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ABSTRACT

Synthetic bornite (CusFeS,) has been produced from its
elenents and details of its preparation and characterization
are given. As this synthetic Bornite had a limited crystal
size it was hot-pressed to provide large samples and details
ol this process are also given.

Thermodynamic measurements were carried out in the
composition range Cus¥eS, to CukFeS% in both agqueous and
solid state cells in which the specimen composition was
changed in small steps by coulometric titration. These -
measurements provided values of copper activity, partial
molar entropy and partial molar enthalpy at a series cof
ceompositions. in addition, the constituent phases tTresent
at different compositions have Deen investigated by X-ray
analysis and scanning electron microscopy. The variation
07 copper activity with composition was also nmeasured for

e
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[

hot-pressed material. For this hot-pressed material

ct
-
b

ionic conductivity at three different compositions was

measured by a four-point technique and the temperature

cu

ependence 0of the electronic conductivity of the starting
composition was studied.
In order to carry out the above investigation an organic

copper solid electrolyte has been synthesized and character-

o)

ized. The ionic conductivity of this electrolyte was found
by A.C. techniques and its electronic conductivity was
measured by the Hebb-Wagner methed.

4 preliminary investigation of another copper sulphide,

cralcocite (Cu,S), is also presented.
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INTRODUCTION

From reports in the mass media as well as in technical
journals, it appears that most of the world's oil resources
will be exnausted by the first half of the twenty-first
century. This will force man to look for other sources of

energy, which are of two main types, the so. called "alternative

0]
]
4]
=
g
~

sources" (e.g. solar energy), and nuclear energy.
Winichever energy source is used in the future, some method

must be realized so that the energy is tnere when and where

joF

is neede

[N
<
b

This requires enesrgy storage on a larze scale,
as nuclear plants are more efficient if run for 24 hours a |
dey at optimum load or if an “alternative power source" is
used 1t will only function when the conditions are favourable
(intermittent energy source). This process is khown as "load
levelling", and cen be acnieved in different ways.

One method of load levelling used at the present is to
punp water up a hillside into a réservoir at night when the
load on electrical generation is low. Then during times of
peak demand for electricity, this water is used to drive
hydro-electric plant, though the number of sites is restricted.

Even 1if energy reguirements can ve fulfilled by these sources

of ecnergy and lnad levelling, the energy plants tend to be

)

[.
[N

larze ancd therefore not portable. 50 to answer the problem
0f powering vehicles small power sources must be created cr
the energy produced in tre large plant must be stored in small

Llight units. If Zhe latter solution is chosen we have two
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main aims for our energy storage devices. Ohe type must
be capable of storing large quantities of energy at a high
efficiency, but its energy density may be low. The other
reguirement, for vehicles,is a very high specific energy
dengity.

Two main systems have been proposed that could be used
for both reguirements. Cne system is based on hydrogen,
which can be generated by the electrolysis of-water. Then
this can be used in pressurizéd cylinders (or other forms of
storage (1)) as a direct replacement for petrol in vehicles,
producing no pollution problems. It can also be burnt to
provide heating and used also tc generate electricity.

Anothner solution would be to use batteries to answer the

ct

problem, though present batteries are not econcmically viable.

So there 1

[0}

a large amount of money being invested to produce
suitable batteries of which some of the battery systems are

given in table 0.1 below.

Theoretical Energy- Expected Realizable
System Density Density

(¥ hr/kg) (W hr/kg)
Lead-acid 167 40
Fe-Ni 266 60
Ni-Zn 321 : 90
Na-3 680 150
Li-8 1500 150
Li~TiSl 470 130

Table 0.1

Selected Battery Systems




The research work that is detailed in this thesis is
directed to looking at the behaviour of a possible type of
electrode to be used in high energy density batteries.
Actual batteries would‘use a very electro-negative metal
as the mobile species, e.g. Liror Na, but these materials
are hard to deal with due to thneir reactivity. So for a
modelisystem copper was chosen, though it will never be
used in a high energy density battery, due to its high
atomic weight and low elesctro-negativity. It is however
easy to obtain room temperature electrolytes for copper and

it is not affected by the atmosphere to the same extent as

the more electro-negative materials.



CHAPTER 1

SOLID STATE TRANSPORT

1.1. INTRODUCTION

Solid: DBody consisting of particles that maintain
their relative positions against some degree of pressure (2).
This is a common authoritative view on what solid means.

naving sald that it is hoped to show that this is far from true

for some

o

Pl

‘

y1ids. In fact it is possible to have ionic

motion that 1s greater in the solid phase than in the liquid

"G

hase at a slightly higher temperature (3).

1.2, AST ION CONDUCTOKRS

The classical view of transvort of ions in =2 solid is
that the above definition is basically true, but there are
imperfections in the crystal structure. and‘it is the point
defects that move. Two main types of point defecis are
interstitial ions (Frenkel disorder) and ion vacancies

Schottky Gisorder). Materials with Frenkel disorders

sually have a-higher ionic conductivity than materials with
Schottky disorder as can be seen from figure 1.1. . These
mechianisms did not explain the very high ionic conductivities
tnat were found in some high temperature phases, mainly of
copper and silver compounds (4). These highly conducting
phases are characterized by a much lower temperature
dependence than the normal Frenkel and Schottky disorders

(see fig. 1.1).
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The ionic conductivity (o;) of fast ion conductor,
Frenkel, and Schottky materials can usually be represented

by the following equation.

o, = Eé} exp. 48 1.1
T kT

Where T is the absolute temperature, o is the
conductivity constant, AH is the activation enthalpy, and
k is Boltzmann's constant. In the fast‘ion condﬁctors the
femperature dependence is low, implying that AH is smaller
than in classical ionic conductor and, as well, o is
considerably smaller than in the normal case. Equation 1.I

can be derived from a hopping model (see Appendix F), giving:-

.1" 1 L
o = SiZi eocdf ;)‘,exp<A S) 1.11
k k

Where o is a geometric factor, ¢ is the concentration
of the mobile species (i), and z;e the charge on them.
e is the charge on an electron, d the jump distance,/?.is
the fraction of the mobile species free to move, ¥, 1is. the
jump attempt frequency, and 4S5 is the entropy of migration.
- Thus the small o; implies either a very low attempt
frequency or a very small if not negative enfropy_of
migration, as ¢;, d,«, and z; are all of the same order
of magnitude from material to material and/B is usually
assumed to be close to unity. This, however, may not always
be true,.as in the case where the number of carriers
approaches the number of sites. Each carrier is prevented
from occupying any site which is already filled and so it
can only move when it is adjacent to a vacant site. Thus,
when the total number of available sites is fixed, the

value o?/é will decrease as the concentration of charge
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carriers (c;) is increased towards complete occupancy of
sites. This means (from equation 1.I1) that.the
conductivity of an ionic conductor will pass through a
maximum as ¢, is increased. For many situations however
it is appropriate to consider that/ﬁ is equal to unity,
and therefore this value will be assumed in the ensuing
discussion.

The ionic conductivity which is required in a fast
ionic conductor is of the order of 10~/ (ohm cm)™. If a
term /ﬁ, the mobility is defined as the drift velocity per
unit electric field, ionic conductivity can be written as

o = ci/laz(-e/:, | 1.111I

Einstein first pointed out that the diffusion coeffi-

cient, I, is related to the mobility by the following:
5 = %?E/” 1.1V

Thus it follows that the diffusion coefficient is.

related to the ionic conductivity by the following (see

Appendix F):

c; Be*z] #
o = D 1.V

kT

Which implies that at room temperature the sélf
diffusion coefficient (ﬁ ) in a fast ion conductor must be
at least 10" cm * sec’' , which is only an order of magnitude
below that in a liquid (lO_scmi sec™ ).

To get a better view of the microscopic process takihg
place in these compounds we must look at what other
information there is. In 1935 Ketelaar (5) reported an
abnormal rise in the specific heat of AgtHgI& near its
transition from F(low conductivity) phase to the « (high

conductivity) phase as well as an unusually small change in
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Table 1.1
Selected Copper and Silver Fast lon Conductors

Material Tempéaiézbgiity References
x-Agl 419-828 Strocx (7)
«-Ag.S . 452-1098 Rahlfas (9)
o-Agy Be 406-~1153 "
o«-CuBr 745-763 Hoshino (10) and

: Krug & Sieg (10)

aCus ) 364 Arustrong (15)
o-Cu,Hel, >1040 e
AgAl,0, Stgble McGeehin & Hooper (14)
(C,H NH)gAg, Ls <293-)373 " "
Ag, 1,440, €293->373 " "
(CH,) ¥Ag.I, 273-393 " "
Ag,1,P,0, <300-420 - " "
AB,y(Me,N), I ) 323 e "
Ag,I,PQ, {300-352 " "
KCN.4AgI {293->423 " "
RbAg, 1, 120-~475 A " "
KAg, L 137-526 " "
AggHgs,I <293->373 " "

the entropy at the melting point. With the support of
- X-ray information (6) which shows an average distribution
of the cations on their 1a£tice sites, Stfock (7)vdescribes
a rigid anion lattice with a molten cation lattice. More
support is given to the "liquid-like sub-lattice" theory by
O'Keeffe (8), and others, who found that the entropy change
during the melting of some other fast ion conductors is
also small.

Since the original realization of fast ion conductors
many more have been added and just a few Ag and.Cu ones are

shown in table 1.1. As is seen from this table some fast
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ion conductors are stable at room temperature aznd just
zbove.

In order for ions to move in a rigid framework they
must be small enough to go through this framework. Also
thelr potential energy must not change too much as the ion
travels tnrough the structure. 50 in order to be a good
fast ion conductor the material would require a very open
structure e.g./B—Alumina. In/B—Alumina theAstructure is
made up of layers of close pacxkxed spinel-like structures,
which are held apart by oxygen atoms, and it is in these

layers that ilons can move between a large number of equivalent

S

cl

es (fig. 1.2). AS/B—Alumina is a layer structure it has
the digadvantage that its conduction is only in 2-dimensions.

In order to improve on this a 3-dimensional conductor, an

interconnected tunnel siructure, or skeleton structure is

5

required. It is with this concept that Goodenough et al (12),

3

as well =as other workers (13), have worked to produce an

67}

icnic conductor which has an open structure_allowing motion
in =11 three dimensions.

In order to find materials possessing fast ion conduct-
ivity neny new technigues have been developed, besides the
traditional D.C., A.C., and radio tracer experiments for
detecting ionic and electronic conductivity. Probably the
most notavle of these is Nuclear Magnetic Resonance (N.M.R.)
spectroscopy walch shows whether the ions are mobile, but
does not easily dirferentiate between movement about a
localized site and long range movement between sites. Other
tecnnigues that have veen applied are given in a recent

review on "fast ion conductors" by Huggins (4).
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1.3. O-ORDINATICN EFriCTS

According to a recent review by HMcGeehin & Hooper (14)

copper and silver are the most common mobile ions in fast

ion conductors. To see why they are so, we must see what
it is they have in common. Along with gold they are members

of group 1B of the periodic table, and these are all capable
of being monovalent. Among monovalent metals Cul and Agf
are unusual because they can occupy 4 co-ordinated siteé
with anions whereas others usually have 6 or 8 co-ordination.
In fact Cu! and As® have in some cases been found with 2 or

3 co-ordination, e.g. oxides and nitrides (19). It is this
ability to take up lov |

v co-ordination positions which allows

P

A¢" and Ou5 to pass over saddle points in the lattice

potential energy, so they diffuse more =asily than other
metsle. Co-ordination numbers of 4 or less which is

usually characteristic of covalent Compounds, nnly occurs
if the anion possesses some dX-bonding ability (19).

Looking at 1t from another point of view, Ag’ and Cu¥
Loth have thelir outer d energy levels close to that of their
outer S energy levels. Thus they have high polarizabilities,

which allow tThem %o take up low co-ordination sites easily

.

compared with other movovalent ions (15).

1.4, COPPER KELECTROLYTES

An electrolylte 1s a material in which all the electrical

conductivity is due to mobile lons. This usually cannot
be realized, and thus celle will discharge given long enough.

For a commercially produced battery the time of self
dischnarge must be large to give it a long shelf life.

In the case of the original copper solid electrolyte used,



(copper (1) halides) the electronic conductivity was only a
few orders of magnitude below that of the ionic {e.g. 5
orders of magnitude for CuBr at 673°K (17)). Originally
all solid electrolytes known were high temperature ones.

The aporoach to lowering the high dperating temperatures
nas been to try to stabilize the high temperature fast ionic
conductors at lower Temperatures by putting other components
in the system. This was first done for copper by Takahashi
et al (18) in 1973 by using an organic salt in the structure
along with a copper (1) halide. These compounds and later

one

6]

, _ . . . .. =2
{19) h=ave attained jonic conductivities up to 3.5 x 10

-l — . .
(ohm cm) a2t 300°K along with electronic conductivities of

1073 (onm cmf’ at 300°K. This gives eleven orders of
naraitude difference in the conductivities, or a discharge
time ol 2 million times longer than with copper bromide.
some of these organic salts are unstable in galvanic
cells (20). So Matsui and Wagner (21) have approached

the problem by using a mixture of copper (1) halide with

a ..etal nhelide. One material made by this method used
Cul plus KI to produce KCu,lg . This 1is related to the

solid electrolyte witnh the highest room temperature conduct-
ivity known, RbAg,ls for silver ions, as it has already
peen stated that copper and silver are very slimilar (section
1.3.). The result of copying this for éopper does not
give such good results as the organic salt electrolytes.

L .

5t one which Matesul and Wagner fcund, RbCu4CIg

m

Though the be
. , e a =k -l -
has a conductivity of 8.25 x 107 (ohm cm) at 300°K and

-2 o« o s . .
1.14 » 107 (ohm cm) at 415°K with an electronic conductivity

Y- . - s
of 107° (onm ca)’ at %00°% (22).



2L

Another copper electrolyte which 1s not related to
the.copper (1) halides is based on the sodium electrolyte,
/LAlumina with the sodium replaced by copper (23). Though
this 1s a poorer conductor than the two types already
mentioned, it has a much larger temperature range.

A11 copper electrolytes suffer from the problem that
copper (1) cen be oxidized to copper (11) with a fairly
low overpotential (700 mV for Takahashi's organic electro-
lytes (18)) and this causes electronic conduction in the
electrolyte. S0 any commerciai cell would be restricted
to a low voltage giving it a low energy density. In a
recent commpunication to the Electro-Chemical Scciety (24)
Raleigh has suggested a possible mechanism for the deter-
ioraticn of copper electrolytes. This model predicts a
front moving through the electrolyte where Cu (1) is
oxidized to Cu (1I) as long as the cell emf 1s zgreater
than 350 nv. Kinetically at least this does not appear
to happen as it is stable for voltages up to 700 mV (18).

The main measurements that are carried’oﬁt on electro-
lyvtes are A.C. to achieve thevtotal conductivity, and a
fHlebb-Wagner type measurement to obtain the electronic
conductivity (25). Both of fthese were used in this work
and will be detailed in section 2. Ionic conductivity

can also be obtained by a four contact type system as will

be given later for the ionic conductivity of Bornite.

1.5. SO0LID SOLUTION ELSCTRODES

N

The cell E.¥.F. (Electromotive Force) is proportional
to the energy relezsed by the chemical reaction that takes

place in the cell. By definition,
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AG = -nFE : 1.VI
wnere I is the cell equilibrium voltage, AG is *the Gibbs
free energy change, and n is the number of electrons
involved in the process, with F being Faraday's constant.

The conventional electrochemical cell is made up in
such a way that a chemical reaction takes place at one of
the electrodés producing one or more reaction products.

For example the nickel-cadmium alkaline cell which has
Ni0.0H as the positive electrode and Cd as the negative
electrode. Reactions occuring at the positive and negative
electrodes may be represented by the following equations.
21i0.CH + 2e + 2H, 0 &= 20H + 2Ni(0H),

+ Cd &= Ca(CH), + 2e
Thus the total cell reaction is

2H10.0H + €4 + 2H,0 &= 2Ni(0H), + Cd(0H),

IZ the second phzge cannot be removed from the
electrode interface or the mobile species cannot get
through the second phase the electrode will rapidly become
blocked. This blocking of the electrode is called
polarization of the electrode. Also during charging and
discharging the electrode undergoes a morphological change.
This can cause internal shorts, electrode breakdown, and
also loss of reactive area.

If 2 cell could be discharged and maintain its
egquilibrium voltage it would have changed the chemical
energy into electrical energy with 100% efficiency. If
the same amount of energy had been converted into electricity
by a 100% efficient dynamo driven by a heat engine, the
efficiency would be limited by the Carnot limit (about»ZO%-

efficiency for a heat engine working with one reservoir at



37%°£ and the other at room temperature). Therefore an
electrochemical cell is theoretically more efficient than
a2 heat engine in the ideal case.

If the electrode 1s made up of two phases in equili-
brium the activities of the moblle species are defined at
tne electrode. This means that the voltage is defined by

the free energy change.

[

o | -
G =06 + RU{p € 7D 1.VII
oL /3

where the cell reaction is &«A + BPB=— cC + dD, and a is
the respective activity and AGC is the standard free energy
and 1is the free energy change associated with the reaction
when the reactants and products are at unit activity.

A constant voltage is a desirable quality in a battery
but in a two phase system it is difficult to obtain‘due to
polarization of the interface by the products (concentration
polarization). This is one of the main problems with
conventional electrodes. It can be overcome by various
ways, one example 1s the Na-8 cell where both the electrodes
are molten so Na,S can mix freely in the sulphur. It
would of course be better if only one phase were present.

This would require a non—stoichiometric compound which
could accommocate the mobile species. In order for a
ron-stoichiometric solid compound to be formed the mobile
species wust have a2 high diffusion rate ih the electrode.

To be an electrode it must also have a high electronic
conductivity. This has therefore defined the basic concept
of 2 Solid “olution Electrode (S5.S.E.).

If the diffusion coefficient is high enough there will

now be no polarization problem, but the activity at this
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electrode is no longer fixed. This means that the cell
E.M.F. will change as the activity changes. For a working
cell it is desirable for the E.M.F. to be constant over the
range bf composition for which the cell is going to be
used. This range must be large in a practical cell, e.g.
LiXTisi where x = 0 to 1.

It would be even better if the voltage were actually
constant over composition range. This cannot be so as
the chemical diffusion (D) depends on the variation of AG
with composition. If this is equal to zero‘ﬁ': O according
to equation]MVIﬂﬁwherejﬁ is the self diffusion coefficient

*
oL dlna 1.VIII

d 1lnx

The solid solution electrode so far requires a high
diffusion rate in it, but the diffusion of the mobile species
across the electrolyte—electrode interface has not been
mentioned. This of course must be rapid, i.e. a large
exchange current (low activation polarization), so there
musf be a good interface. In the case of a solid-liquid
interface, assuming that the liquid wets the so0lid, there
will be a good interface, e.g? molten sodium,/B—Alumina
interface in the Na-S battery. This also has the advantage
that changes in the lattice parameters of the electrodes
can easily be accommodated, e.g. Li,TiS;, in the Li-TiS

battery where the ¢ lattice parameter of the Ti5, can

change by about 9% (20) (LixTiS is a S.S.E.).

2
In the solid state cell the choice of electrodes will

be restricted by the requirement to find a compound which

can form a good contact with the electrolyte. If both the

electrode and the electrolyte are solid there is an interface
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problem, so it would be best if the interface is coherent.
There are problems with this, as the two components will
usually have different expansion coefficients.

A solid state cell would have the advantage over others
that 1t would be more rugged, and would have fewer problems in
containing the elements of the cell. Also a layer technique
can be used, thus giving =z large éurfaoe area 0 volume
ratio, so increasing the maximum current that can be drawn
from the cell. Another advantage of using a solid
electrolyte is that they usually have a larger breakdown
voltage, as well as fewer problems with side reactions than
thoce using ligquid electrolytes.

