from exponential kinetics to apparently diffusion limited behaviour is observed.
These observations imply that

1) A second mobile species is being generated in the interfacial region to allow the concentration of the
electroactive species to vary with potential and yet preserve electroneutrality;

2) The ‘diffusion-limited’ current, i, must be proportional to the diffusion coefficient, D, of this second

species according to a relation of the form
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Dy,

'id- b

where c, is the interfacial concentration of the slow species and § is the diffusion layer thickness;

3) The rate of diffusion must increase with potential to allow the linear increase observed in iy
(Fig. 6-11).

Perusal of the possible electrode reactions (6.1 - 6.5) leads to the conclusion that only the oxidation of
Sn* 1o Sn** would provide the second mobile species necessary to measure the effects of diffusion. Thus
the overall reaction can therefore be viewed as shown schematically in Fig, 6-12, At the anode, Sn?' is
oxidized to Sn** which requires that the local concentration of fluoride ion increases to form a ‘compound’
of the form SnF, or MSnF,. This requires that the cathodic reaction is the deposition of the metal to allow
2 ‘free’ fluoride ions to migrate to the anode under the influence of the electric field, as the fluoride ion
is known to have relatively high mobility in these compounds, the second mobile species for the observation
of diffusion limited kinetics would be Sn*. Note that this does not require the Sn** ion to move physically,
rather two electrons can be transferred from adjacent Sn?* ions resulting in an overall transport of an Sn*
ion.

To confirm this hypothesis it is necessary that the diffusion rate be proportional to the electron mobility
and thus car be compared to the data discussed in Section 6.1.2. Thus i, (defined as the point at which
diffusion limits are observed (Fig. 6-11)) should have the same activation energy as that for electronic
conduction as measured independently by the Hebb-Wagner polarisation method. Experimentally it is found
that this value (0.6 eV) is much closer to that of electronic (0.8 eV) rather than ionic (0.3 eV) conductivity,
If it is remembered that other contributions such as the grain boundaries have been neglected and the
experimental determination of i, is difficult, these values tend to confirm the interpretation. In contrast to
solid electrolytes, the current in the diffusion-limited region will not be constant but rather vary linearly with
potential (Fig. 6-11). This is because the separation between charges (F and Sn** in this case) will increase
as the voltage across the electrolyte is increased. Thus the resistance defined by the slope of this section
curve should reflect the resistance to motion of the slower species. Over the small temperature range
available, the measured data (E, = 0.6) tends to confirm this conclusion. Although qualitatively correct
because similar observations have been observed in other solid electrolyte systems [61, 62], a new theory

is being formulated mathematically to better account for this behaviour and thus further prove our
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More likely in this case, given the discussion in section 6.2, is that decomposition is associated with the
oxidation of Sn** associated with reactions such as:

Cathodic reaction ~ M* + Sn* + 4F + 2¢ ---> M** + Sn +4F

Anodic reaction M*” + §n* + 4F - M* + Sn* +4F + 2¢

overall reaction 2 MSnF; --— M;SnFy + Sn
Note again that this does not imply that a compound with the formula, M,SnF,, actually exists. Rather this
represents the overall composition near to the copper electrode surface. However, such a situation would
be favoured by a high electronic conductivity since the voltage developed across the two interfaces equals
the total cell voltage minus IR,, where R, is the resistance of the electrolyte to electronic motion. Thus
comparing the electronic conductivities of the various materials (Table 6.1), PbSnF, should have the lowest
decomposition voltage as is observed. Again this suggests that the Pb** may participate in both the
electronic conduction process (section 6.1.2) and the oxidation process. Thus numerous reaction schemes
can be formulated for the anodic reaction in the case of PbSnF,:

a) Simultaneous oxidation of Pb** and Sn** to produce a compound such as ‘PbSnF,'; the extra fluoride
ions being supplied by the decomposition of tin at the cathode.

b) Oxidation of Pb* to Pb* followed by the two-electron transfer from a neighbouring Sn** i;)n.
c) Oxidation of Sn* to Sn* followed by two-electron transfer form either a neighbouring Pb™ or Sn*
ion.