The only other requirement for an 5.35.LE. is for the
material to be cheap and easily fabricated, to make batteries.

S0 to summarize, the conditions reguired for an S.S.E.
which were originally set out by Steele (27) in 1373 are

25 follows:-

1. w00d electronic conductor.

2. Large range of composition.

3. A nearly constant E.M.F. for various compositions.
4. Rapid diffusion of the mobile species.

5. Good electrolyte-electrode interface, with a large

exchange current.
6. Stable electrolyte-electrode interfacs.
7. The(electrode is cheap to manufacture.
The field of 5.5.E.s 1s a new one and as yet there are
few known, but for a review of the field a recent paper by
Steele should be consulted (28). As this field is a new

one 1t was felt that the best way to investigate the

propertics ol thegce electrodes would be to work with copper
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as a model system.

1.6. Cu-Fe-S5 TERNARY

There are a large number of phases in the Cu-Fe-5
ternary (see fig. 1.3%), which are based on the face centred
close packed sulphur lattice, with the metal atoms being
ordered in different ways. This system has been of great
interest as it contains a number of copper ores which are
of economic interest. Thus a lot of work haé been done on
them, and for different phases in the ternary Yund and
Kullerud (29) should be consulted. It was work on the
leaching (30) of one of these materials that suggested that
it might be suitable for a solid solution electrdde 2s
copper appeared to have a high diffusion rate.

The leaching work showed that two copper ions could be
readily removed from a copper ore called Bornite (CuSFesy).
Also it avpeared that the crystals did not brezk up on the
removal of copper from it. Thus it was a relatively
obvious choice as a model system to be worked on. Not
only is a hign diffusion coefficient required for an S.S5.E.,
but also electronic conductivity, and the copper iron

sulphidps are all semiconductors (31).
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CHAPTER 2

THE ELECTROLYTE

2.1, INTRODUCTION

As hes already been mentioned, in recent years there
has been a large increase in the number of s6lid electro-
lytes (32). For this work it was required to choose an
electrolyte that had a high ionic conductivity at room
temperature and Jjust above. Also an electrolyte that is
easy to produce, as it was only required as a means 10 an
end. In 1975, Takahashi and Yamamoto (19) reported a
group of double salt electrolytes based on a copper (1)
halide and an organic halide, these having a higher ionic
conductivity and lower electronic conductivity than an
earlier group (18). The one chosen for production out of
these electrolytes was 1,4 Dimethyl 1,4-diazabicyclo (2,2,2)
octane dibromide (sometimes referred to as N,N—dimethyl-
triethylene diamine) with copper (1) bromide, due to its
high cdnductivity and large range of thermal stability

(up to 510°K).

2.2, PREPARATION AND CHARACTERIZATION

The preparation of the electrolyte generally followed
the method set out by Armstrong et al (33) in 1974.
Copper (1) bromide (Koch-Light Puriss Grade > 99%) was
purified by twice recrystallizing it from 10% hydrobromic

acid under a nitrogen atmosphere. It was then washed with
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glacial acetic acid, distilled water, and finally ethanol,
after which it was dried under vééuum. The product was
very small crystals with a very pale yellow colour. A
sample of this product was ground to a fine powder and then
pressed in an 8mm stainless steel die to produce a pellet,
whose conductivity with platinum electrodes pressed on it
was so low that it could not be measured on a radio
frequency bridge (Wayne Kerr SR268). When copper
electrodes were used the conductivity at 154khz at room
temperature was found to be 8 x 10° em) . The purified
copper (1) bromide was also x-rayed on a diffractometer and
the results are shown graphically in figure 2.1 and the
numerical values in table 2.1.

The organic part of the electrolyte (fig. 2.2) was
produced from 1,4-diazabicyclo (2,2,2) octane dissolved in
methanol, with methyl bromide bubbled through it (both
supplied by Koch-Light), while the solution was maintained
at 0°C, for half an hour. The rate of procduction of the
crystals was high, and the clear liquid became white with
crystals precipating out of solution. The precipitate was
filtered off, and then washed with methanol at 0°C, after
which it was dried under vacuum for 4 hours before being
stored in a desiccator.

The composition of the organic was checked by‘analysis
at Imperial College Analytical Services and by University

College Chemistry Department. The results were as

follows: -~
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21 + Wt.% found Wt.% found Wt .%
emen at U.C. at I.C. Theoretical
c - 31.31 - 31.81
H 5.99 ’ - 5.96
N 9.09 . 9.26+ 0.01 9.28
Br 52.07 51.0 +0.5 52.95

Table 2.2

Analysis of Organic Part of the Electrolyte

As the above results were not as close as was expected
it was decided to check the organic component by N.M.R. and
I.R. spectrum. The N.M.R. was carried out at University
College and gave a -CH,- peak which was approximately three
times the integrated area as the -CHB— peak, plus a peak
The I.R.

for water. spectra was produced on a double bean

gratving spectrophotometer, and compared with tri-ethylene
diamine as no spectra appears to exist in the literature

for 1-4 dimetnyl, 1,4 diazabicyclo (2,2,2) octane dibromide.
Therefore certain identification is not possible, see
Bellamy (34). The p(CH) (stretching of CH bonds) vibrations
of -CHy and -CH,- groups showed frequency shifting and
splittiﬁg with increased peaks at higher frequencies (3000-
2900 cu') and a decrease in intensity at lower frequencies

(

-CH,~ and -Cily occur in approximately the same region

90C0-2300 ci’ ) as expected.

o

The 5(C4) (bending) of both

(1500-1400 cu’) with probably no splitting of &(CH) of
-CHy~ from an intensity consideration. The two expected
peakxs for NXCH, occur at 1212 cm’ and 1147 cmﬁ‘which is

somewhat lower than the expected region of 1300 e’

This shift also occurs in the »(CC) and skeletal vibrations
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which have large shifts (>100 cm’). Thus from the I.R.
spectra it cannot be definitelyvestablished whether this

is the correct organic compound but it is compatible with

a N-methyl gquaternary ammonium salt with the positive charge
on the nitrogen diffused. Whereas the N.M.R. spectra seems
to leave very little doubt about it being the required
organic.

X-rays of the organic were done to provide a method
to checkx the organic when it was produced in the future,
but it was found that these varied greatly in the sane
sample. It was however established that this was due to
water being picked up from the atmosphere during X-raying.
So in order to obtain an X-ray of the dry material a sample
was dried overnight in wvacuum. It was then mounted on a
diffractometer sample holder in the dry box, with double
sided sellotape which had been dried in the same way.

After which a layer of polythene was attached over the
sample. The results obtained are shown in figure 2.3 and
table 2.3 along with the results for the same sample after
a week exposed to the air. No mention is made in the
literature of the organic picking up water, though the
effects of water on CuBr are pointed out.

The required composition for the electro}yte was
94CuBr.6(CH3)lCLHQN1Br1, which according to Takahashi and
Yamamoto (18) is the composition with the highest ionic
conductivity (3 x 15* (ohm cme at 20°C). The two
constiﬁuents in thes correct ratio were ground together in
an agate mortar and pestle with sufficient methzanol to form
a slurry. After about 15 minutes of grinding in the dry

box it was left for the methanol to evaporate off, after
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which time all last traces were removed by evacuation for

an hour. The mixture was then ground again to producé a
fine powder. This powder was then pressed in an 8 mm
stainless steel spliﬁ die, using a G-clamp to provide the
pressure so it could be carried out in the dry box. A
stainless steel die was used after it was found that this
mixture caused mild steel dies to corrode rapidly. Pellets
produced varied in their thickness from 2 mm to 5 mm.

Next the pellets were hot pressed in an 8 mm graphite
die, 3 or 4 at a time with graphite spacers to separaté
them. Conditions for pressing were a dynamic vacuum
(better than 107 microns) at a temperature of 170°C and a
pressure of 6 x 10’ Nﬁq‘fdr 20 hours. Pellets produced by
this method had a density of 3.5 +.2 gm_cd% compared with
3.4-3.5 gm.cm> obtained by Mari (35), and 4.10 gm.cm>
reported by Lazzari et al (36), and a grain size of 1 micron.

Lazzari et al (%6) report their electrolyte turns
green on exposure tc moist air though in this work there
has not been any evidence for this when pellets were left
out in the air after days. Though the pellets did go dark
yellow from the whitish-yellow colour they started, on
prolonged exposure to light (of the order of days) as
reported by Lazzari.

The X-ray results, which are shown in figure 2.4 and
table 2.4, did not seem to be affected by whether the sample
was protected from the atmosphere or not over a ten hour
period. The X-ray lines are shown along with the results
obtained by Taylor (37) as these were the only results
available for comparison. As will be seen from the results

they do not agree at all, with the ones from this work, being
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more numerous, and containing all the copper (1) bromide
lines. Other workers reports of X-rays on this composition
of electrolyte state that copper (1) bromide lines are
always present (18, 19, 38). From the new lines it is
obvious that a new phase has been created but this is not
the same as achieved by Taylor. The reliability of X-ray
data achieved by Taylor is unsatisfactory as his data for
the CuBr bears no resemblance to that shown on the ASTMS

card for CuBr (39).

2.3. LELxCTRONIC CONDUCTIVITY

uThe Hebb-Wagner method (25) is used to measure the
electronic conduction in an ionic conductor with the
activity of the ionic species fixed. The cell consists
of a metal electrode, reversible to the ionic species and
another electrode which is blocking to the ions, with the
sample in between (see fig. 2.5). From the theory (see

Lppendix A) the current demsity (J) as a function of applied

voltage (E) is

j;:.{(%;{l - eXp (7EE)] + o'°[exp (EE) —]ﬂ RT 51
A RT ® RT FL

where 1 is the current, 4 is the cross-sectional arez,

dJd

L is tﬁe thickness of the sample, F is Faraday's constant,
qg and q§’are the electronic conductivities in the
electrolyte coexisting with metallic copper due to‘excess
electrons (&), and electron holes (@), R the gas constant,
and T the absolute temperature.

In the derivation of equation (2.1 ) (see Appendix A)
it is assumed that the excess electrons and electron holes

follow the laws of ideal dilute solutions, their mobilities

are independent of concentration, also the change in the
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concentration of the copper ion vacancies with decreasing
copper to halogen ratio 1s small, and decomposition is
ﬁegligible. Under the above conditions the potential
gradient in the electrolyte is almost equal to zero, with
most of the potential difference occurring across the
graphite/electrolyte interface. As copper (1) bromide is
a p-type conductor (17) it would seem reasonable that the
electrolyte used here would be predominantly p-type, and
it will be seen later on that from the results it is a
v-type conductor. Therefore if the electrolyte is pre-

dominantly a p-type conductor equation ( 2.I) reduces to

J:l:,\//o” exp(E>—l RT 2.11
A & RT FL

The concentration of electron holes at the graphite
interface is greater than that at the metal interface by
a factor exp (EF/RT), so the holes diffuse down this
concentration gradient with little migration as the field
is almost zero. It should be noted that the above only
holds as long as the applied field is smaller than the
decomposition potential for the electrolyte.

As is seen from the results (fig. 2.6) a plot of
log (I). versus log (exp (%%) - 1) gives a straight line
of slope unity with an error in the gradient of up to 10%,
which is within experimental error. Thus frdm theory
94Cubr.6(CH3LlCéﬁlNlBgl is a p-type electronic conductor
predominantly.  Zxtrapolating the graph to log (exp (g%) -.1)
= 0, log I =-11 which gives a hole electron conductivity of
22 107 en” at 414°K + 1° compared with 2 x 107 0 e
reported by Takahasni et al (19) at 414°K. Though the

Hebb-Wagner is a standard technigue used on electrolytes,
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there is not apparently in the literature any experimental
data to show the reliability and error for this electrolyte,

just reported values.

2.4. A.C. MEASUREMENTS

2.4.1. INTRODUCTION

To establish the ionic conductivity of the solid
electrolyte produced requires a method of electrical
measurements in which contact impedance of the sample to
the electrodes can either be taken into account or ignored.
The most common way of obtaining the conductivity of solid
electrolytes is the use of A.C. measurements. In the
simplest model it is assumed that the cell is equivalent
to a capacitor (the interface) and a resistor (bulk of
material) in series. If the frequency applied under these
conditions is high enough the conductivity measured will be
that of the bulk. This simple model does not fit with
experiment very well over the frequency range used. To
obtain a better fit the model requires more ideal components,
such as.a capacitor across the bulk to represent the
geometric capacitance (40). When more terms are added to
the model the solution from A.C. theory becomes very much
more complex than the originallmodel. To help with
interpretation of the results therefore,‘they-are‘plotted
in the complex plane in the form of susceptibility, impedance

or admittance plots (41).

2.4.2. EXPERIMENT
The measurements were carried out over two frequency
ranges with the following equipment. In the audio range

(100 Hz to 10 kHz) a Wayne Kerr B2214 transformer arm bridge
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was used, with a Wayne Kerr 5121 signal generator as the
source, and a Dynamco Series 71 oscilloscope as a null
~detector. In the radio frequency range (100 kHz to 10 mHz)
a Wayne Kerr B602 bridge was used, with a Wayne Kerr SR268
source and detector.

All samples wére hot pressed electrolyte which were
ground clean and flat on 600 grade dry silicon carbide paper
(except when graphite electrodes were used as these were
left on from hot pressing). After which they were coated
with copper (non-blocking) or chromium (blocking) to form
electrodes in an Edwards model 6E coating unit.

All measurements were carried out under vacuum in the

same rig at room temperature (23°C +2).

2.4.3. RBESULTS AND DISCUSSION

The results can be seen graphically in figures 2.7 to
2.10 and the numerical results in tables 2.5 to 2.8.

The admittance plot with copper electrodes (fig. 2.6)
shows a large semicircle with its centre depressed below
the x-axis, whereas 1if the semicircle could be explained in
terms of ideal capacitors and resistors it would have its
centre'on the line. In order to‘explain why the semi-
circle has been depressed below the x-axis, a Warburg
impedance (42) (arises due to diffusion processes when there
are two mobile changed species, and is effectively a trans-
mission line) is often used. This predicts that the centre
of the semicircle can only be depressed by 7/ 4 below the:
x-axls when two mobile species are present.

Another mechanism to account for the depression of the

semicircle was proposed by Jonscher (43) relying on a
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non-Debye dielectric (lossy capacitors), but it has been
¢ismissed by Macdonald (44) as a physically non-realizable
system. S0 there seems to be no theory at present to
explain the depression of the semicircle in terms of a
physical process.

At high frequencies the imaginary part of the admittance
plot goes negative as in the impedance plot for copper
electrodes. This impedance plot is very similar to that
given by Armstrong and Taylor (45) for Ag,Rbls and their
explanation for the negative part of the impedance is that
suggested by Rice and Roth (46) for ionms moving iﬂ a
sinuscidal field, with & retarding force proportional to
their velocity and using Newton's 2nd law. According to
this model the conductivity (o) is given by

o = o5 /(1 + jw) 2,111
where o = n,27e*~/g and 7= m/g with g as the retarding
fecrce proportional to the ions velocity, n, is the number
of ions available‘for motion, ze the charge on the ions,

m is the mass of the ions, j = /-1, and w is the angular
frequency. 4s this effect predominates»at high freguencies,
and the equipment sensitivity and area of operation is
limited at these frequencies it proved impossible to say

if the above formula was obeyed.

Grant et al, in their work on g-Alumina (47), have
recently cast some doubt on the results of Taylor and
Armstrong by using lead inductance effects to account for
~the negative imaginary parts of an impedance plot. The result
that is important for this worx though is the DC. conductivity
of the electrolyte, and for this purpose it wés taken as being

the maximum A.C. conductivity which was 1.2 x 10~ (qem)”’



@ 23°C + 2° (see table 2.9 for comparison with octher results).
Since this work was completed the D.C. conductivity has been

measured by a four point technicue in this Lab (48) and this

- -/
gave a result of 1.3 x 102'(!2cm).

Conductivity |Frequency | Temperature Reference
(Nnem)” Hz oC
6.5 x 107° 1000 25 Sammells et al (20)
1.4 x 1077 oo 25 Sammells et al (20)
2 x 1072 1000 25 Lazzari et al (36)
3 X 1072 1000 20 Takahashi & Yomamoto(19)
2.1 x 107 150000 Room temp. Arustrong et al (33)
1.2 x 1077 200000 23 This work
1.3 x 1072 0 25°C extra- | Mitchell & Shemilt (48)
polated '
Table 2.9

Reported Conductivities for Electrolyte

Figures 2.9 and 2.10 were obtained with blocking

electrodes on the same sample, and are the admittance and

‘impedance plots.

electrodes shows semi-circles at

The admittance of both types of blocking

, - "/
= 0.4 x 103 (N ecm)

though the depths of the centres below the real axis are

different.

At the high frequency end of the admittance

plots there appears to be the start of two semi-circles,

agaih with tneir centres depressed below the x axis by

different amounts.
dependent on the
and this was not

conductivity was

not fixed.

fixed for these results,

As the electronic conductivity is

copper activity (see Hebb-Wagner technique)

the elec¢ctronic

Thus it was felt that

interpretation of these results was beyond the scope of
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this work, although the admittance plots give the impression
of at 1éast two R.C. parallel circuits in series. ~ This
suggests that the electrodes are not compietely blocking
as at all times the voltage was kept below the decomposition

potential for the electrolyte.

2.5. LELpCTROCRYSTALLISATION OF COPPER FROM A SOLID

LLECTROLYTE

The work on solid state cells (as will be seen later)
used a Cu/electrolyte interface, at which point copper was
deposited and removed, during the cycling of the cell.

One such interface has been examined on a scanning electron
microscope and three of the pictures obtained are presented
here.

Figure 2.11 shows a hot-pressed pellet:of the electro-
lyte, with a sheet of copper on top of it (white area),
which had been used as the counter electrode. In this
picture the copper sheet has been moved from its position
on the electrolyte as in the cell to reveal the interface
where the copper has been deposited from thé electrolyte.
The fibres in between the electrolyte and foil are the
copper which hés been precipitated out of the electrolyte.

An area where these copper fibres are coming out of
the electrolyte can be seen in greater detail 'in figure 2.12.
It appears that the copper only crystalliées out of the
surface in certain areas, due probably to two effects, the
first being the energy required for the nucleation of the
copper crystals compared with the energy for the growth of
an existing one (49). The second 1s the tendency of the

copper -dendrites to push the copper electrode away from the
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Figure 211
Hot-Pressed Electrolyte from a Coulometric Titration Cell with Copper Electrode.

The white area is the copper foil which forms the copper electrode and which
has been displaced to reveal the surface of the electrolyte.

LS
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Figure 212
Copper Fibres on the Surface of the Electrolyte.

Left-hand white area is probably copper oxide, with the copper hairs visible at
the top centre of the micrograph. The granular area is the electrolyte (lower
right diagonal area of micrograph).

¢S
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electrolyte. The electrocrystallisation of copper from
the electrolyte at the interface is thoughtlto be a rate-
determining step from the work of Armstrong et al (33).

The last picture of this interface (fig. 2.13%) shows
a larger magnification. The crystals (lower right hand
portion).of about 1 micron are clustered together in lumps,
winich appear to have been broken from the surface by the
copper hairs growing out of the surface. The exact point
where the hairs of copper start to grow is not obvious
(i.e. whether the hair starts below the surface or on it).
It does however appear from this picture and others that
copper most likely grows from the surface. The size of the
copper hairs with their 5 x 16#' m’ area, seems remarkable
as the crystallization of the copper must be uniform over
this area. The process which controls this solid state
reaction is of great interest for battery applications, as
dendritic growth on electrodes is proving a problem in
batteries, e.g. N1 dendrites in Ni-Cd batteries. Thus the
interface reaction does warrant further investigation, though

the problem of dendrite growth is overcome with solid solution

electrodes.

2.6. SUMMARY AND CONCLUZIONS

An electrolyte based on copper (1) bromicde and 1,4
dimethyl 1,4 diazabicylo (2,2,2) octane dibromide has been
produced. Attempts have been madé to characterize this so
that a constant gquality electrolyte could te produced for the
work that was carried out. The properties of the electro-
lyte produced are summarized below.

- -/
Total conductivity 1 x 107 (ohm em) @ 2%°C
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Figure 213
An Enlargement of the Surface Area where Copper has been Crystallised Out.

The top hdalf of the micrograph shows the copper fibres which have come out
of the electrolyte {shown at the bottom of the micrograph). The electrolyte

appears crystalline with a grain size around one micron, with the surface
broken up

75
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Electronic conductivity 164/ (ohh cme @ 141°C
bensity 3.5 gem
X-ray always has CuBr lines in it.

Therefore it is possible to produce an electrolyte
with a suitably low electronic conductivify to be used in
solid state cells. It is also believed that the experi-

mental data presented here 1s more extenslive and complete

than that found in the literature.
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CHAPTER 3

BORNITE

3.1. INTRODUCTION

This chapter deals with the preparation of Bornite and
the results that have been obtained for Bornite from
electrochemical cells. First a review of the structure
of Bornite and its related phase chalcopyrite is presented.
Before this work was carried out there was no information
on the activity of copper in Bornite and this is given after
the section on the preparation of Bornite. Finally the
diffusion coefficient of copper in Bornite was measured in

this work.

3.2. STRUCTURE

The structure of Bornite has for many years presented
problems, and to this day it has not been universally agreed
on. The first attempts to determine the structure were
made im 1928 by De Jong (50). He reported a cubic structure
for natural Bornite with a unit cell dimension of 10.93 +

[

0.01 4.

In 1936 Lundquist and Westgren (51) gavé a cubic cell
structure with a = 10.96 £ made up of cubic close-packed
sulphur atoms, with metal atoms in the interstices; this
structure did not account for all the lines on the L-ray
diffraction pattern. Later Tunnell and Adams (52) proposed

a cubic unit cell of %2.8 &, but this was found to be due
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to three phases being present when Morimoto et al (53)
investigated the same sample in 1960.

The investigations continued, and a second high
temperature phase was found by Morimoto and Kullerud (54)
in 13961. Besides finding a high temperature phase they
also confirmed the existence of a metastable transitional
phaée. The high temperature phase is stable above 228°C,
(it cannot be quenched below this temperature) with a cubic
struéture where a = 5.50 2. This form has copper and iron
on the tetrahedral sites in a face-centred cubic sulphur
lattice. There is no ordering of the metal ions and the
sites are only partially occupied.

The metastable form is also a cubic structure, but
with a = 10.94 X. Ihis metastable state reverts to the
low temperature form takiﬁg about a week at room temperéture.

The low tehperature form was given a tetragonal
structure by Morimoto (55) in 1964 with a = 10.34 & and
c = 21.88 4. The ordering of the copper and iron ions is
thelreason‘for the change from the high temperature form.

The discussions on the structure of low temperature
Bornite carried on, in an attempt to explain the'unaccount—
able weak lines from the X-ray diffraction patterns. In
1975 Koto and Morimoto (56) decided on an orthorhombic
structure for Bornite by the use of Modified Partial

"Patterson Functions. The cell dimensions obtained were

a =10.95 &, b = 21.562 £, and ¢ = 10.950 %, with a unit
cell content of 16 Cu.FeS, . The unit cell is made up of
2 x 4 x 2 face centred cubic cells of sulphur each with
a=5.5 1. Ihese cubes are of two fofms, one Where all

eight tetrahedal sites are occupied, as in tne anti-fluorite
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structure, by metal atoms (fig. 3.1). The other type of
cell has only four metal atoms, thus leaving four tetrahedral
vacancies as in the sphelerite structure (fig. 3.2). These
cells are then bullt up as is shown in figure 3.3%, which
gives a distribution of vacancies as shown in figure 3.4.
This then gives routes along which the site occupation is
only 50%. These would seem to be the channels along which
the copper would most likely migrate, especially as the iron
is in the anti-fluorite cells only, and this tends to reduce
the mobility of the copper in the anti-fluorite cells (56).

. This then deals with the stoichiometric composition
of Bornite, the following deals with the non-stoichiometric
compound.

In a recent review by Shuey (57), he suggests that the
range of stoichiometry is less than 1% for CusFeS, at room
temperature from all the literature. The exception is a
report by Ramdohr (58), who presents evidence for Bornite
under certain conditions being made up of chalcopyrite
(Cufes, ) and chalcocite (Cu,S), as well as giving a larger
range for Bornite when it exists. As can be seen from the
work of Yund and Kullerud (29) in figure 1.3 they give the
range of solid solution as very limited at 200°C. At higher
temperatures the range of solid sclution increases and the

values are given in table 3.1 (29).
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Antifluorite-Type Structure.

Figure 3.1 H
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Sphaelerite-Type Structure,

Figure 3.2
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A = Unit cell of Antifluorite-type Structure.
S = Unit cell of Sphaelerite-type Structure.

Construction of Bornite Unit Cell.
Figure 3.3
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Extent of Solid Solution Highest Copper Content of Temp.
of Bornite Chalcopyrite Solid Solution °C

Cu,s, Cu,, S, Cum79Feoegs Cu,., Feww S o 700
Cu, S, Cuﬁg S, CuLl Fe@avs Cu,., Fe, . S 500
Cuﬁg SR Cu/,2 Few7 SEEN Cu,py Fegg S 400

Cu,, S Cu,,p Te, oS | -~ 300

Cu/,zg FeO.M S -— 200

Table 3.1

Extent of Bornite Phase at Various Temperatures

The removal of copper from Bornite as will be detailed
later will show that copper has been removed to give an
effective formula Cu3ﬁ5 FeS#. This composition as given
on Yund and Kullerud's phase diagram is made up of elemental
sulphur, chalcopyrite and Bornite. However Sillitoe and
Clark (59) gi#e a phase due to the removal of copper from
Bornite of Cujzked,, which they gave the name idaite. This
name has unfortunately been used to describe a large range
of composition due to its use in minerology (30). CuyFeS,
is said to be probably tetragonal (59) but there is no data
presented to support this. Yund (60) calls a phase with a

. C s ~ . ot A s s
composition CUy.zg TEp.s N idaite, but this is given as a

hexagonal system with a = 3.78 % and ¢ = 11.18 2.  The
X-ray diffraction pattern (61) for this phase.doeS'not
however appear in aﬁy of the samples that have been X-rayed
s0 it will not be described nere.

The other phase that should exist from the work of Yund
and Kullerud (29) is Chalcopyrite (Cufes, ). Essentially

this is a super-lattice based on the zinc blende structure

(see Bornite earlier). ts unit cell is an elongated
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tetragonal prism containing four molecﬁles with its ¢ axis
double the a axis (a = 5.24 &, ¢ = 10.%30 % (62)). Metallic
_atoms are surrounded here, as in ZnS, by tetrahedra of
sulphur atoms, while each sulphur in turn has a tetrahedrqn
of metallic atoms as closest neighbours, two of which are
copper and two iron. In work on leaching (30) it was
observed that CugFeS had a chalcopyrite-like structure and
it will be this structure that is used to analyse X-ray

data later on. The leaching work also gave the interesting
result that two copper atoms per formula (Cu;Cu3FeSk )
could be removed before the crystals disintegrated. It
was believed in the leaching work that these two easily

leachable copper atoms were ionically bound to the structure

whereas the others were covalently bound to the sulphur

atoms.

3.3. FPREPARATION OF BORNITE

The Bornite was prepared by using the stoichiometric
amounts of Specpure (Johnson and Matthey Ltd.) copper rod,
iron sponge, and recrystallized sulphur. The copper was
cleaned with dilute nitric acid, the iron had any oxide
removed by passing hydrogen over the iron sponge at 450°C
for two hours, and the sulphur was dried in an oven at 100°C
for two hours. The weighed elements (in stoichiometric
proportions) were placed in a silica tubé as shown in
figure 3.5. This tube was evacuated to a pressure of less
than 0.1 mm of Hg and was then sealed.

After sealing the tube was placed in a furnace and
heated up to 500°C over a day. This temperature was

maintained until all the sulphur had reacted (no longer
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100 mm Reaction Tube for Bornite Preparation

Figure 3.5
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visiﬁle) and then the tube was heated to 900°C for between
10 days and 60 days depending on the size of the crystals
required. |

After this time it was cooled down very slowly over
four days. When 200°C was reached the tube was kept there
for a day to allow the phase change to take place so that
the low temperature form was produced, after which it was
cooled to room temperature. The slow cooling is necessary
to prevent the silica tube from breaking as the Bornite sticks
to it. This tube was then opened in the dry box and the
crystals stored there,

The crystal size produced by the above method was
limited to a few millimetres, and aggregates tended to have
voids in them. A method of producing a sample for the
six point cell was required. A polycrystalline sample of
high density was seen to fulfil this requirement. A standard
technique which is used in the solidvstate ionics group is
the hot-pressing of specimens. This allows pellets of up
to 12.5 mm diameter to be produced with near theoretical
density.

Crystals from the above preparation were ground in an
agate mortar and pestle to produce a very fine powder under
an argon atmosphere, to prevent oxidation. Qhe powder was
pressed in an 8 mm hardened steel split die at a pressure
of 2 x 10 Ng~, to produce dark blue to black pellets, which
were treated with care as they were fragile.

The choice of dies in which to hot-press the pellets
was either an alumina die or a graphite die. As the pressure
which could be used was much greater with an aluminé die,

this was used. In order to press a pellet in an alumina
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die the peilet is usually wrapped in metal foil and then
alumina powder packed round the pelletvin the die as is
shown in figure 3.6.

Choice of the wrapping material is limited to a metal
which is inert or in equilibrium with the material to be
hot-pressed. Therefore platinum and copper foils were
used to wrap Bornite, as well as hot-pressing without wrapping
to investigate the effect it had. The reason for wrapping
the pellet is to prevent it mixing with the alumina powder
and to try to cut down loss of any volatile constituents
(in this case sulphur loss).

The conditions used for hot-pressing were as follows.
The sample was evacuated to a pressure of less than 0.1 mm
of Hg, and then heated to 500°C over a three hour period.
Argon (high purity) was then admitted and allowed to flow
through the furnace slowly (about 1 cc per second) during
the rest of the pressing. The sample was heated to the
pressing temperature 6f 950°C, and when this was reached
the pressure was applied to the plungers. The force applied
to the plungers gave a pressure in the die of 3 x 107 Ko 2.
This pressure was maintained until the plungers no longer
moved (this proved to be about an hour). At this point
power was removed from the furnace and the sample would cool
slowly over the next few hours.

As the pressing temperature was only 95000 the alumina
powder was not sintered and proved easy to remove. The
pellet which was then removed was machined on a high speed
diamond saw under o0il, with the metal foil being removed
before this. Storage of these samples was under argon in

the dry box until they were required.
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Figure 3.6
Hot-pressing of Baornite.

@]

<

cold-pressed sample of Bornite,
wrapped in suitable material,

alumina powder,

alumina die,

gas tight furnace tube, |

fibre to prevent loss of aumina powder

alumina plunger,

alumina die support

, fibre to act as heat shield.

j@ < "rD "O—p ~.o—



bY

3.4. CHARACTERIZATION

Materials produced from their elements were first
analysed by X-ray diffraction to make sure the desired phase
was present. As will be seen from table 3.2 and X-ray
figure 3.7 for a batch of Bornite the X-ray diffraction
pattern is in good agreement with the ASTMS (63) X-ray data,
if only the Berry and Thompson (64) data is used.

Anothér method of checking that the right phase is
present is to check that the phase change from low to high
Bornite taxes place. This was checked by differential
calorimetry but the results showed a phase change on heating
between 189°C and 195°C whereas the literature (54) gives
the phase change to high Bornite at 227°C, although Townsend
et al (65) say that on cooling the metastable phase of
Bornite below 150°C, it transforms to the low form.  So
this phase change detected above could be due to the formation
of the metastable form. It therefore did not prove the
presence of the correct phase.

Atomic Absorption Analysis was carried out on a number
- of specimens including this material. It was however found
that the results obtained were not consistent. As the time
was limited, and the amount of technical assistance was low
it served to show that the composition was within 15% of
that required. It did however prove possible to send a
sample to C.S.I.R.0. in Melbourne for analysis and this gave
the composition of Cuyqé Feol*;,2 S#. Also a sample was
analysed on a microprobe by the Geology Department, Imperial
College, and this gave a composition of Cu

sse F€.p4 Sy

The value obtained from the microprobe of Cu fe 3
5 3¢ 106 TH

has a high degree of unreliability however due to transport
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of copper during preparation of the sample, and under the
electron beam. It was therefore decided from this point
on to assume in all future calculations that the starting
material was stoichiometric.

As 1t was necessary to produce a polycrystalline sample
of Bornite for the six point cell it was also necessary to
characterize it in some way. As is seen from the X-ray
diffraction data (fig. 3.8 and table 3.3) the three different
types of wrapping produced specimens with very similar X-ray -
diffraction patterns. Though they all show some Bornite
iines, the intensities, positions, and their sharpness have
all been affected. Again A.A. Analysis did not prove
successful but it showed them all to be copper rich. These
three specimens were analysed on the'micrOprobe‘and the
results are shown in table 3.4, however a paper (66) by
Monhemius states that the copper in Bornite is mobile under
the electron beam, and also surface oxidation océurs changing

the composition.

Wrapping Microprobe Density Assuming

Material Analysis Cu; FeS

Copper Cusgy Fe, . 5, 95% + 3

Platinum Cu545 Fe, -8 99% + 1

Unwrapped | Cu,, Feaqo S, 98% + 1
Table 3.4

Microprobe Analysis and Density of Hot-Pressed Bornite

As the structure appears similar for all three materials
from the X-ray data, and it is known that the copper wrapped
sample absorbed its wrapping giving an effective formula of

CuSEQ Fesk it was assumed before analysis that sulphur had
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been lost. The densities of all thpee were measured and
are presented in table 3.4. |

The densities appear close to theoretical, and no voids
were seen on machining or microscopic work.

From the above results it was decided to work with
unwrapped hot-pressed Bornite as it was so similar to the
platinum wrapped material, and platinum is expensive.

Figure 3.9 shows a sample of unwrapped Bornite that
was polished for measurements on a scanning electron micro—_
scope fitted with EDAX (Energy Dispersive Analysis by X-rays)
to give an approximate analysis.

Two types of growth were visible on the polished
surfaces, i.e. "solid" and "fibrous" growths. The solid
growths appeared to be made up of bundles of fibres. It
is probable that these growths were formed due to contact
with the atmosphere after the specimen surface had been
polished. A second, lighter phase was also visible in
addition to the background phase and this second phase
appeared to be associated with regions containing a high
density of solid and fibrous growths.

Owing to the fluoreséence of iron due to the copper
radiation the iron analysis is unreliable. The results
obtained have therefore been normalized to four sulphur atoms

per molecule and are given below in table 3.5.

Phase EDAX Analysis
Solid Growths Cu,,Fe,, S,
Fibrous Growths Cur7Feh3 54
Main 2hase Cug s Fegq, 5

Table 3.5 ,
EDAX Analysis o Hot-Pressed Bornite




Figure 3.9

Micrograph of

Hot-pressed Bornite.
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As is seen the solid and fibrous growths seem to have
very similar iron'to_copper ratios, and they both éhow a
large quantity of. copper present. It would therefore seem
- reasonable that these growths are mainly copper oxide,
though the analysis cannot determine if oxygen is present.
The main phase shows copper excess which is what would be
expected from sulphur loss, but it cannot be said how much
copper has gone into the growths, or has been removed during
polishing. This comment also applies to the microprobe
analysis. The minor phase was not analysed but it is thefe
in such low amounts that it could not affect the composition
by any large amount. The presence of the copper growths oﬁ
the surface suggestg that the copper in this material has a
very high diffusion coefficient.

3.5. COULOMETRIC TITRATION CELLS

3.5.1. INTRODUCTION

The principle of a coulometric titration is to change
the composition of the sample by passing a constant current
of ions for a known time into or out of the sample. This
is a very precise way of altering the composition of the
"sample. By this method the variation of the free energy
with composition can be obtained. vAlég if the temperature
is cycled at each composition the entropy (AS) can be

- obtained from equation 3.1I.

AS = nF EEEJ 3,1
' ar J, '

and thus the enthalpy (AH) from equation 3.II.
AG = AH - TAS ' 3,11
Previous to this work there was no available data on

the activity of copper in Bornite.
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3.5.2. AQUEOUS CELLS

Cells of the type shown in figure 3.10 were prepared,
with an electrolyte of saturated CuSQO, solution which had
been boiled, with oxygen free nitrogen bubbling through it
to remove any oxygen in it. The cells were set up in an
oxygen free atmosphere, with the crystal faces being ground
to remove any oxide on them. Oxygen reacts with Bornite to
form an oxide film, thus removing metal from the crystal.
Thus the crystals were kept away from the air as much as
possible to prevent metal loss. Just before being placed
in the cell the crystals were weighed and this weight noted.

The cells were left for a day or two until a steady
voltage was established and then this was noted. A constant
current was then passed to remove copper to a composition
of Cuyﬂ Fe S, After which the cell was allowed to regain
a steady voltage, which was noted, and so on until a
composition of Cuy, Fej, was reached. The process was then
reversed and repeated to find the reproducibility of the
results. The titration was reversed at Cuy, FeS, because
from earlier experiments it was found that the crystal broke
up when the composition reached Cu,,, Fe%_.

The above measurements were carried out by the program-
mable data logger detailed in appendix C, and‘the results
produced are shown in figure 3.11 and table 3.6. It is
seen from the graph that the Bornite initialiy has a high
copper activity which is not very well defined. After
passing the initial current both samples came to the same
voltage which was maintained until a composition of Cu4”2FeS$
was reached; At this point the voltage becomes somewhnat

unstable, but the general tendency seems to be for it to
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Trise. When the current was reversed the activity of the
copper again increases, but it does not follow the same
rath as before. The reason for this is far from clear,
but it could be due to some surface reaction between the
electrolyte and the crystal.

This path however was followed again when copper was
removed from the crystal. The composition was not taken
past Cuy Fe%_ as at this point several crystals had already
broken up in earlier experiments, which tends to indicate
a major phase change. The rate at which an equilibrium
voltage was reached (about 3 hours) shows Bornite has an
apparently high diffusion coefficient. The time to equili-
brium voltage did in fact chénge with composition to a small
‘degree, but there was not enough data to be able to determine
if the different equilibrium voltages obtained at each
composition affected the diffusion coefficient.

It appeared from this work that Bornite may be of use
as an S.5.E. to carry out measurements on, but its range of
composition is only down to Cu3,7FeS¢, and it seemed reason-
able at this time to assume it cannot go above CusFeS¢.

Also its voltage with respect to copver is far too low to
ever make a commercial battery. So it was decided to try
to carry out future measurements in the solid state, and

the agueous cell work was discontinued.

3.5.3. SOLID STATE CELLS

All the solid state coulometric titration cells were
of the form shown in figure 3.12 although two physical
realizations were used depending on available equipment and

time. Tne better apparatus is that shown in figure 3.13
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as it keeps'the cell under a constant pressure as well as
allowing higher temperatures than the apparatus shown later
in connection with the copper sulphide work.