The experimental evidence is insufficient to distinguish between these cases.

In the other compounds studied (M = Ba, Ca), these reactions are impossible and only the oxidation
of Sn** can be considered. Although this again depends on the electronic conductivity, the rate of the
reaction will also depend on the rate at which fluoride ions can be supplied i.e. the ionic conductivity.
Thus, as can be seen from Tables 6.1 and 6.5, SnF, has the lowest ionic conductivity and therefore
‘exhibits’ a high decomposition potential. Note that this may in fact be misleading in that the true
decomposition potential may be much lower but at a very low rate, i.e. the exchange current density is lower
than our present measurement capabilities. (As an example of such behaviour, hydrogen evolution from
aqueous solutions conventionally occurs at 0 V (1M acid) and, at a platinum electrode, this is readily
observed because the exchange current density is approximately 10° A cm® In contrast, the exchange

current density for hydrogen evolution at a mercury electrode is very low (10" Acm?) and a large voltage
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measurable current levels. This leads the conclusion that in all of these materials, the true decomposition
voltage is no greater than that of our measured E, for PbSnF,, i.e. 200 mV. Considering that the standard
potential for Sn* reduction in aqueous solution is 150 mV. This is a reasonable value. However, as this
low decomposition voltage would lead to self-charge of high-energy density battery systems, it therefore

seems impractical to design such systems and future work should only consider the more basic aspects of

these compounds.
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CHAPTER 7.
CONCLUSIONS

The work described in this thesis is concemed with the preparation and characterization of solid
electrolytes based on tin(Il) fluoride. The characterization includes mainly the use of elemental analyses,
X-ray diffraction, M0ssbauer spectroscopy and bulk density measurements for the study of the reactions
taking place, the investigation of the structure of the materials prepared and the determination of their
stability. The electrochemical properties include ionic conductivity, electronic conductivity and electrode

kinetics.

7.1. The CaF,-SnF; System
Direct reaction of SnF, and CaF; is known to yield no mixed tin(II)-calcium fluoride. However, it was
known that the reaction of agueous solutions of SnF; and calcium nitrate resulted in the formation of an
amorphous product with variable composition and the reactions were irreproducible. A detailed study of
this reaction has been carried out under carefully monitored conditions. The following results were
obtained:
a) Two materials, a crystalline phase suggested to be CaSn,Fs and a microcrystalline Ca, ,Sn.F, solid
solution were obtained;
b) Depending on the stoichiometry of the reaction mixture, three results have been observed:
- mixtures rich in Sn (2 77 % Sn) give pure CaSn,F;
- mixtures with similar amounts of Sn and Ca (23 < %Ca < 62) give a mixture of crystalline CaSn;F,
and microcrystalline Ca, ,Sn.F, solid solution;
- mixtures rich in Ca (>62% Ca) give a pure Ca,,Sn,F, solid solution.
¢) Although the structure of CaSn,F, is unknown, it has been established in this work that it contains
tin(II) with a stereoacﬁve lone pair of electrons with considerable p character and these electrons do not

contribute to the conduction process;







and it was established that there is no detectable Goldanskii-Karyagin effect on tin(II). However, there are
at least two tin(Il) sites in Sn,F,,, the structure of which is not known;

j) A combination of X-ray diffraction and conductivity measurements showed that crystalline CaSn,F;
is stable up to ca. 220 °C, at which point it decomposes to amorphous CaF; and liquid SnF,. This result
explains why earlier attempts to carry out syntheses in the CaF,/SnF, system by high temperature reactions
failed, and it is in agreement with the poor stability predicted from bulk density measurements.

k) The overall conclusion for this part of this thesis is that we have overcome previously reported
difficulties in preparing Ca/Sn(II)/F materials, and defined their conditions of preparation, characterized them

and studied their stability.