The solid state cell assemblies were maintained at
temperature by Kanthal furnaces which were controlled by
proportional-band type solid-state controllers. This
allows control of a furnace to + 1°C over the life time of
an experiment. All cells were also purged with gas, either
high purity argon after passing through a titanium furnace,
or "white-spot" nitrogen after paséihg through sodium
hydroxide, to remove CO,, silica gel followed by magnesium
percnlorate to remove water, and a copper furnace at 500°C
to remove oxygen. Control of the experiment was left to
the data logger after a few initial measurements had been
carried out to establish the behaviour of the cell. The
actual program'was similar to that used for the aqueous
cells, though the current passed during a titration varied
from 4 microamps to 200 microampzs for the normal cells,
and reacned milliamps. for é hot-pressed cell. The over-
potential applied to a cell was never allowed to cause the
cell voltage to exceed 600 mV as, from the work of Lazzari
et al (-36), the electrolyte would have broken down. For
negative currents the cell voltage was élways maintained
above zero millivolts for Bornite though for the work on
copper sulphide this is not true. After equilibrium had
been attained for the cell the equilibrium voltage was
recorded as well as the temperature of the cell. Cell
temperatures were monitored with a chiomel~a1umel thermo-
couple with the Jjunction resting on the sample}

Figure 3.14 shows the results obtained over a four
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'month period on a sample of crystalline Bornite at a
temperature of 85°C + 5°C. It will be seen from this
graph that the initial removal of copper causes the voltage
to rise rapidly to a composition of about CﬁkﬁsFeS#. The
removal of anbther 0.75 of a copper atom per formula then
only causes the voltage to rise by 10 mV, giving a small |
change in AG. On replacement of the copper the voltage
returns on a less well defined path which has a greater
grédient. Removal of copper for the second time does not
show the sharp rise of the initial curve, and it behaves as
though it is now easier to remove copper. When the compo-
sition reaches Cu, _,FeS, the voltage curve rejoins its initial
path. Unfortunately this cell failed at Cu, ,,FeS, when it
became impossible to pass a current. The sample was removed
from this cell and placed in a new cell at 146°C where it
was cycled, Results obtained at this higher temperature
are shown in figure 3.15. It is again seen that a hysteresis
is present, the size of which is apparently dependent on
composition where the current was reversed.

Returning to the initial removal of copper, another
cell operated at 100°C shows a similar starting effect to
that of the initial curve of the former cell (fig. 3.16).
At a composition of about Cu,, FeS, the cell voltage has a
small maximum, This would however be impossible if the
cell is under true equilibrium. Thus this effect must be
due to a kinetically slow step, possibly the formation of
a new phase. In order to check that equilibrium had been
reached graphs of voltage versus time were plotted.forvmost

titrations, and one such graph is shown in figure 3.17.
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All these plots showed that the reference electrode
was affected by the passage of current within 2000 seconds
on average and a maximum of 4000 seconds. As the informa-
tion that the current has been switched on must travel by
diffusion across the thickness of the sample (about 1 mm),
this indicates a high diffusion coefficient. To relate
D (the diffusion coefficient) to the time (t) until the
effect of diffusion is noticed across a sample d, a standard
. formula is ‘

d = /Dt 3. 111
Putting values into equation 3.III, D is found to be
approximately 10 °cm*sec” for Bornite at a temperature of
100°¢C. -

Another interesting point is that the reference
electrode overshoots the new equilibrium value. It was
first thought that this effect must be due to the cell
geometry. The worst possible cell geometry, to cause‘this
effect, is shown in figure 3.18. When this was simulated

‘on the computer (appendix E) by using a simple finite
difference method it was found that it was impossible to
create the excess voltages seen at the reference electrode.

It was decided to carry out an investigation to find
‘out whether the hysteresis could be accounted for on a
structural basis. The method decided on was to prepare
four samples at 130°C, two of which just had copper
coulometrically removed, and two that had had the-copper

removed and then some replaced (see table 3.10).
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Sample Fraction of one Replace Final
No. Cu removed Cu Composition
1 0.3241 0 Cu%erS#
2 0.7649 0.3803 Cu,,, Fe3,
3 0.7636 0.5549 Cu,,,FesS,
4 0.2341 0 Cu, , FeS,
Table 3.10

Preparation of X-ray Titration Samples

The cell configuration used for the removal and
replacement of copper was. similar to figure 3.13. Unlike the
coulometric cells the current was passed continually in this
case in order to speed. up the preparation of samples. As
the samples reached the required compositions they were
dropped out of circuit, fhé charge fequired to reach the
required compositions having been préviously calculated from
their weights. | |

These samples, when they had reached their equilibrium
-voltages, were consistent with the coulometric titration

curve (fig. 3.14). Investigation of the samples on the
Ascanning electron microscope did not prove very'successful

as two of the samples charged up (nos. 2 and 4). Number 1
proved to be homogeneous,and the cycled specimen number 3
(which is shown in figure 3.20) showed two phases. Analysié
"of the phases, and the white areas which appear to be a

surface deposit, resulted in table 3.11.
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Phase Composition by EDAX
White area Cu 5, Feq,, S,
Dark phase Cu, goFe,,, Se
Main phase -Cu4,7Fqﬂ, S,

Table 3.11

EDAX Analysis of Titration Sample Number 3

- It thus appears that the difference between the dark
area and the main phase is due to a difference in iron
content and not the expected difference in copper content.
It should be pointed out at this stage that the electron
microscope is capable of performing EDAX on particles down
to 2 microns'diametér,visual signals should go down even
further than that. So if the particle sizes of two phases
are much less than 0.1 microns they will not be detected.

X-ray diffraction was also carried out on these specimens
and the sample from the 100°C cell. Analysis of the
. results, which are given in table 3.12, was by interpreting
them as a mixture of Bornite lines and chalcopyrite lines.
This method was adopted by Ugarte-Alvarez (30) for work on
partially leached specimens of Bornite. In this work
however he indexed the Bornite lines when the composition
was near that of Bornite and the chalcopyrite lines for
lower copper content, using the 440 and 44.16 reflections
for the Bornite and the 220 and 228 for the chalcopyrite.
4This method would be quite satisfactory if the 220 and 228
lines of the chalcopyrite had been indexed but these lines
are obscured on the X-ray diffraction pattern by the stronger

204 and 424 lines. Thus for the present work the 112 and
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204 lines of chalcopyrite were used. In the thesis on
leaching a large lattice contraction is shown on changing
from Bornite to chalcopyrite by indexing lines from only

a single phase. ) But the results in table 3.13 from
this work appear to show the coexistence of both Bornite
and chalcopyrite, even though only one phase appears to be
present by the scanning electron microscopj.

Thus the evidence is conflicting and more work is
required to show the interrelationship between Bornite and
chalcopyrite and also to reveal what is causing the hysterasis
in the coulometric titration graphs.

The final coulometric titration cell was constructed
in the hot-press, with thelconfiguration.shown in figure 3.21..
This arrangement was used in order to provide a cell in
which a larger current could be passed, as the cells where
the electrolyte was only a pressed contact tended to be
restricted due to interface resistance. A larger chrrent
was required in order to change the composition quickly as
time for this ceil was restricted. In this cell the
approach was to hot-press the electrolyte directly on to
the electrode sample along with the copper counter electrode.
The cell was then used in the normal way except that the
counter electrode was also used as the reference electrode.
‘Pressing and running conditions were a temperature of 150°C,‘
a pressure of 6 x 10’ Nm™> on the plungers, in a vacuum
vduring pressing and under high purity argon while being run,

Construction of this cell was required for three
reasons, the main dne of which was to establish the coulo-
metric titration curve for the hot-pressed Bornite. Hot-

pressed Bornite was to be used in the six-point cell, and



Table 3.13

Lattice Parameters of Coulometric Titration X—Ray Samples

Lattice Parameter

Standard Deviations

Sample Phase Present System aA N 3 - 3 - 3 N A A |
Synthetic Bornite Orthorhombic 10.90 10.88 21.80 0.01 0.02 0.02
Bornite : ‘

1 Bornite Orthorhombic | 10.92 10.85 21.79 0.03 0.05 0.06
Chalcopyrite Tetragonal 5.21 5.21 10.94 - - -

2 | Bornite | O;thorhombic 10.92 110.89 21.90 0.02 0.06 0.04
Chalcopyrite |Tetragonal 5.29 | 5.29 |10.38 | - - -

3 Bornite Orthorhombic 10.93' 10.92 21.84 0.02 0.03 0.04

Chalcopyrite Tetragonal 5.21 5.21 10.59 - - -.

4 Bornite Orthorhombic 10.82 10.94 21.84 0.01 0.02 0.01
Chalcopyrite Tetragonal 5.25 5.25 |10.42 - - -

100° Cell | Bornite Orthorhombic 10.90 10.94 21.81 0.01 0.03 | 0.04
Chalcopyrite Tetragonal 5;27 '5.27 10.35 - - -

£6
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the slope of the coulometric titration curve was required
for interpretation of the results. A second reason was

to establish the stoichiometry of the starting material

as analysis did not prove very successful. Thirdly it
would show whether the interface'could be improved by hot-
pressing or if the polarization was due to some reaction
which occurred as the copper ions crossed the Interface.

Results obtained from this cell are‘given in table 3.14
and graphically in figure 3.22. The points on the graph
are derived from one and a half cycles of the cell and show
a reasonable degree of reproducibility. The graph is
fixed by only a few points but these appear to be enough té
fix the gradient of the first and last sections, for the
six-point cell work. , Interface polarization in this cell
was greatly reduced on that of the other cells; pumping
currents of 5 amps m- were regularly used with an interface
ﬁoltage drop of 10 mV and it was possible to use 20 amps m
for restricted times, . This cell proved that the interface
potential drop in the other type of cell is due to
mechanical defects at the interface. |

From the coulometric titration curve for the hot-pressed
material 1t should be possible to establish the composition
of this material. Three assumptions are necessary in order
to do this, and they are as follows:-

l. Only sulphur has been lost in hot-pressing.

2. The.change in iron to copper ratio is sufficiently
small so as not to affect the phase present, so that the
total number 6f metal atoms per formulé is six ét the
stoichidmetric composition.

3. The starting material is stoichiometric.
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Thus the composition of the hot-pressed material 1is
Cu5pFep§2 where p is a constant, and stoichiometric hot-
pressed Bornite will have the composition Cu,.Fe,S,. By
inspection of the coulometric titration curve it will be
seen that there is one section with a large gradient which
1s approximately 1 mV for a change in composition in x of
2.5 x 107 (for CukﬁxFepgh) and which is very close to the
'gradient for the stoichiometric material in the other cells
(1 mV for a change in composition in x = 2 x 10 for the
- 100°C cell where x is in Cug,FeS ). It may therefore be
assumed that thils steep area corresponds tovBornite. ‘The
actual stoichiometric composition will therefore exist in
thisvregion, but itg exact composition can not be ascertained.
Therefore it must be assumed that it either occurs at the
centre of the steep region or that the coulometric titration
curves for the other samples started with stoichiometric
material and thus the voltage they started at is the voltage
for stoichiometric Bornite. This latter premise was dismissed
as all the cells did not start at the same voltages. Also
in this case 1t had been decided to take stoichiometric
Bornite as Cu _,Fe,S, and not CugFeS,.

Calculation of the value of p i1s carried out as follows.
Firstly a graph of the'number of coulombs passed versus the
cell E.M.F. is plotted. From this the mid-point of the
steep section can be'ascertained and thus the number of
coulombs of electricity removed to reach this point found (q).
Now the molecular weight of the hot-pressed material is
calculated from the formula Cu,p,FepS, which is 374P + 128.
Thus the number of formulae in the sample equals the mass

of the sample (m) divided by the molecular weight.
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As the formula of the stoichiometric material is Cuk,FePS&

the amount of copper removed from the hot-ﬁressed Bornite is:
5p -6+ p=6(p-1) TS ¢
Therefore the total charge passed to remove this
amount of copper is:

6F (p - 1) m
374p + 128

3.V

where F is Faraday's constant. This amount of charge has
been measured from the coulometric titration graph (q),
thus the following formula is derived for p:

F
p = 6Fm + 128q

3.V1
6Fm + 374q

In this case p was calculated as 1.08 which gives an effective

composition for the hot-pressed material of Cug,,Fe, .S,.

This composition disagrees with the analysis that was

S

obtained from the microprobe of Cu, ,; F but this could

€ 0904

easily be due to sample deterioration during preparation.
EDAX of the sample when it was removed from the cell gave a

comppsition of Cu45%Fe04/S¥ for the main phase, compared to

a calculated value, found assuming a starting composition
of Cuf_w Fe,_w Sk, of Cu, , Fe, .. Sy. This sample appeared
under the scanning electron microscope to be a single phase

material although there was a precipitate along the grain

boundaries of composition Cu F S, from EDAX.

601 €2 P

The sample which was used in the six-point cell was
also examined in the scanning electron microscope and the
result.- is shown in figure 3.23. This picture shows two
phases with a distinct orientation to one another. Analysis
by EDAX gave the composition of the phases as Cu57Fe0335¢

(minor phase) and a major phase of Cu, Fe,,S,. These



Figure 3.23
Micrograph of Six-Point Cell Specimen.
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analyses . are approximate. an@ it seems possiﬁle that the
two phases are Bornite and chalcopyrite. The overall
composition of the sample is Cu#G%Feﬁagsk-using the coulo-
metric‘tifration to fix the composition. If this is a true
two phase region the coulometric titration curve should have
been flat which it is not, and also the chemical diffusion
coefficient should have been very low if not zero which it is
‘not (see later). X-ray results from this sample gave the
results shown in table 3.15 and figure 3.24. These results
show the main lines of both Bornite and chalcopyfite, which
adds support to the theory that the two phaées seen are
closely related to these phases.

By varying the temperature of the cell whose coulometric
tifration curve at 85°C is given above, it was possible to
obtain values for the entropy change (AS) aﬁd the enthalpy
change (AH). This procedure was carried out on the second
cycle of this cell at various compositions érrived at after
the removal of copper. The results are presented graphically
in figures 3.25, 3.26 and numerically in table 3.16. It is
seen that both entropy changes and partial enthalpy show a
steep gradient between x = O and 0.1 (x in Cup,FeS, ).

At x = 0.1 the change in the gradient of the AH curve and

the minimum in the AS curve would suggest that some ordering
process- is taking place. The rest of the variations are
unfortunately smali in comparison to the errors in the resuits,

but there are no major changes occurring at other compositions.

3.6, TRANSPORT PROPERTIES OF HOT-PRESSED BORNITE

3.6.1. ELECTRONIC RESISTIVITY
The electronic conductivity of the sample is required

to analyse the transient behaviour df the six-point cell.
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In order to obtain this the Van der Pauw method (67) was
used as detailed in appendix C. Hot-pressed Bornite was
machined into a square plate 5 x 5 x 1 mm. The plate was
placed in a rig with sprung tungsten contacts on the centres
of the sides. This rig was then used in a high purity
argon atmosphere and kept at temperature by a Kanthel furnace.
The current was passed through two contacts and the voltage
across the other two confacts was monitored. Then a current
was passed through one of the current contacts from above
ahd one of the voltage contacts as detailed in figure 3.27.
The process was then repeated but with the current in the
opposite sense. This procedure removes any rectifying
effects of the contacts and anisotropy’of the sample.

The temperatures at which this experiment was conducted
and the electronic éonductivitieé are given in table 3.17
and shown graphically in figure 3.28. From the shape of
the cufve it is possible to obtain an activation energy for
electronic conductivity, which in this case is 2.6 x 107
joule per particle above 350°K and 3.7 x 10 joule per |
particle below 350°K. Such a change in the activation
energy is characteristic of a change in the mechanism of

transport.

3.6.2. IONIC CONDUCTIVITY AND DIFFUSION COEFFICIENT
| A six-point cell was constructed, of the type described
by Dudley and Steele (68), and shown in figure 3.29, for
the purpose of obtaining the ionic conductivity‘of Bornite.
As has been explained earlier the specimen on which these
measurements were carried out was a hot-pressed bar of Bornite.

This was machined on a diamond saw to a size of 2 mm square
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Sample
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and 6 mm long. The copper working électrodes were con-
‘structed from copper sulphide (Cuzs) which had also been
'hdt—pressed and machined. Hot-pressed electrolyte was
used which had been prepared in the way detailed earlier
and ground clean on silicon carbide paper. In order to
make the ionic reference electrodes a hot-pressed pellet‘of
electrolyte was broken in two and then was ground to form
a point at one corner ofveéch piece.A These'pointsvwefe
very delicate and had to be treated with great care. To
complete the reference electrodes, copper was evaporated on
to one of the flat faces of the electrolyte, béing careful
to avoid depositing it on the pointed part.

The relevant theory behind the measurementsis detailed
in appendix D.

- The experiment consists of passing an ionic current
bbetween the current electrodes (1 and 2) ahd monitoring the
effect on reference electrodes ((3 and 4) ionic, and (5 and 6)
electronic) until equilibrium is attained. The composition
of +the bar is then changéd by passing a current between
the ionic current electrodes (1 and 2), and the electronic
probes (5 and 6). After equilibrium has beén attained in
the bar again the experiment is repeated at this new
composition, and so on.

The ionic conductivity (for suppreésed electronic
| current) o is given by

o, = ﬂ_éL_jDistance Between Ionic Probes) 3.VII

AV,
where Ji is the current density and AV 1is the equilibrium
voltage across the ionie probes when a current J{ is passihg.
As it was impossible to obtain any values for cross-terms

between the ionic current and the electronic current it will
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- be assumed that they are small (see fig. 3.30a). Therefore .
o’ is equal to g7, the ionic conductivity. The results

that were obtained from this formula are shown in table 3.18.

ohmEﬁEm" Composition Tempggature
-~/
1.1 x 10 Cup  Fe, o S, 170
2.7 x 10" Cuy, Fe,,, S, 170
1.4 x 1077 | Cu,,,Fe, .5, 170
Table 3.18

Ionic Conductivity of Hot-Pressed Bornite

It should also be possible to obtain the total
conductivity from the instantaneous reference voltéées on
switching on the current. This however proved impossible,
as the probes responded immediately and not as theory pre-
dicted, see figure.3.30b and appendix D. ‘The transient
behaviour of the ionic probes in fact obeyed an exponehtial
curve so well that the resolution of the D.V.M. was the
limiting factor (see table 3.19). A model that predicts
the exponential transient behaviour is the‘simple resistor
in parallel with a resistor and capacitor in series. ' The
bthermodynamic model reduces to an exponential curve however
for long times and it was this that was used to interpret
the resuits at long times.

A characteristic time, 9 for the transient’cah be
established by use of the equation (69)

5V = Ae * 3.VIII
where t is the time from switching the current on or off,
A is a constant, and SAV( is defined by equation 3.IX.
SOV = AV - AV 3.1
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In equation 3.IX W, is the ionic current probe voltage

at time t = 0.}/t/ is related to the chemical diffusion
coefficient (J) by equation D19 of appendix D in which L is
the length of the bar specimen (for other symbols see appendix

D).

1071 7 g (8f D19 3.X

The values of D obtained from transients (table 3.20) can

be compared with the values obtained from the steady state
ionic conductivity assuming that the electronic conductivity
is very much greater than the ionic (equation D19). This
comparisoh is shown in table 3.21, which shows a good
agreement for the second and third pairs of valués, although
there is bver an oréer of magnitude difference betwéen the
first pair. However the slope of the coulometric titration
curve is not very well defined for the starting composition
"and this could easily account for the discrepancy in the

first result.

5 average D from ionic
Composition from 7 conductivity Tempsgature
cm?sec™ cm*sec™
..-5 1 —?
CuJW/Fe[ﬁgSy 7.7 x 10 3.4 x 10 170
-5 -5
vCu5¢7Ferﬁ,§* 4.5 x 10 8.3 x 10 170
Cu,,p Fe,,, S, |8.8x 10| 5.6 x 107° 170
Table 3.21

D Derived from lonic Conductivity and Transient

The electronic probes proved unsatisfactory due to the
fluctuation in the voltage across them, which was probably
due to thermal effects. From theory the instantaneoué.

electronic probe voltage (44 microvolts).was. much smaller



. »
Qfand D fro

Table 3.20

m Transients at 17050

o~

Composition Current Status ;Z;' cm.gec
Cu&ylFehoesk Forward on 488 | 7.0 x 10—5
Forward off 416 | 8.2 x 107°
Reverse on 429 | 7.9 x 107
Revérse off 444 | 7.7 x 107
Average 444 | 7.7 x 107°
Cu, Fehoesi Forward on 699 | 4.9 x 10~
Forward off 795 | 4.3 x 107
; Reverse on 778 | 4.4 x 10~
Reverse off 752 | 4.6 x 107
Average 756 | 4.5 x 107
CukwaeLDB%' Forward on 3733 | 9.16 x 10"
Forward off 3649 | 9.37 x 10°
Reverse on >‘4780 7.1 x 10°°
Reverse off 5649 | 9.4 x 10
Average | 3953 | 8.8 x 10°°
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than the random E.M.F.s observed. It was not possible
therefore to determine the magnitude of the cross-coefficients
linking electronic and ionic transport as shown in equation
D6. However, as the electronic probe voltages are always
much smaller than the corresponding ionic probe voltages,

these cross-coefficients must also be small or negligible.

3.7. SUMMARY AND CONCLUSIONS

The preparation of singlé cryétal Bornite from its
.elements was successful and the product obtained‘was similar
to those prepared by other workers. Although the poly;
crystalline Specimens produced by hot-pressing Bornite.powder
were all sulphur-poor it was still possible to use them to
obtain useful data. |

The results from the aqueous electrolyte coulometric
titration experiments indicate thaf there are one or more
gide reactions occurring during the insertion or removal
of copper. These side reactions prevent the cells being
reversibly cycled and may be a contributory factor to the
disintegratioﬁ of the single crystal Bornite electrode
which occurred if it was attempted to remove copper to give
a composition below Cu37FeS*.

The results obtained using solid-state coulometric
titration and six-point cells are summarized in figure 3.31.
This figure also indicates the compositions at which micro-
structural investigations, analyses and diffusion and-
conductivity measurements were carried out.

Although it was possible to cycle the soiid—state
coulometric titration cells containing single crystal Bornite

the cell E.M.F.s show a hysteresis of approximately 60 mV.
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On removing copper from Cq;FeS4,vinitially the cell E.M.F.
increases sharply to approximately 400 mV but subsequent
copper removal produces only small changes in the cell E.M.F.
At no composition does the slope of the titration curve fall
to zero, which would indicate a two-phase region. The
-microstructural evidence is conflicting with indications of
phase separation for some specimens in this composition range
although other samples in this range appear to be homogeneous.
However, X-ray analysis indicates that Bornite and chalcopyrite
are present in all samples in this composition range.

Thus it seems probable that there is long-range ordering
of the copper and iron ions among the available sites which
produces regions in the material with the Bornite and
chalcopyrite structures. The apparently homogeneous: micro-
structure of some samples may be due to the small size of
these regions which may be below the resolution of the
scanning electron microscope.

The hot-pressed Bornite behaved in a similar manner to
the single crystal material if the initial excess of copper
due to sulphur loss was taken into account. However for
cells with hot-pressed Bornite electrodes the hysteresis in
the cell E.M.F. is only approximately 20 mV.

The six-point experiment carried out on a sample of
hot-pressed Bornite gave a value for the chemical diffusion |
~coefficient of copper of approximately 10d;cm*sed” at 170°C.
However the transients produced by this cell did not follow
the theoretical cﬁrve predicted by the thermodynamic'model.
In particular there was no threshold time between the current
being switched on or off and the change in the voltage‘écross

the probes. Thus it appears that information reaches the
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probes faster than is possible by the diffusion of ions
and this cannot be predicted using the present thermodynamic
model. |

The properties of Bornite can now be diséusséd in the
light ofvthe requirements for an S.S.E. (see section 1.5.).

1. Bornite is a good electronic conducfor with a
conductivity typically 107 2 7cm’ (57).

2. Bornite has only a limited range of compbsition as
only two out of the five copper ions per formula unit can
be removed. |

3. There is a relatively large composition range over
which the cell E.M.F. is almost constant.

4. The chemical diffusion coefficient of copper for
compositions in the region of almost constant cell E.M.F. is-
high, i.e. approximately 10 em? sec”’ at 170°C.

5. Using in-situ hot-pressed electrolyte-electrode
interface it is possible to obtain interfacial current .
densities up to 2 mA cm?, although simple pressed contact
interfaces only allow current densities in the region of
200 _AA cm™, |

6. There is no information at present on the stability
of the electrolyte-electrode interface.

7. Single crystal and hot-pressed Bornite are fairly
cheap'and easy to fabricate in comparison with some other
possible S.5.E. materials.

Although-thé above summary is promising there are two
‘main disadvantages to the use of Bornite as an S.S.E. '

1. Cells constructed using Bornite electrodes would
have low theoretical energy densities as for Bornite alone

the value is only about 10 watt hr kg .
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2. Bornite S.S.E.s would have a low efficiency due to
the cell E.M.F. hystefeéis shown on cycling.

Thus it seems that Bornité is an unlikely candidate for.
a commercial S.S.E. but it does have ah interesting property
in that the chemical diffusion coefficient for copper is
high in a region of almost constant voltage on change of
composition. According to thé relationship between the

self and chemical diffusion coefficients:

M s
b, = Dt dlna;
dlnc;

this suggests that the self diffusion coefficient for copper

is extremely high in this composition range.
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CHAPTER 4

COPPER_SULPHIDE

4.1. INTRODUCTION

Whilst carrying out the work on Bornite, a system for
which there is no coulometric titration or diffusion data,
it was decided to work on a system for which there was such
data. The chosen substance_was copper sﬁlphide as this
is related to Bornite. At sufficiently high temperatures
(>330°C (57)) it actually forms a solid solution with
Bornite. It is similar to Bornite also in the fact that

its structure is based on an f.c.c. sulphur sublattice.

4.2. PREPARATION

The required starting material was chalcocite (Cqu)
and this was prepared from'ité elements in a similar silica
tube to that used for Bornite (see fig. 3.5). The heatingl
‘schedule was also similar to that detailed for Bornite in
section 3.3., although the tube was only kept at temperature
for a week. |

On removal from the furnace the tube was found to
“contain a rod-shaped mass made up of very small crystals,
none larger than 1 mm in any direction, and which were dark
blue in colour. This mass was removed from the tube and
ground to form a fine powder for hot-pressing and X-ray'
diffraction, Before hot-pressing the Cu,S was cold-pressed

in an 8 mm hardened steel split die at 7 x 108_Nm*; Pellets
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produced by this method'had a black shiny appearance and |
held together well.

Hot-pressing was carried out under vacuum in an 8 mm
graphite die, at 950°C for 2 houré, with an applied pressure
of 3 x 10’ Nm™ After presging, the pellets were machined |
on a high speed diamond saw under oil. The surfaces thus

produced were used unpolished in the solid state cell.

4.3. CHARACTERIZATION

This was mainly carried out by X-ray diffraction.

- The reacted material and hot-pressed materials were analysed
and the results (fig. 4.1, table 4.1) were compared with

the ASTMS index (71). They were found to be in excellent
agreement with that for ortho-chalcocite (Cu,Ss). Sample
density was only 96% of theoretical, so this would have
possibly meant an ill-defined surface if any aqueous work
had been carried out. The hot-pressed material was also
analysed by CSIRO and they gave the analysis as Culﬂqs.

The hot-pressed material was also found to be homogeneous

to the resolution of the scanning electron microscbpe.

4.4. COULOMETRIC TITRATION CELL

A solid-state cell was set up as shown in figﬁre 4.2,
The electrolyte was that detailed in chapter 2. The method
of carrying out the coulometric titration is detailed'in |
chapter 3.
o Results obtained at 106°C + 3 are presented in figure
4.3 and table 4.2. From the initial curve for E.M.F. v
composition it appears that hexagonal chalcocite is a

single phase from Cu,S to Cuh?ms’ After this. point the
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curve is flat, characteristic of a two phase region.
Roseboom's (72) phase diagram (fig. 4.4) shows that high
digenite and hexagonal chalcocite at 104°C are in equilibrium.

This flat region extends to Cu S from which point the

1-874
voltage increases again as for a single phase. This region
is presumably that of high digenite, and extends to Cu,,,,S.
Here again the curve becomes flat for the two phase region
of covellite and high digenite. This sgction of the curve
should be compared with figure 4.5 which is the titration
curve of Mathieu and Rickert (73). It should be noted that
the electrolyte Mathieu-and Rickert used was aqueous copper
sulphate 50 all their voltages should be doubled for
comparison.  This gffect is due to the relationship between
the cell E.M.F. and the free energy for the cell reaction,
i.e.

AG = -nFE
The solid state electrolyte used in this investigation
transports copper as Cu” so that n = 1 for this case. But
agueous copper sulphate transports Cu®* iohs s0 that n = 2.
Thus, for the saﬁe cell reaction, the cell E.M.F. obtained.
using the solid state electrolyte is twice that found using
aqueous copper sulphate as the electrolyte.

Replacing the copper in the structure caused the cell
E.M.F. to fall as for a single phase region to a composition
of Cuhﬁgs. At this point the E.M.F. became constant and
had a value close to that obtained for a mixture of high
digenite and hexagonal chalcocite. This constant E.M.F.
extended to Culﬂos, so that the sing1e>phase region of |
hexagonal chalcocite was never entered. On reversing the

current the E.M.F. was constant to Cuﬁ?n?’ and then again



T.°C
Hexagonal '
200+ Chalcocite  High Digenite. Covellite
+ o+ A
High Digenite. High Digenite,
Hexagonal »
Chalcocite
100 A |
Orthorhombic Djurlite+ High Digenite. "\
Chalcocite.—* ) |
Djurlite Djurlite + Low Digenite. Coveiljfe
Orthor hombic 1o Low Digenite
Chalcocite i Djuriite . Co5
~1Cu,,S. u,qS, Digénite, .
O . - » : .
- 20 19 1.8 17
x in Cu,S
Cu-S Phase Diagram, after(72)
Figure 4.4, |

GZl



126

| 167 mV
159 mV
150+
137.mV
1004 |}
>
E Q)
L jpand ol
= = v =
. - — o
2 I o 2
0 |4 & B 2
¥ o = = z z
o g |5 3, o =)
o O o ) O O
"6 .
=2
49
O I T ] I
2.0 o 19 o 18
x in Cu,S

Coulometric Titration Curve for Cu-S Systerh,90°C,‘
According to Mathieu and Rickert, (73). .

Figure 4.5



127

it showed single phase behaviour, with the same gradient

as the high digenife region. The end of this gradient was
at Cu.,,S, from where the voltage was constant and the same
as for the high digenite-covellite region. On replacing
the copper again the voltage did not return to the original
curve.

In order to investigate what had been happening in the
cell the electrode was removed and then examined in the
scanning electron microscope and by X-ray analysis. The
miéroscope revealed the presence of two phases which is what
would be expected from the calculated composition of the
sample. However the EDAX attachment showed a copper ratio
between the major and minor phases of 1.63:1 which 1svnot
what is expected. X-ray diffraction also indicated two
phases but not Cu,S and Cuﬁss as was expected. In fact
X-ray analysis gave the phases as Cu,,S5 and CuS (table 4.3).

It appears that the replacement of copper in the sulphide
is a very slow step. Therefore, if too large a current is
.applied,copper is plated out on the working electrode (fig.
46a) . This probably occurred here as the cell voltage
during the replacement of copper became negative with respect
to pure copper.
| The copper is in fact probably plated out in the‘form
of fibrous growths (fig. 46b), as are seen in chapter 2.

As there is no room for expansion in this cell the growths

of copper will probably go into the electrolyte. When
subsequently the coppéf diffuses away from the electrodef
electrolyte interface, the copper growths will be left
isolated in the electrolyte (fig. 46c). Thus the compdsition ’

change of the electrode is not as great as was calculated.
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When thé copper is removed again from fhe electrode these
copper growths will probably have no effecf. Unfortunafély
the electrolyte‘from this cell was not analysed so that
thisvtheory cannot be proved definitely.  However this
experiment has been repeated using low pumping currents and
the results show only a small hysteresis in the cell E.M.F.,
approximately 20 mV. Therefore figure 4.3 should probably
“show the three points a, b and ¢ superimposed on one another,

thus giving a final composition of Cu This then means

/Jys'
that there is a‘hysteresis of about 20 mV for the upper
plateau and 10 mV for the lower plateau. Thus if the above
is true it appears that the copper sulphide exhibits less
hysteresis than Borgite. | |

NS values were obtained for certain compositions of
copper sulphide and these are shown in table 4.4. These
values are about twice the value that Etienne and Peters (74)
obtained of 21 tuzfmolé* oK™ (see also ref. 73) for Cu, . S.
It should of course be noted that AS obtained here is for a

two phase region.

Composition AS ¥°Kﬂ Mole” Temp. Range
Culq3S 47 + 10 104°C to 50°C
Cuﬁ7ls 39 + 10 104°C to 28°C
Cu,,,S 47 + 10 109°C to 48°C
Cu, S 40 + 10 101°C to 36°C

Table 4.4

AS for the Cu-S System at Certain Compositions
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4.5. SUMMARY AND CONCLUSIONS

.Chalcocite has been produced from its elements by
direct reaction. Production of samples from this for a
coulometric titration cell was by hot-pressing.

It appears that the replacement of copper in depleted
cbpper sulphide is kinetically very slow 80 that there is
a strong tendency for copper to be plated out at the
electrode-electrolyte interface. This effect causes a.
cell of the type: |

Cu/Cu” electrolyte/Cu,S
to behave irreversibly unless very low current densities
aré applied during the injection of copper into the copper
sulphide. |

Although it appears that the true coulometric titration
curve for copper sulphide exhibits a maximum hysteresis of
approximately 20 mV, copper sulphide is not a candidate for
an S.S.E. This is due to the slow kinetics, the limited‘
composition ranges of the single phase regions and the very
low energy density of this material, i.e. approximately
5 x 10 .kW. hrs. kg . |
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CHAPTER 5

FINAL CONCLUSIONS

5.1. COPPER ELECTROLYTE

1. A double salt prepared from copper (1) bromide
and dimethyl 1,4-diazabicyclo (2,2,2) octane dibromide will
act as a satisfactory solid electrolyte for cu’ ions. At
141°C the electronic conductivity is typically only

1077

(ohm cm) ' while the ionic conductivity is >107 (ohm cqu.
2. The double salt prepared in this investigation-does
not have the same structure as that produced by the same
method by Taylor (37). Although the reasons for this are

unclear at present, the product produced here has proved to

behave satisfactorily in practice.

5.2. BQRNITE

1; Single crystal Bornite can easily be prepared from
its elements and polycrystalline hot-pressed Bornite can
also be obtained although there is sulphur-loss during hot-
pressing.

2, Bornite electrodes in aqueous electrolytes appear
to undergo one or more side reactions which cause such cells
to be irreversible on c¢ycling and which may contribute to
the disintegration of single crystal electrodes at copper
contents of less than Cuy,FeS .

3. There appears to be micro-phase separation in"

materials with copper contents less than approximately
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Cu, . FeS, (at 85°C). This phase separation is poésibly
due to tne long-range ordering of cqpper and iron ionsvamong
the available sites in the f.c.c. sulphur sublattice‘

4. The chemical diffusion coefficient of copper in
Bornite is approximately 10% em* sec™ at 170°C. As this
value of the diffusion coefficient is obtained from Bornite
compositions within the micro-phase separation region this
relatively high value suggests that the self diffusion

coefficient of copper in Bornite is extremely high.

5.3. COPPER SULPHIDE

1. Although the removal of copper from a copper
sulphide electrode in a solid-state cell is rapid (at
approximately 100°C}, the replacement of copper in depleted
‘copper sulphide is kinetically very slow.

5.4. SUGGESTIONS FOR FURTHER WORK

Although the results obtained in this project indicate
that_Bornite.would not be a candidate for avcommercial S.S.E.
material, they do show some interesting features.

More wonk is required to investigate the nature of the
micro-scale phase separation region found here in samples
of copper-deficient Bornite. Such an investigation may
also reveal the reason for the high value of the chemical
diffusion coefficient of copper found for compositions within |
this region. The.use of an electron microscope fitted with
a TEMSCAN facility may be of use in fhis work as such an
instrument has a much improved resolution over the S.E.M.
used in the present study.

The electrode-electrolyte interface is also an'area

requiring extensive research. The importance of the structure
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bf this interface and‘its influence upon the kinetics of
the interfacial reactions has been demonstrated in this
study by the results presented on the copper sulphide-
electrode cells. |

In general, the further study of three-dimensional
network materials for use as S.5.E.'s is essential if a .
commercial fully solid-state battery system is to be developed.
If a relatively simple system, such as Bornite, could be
more fully understood, this could lead to a better under-
standing of the factors controlling the properties of these
materials. This in turn may aid the design of new materials

for S.S.E!s and so lead to a new SOIid-state battery system.