7.2. Comparison of the Electrochemistry of the CaF,;-SnF, System with a-SnF,; and MSnF,

Compounds

The solid electrolytes are never fully ionic conductors. It is necessary to measure both ionic
conductivity and electronic conductivity. The study on the electrochemistry properties of the CaF,-SnF,
system have been carried on this work. The results are described below:

a) Ionic conductivity measurements show that PbSnF, has highest conductivity in all of the MF,-SnF,
compounds and SnF, shows the lowest conductivity. In contrast, the CaF,-SnF, exhibits intermediate values
with the microcrystalline phase having a ten-fold higher conductivity than the crystalline phase.

b) Careful measurements of the electronic component show that the MSnF, compounds are poor
electronic conductors and have an ion transport number ~1. However, in the crystalline phase of CaF,-
SnF,, which has been suggested has a CaSn,F; structure, has a lower ion transport number (t; = 0.5) because
it is a tin rich phase.

¢) Although PbSnF, has high ionic conductivity, it also exhibits high electronic conductivity especially
at higher temperature, since it has two not fully oxidized cation (Pb*, Sn*).

d) The current potential study suggest that at 80 - 90 °C, the electrode reaction of the CaF,-SnF,

microcrystalline phase is an irreversible step, while at 110 °C, a two-¢lectron transfer reversible step is
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suggested.
¢) For BaSnF,, the Tafel slope measurement suggested the electrode reaction rate is limited by a
reversible step occurring at one of the electrodes.
f) The anodic reaction is probably due to the oxidation of the tin, that is,
Sn - Sn* + 2¢
or Sn?* «— Sn* + 2¢
g) The cathodic reaction could be due to the electrode composition ci the metal or alloy,
M*+ 2 - M
Sn* + 2e --=» Sn
or M* + Sn* + 4e --— (MSn),
h) As only the oxidation of Sn** wew'd give rise to diffusion limited kinetics, it is suggested that this
is the rate-limiting reaction,
i) According to the swdy of entropy, enthalpy and Gibb's free energy, BaSaF, is the most stable
material and PbSnF, is the least stable,
j) Thus the overall conclusion from the electrochemical measurements is that although SnF, based
conductors exhibit interesting conduction properties, they are inherently unstable d 1e to the ease with which

the Sn* ion can be oxidized to Sn*, This would prevent their application in high energy devices.
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APPENDIX 1

Preparation of TISAB I

Place about 500 ml distilled water in a 1-litre beaker. Add 57 ml glacial acetic acid, 58 g NaCl and
4 g CDTA (CDTA, available commercially, is cyclohexylene dinitrilo tetraacetic acid, or 12-
diaminocyclohexane N,N)N'N'-tetraacetic acid). Stir to dissolve. Immerse a calibrated pH electrode into
the solution, and slowly add 5 M NaOH until the pH is between 5.0-5.5. Pour into a 1-little flask and dilute

to volume with distilled water.
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APPENDIX II

Yield of the Products
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APPENDIX IV

X-Ray Powder Pattern of the Crystalline Phase

Peak Number 20 d(A) IL
25
2

1 18.56 4,782

2 20.55 4.321
3 23.08 3.853 13
4 24.27 3.667 73
5 2491 3.574 100
6 25.80 3.453 33
7 2690 3314 51
8 28.19 3.165 47
9 2880  3.100 42
10 3264 2744 k)
11 33.88 2.646 7
12 37.65 2.389 7
13 39.55 2279 10
14 40.76 2.214 12
15 41,04 2.199 15
16 41.85 2.158 9
17 42.07 2.147 12
_18 4261 2122 9
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Number _26(°%) d(A) _ IAL_
19 4325 2092 10
20 4361 2075 19
21 4410 2053 12
22 4438 2,041 18
23 4529 2,002 14
A 4692 1936 12
25 4130 1922 25
26 4793  1.898 8
27 4942  1.844 7
28 5002  1.823 18
29 5061  1.804 9
30 5127 1782 11
3 5L7S 1766 16
32 5334 17117 13
3 5550  1.656 6
34 5828  1.583 6
35 984 1546 10

I/, = Relative intensity
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APPENDIX VI