Table 2.1

CuBr XfRay Results

This Work Swanson et al (39)

ai I/1, d & | I/I, | hx1
3.290 | 100 3,29 100 111
3.048 | <1 - - -
2.844 <1 2.846 4 200
2.012 20 2.012 60 220
1.716 10 1.716 35 311
1.643 1 1.643 2 222
1.423 | -1 1.423 8 400
1.421 1 - - -
1.307 3 1.306 10 331
1.272 | <1 1.272 2 420
1.162 3 1.161 10 422
1.096 2 1.095 6 511
1.093 1 - - -
1.007 | ¢1 1.005 4 440
0.962 | <1 0.961 4 531
0.949 | <1 0.948 2 600
0.891 | <1 0.899 4 620
0.868 | <1 0.867 2 | 533
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Table 2.3
X-Ray Diffraction Results (CH.),C.H.N.Br,

Protected from Atmosphere

5 Days in Air

a £ I/1, ak - 1/1,
4.57 10 4.60 6
4.34 13 4.45 4
4.16 100 4.25 100
4.17 12
3.94 6 4.06 6
3.90 4 4.00 30
3,85 16 3.81 10
3.77 10 3,65 19
3,61 21 3,60 35
3.55 3 3.52 4
3.45 2 3.41 3
3.39 4
3,30 6 3.29 2
3,25 2
3.15 1 3.17 26
3.09 6 3.10 5
3.02 2 3.07 1
2.97 16 2.99 9
2.92 4 2.90 12
2.76 2 2.88 5
2.78 3
2.72 4 2.72 9
2.67. 7 2.68 7
2.63 6 2.63 -6
2.54 2 2.55 2
2.47 9 2.47 5
2.44 6 2.43 4
2.42 5
2.33 4 2.34 5
2.30 4 2.31 6
2.27 1
2.25 4 2.24 2 -
2.21 4
2.19 4 2.19 4
2.13 3 2.13 4
2.10 1
2.02 3
1.83 3
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X-Ray Diffraction Results 94CuBr/6(CH.),C,

Table 2.4

H,N,Br,

This Work

K.Taylor's Work (37)

CuBr (39)

a

/1,

d &

1/1,

a k

/1,

9.176
8.355
8.088
17.979
7.635
T7.260

6.112
5.832
5.157
14.696
4.648
4.600
4.496
4.275
4.247
4.077
3.983
3.754
3.708
3.590
3.524
3.434
3.395
3.348

3.288
3.184
3.118
3.063

W

N W RN W N

-
o

100

O N

20
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This Work K.Taylor's Work (37) CuBr (39):
d £ 1/1, d & 1/1, da X 1/1,
- - - - .048 | <1
3.015 3 - - - -
2.991 2 - - - _
2.962 | <1 - - - _
2.928 1 - - - _
2.919 1 - - - -
2.846 2 - - 844 | <1
2.812 {1 - - - _
2.778 <1 - - - _
2.748 1 - - - _
- - 2.73 10 - -
2.590 <1 - - - _
2.657 | <1 - - - _
- - 2.47 15 - -
2.431 | <1 - - - -
2.360 | <1 - - - _
2.339 1 - - - -
2.313 1 - - - -
2.225 <1 - - - -
2.182 1 - - - -
2.159 1 2.16 15 - -
2.140 |< 1 - - - -
2.133 | <1 - - - -
2.104 | <1 - - - -
2.08% | 1 - - - -
2.056 1 - - - -
2.011 37 - - 012 20
1.959 -1 - - - -
1.939 2 - - - -
1.924 | <1 - - - -
1.918 1 - - - -
11.892 1 - - - -
1.865 2 - - - -
1.833 <1 - - - -
1.799 {1 - - - -
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This Work K.Taylor's Work (37) CuBr (39)
a X 1/1, a £ 1/1, da X 1/1L
1.770 | <1 - - - -
1.756 | <1 - - - -
1.717 17 - - 1.716 10
1.675 1 - - - -
1.643 1 - - 1.643 1
1.423 2 ~ - 1.423 1
1.421 2 - - 1.421 1
1.306 4. - - 1.307 3
1.273 <1 - - 1.272 | <1
1.162 3 - - 1.162 3
11.096 1 - - 1.096 2
- - - - 1.093 1
1.006 <1 - - 1.007 | <1
0.96%3 |<1 - - 0.962 | <1
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Table 2.5
Admittance Data for Copper Electrolyte

with Non-Blocking Electrodes

Frequency ¢ x 10 wC x 19’5
in Hertz (fem) ( nem)
1 x 10 8.6 -3.84
8 x 10 8.7 -3.51
6 x 10° 9.6 -3.94
4 x 10° 10.5 -3.29
2 x 10 12.2 -2.18
1.3 x 10 12.2 -1.28
1 x 10° 12.2 -0.99
8 x 10 12.2 -0.65
6 x 107 12.2 -0.17
4 x 10° 12.2 0.33
2 x 10° 12.2 0.88
1.3 x 10° 11.3 1.25
1 x 10° 11.3 1.43
4 x 10 10.5 2.19
2 x 10 8.7 3.55
1.2 x 10’ 7.5 3.36
1 x 10* 7.1 3,43
8 x 10° 6.5 3.44
16 x 10° 5.7 3.44
4 x 10° 4.65 3,31
2 x 107 3.15 © 2.80
1.2 x 10° 2.29 2.31
1 x 10° 2.05 2.15
8 x 10* 1.78 1.94
6 x 10 1.48 1.67
4 x 10° 1.15 1.36
2 x 10° 0.74 0.92
1.2 x 10° 0.56 0.72
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Table 2.6

Impedance Data for Copper Electrolyte

with Non-Blocking Electrodes

Frequency 7 x 10° z’ x 16°
in Hertz nem. Nen

1 x 10 0.0974 -0.0437
8 x 10° 0.0987 -0.0397
6 x 10° 0.0892 ~0.0367
4 x 10° 0.0869 -0.0273
2 x 10° 0.0794 -0.0142
1.3 x 10° 0.0810 -0.0085
1 x 10° 0.0814 -0.0065
8 x 10° 0.0817 -0.0040
6 x 10 0.0817 -0.0011
4 x 10° 0.0819 0.0022
2 x 10 0.0815 0.0058
1.3 x 10 0.0872 0.0096
1 x 10° 0.0868 0.0110
4 x 10" 0.0915 0.0192
2 x 10 0.0984 0.0400
1.2 x 10' 0.1111 0.0498
1 x 10 0.1146 0.0556
8 x 10° 10.1206 0.0643
6 x 10° 0.1288 0.0776
4 x 10° 0.1427 0.1017
2 x 10° 0.1774 0.1578
1.2 x 10° 0.2164 0.2180
1 x 10° 0.2328 0.2437
8 x 10° 0.23%64 0.2571
6 x 10* 0.2964 0.3349
4 x 10" 0.3625 0.4284
2 x 10" 0.5280 0.6585
1.2 x 10* 0.6692 0.8667
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Table 2.7
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Admittance Data for Copper Electrolyte

with Blocking Electrodes

Frequency Chromium Electrodes Carbon Electrodes
in Hertz 3 s ‘ 3 -3
G x 10, wC x 10 G x 10, wC x 10
(L cm) (ncm) (nem) (ncm)”’
10 x 10 1.85 0.691 1.76 2.45
8 x 10 1.56 0.503% 1.55 1.82
6 x 10° 1.35 0.339 1.40 1.30
4 x 10° 1.22 0.226 1.31 0.85
2 x 10° 1.08 0.233 1.25 0.49
1 x 10° 0.95 0.226 1.12 0.289
8 x 10° 0.94 0.226 1.15 0.256
4 x 10° 0.82 0.246 1.11 | 0.200
2 x 10° 0.72 0.250 1.06 0.169
1.3 x 10° 0.6% ©0.253 - ' -
1 x 10° 0.58 0.292 0.98 0.179
6 x 10* 0.50 0.249 '1.00 0.188
4 x 10° 0.49 0.219 0.945 | 0.174
1.2 x 10" 0.264 0.200 - -
1 x 10° 0.243% 0.193 0.702 0.243
8 x 10° 0.220 0.182 0.663 0.255
6 x 107 0.186 0.168 0.607 0.264
4 x 10° 0.149 0.149 0.533 0.280
2 x 10° 0.097 0.112 0.390 | 0.270
1.2 x 10° 0.072 0.087 - 0.292 0.245
1 x 10° 0.064 0.079 0.260 0.233
8 x 10° 0.055 0.069 0.223 0.215
6 x 10° 0.044 0.061 0.183 0.189
4 x 10° 0.033 0.046 0.139 0.154
2 x 10° 0.022 0.027 0.092 0.101
1 x 10" 0.016 0.015 0.067 0.063




Table 2.8
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Impedance Data for Copper Electrolyte

"with Blocking Electrodes

Frequency Chromium Electrodes Carbon Electrodes
o ferte Z x16° | 2" x 10° z° x 10° |2 x 16°
N.ocm N.em flcm ' Jrcm
10 x 1 0.472 0.176 . 0.194 0.268
8 x 10 0.580 0.188 0.274 0.318
6 x 10 0.696 0.176 0.384 0.358
4 x 10° 0.793 0.148 0.536 0.352
2 x 10° 0.884 0.190 0.696 0.274
1 x 10° 0.996 0.238 0.802 0.2006
8 x 10° 1.006 0.242 0.826 0.1832
4 x 10° 1.124 0.340 0.872 0.1572
2 x 10° 1.246 0.436 0.920 | 0.1466
1.3 x 107 1.374 0.556 - -
1 x 10° 1.370 0.682 0.992 0.1826
6 x 10" 1.602 0.798 0.966 0.1816
4 x 10° 1.702 © 0.760 1.024 0.1880
1.2 x 10 2.396 1.782 - -
1 x 10* 2.528 2.004 '1.266 0.448
8 x 10° 2.698 2.232 1.314 0.506
6 x 10° - 2.960 - 2.674 1.386 0.602
4 x 10° 3.368 3,368 1.470 0.772
2 x 10° 4.420 5.102 1.7%4 1.200
1.2 x 10° 5.646 6.824 2,010 1.686
1 x 10° 6.240 7.652 2.138 1.910
8 x 10% 7.002 8.848 2.324 2,240
6 x 10° 7.860 10.808 2.636 2.730
4 x 10° 10.146 14.296 3.242 3,580
2 x 10° 17.742 22.178 4.926 5.408
1 x 10° 32.160 31.156 7.928 7.456




Table 3.2

X-ﬁay Diffraction Data for Bornite

This Work ASTNMS Data (63)
ad | 1/1, hkl dA 1/1,
l4.02 11 - 105,213 4.08 10
214,006 3.64 5
310,106 '3.48 5
3,27 36 116,312 3,31 40
3,13 45 224 3,18 60
107,321 3.01 5
2.78 34 305,323 2.80 20
2.71 92 008, 400 2.74 50
217,411 2.63 5
2.48 33 413,325 2.50 40
2.09 11 425,511 2.13 20
336,11.10 2.11 5
1.92 | 100 440,408 1.937 100
1.84 7 21.11 1.850 10
1.66 8
1.64 31 624,22.12 1.652 30
1.62. 6
{1.57 | 10 448 . 1.584 10
1.53 6 712,11.14 1.534 10
1.47 7 705,723 1.474 5
1.42 14 31.14,53.10 | 1.427 20
11.34 17 800,00.16 1.370 20
‘ 44.12,804 1.335(F) 5
1.300(F) 5
660,22.16 1.290(F) 5
1.26 6 62.12 1.258(F) 50
40.18 1.225(F) 5
884 1.198(F) 10
64.12 1.169(F) 5
A 1.145(F) 5
1.12 | 10 44.16,848 1.119 50
80.12 1.097(F) 5
1.05 6 22.20,66.12 | 1.053 10
64.16 1.018(F) 5
| 0.9853(F) 10

(F) Lines reported by Frenzel (56) and not by
Berry and Thompson (57).

144



Table 3.3

X-Ray Diffraction Data for Hot-Pressed Bornite

Copper Wrapped Platinum Wrapped Unwrapped
ak  |1/1, aA 1/1, dA 1/1,
3.751 10 - - - -
- - 3.743 9 - -
- - - - 3.720 19
- - - - 3.300 6
3.258 40 3.252 34 3.252 46
3,118 61 3,118 51 3,118 90
2.919 27 2.919 20 2.919 22
2.820 15 2.820 36 2.816 21
2.736 46 2.732 58 - T -
- - - - 2.712 60
- - 2.669. | 14 2.665 | 6
- - 2.486 7 - -
- - - - 2.466 | 37
2.293 46 2.291 41 2.291 39
2.257 11 2.255 14 2.252 4
- - - - 2.244 6
- - 2.223% 10 - -
- - 2.079 6 2.076 | 19
1.992 31 1.992 27 1.988 15
1.913 |100 1.913 {100 1.913 | 100
1.883 7 - - 1.879 7
- - - - 1.799 4
1.763 6 1.763 7 1.759 6
1.701 12 - - 1.700 12
- - 1.671 11 - -
1.630 | 12 1.633 8 1.633 | 14
- - - - 1.607 5
1.559 5 1.550 5 1.558 6
1.399 7 1.401 7 1.405 7
- - 1.356 5 1.356 31
1.352 5 - - 1.352 3
- - - - 1.349 3
- - 1.322 3 - -
1.325 4 - - - -
1.258 4 - - - -
1.237 3 - - - -
1.105 8 1.105 7 1.108 10
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Table 3.6
Aqueous Cells Coulometric Titration Data

X in Cuy,FeS, Vcell 1 X in Cug,FeS, V cell 2|
in mV in mV
0 116 0 50
0.194 218 0.280 217
0.388 217 0.492 221
0.582 216 0.702 219
0.776 218 0.912 223
0.970 222 1.124 230
'1.110 224 ' 1.274 225
0.916 215 . 1.064 218
0.722 210 | 0.854 209
0.528 201 0.642 196
0.334 194 0.432 180
0.140 184 0.222 157
0.284 200 0.432 185
0.478 211 0.654 198
0.672 219  0.874 203
0.866 225 1.096 214
0.672 217 0.874 198
0.478 210 | 0.654 179




Table 3.7
85°C Coulometric Titration Cell Data
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X in'CuﬁyFegy CiilmgMF X in CuFXFeS% CiilmEMF
0 - 287.6 0.684 422.3
0.027 358.8 0.711 421.4
0.031 364.9 0.738 421.4
0.072 419.4 0.764 421.3
0.098 416.5 0.738 383.9
0.125 417.3 0.711 373.2
0.152 420.2 0.684 364.7
0.178 419.3 0.658 359.9
0.205 418.7 0.631 - 358.2
0.232 419.9 0.605 357.0
0.258 419.7 0.578 354.5
0.285 219.9 0.551 352.4
0.311 419.8 0.525 349.9
0.338 419.9 0.498 345.0
0.365 420.6 0.471 341.0
0.391 420.8 0.445 335.7
0.418 421.6 0.418 331.6
0.445 421.7 0.391 328.8
0.471 422.2 0.365 327.6
0.498 422.1 0.339 321.5
0.525 422.7 0.312 321.6
0.551 422.7 0.286 322.2
0.578 422.9 0.259 320.9
0.605 422.8 0.206 315.9
0.631 423.1 0.179 314.0
0.658 420.6 | 0.153 312.4




X in Cug ¥esS, | Cell ENF X in Cu_ Fes, Cell EME
0.126 313.6 0.321 44,3
 0.045 309.6 0.348 416.8
' 0.019 307.5 0.372 418.9
0.045 345.9 0.393 - 417.1
0.072 368.1 0.416 417.1
0.099 383.2 0.443 417.4

0.125 390.9 0.453 416.9
0.152 394.5 0.457 415.6
0.179 400.9 0.461 417.3
- 0.205 403.3 0.467 413.0
0.232 407.2 0.468 406.9
0.258 1 410.7 0.474 413.9
0.271 409.3 0.480 416.4
0.283 410.6 0.486 416.2
0.292 411.73 0.492 416.4
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Table 3.8
146°C Coulometric Titration Cell Data
X in Cy_ FeS,_ | Cell EMF X in Cu_,Fes, | Cell EMF

: in mV : in mV
0.570 412.5 0.003 226.8
0.694 420.2 0.082 358.0
0.894 426.17 0.160 398.5
0.975 426.9 0.239 f4oo.8
1.002 422,2 0.318 401.4
1.047 425.6 0.396 407.9,
1.089 425.6 0.475 . 418.5
1.131 425.8 0.554 417.0
1.172 425.8 0.632 417.6
1.210 426.2 0.711 421.8
1.232 426.3 0.789 425.5
1.253 426.4 0.868 427.3
1.295 426.3 0.946 430.3
1.316 425.5 1.024  428.5
1.338 413.7 1.060 427.8
1.316 404.1 1.115 427.4
1.235 388.1 1.152 427.6
1.148 378.0 1.070 396.0
1.006 373.0 0.988 392,2
0.823 371.5 0.907 392.3
0.640 569.6 0.825 '392.0
0.457 365.3 0.743 0 391.8
0.337 357.0 0.662 391.3
0.264 367.8 0.580 389.9
0.161 334.4 0.498 386.7
0.082 309.2 0.417 376.3
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Table 3.9 :
100°C Coulometric Titration Cell Data
X in Cu5_xFeS,f Ccie;Lllm\L;MF X in Cuf_xFeséb Cgrl11m¥MF
0.018 364.3 0.188 411.2
0.023 397.17 0.194 411.%
0.029 412.4 0.199 411.5
0.035 415.8 0.210 411.6
0.041 415.1 0.215 411.8
©0.047 413.9 0.221 411.8 |
0.059 413.8 0.226 411.8
0.070 414.4 0.232 411.8
0.084 412.1 0.237 411.8
0.091 412.2 0.242 411.8
0.098 412.2 0.248 411.é
0.104 412.0 0.253 411.8
0.109 411.9 0.259 411.8
0.115 411.8 0.264 411.9
0.121 412.0 0.269 411.9
0.126 411.7 0.275 412.0
0.132 411.0 0.280 412.1
0.137 410.8 0.286 413.0
0.142 410.8 0.291 413.0
0.151 410.8 0.296 413.0
0.156 410.8 0.302 413.1
- 0.161 410.8 0.307 - 413.2
0.167 410.9 0.313 413.2
0.172 411.0 0.318 412.7
0.178 411.1 0.323 412.5
0.183 411.1 0.329 412.6
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X in Cus_XFeS,r - Cc?-ll EMF X in Cug  FeS, Cell EMF
in mV in mV
0.334 412.6 0.361 412.4
0.340 412.7 0.367 412.3
0.345 412.7 0.372 412.4
0.350 412.6 0.378 413.8
0.356 412.6




Table 3.12
Coulometric Titration X-Ray Samples

Bornite (63) Chalcopyrite (70) 100°C Cell
hicl 1/1, nkl | 1/1, ai | 1/1, ak | 1/1, ar | 1/1, ark | 1/1, ar | 1/1,
105,213 10 - - 4.04 9 - 4.06 6 4.05 | 7
116,312 40 - 3,27 14 3.29 32 3,29 34 3.29 30 3.28 38
224 60 - 3.14 23 3.15 54 3.14 57 3.15 53 3.15 52
- . 112 100 3.02 | 100 3,03 89 3,02 | 100 3.02 38 3,03 28
305,323 20 - - 2.79 21 - 2.79 13 2.79 19
1008, 400 50 = 2.73 20 2.73 33 2.73 40 2.73 43 2.72 40
217,411 5 200 7 - - - - 2.61 5
413,325 40 - 2.49 11 2.50 26 2.49 22 2.50 22 | 2.50 26
- - - - - - 2.17 3
336,11.10 5 - - |- - - 2.10 8
- - 1.94 16 1.96 23 - - -

440,408 100 - 1.92 62 1.93 |100 1.93 92 1.93 | 100 1.93 | 100
- 204 32 1.85 28 1.85 24 1.87 18 1.85 11 1.85 10

- - - - - - 1.67 4
624,22.12 30 - - 1.65 7 - 1.65 8 1.65 | 11
- 312 20 - 1.59 10 - - 1.59 4

Sl



Table 3.14

Hot-Pressed Coulometric Titration Cell (150°¢C)

- Mass of sample 0.372 gm

No. of Coulombs - Cell EMF X in

of Copper Removed in mVv Cu., FeS,
0 11.10 -0.412
8.36 43.80 -0.309
29.18 141.4 -0.051
43.13 408.0 0.122
61.49 414.5 0.349
70.58 423.8 0.461
75.56 429.4 0.523
68.59 404.1 0.437
30.49 138.9 -0.035
28.18 132.3 -0.063
27.68 130.0 -0.069
39.08 404.3 0.071
63.17 414.6 0.370
77.27 430.8 0.544
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Table %.15

X-Ray Results on Six-Point Cell Specimen

Six-Point Cell Sample

Bornite (63)

Chalcopyrite (70)

ad |1/1 hkl 1/1, hkl | I/I,
3.28 | 15 116,312 | 40

3.17 | 26

3.14 | 26 224 60

3,02 {100 112 | 100
2.76 | 33 008,400 | 50

2.72 | 11 |

2.49 12 413,325 | 40

2.16 4 |

2.16 | 4 425,511 20

1.95 | 57 440,408 | 100

1.95 | 44

1.89 | 11 220 16
1.85 | 26 204 32
1.67 7 22.12

1.66 7 264 30

1.65 7 624

1.59 8 448 10 312 20
1.57 7
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Table 3.16

AH and AS for Bornite

155

As -

Cuf_x ;28,* liﬁ—égle” %@E;zi:"’ fdeg" mole’ }gegﬁnrng{e"
0.019 13 + 3 417 + 6
0.045 22 t'é 31 + 4
0.072 28 £ 2 21 + 3
0.099 33 + 1 12 + 1
0.125 32 + 2 16 + 2
0.152 31 + 2 20 + 2
0.179 31 + 2 22 + 3

1 0.195 31 + 2 23 + 4
0.201 31 + 2 23 + 4
0.205 30 + 2 24 + 2
0.206 31 + 2 21 +3
0.232 28 + 2 32 + 3
0.259 28 + 2 34 + 4
0.271 28 v 2 33 v 4
0.283 28 +3 32 + 7
0.292 28 + 2 32 + 4
0.321 29 + 2 32 '+ 4
0.348 30 + 2 29 +4
0.372 28 +3 35 + 6

| 0.378 29 + 2 30 + 3
0.382 31 + 2 26 +3
0.468 30 + 3 26 + 6
0.543 29 + 3 34 +5 -
0.543 25 +3 43 + 6
0.564 31 + 2 28 + 4
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Table 3.17 _
Electronic Conductivity by the Van der Pauw Method

- = ol =
Logw(%)((nm) ) AbsoliggoTemp.oK Logm(%)(ﬁﬂm),) AbsoliggoTemp;OK
0.1172 2.653 -0.0627 2.762
0.1456 2.625 -0.0931 2.801
0.2491 2.500 - -0.1273 2.83%3%
0.3706 2.198 ~-0.1794 2.865
0.6123 2.012 -0.25%9 2.890
0.6989 1.945 ~ -0.2827 2.915
0.7488 1.898 -~ -0.3091 2.941
0.8122 1.852 -0.3336 2.967
0.7992 1.838 | -0.3573 2.985
0.7966 1.832 -0.3807 . 3.012
0.7951 1.821 - -0.4034 - 3.030
0.8083 '1.789 -0.4255 3.058
0.7958 1.757 -0.4684 3,086
0.7814 1.757 -0.4895 | 3.106
0.7355 1.757 -0.5099 3.115
0.6463 1.838 -0.5306 3.145
0.5564 1.965 -0.5504 3.155
0.4707 2.08% -0.5674 3.165
0.4078 2.174 - -0.5855 3,175
0.3536 2.257 -0.6043 3,185
0.2911 2.326 | -0.6232 3.195
0.2395 2.392 ~-0.6416 - 3,215
0.195% 2.457 ' -0.6596 3,226
0.1533 2.506 -0.6775 3.236
0.1114 2.558 -0.9406 - 3.364
0.0715 - 2.604 -0.6974 ~ 3.163
0.0347 2.646 -0.1997 2.7177
-0.0326 2.73%2 -0.8841 | 2.512
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Log,,(3)( (am)’ ) 1000 oK ||Log,,(£) ((am)™) 1000 oy
e : Absolute Temp. I\ . Absolute Temp.
0.2264 2.325 -0.2779 2.906
0.3302 2.192 -0.3149 2.942
0.4090 2.091 -0.3488 2.977
0.4765 2.016 -0.3811 3.007
0.5733 1.906 . -=0.4121 3.025
0.6127 1.863 -0.4422 3.064
0.6450 1.831 -0.4713 3.090
0.6749 1.798 -0.4998 3.110
0.6822 1.785 -0.5278 3.133
0.6906 1.787 -0.5555 13.156
0.6822 1.788 -0.5830 3.175
0.6746 1.786 -0.6103 3.195
0.6064 1.877 -0.6371 ©3.,212
0.5077 2.011 -0.6642 3.225
0.4214 2.136 -0.5540 3.241
0.3423 2.241 -0.712 3.254
0.2712 2.336 -0.7346 3.267
0.2090 - 2.420 -0.7537 3.276
0.1507 2.496 -0.7770 3.286
0.0950 2.566 -0.7912 3.297
0.0434 2.627 -0.8086 3.303
-0.0029 2.685 -0.8248 3.311
-0.0447 2.737 -0.1260 2.832
-0.0840 2.784 -0.1889 2.871




Table 3

.19
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iransient Results for Six-Point Cell (170°C)

Time |Current Ionic |Electronic ?perqodynam@c 1Equnential
. . - “|Probes Probes Fit For Ionic|Fit For Ionic
in Sec.| in A4 in mV in mV Probes in mV [Probes’ in mV
-3990 o 6.779 0.075 - -
-2990 0 6.794 0.091 - -
-1990 0 6.791} 0.089 - -

-990 0 6.774 0.075 - -

10 16.2 6.829 0.116 6.73 6.832
190 16.2 7.666 - 7.13 7.752
290 16.2 8.120 - 7.57 8.170
390 16.2 8.508 - 8.00 8.531
490 | 16.2 8.842 - 8.38 8.845

590 16.2 9.128 - 8.72 9.117

690 16.2 9.373% - 9.00 9.352
790 16.2 9.583| - 9.25 9.563
890 | 16.2 | 9.764 - 9.47 9.734
990 16.2 9.919 - 9.66 9.887

1010 16.2 9.945 0.095 9.69 9.915

1190 16.2 10.165 - 9.96 10.135

1290 16.2 |10.264 - 10.09 10.235

1390 16.2 10.348 - 10.19 10.321

1490 16.2 10.423% - 10.28 10.396

1590 16.2 10.485 - 10.36 10.461

1690 | 16.2 |[10.539 - 10.43 10.518

1790 16.2 10.586 - 10.49 10.567

1890 16.2 10.626 - 10.54 10.609

1390 16.2 10.661 - 10.59 10.646

2010 16.2 10.666 0.095 10.60 10.652
. 3010 16.2 10.823 0.095 10.81 10.829

4010 | 16.2 |10.861| 0.093 10.86 10.871

5010 16.2 10.867 0.094 10.88 10.881

6010 16.2 10.884 0.108 10.88 10.883

7010 16.2 10.884 0.108 - -

8010 16.2 10.88¢ 0.109 - -

9010 16.2 10.885 0.111 - -
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Time |Current {onic Elgctronic Tbermodynam@c ﬁExponentia}
in See.| in M yrobes yrobes Fit For Ionic|Fit For Ionic
- in mV in mV Probes in mV_ Probes in mV
10010 | 16.2 [10.869| 0.095 . - -
11010 | 16.2 |10.869| 0.101 - -
16010 | 16.2 [10.886| 0.097 - -
17010 | 16.2 [10.891| 0.098 - -~
18010 | 16.2 [10.883| 0.100 - -
19010 | 16.2 [10.869| 0.088 - -
20010 |current |10.848| 0.081 10.84 10.832
. off at
20000
20190 | © 10.023 - 10.54 9.994
20290 | © 9.5717 - 10.16 9.604
20390 0 9.189 - 9.77 9.260
20490 0 8.855 - 9.41 8.957
20590 0 8.557 - 9.09 8.689
20690 0 8.308 - 8.81 8.454
120790 0 8.096 - 8.56 8.246
20890 0 7.910 - 8.34 8.062
20990 0 7.751 -~ 8.14 7.901
121010 0 7.717] 0.068 8.11 7.871
21190 0 7.499 - 7.82 7.633
21290 0 7.395 - 7.69 7.522
21390 | O 7.308 -, 7.57 7.424
21490 0 7.228 - 7.46 7.338
21590 | © 7.159 - 7.37 7.262
21690 0 7.118 | - 7.29 7.195
21790 0 7.054 - 7.22 7.136
21890 0 7.014 - 7.16 7.084
21990 0 6.970 - 7.10 7.038
22010 0 6.957! 0.063 7.09 7.029
23010 0 6.783| 0.073 6.80 6.790
24010 0 6.74%3| 0.078 6.72 6.722
25010 0 6.726| 0.070 6.70 6.703
26010 0 6.721| 0.075 - -
27010 0 6.725| 0.078 - -
28010 0 6.706| "0.063 - -
29010 | 0 6.703| 0.062 - -
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. v lonic |klectronic|Thermodynamic | Zxponential
Time jCurrent| . . . o|" Probes |Fit For Ionic |[Fit For Ionic
in Sec.| In A4 | "oy in mV Probes in mV [Probes in mV
30010 o) 6.699| 0.062 -
31010 o) 6.700| 0.066 -
36010 | © 6.708| 0.087 -
37010 0 6.693| 0.068 -
38010 0 6.691| 0.072 -
39010 0 6.692| 0.073 -
40010 |current| 6.690 0.096 6.63 6.638

Zgooo

. 16.8 |
40190 |-16.8 5.905 - 6.31 5.784
40290 {-16.8 5.472 - 5.91 5.388
40390 (-16.8 5.093 - 5.53 5.039
40490 |[-16.8 4.765 - 5.17 4.733
40590 {-16.8 4.481| - 4.84 4.464
40690 |-16.8 4.23%4 - 4.56 4.227
40790 |-16.8 | 4.012 - 4.31 ' 4.019
40890 [-16.8 | %.816 - 4.09 3.835
40990 |-16.8 3.654 - 3.99 3.674
41010 [-16.8 3.624|. 0.088 3.89 3.645
41190 |-16.8. | 3.394| = - 3.86 3,408
41290 (-16.8 3.289 - 3.57 3,299
41390 |-16.8 3.197 - 3.44 3.202
41490 [-16.8 3.114 - 3.33 3.118
41590 |-16.8 3,04% - 3.22 3.043
41690 |-16.8 | 2.992 - 3.13 2.978
41790 |-16.8 Z.940 - 3.06 2.920
41890 |-16.8 2.888 - 2.99 2.869
41990 |-16.8 2.849 - 2.92 2.825
42010 |[-16.8 2.838| 0.103 2.87 2.817
43010 |[-16.8 2.631| 0.100 2.59 2.588
44010 |-16.8 2.570( ©.091 2.51 2.524
45010 |-16.8 2.556| 0.094 2.49 2.507
46010 |-16.8 2.541| 0.092 2.48 2.502
47010 |-16.8 2.537| 0.100 -

48010 |-16.8 2.530| 0.093 -

49010 |-16.8 2.522| 0.093 -
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Time |Current Ionic |[Electronic Tpermodynam;c Expgnentia}
. : Probes Probes FPit For Ionic|Fit For Ionic
in Sec in A 13"y | in mV Probes in mV |Probes in mV
50010 | -16.8 2.522| 0.102 - -
51010 |-16.8 2.507| 0.090 - -
56010 |-16.8 | 2.482| 0.098 - -
57010 | -16.8 2.481| 0.094 - -
58010 |-16.8 2,432 0.107 - -
59101 |-16.8 2.477| 0.108 - -
60010 | off at| 2.474| 0.095 2.48 2.532
| 60000

60190 0 3,240 - 2.82 3.402
60290 0 3.664 - 3.24 3.803
60390 0 4.0%6 - 3.63 4.153
60490 0 4.3%6% - 4.01 4.461
60590 0 4.648 - 4.33 4.729
60690 0 4.896 - 4.62 4.965
60790 0 5.112 - 4.86 5.171
60890 0 5.306 - 5.08 5.351
60990 0 5.472 - 5.27 5.509
61010 0 5.500 0.095 5.31 5.539
61190 | O 5.731 - 5.59 5.769
61290 0 5.847 - 5.72 5.875
61390 0 5.947 - 5.84 5.968
61490 0 6.032 - 5.93 6.049
61590 0 6.108 - 6.02 6.120
61690 0 6.174 - 6.10 6.182
61790 O 6.234 - 6.17 6.237
61890 0 6.281 - 6.22 6.284
61990 0 6.326 - 6.27 6.326
62010 0 6.330| 0.081 - -
63010 0 6.550 0.081 - -
64010 0 6.615| 0.089 - -
65010 0 6.620] 0.079 - -
66010 0 6.631] 0.084 - -
67010 0 6.626| 0.078 - -
68010 0 5.637| 0.096 - -
69010.{ © 6.634| 0.094 - -
70010 0 6.631 0.091 - -
71010 0 6.633 0.095 - ~




Table 4.1

X-Ray Diffraction Results for

Reacted Cu,5 and Hot-Pressed Cu,S

Reacted Hot-Pressed ASTMS Card (71)
Cu, s Cu,5 Cu,5 _
a & |1/1 a & |1/1, d & 1/1, hk1
13.70 | 12 | 3.70 | 25 5.73 | 20 | 242
3.56 | 11 3,57 19 3.59 16 162,203
3.29 15 3.29 23%. 3.31 25 322
3,25 14 3.26 28 3.27 25 024,104 +
3,16 | 25 3,17 36 3,18 40 262,124
3.04 13 3,04 21 3.05 20 342
2.93 31 2.94 38 2.942 | 45 182, +
2.86 | 11 2.87 15 2.873 | 16 411,191
2.75 11 - - 2.755 | 16 431,362
2.71 42 2.71 58 2.718 | 55 440,371
2.65 16 | 2.66 2% 2.653 | 25 422
2.60 4 2.61 13 2.609 | 16 115,353, 4
2.55 7 - - 2.555 | 12 451,314
2.51 | 22 2.52 44 2.524 | 40 0102, +
2.46 29 2.47 43 2.463 | 45 1102, +
12.39 47 2.39 93 2.396 | .85 344,084
2.%2 32 2.32 37 2.325 | 40 2102,471, 4
2.23 21 2.23 21 2.237 | 25 502,480, 4
2.20 | 16 2.21 31 2.207 | 30 106,522, A
2,11 7 2,11 11 2.117 | 12 444,085 +
2.09 6 - - 2.093% | 10 513,473, +
2.04 5 - - R - -
2.02 6 - - - - -
2.00 9 - - 2.005 | 14 562, +
1.97 | 100 1.97 | 100 1.977 | 100 -
1.94 15 1.95 15 1.949 | 30 -
1.90 4 - - 1.908 | 14 -
1.87 50 1.87 83 1.876 | 90 -
.78 1.79 | 10 1.787 | 14 -
1.75 5 - - - - -
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Coulometric Titration-Data for Cu-S System

™
S
«Q
[

¢

[ @9

Cell EMF in mV

X in Cu.S

Cell EMF in mV

T T S R R R R S Ry e T i i e A o e o e o e e e e

.994
.973
. 946
.933
.926
.912
.892
.862
.831
.800
. 769
753
. 784
.815
.876
.907
.937
. 968
.983
.991
.996
.001
.996
.991
. 985
. 980
.975
. 956
.937
.918
.899
.880
.861
.842

269.
286.
288.
288.
290.
289.
289,
303.
336.
367.
396.
395.
372.
355.
309.
293.
280.
278.
279.
279.
278.
277.
283.
284.
285.
285.
286.
304.
325.
345.
364.
382.
400.
395.

o O 9B WD WEERRNO®DIWOS HEIRHWO®R®»EKFWWODWWDOOANO ®U N W

T (T T S Ry Sy Sy Gl R PR e B O IR i e T o T e T B I T i S I S

.823
.804
.785
. 796
. 807
.817
.828
.839
.849
.860
.871
.882
.892
.899
. 908
. 915
.931
. 924
. 940
.948
. 955
.964
.971
.980
. 987
. 996
.003
.996 .
. 987
. 980
971
.956
. 940
.926

394.9
395.9
393.1
281.1
374.2
372.4
372.6
372.7
372.6
372.3
371.9
371.4
371.1
371.0
370.5
370.5
368.9
370.8
366.9
364.8
362.4
359.6
355.2
352.3
350.1
347.6
344.9
353.7
361.4
' 368.6
391.7
390. 4
394.4
395. 4




X-Kay Diffraction Results for Cu-S Cell

Table 4.3
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Irper W R w R S U S VIO SIS S S RN

Materlal Cu,gS (75) cus (76)
da i 1/1, h 1/1, hkl a k 1/1, hkl
32 | 21 3.35 4 337 3,287 11 100
.18 65 . | 3.21 35 555 3,223 16 101
.02 11 3.01 14 119 3.050 47 102
.17 38 2,779 45 0010 2.815 | 100 103
.68 | 12 2.727 44 006
.59 9 |
.53 15 2.553 4 1111
.36 16 2.319 9 105
.21 4
.16 13 |
13 | 11 |2.141 | 10 | 1082 | 2.099 4 | 106
.05 11 2.045 4 | oos
.96 | 100 1.967 |100 10100
.89 9 1.8980| 53 110,107
79 | 4
.13 6 1.752 6 1111% | 1.7364| 18 108
.67 | 22 1.678 | 20 | 5515
.56 4 1.5738| 10 203
1.5578| 24 116
1.28 44 1.392 10 | 0020 | 1.3912| 12 | 118
1.3550 4 1011
1.13 5 1.2812 4 208
1.2115| 4 | 213
1.07 4




165

APPENDIX A

DERIVATION OF THE HEBB-WAGNER EQUATION (25)

The partlcle flux density (JA) (for mobile ions k = 1

and for electrons k = e) equation is

J, = - (c,B,./N) (5/f/3§2’— cy B, z,e/00/3x) Al
- — — . )
Diffusion Term Migration Term

Where the flux density is in direction x, with ,f'equal to
the chemical potential of species k, BA the absolute mobility,
z the charge on the mobile species and with e and N being
the charge on the eiectron and Avogadros number resﬁectively.
The local field is @. This assumes that particles of one
type migrate independently of other types, see appendix D.

If there is no concentration gradient in the specimen

equation Al reduces to

J, = -Bcoze (3p/fox) A2
‘and the partial current density (g ) to
f: o (38/dx) if jﬁ 0 A3
dx

AThus 0., the partial electronic conductivity of species
k, is given by

. .
g = z eFthh . A4
from equations A2 and A3 where jﬂ; z, FJ, and F is the

 Faraday constant. The electrochemical potential (7&) is
defined by |

0=t 3y E , A5
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Thus from equations Al, A4 and AS we obtain
d= ~(q /3, ) (25,/0%) 46
The chemical potential of the metal is defined by
/é;tal = ?} + z;?@ AT
where the ion is a metal ion. Thus by differentiating

A7 with respect to x

3 - Yegm - agln) .

J x
Putting A8 into A6
/?: -('o‘_-/z‘-F) [ 3/metal /dx - Zi(a7e/c§x)_7 A9
~and the electronic current from A6 is ‘

%= (g /F) (A?e/&x) | Al0
For an electronic conductor in contact with a mixed
conductor, assuming\no contact resistance, the chemical
potential of the electrons is constant. Also their
electrochemical potential in the electronic conductor is
equal to that in the adjacent part of the mixed conductor.
'If the sample is of constant cross-section and of thickness L,
from equation A5 for electrons the potential difference for
electronic conducting contacts at the ends of the sample is
E = —[7%(L) - ?@(027 /F A1l
Where E is the potential across the specimen and x = 0 is
the interface between the pure metal and the mixed conductor,

see figure A.

7200 e R
M

Figure A
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Since §i= 0 equation A9 gives

5/§eta1 s o 37729 12

Thus substituting equation All into equation A12

Mel(L) = /o (0) - 2FE A13

Substituting All into A10 with jf ;{

at - L
%t (JAE) | Al4

Jx
Putting Al2 into A10 and integrating with respect to

X we obtain eh[ﬂ)

1
L=—=| o, dit,n A15
; z.F ¢ /ﬁ’r[

meral (0)
Thus by using equati;n Al4, and differentiating

equation Al15 and reérouping
%l Joerut ) = 1 (al f1/aE)  Al6
As the cation conduction is mainly due to interstitials
and vacancies the small changes in the metal to non-metal
ratio do not affect the chemical potential of the cations,
but do that of the electrons.
Therefore in view of equation A7
e = d fretal /2 - AL7
A change in the cqndehtration of excess electrons (Cg)
and electron holes (C@) is related to that in the chemical
potential of the electrons
af = RTd1n€, = -RTd1nCe _ A18
for sufficiently low concentrations so that the law of ideal
solution apblies. Thus from equations Al7 andvA18'it
follows that

. (-]
Co = C exp LT A rt~/mert )/ 2;RT]

) A19
Co = Cg exp Z:(/A;ekl = e ol )/ 2RI/ .
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where the superscript stands for the value in equilibrium
with the pure metal. In low concentrations one may assume

that mobilities of excess electrons and holes are constant.