X-Ray Powder Pattern Observed for n=0.46 with a Fast Stirring Rate

Peak Number _ 26(°) d (A I, Linewidth

1 18.54 4,782 43 N
2 20.60 4.307 26 N
3 23.11 3.846 12 N
4 2435 3652 70 N
5 24.98 3.561 100 N
6 2587 3442 38 N
7 26.97 3.304 58 N
8 21.62 3.227 15 N
9 2828 3,153 50 N
10 28.82 3.095 53 N
11 32.64 2.741 37 N
12 37.80 2378 11 N
13 40.64 2.218 16 N
14 41.15 2.192 12 N
15 41.79 2.160 15 N
16 42.19 2.140 16 N
17 42.66 2.118 10 N
18 43.32 2.087 8 N
19 43.68 2.071 21 N
20 4439 2.039 20 N
21 46.98 1.933 18 N
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APPENDIX VoI

X-Ray Powder Pattern Observed for n=0.46 with a Medium Stirring Rate

Peak Number _ 26(°) d (A I, Linewidth

1 18.56 4.776 100 N
2 20.61 4.306 17 N
3 23.13 3.842 10 N
4 2431 3658 51 N
5 24.94 3.567 56 N
6 25.87 3441 18 N
7 26.92 3.309 25 N
8 27.65 3224 25 B
9 28.05 3.179 57 N
10 28.92 3.085 21 N
11 21N 2735 26 N
12 37.85 2375 8 N
13 39.65 221 8 N
14 40.75 2213 12 N
15 41.15 2.192 7 N
16 . 41.82 2158 6 N
17 42.19 2.140 9 N
18 42.74 2114 8 N
19 43.66 2072 12 N
20 44.29 2.043 5 N
21 4529 2.001 7 N
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Cont.
Peak Number _ 26(°) d(A) I, Linewidth

22 45.84 1978 9 N
23 4135 1918 18 N
24 47.80 1.901 9 N
25 49.88 1.827 6 N
26 50.53 1.805 6 N
27 5129 1.780 5 N
28 5341 1.714 7 N
I/1, = Relative intensity

Linewidth: B=broad, N=narrow
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APPENDIX IX
Unit Cell Parameter of the Ca, ,Sn,F, Microcrystalline Phase
as a function of the molar fraction "n" of Ca in the Reaction Mixture

5.5315

0.67 | 55642
0.29

066 | 5.6207

065 |ssma7  [90 041 | 5.5802
0.64 | 55712 039 | 5.5739
038 | 063 |55755 n 037 | 5.5583
0.61 | 55613 || 035 | 5.5739
0.60 | 55579 033 | 5.5581
I 0.59 | 55791 048 | o031 | 5438
0.32
0.58 | 55905 028 | 5.5581
057 | 55783 026 | 5.6255
| 5.5833] “
CaF, 5.4592 (This work)

5.4626 (33])

CaF,
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APPENDIX X

Typical Moéssbauer Parameters for Different Environments

and Oxidation States of Tin

Isomer Shifts §

(Due to the s electron density at the tin-119 nucleus)

Referenced to CaSnO, = 0
Sn°= 1.5 - 2.5 mm/s

Sn* =25 - 40 mm/s
Sn* = -0.6 - 1.5 mmys

Quadrupole Splitting A

(Due to unequal occupancy of the Sp orbitals resulting from covalent bonding and to non-symmetrical
coordination.)

Sn° and inorganic Sn* = 0 -1.0 mm/s
Sn? dominated by non-bonding electrons:
Stereoactive lone pair > 1.5 mm/s

Non-stereoactive lone pair= 0 - 0.5 mm/s

Zeeman Magnetic H ine Splittin

All oxidation states of tin are diamagnetic, therefore there is no spontaneous internal field. Magnetic
splitting is observed only if a transferred field from a magnetically ordered sublattice is present, or in an
applied field.

151






APPENDIX XII

Bragg Peaks Found in a Sample (n=0.05) After Washing with Water

I/1, = Relative intensity
(111); = (111) Bragg peak, which is very highly broadened
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/I, = Relative intensity
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