Therefpre

o=og exp [(Sfperat =/yerne /2RI +

ooeXP [N St = /7 )2 RIT
Using equation A20 with Al16 and Al3, and integrating with

A20

the boundary conditions E = O when ¢= O

¢, = {oo/T-exp (-EF/RT)7 + o-°fexp (BF/RT)-17} 2L  a21
° ® | FL
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APPENDIX B

PROGRAMABLE DATA LOGGER

A lot of measurements involved in experimentél Qork
are repetitive, and are required twenty-four hours a day.

In some of the work published here a'verybbasic controller
unit was used to carry out readings and control the
experiments. The method of carrying out predetermined
actions would be by either mechanical (time switches, cams,
etc.) or electrical means and:it was the second type that
was used here.

Having decided on an electrical method there were two
possible routes, one was to use analog methods and the other
was to use digital techniques, which afe well suited to
logical operations; In digital electronics logic operations
are carried out either by hard wired logic'circuits or by
a processor which has a predetermined set of controls (e.g.
micro-processor, computor, etc.). As at the time of
constructing this controller it was very expensive to use
micro-processors, a system using hard wired 1ogi§ was used.
(At the time of writing a micro-processor system is being
designed by the aﬁthor.) The cheapest and most reliable
way.of obtaining hard wired logic at the time of construction
was to use transistor transistor logic (TTL) using bipolar
technology in integrated cifcuits. The most well knowﬁ
and easily available circuits of this type are Texas

Instruments series 7400.



170

The method of'construction having been selected if
was then necessary to work out the specifié requiréments
of the system and those decided on are laid out below.

1. Measure a series of voltages at certain times.

2. Switch on and off constant current. sources.

3. Take action on measured voltages.

These design requirements were satisfied by the circuit
which is shown in block diagram form in figure B. The
timing of all operations inside the basic time step of the
clock (which could be 10 sec or 1 sec) are controlled by the
syncronisation unit, which prevents nonallowed operations
occurring together, e.g. reading a voltage at the same time
as changing the voltage that the analogue to digital converter
(A to D) is looking at. The main technical specifications
are given below although the circuit diagram for the system
will not be given due tb its excessive size.

Multiplexer

Incoming voltage switched to A to D converter by
Astralux series 110 reed rela&s of following specification
Contact-Contact resistance 10?n_when open
n n o _IOOn.when closed
Contact-Coil resistance 10°n
Time between breaking contact and forming a new one 30 mS.

A to D Converter

Data Precisioh D.V.M.

Input resistance_hf%l .

2 Conversions per second.

Scale both 4% and 5% digits models compatible.

Ranges 10 v, 1 v, .1 v controlled electronicaliy."
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Key:- - Constdnt

—= Digital information | current
mcwcecm Analog  infor mation. optput
Synchronizing information, E
Constant -
' current source|__.
Voltages to be measured 3
LR 1 e
' \
[;( Multiplexer
A
A to D
Converter . ~
A v A Y
v
I\ , - > Logic
v Unit
\j
Y
A
- - | Clock.
\J
- -
» L\ Synchroniz-|
A\ ng
interface Unit
to digital printer
cassette '
JtLl pg;!er Blgcf diLGgram of
0 ata Logger
ca sset_te, output J99 ,

Figure B
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Printer
Anadex 18 column ink printer (red and black).
Output format
columns 1-6 the time in seconds.
columns 8 and 9 current sources states.
column 10 voltage source being measured.
columns 12 to 18 the A to D reading.
Clock
Mains cycle counting type.

Accuracy better than 2% short term and better than
0.1% long term.

Current sources

Ranges 10 mi, 1 mA, 100 #A, 10 4.

Adjustment by ten turn pot.

Stability better than 0.1%.

Time between switching from forward to reverse 30 mS.
Switches are Astralux reed relays (see multiplexer).

Digital cassette interface

Allows data to be recorded on a digital cassette
recorder in a computer compatible form. This unit was
designed by two other memﬁers of the group and the author
and is based on a Philips digital cassette drive. It 1is
capable of receiving data from 16 such control units.

Logic unit

Hand wired on a 64 strip Vero board which isAplugged
in S0 that various plug-in program boards can be put in.
| This is a summary of the requirements, and the technical
specification of the unit finally built to fulfilp-them;
At the time of writing the unit has worked for 20 months

with only two failures in operation and has been out of
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service for modifications for .about a month. The unit
took many months to design and about 2 months to construct,
80 its actual profit to this project in terms of results

was low, but it is now still giving results.
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APPENDIX C

VAN DER PAUW TECHNIQUE (67)

According to the work of Van der Pauw the specific
resistivity (e)‘of a lamina obeys the following eguation

exp ('"Rns,col'/€) + exp ('”RAC)DAL/E ) =1 an C1l
where Rngca and Rsema are the resistances defined by the
voltage difference between the latter two suffixes dver .the
.current for the two former suffixee, see figure C. L is
the thickness of the sample. It is proved by Van der Pauw
that this equation Cl holds as long as the lamina has a

continuous surface.

A D

Figure C

In order to facilitate the calculation of€>, equation Cl

can be written as:

€= L (Rns.cp Roc.00) %(_u,w__) T c2
1ne 2 ncon

where/ is a function of R, , /R, ,, only and satisfies
the following equation: |
R (ln2

pgeo = Racpp Agarc cosh ( g ) ' - C3
R .

ﬂBJCD + Rgc)pﬁ

If R,, , and Rggpﬁ are almost equal, (i.e. for the
case of an almost symmetrical sample with symmetrical contacts)

equation C3 can be approximated by:
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/zl _ (Raseo = Racpayt 102 _ (Ray ., - By oppy* ((1n2)* _ (1n2)’,
Rnﬂ,co * Rnc,pn 2 Rﬁs,.cu + RBclpﬂ . 4 12
C4
It should be noted that equation Cl only holds for true
line contacts, and the expression is more complicated if

this is not assumed.
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APPENDIX D

ELECTRONIC AND IONIC CONDUCTIVITIES (68, 69)

The transport of the mobile species, for a single
system where there are only two mobile species, is governed

by the general flux equations.
g = L, + Ln. ;i D1
e ) x ax
and
J
S =137 + 327 .. D2
e Ix J x

where subscripts 1 and 2 refer to the two species, which

are in this case, the electrons (2) and the copper ions (l);
J, 1s the current density of species n, ?% is the'electro-
chemical potential, and L is the general Onsager phenomeno-
logical coefficient.
It followé from equations D1 and D2 that, if only a
current of species 1 is passed, then
S, -Layo?Z D3

e L, 9dx
using the Onsager relation that L, = L,. In a six-point
experiment the measured value for the above equation (D3)
would be the voltage difference between the two species 1
probes (AV|). This is proportional to the electrochemical
potential gradient of species 1, if no current is drawn.

AV, = AZ/e D4

which gives a conductivity for a sample of unit cross-séctibﬁ

of
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o'= 3, A% D5

Ay
where of is the conductivity of species 1 for suppressed
conduction of species 2, and[}X‘is the spacing of the species
1 probes. As was pointed out by Wagner (78) the addition
of the two conductivities for the other SPecies being
suppressed, does not add up to the total cohductivify.
This is due to the cross terms in the transport equations.
If however the cross term (Lm) is equal to zero the partial
conductivities do add up to the total. To establish if the
cross terms are equal to zero the following equations derived

from D2 and D4 should be used.

(& IL_) _ =L, . (NL _AV_) _ =Ly D6
: ] .
AX; AX: I:0 ) Ln A_X, AX:. J:=0 L"

SYEADY STEARY

STRTE ' STATE

As the electronic probes showed no effect during the

- experiments of the type described by the above equations (b6)
it will be assumed that the cross coefficients are small
enough to be ignored. Thus equations D1 and D2 become
independent giving |

J = 5[2 . 0 =a 2% D7
X ec),c_

e

If the assumption of local equilibrium is made,
N + - .
Cu & Cu’ + e demands that ”Z-+ '72 = etal where 4/;/ is
the chemical potential of the metallic copper. Thus for

an ionic current equation D7 becomes

) 0T = T 3L et D8
e Ox e Ox

It follows that the ionic electrochemical poténtial
gradient is identical with the chemical potential gradient
of copper. Thus as this varies with composition the value

of o measured is an average, so that currents and hence



178

composition differences must be kept small.

If the specimenisatequilibrium prior to switching on
the qurrent, the chemical potential gradient of copper is
zero at the instant of switching on. Equations D7 slightly
rewritten in terms of chemical potential gradients (&ZS and
electrical field gradients (—Q) become
_ (_AZ 9?3) | D9

-J.
dx  Idx

¢

L = (_azef a_) D10
, edx Dx
As %% = %% and using Ohms law, the potential across

‘both sets of probes at the instant of switching on is:

AV, _ 38 - ; Llﬂé-ziiﬂ. D11
NX;  dx Ax, dx |

The total conductivity is equal to the total current Jr
divided by the potentiallfield, at the inétant of switching

on, i.e.

' X,
o= o+op = A% _ g D D12
o © Ty, TAV

Equation D12 thus predicts that the total cbnductivity
can be ottained from the insténtaneous voltage on the probes.
This effect could not bve usedhin this wérk as the probe
voltage could not be measured quickly enough. It is
therefore known what the probe voltage should be at the
instant of switching on and at the steady state. However,
so far it has not been shown what we would expect on the
probes as they change, and it is that which will now be
vdealt w1th.

One of the simplest models is that used by Roth (4),

and this is shown in figure D.
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Ru
WWMIML-

Figure D

where Ry, is the resistance to the blocked species, and R, is
the resistance for the unblocked species. This gives an
exponential behaviour for the probe E.M.F.S, with a
characteristic time (7) given by |
7= (Ry + R,)C ' ' D13

Yokota (639) has however proposed a more sophisticated
model from his work with silver tellurides, assuming zero
cross coefficients. Equations D9 and D10 can be rewritten

in the following form with J = J, + ¢

Je = g_J + = 0’,3(/‘//@)

= Dl
Sy o > x '

J = L=Zi S 05"7_9_(@ D15
Cr o, d x

If it is now assumed that all the metal is ionized,

"then the rate of change of the carrier concentration is

given by:
AN _ 137 D1E
| dt e dx
if #is a function of N_ (carrier number) only.
Differentiating D14 and using D16
ON 13 ( &7, @o afh) N, 17
ot e ox| O, o, aN, dx |

If the current density is small so that %ﬁg, Oz » and
4 .

o; are not functions of position, thén

JN. _ DJN,

| D18
3 % 3)?
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the diffusion equation, where

2 k S
1 _ Dy _ " o0 M) ' D19
T L L oye \dN,

in which 7 = the characteristic fime, and Lvis the length

of the bar specimen. It turns out that D is in fact 5,‘
the chemical diffusion coefficient. The value of gﬁf can
»be obtained for Bornite if it is assumed that there are two
mobile copper ions per formula, and thus the number of
carriers is equal to 2 -;3-, where the composition is given

by Cu, gFeS,.  Thus %ﬁ" is given by the following
, .

af _ay M _ M 5 JE
dN, AN, 33 w(N)* ‘))"

where E is the E.M.F. of the sample with respect to copper,

D20

M the molecular weight, w the density, N Avogadro's Number,
and F Faraday's constant. |
Thus from equations D19 and D20

2 . - :
LzD_?if:zf; 0.0 . M JE D21
T L L (o0 + o) Fw dx

For the actual transient behaviour on passing an ionic
current equation D18 nmust be'solved, with the boundary

conditions that J. = 0 at x = O, L, and that from equation D14

SN, _ el
Yx o (afan,)

A solution of equation D18 can take the form of a

at x = 0, L D22

t \
,?) which is

’ 0 3 .
p2, %) = ?%t mz_o(im—i—l)xexp[:(Zm + 17527 cos/T2m + 1%7  pes3

Fourier series fé(—L}£ ,

If it is assumed that the zero voltage position is at
the centre of the bar, the ionic probes give for an ionic

current

V. = —J_L(AL - l)+ oe ¢(L_-A&,t_) D24
g\ L 2 L 2/
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and the electronic probes give

i = 3L pfl e b s
Sy L 7 -
for switching on and
V. =.J_L_g_g¢(___L-ﬂXa,_t_) D26
A L. T
and
y, = ~JL ‘ﬁ(L-X,L) _ D27
(o + o) L 4

for switching off.

Equations D24 through D27 are used to predict the
transient behaviour of the probes for'ionic currents which
are small perturbationsto the equilibrium condition. For
a more detailed account of the behaviour under ionic and

electronic currents Yokota (69) should be consulted.
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APPENDIX E.

COMPUTING (79)

In the work carried out for this thesis the computer
was used to plot out graphs, calculate lattice parameters,
and also to model diffusion. The method Qf-programing is
not important so none of the programs are presented here;
Howevér the basis of the simple model thét was used for the
qoulometric cells will be presented here, along with
sufficient information to formulate a program to model it.

The model is based on Ficks 2nd Law which is

de _ . Je
ét =P Qf'

where ¢ is the concentration, and D is the diffusion

El

coefficient. It is required to integrate equation E1 in
order to see how the system behaves. An easy method of
integration is to use a numerical method to give an approxi-
mate answer, and}the simplest of these methods is the finite
difference method. In this method the continuums of time
and‘distance are replaced by discrete steps,[ﬁt for time

and A for distance. Thus

dc ~ CEL“. = 03 and.b,l_cz =L(_3_CL) - .(&1_‘@;_) - (-C-:TQ:-’A) E2
3t At d X ax dx 4 A

where superscripts refer to time and subscripts to position.
As fhis method quantisesvtime and distance there are obviously
associated errors, and also the poséibility of instability,
i.e. the function self oscillating. The self osciilating

can be overcome by making sure that the motion is always
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damped. In order to establish this condition a Fqurier

mode 1is applied in space.

¢ =% (1) et E3
Using E3 in E2 gives
/c\nﬂ ei/kxj - 8" ei‘utj + D_% an ('el.LXJH— 2ei‘h3-+ e;lug-.) E4
which simplifies to
. -ika |
Ane _ {1 2DAt(1 gikA L 1jika 1)} . B5
2 2

and as cos (kf) = §€AA

+ &e , we have obtained a simple
equation relating the amplitude over consecutive time in

intervals, the amplification factor (ga).

g.(0t,Akx) = 1 + 2D9t {cos (k) - %} =1 - 4DAt sin(k[v E6

For stability g.{1, therefore

1) |1 - 4B e (kf)

As this is required over all Fourier modes (k = O tose)

E7

the sine must be given its maximum value, 1. Therefore
E7 becomes |
. KN
Ay 0.5 A ES
: D
Thus for a stable numerical solution the time step must
" be smaller than a maximum time step defined by equation ES.
The physical reality of this maximum time step is that it is-
the time required for information to travel one space step.
Using equation E2 as the model with the appropriate
boundary conditions, and equation E8 to prevent instability,
the resulting program was used to find the effects of
different positions of reference electrodes and counter
electrodes on the working electrodes. This gave information

on the time dependence of cell voltages.
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APPENDIX F

DIFFUSION COEFFICIENTS AND IONIC CONDUCTIVITY

In this appendix we want to define Fick's fifst law as
well as defining diffusion coefficients. If we have a
system with a flux of particles, L& ) passing through an
area (A), and the number of. particles is (nA), then the
flux is

J = Dn F1
- A

This flux is due to a concentration of moving
particles (c;) which have an average velocity, the drift
velocity (v,), which we shall define perpendicular to the
plane across which Jy, 1is measured. It is possible to.
generalize this and the following to a 3-dimensional case.
Thus

J; = c;v ‘ F2

The drift velocity may be expressed as a force (f) and

a mobility’(Pi) so that equation F2 becomes
J = cﬂPif F3

This force, f is due to a gradient in the potential
energy, in fact the total chemical potential energy_/i.
Thus equation F3 becomes

J = _chtEZi- F4
| dx

Now_/f may be spiit into two components one due to a

composition gradient (/f), and the other due to imposed

forces (/ﬁ). If the imposed force is due to an electrical
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field only then may be written as
%: zle‘i@_ F5
dx dx

where z;e is the charge on the mobile species and @ is the

eléctric potential applied. Thus equation F4 becomes
‘ d d
J, = 'C9P; ?ig‘— CSP(ZLG'Eé? F6

It is the first term on the right-hand side of equation
6 that describes the diffuéion and the second term that
describes the migration, which in turn is responsible for
the ionic condﬁctivity.

If we now consider the special case of‘tracer diffusiqn
where the diffusing species is chemically the same as the
host, we have |

/‘:/j+kT1n.a F7
where /ﬂis the chemical potential,,fl being the value when
a = 1,abeing the activity coefficient. If the above

equation is differentiated with respect to x, we get

QZI= pp din.a F8
dx dx

From Henry's law for dilute solutions a = Yc¢, where
Y is a constant, and the derivative of this is
da = ydc F9
and if the above is divided by a =% c we get
dln.a = dln.c FlO

substituting for dln.a in equation F8 gives

d M _ kT dln.c . F11
dx dx ‘

Equation Fll can then be used with equation F4 to give

Ji = -oip kT ain.c; F12
dx
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By defining
»*

./éikT = D, F13

C

A

where D 1s defined as the self-diffusion coefficient in the
{

above conditions, equation F12 becomes

J; = -ﬂ- dey
_ ! dx

which is PFick's first law.
In the above case of tracer diffusion it was assumed
that the system was ideal. In the case when the mobile

species is not ideal equation F4 becomes
= -o ikt din.aq F15
in a similar way to equation F1l2. By substituting forlpi

from equation F13 and using the following equation

dc;

c, = Fl6
dln.c[
equation F15 becomes
]
J = - de; ' D; kT‘dln.a( _ F17
din.c; kT dx
‘which reduces to the following
£ . . '
g =-p 4n-ade F18
dln.c dx
. . . ®* din.a;
It can be seen that if in the above equation q —
din.c,

were replaced by D we would have the following equation

g = -5 | F19

This is the same form as equation F14 and is Fick's

~
first law, but D; is the chemical diffusion coefficient.

Thus the following relation between ﬁ} and ﬁ is given by
. 2

p, =0 4in-a; F20

: dln.c;
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The relation between the mobility and the ionic

conductivity is of great importance and this can be derived

from equation F6. In this equation q/; is very small in
dx
comparison to the electric field so equation F6, becomes
J(~ Y - c;_/B;z,;e .d_¢_. F21
‘ dx

Ji is the flux and to convert this into the ionic

conductivity we must use Ohm's law where the current is J; z; e,
. : v 4

the electric field is %P, and finally the ionic resistivity
_ o dx
is c;[ Thus we get the following eguation
o: = d; z.e dx F22
ag

If equation F21 is substituted into equation F22 we

arrive at the following equation

o; = cl.zie}S; F23
From‘equation F13
AL A R
o, = %% € p F24
t h) L
T

which is the Nernst-Einstein relation and obeyed as long as
Ohm's law 1is obeyed.

D is related to both the jump frequency (p) ahd the
distance jumped (d) as well as a geometric factor'(x) in the
Simple random-walk equation

I = «d F25

The average jump frequency is due to a combination of
the attempt frequency (Y,), the energy AG (free energy of
migration), and also the fraction of the species free to
move 95). This gives the equation

| y = P)}oexp.(—AG/RT) F26
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- AG being made up of the entropy, AS, and the enthalpy (AH),
therefore,

7 = oLdL/BJJ,exp.(AS/R)exp.(-AH/RT) F27
where d is the jump distance. If it is assumed that only
ionic conductivity is taking place the Nernst-Einstein
relation gives

5= B c 2 F/RT | F28
where ¢; is the concentration of the mobile species and
z; e their chérge, F peing Faraday's constant. Substituting

for » in F28 using equation F27 gives
*

_ Doc;z; F L5 . (=AH.
o = ‘RLT MdF}Doexp.(R)exp.(RT) F29
‘ (o -AH
o = G exp-(Fp) £30
: £ 0S5
when o = D, clz.F[Bd‘)),, exp.(R) F31

R
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